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ANNEX F

Influence of dose and dose rate on stochastic effects of radiation
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INTRODUCTION
1. Radiation-induced malignant discase is the main which both total dose and dosc rate influence cancer

late somatic effect in human populations exposed to
ionizing radiation and the only statistically detectable
cause of radiation-induced life shortening at inter-
mediate to low doscs. In this dose range the incidence
of radiation-induced cancer appears to increase with
increasing dose, and the probabilistic nature of the
relationship between dose and risk of the disease has
led to the use of the term "stochastic” for this type of
effect. Quantitative information on the risk of cancer
in human populations exposcd 1o ionizing radiation at
present comes largely from information available from
populations that have been exposced at intermediate to
high doses and dose rales. In general, however, for
assessing the consequences of environmental and
occupational cxposure to radiation, risks need to be
known for cxposures to low doses delivered at low
dose rates. Some information is now starting to
become available from cpidemiological studies on
occupationally exposed groups, although at present the
results of such studies have substantial statistical
uncertainties associated with them. It is likely that for
the immediate future quantitative risk estimates will
conlinuc to be bascd on the higher dose/dose-rate
studies, although increasingly low-dose studies will
provide support for these valucs.

2. It has been recognized by the Committee for
some time that information is needed on the extent to

induction in exposed individuals. The two features of
the dose response that are most important for evalua-
tion of the risk at low doscs are the possible presence
of a threshold dose, below which the effects could not
occur, and the shape of the dose response. Both these
factors have been considered in earlicr reports of the
Committee.

3. Proving or disproving a threshold on the basis of
epidemiological studies or studies on tumour induction
in experimental animals is, for most tumour types,
likely to be impossible duc to statistical uncertainties
in both the spontancous and induced incidences of the
disease. Therefore, on the assumption that cellular
targets can be altered by single ionizing cvents, that
such damage is unlikely to be error-free and that it
may ultimately give rise to a tumour, it is normally
assumed that there is no threshold for the neoplastic
response. This working hypothesis is consistent with
many, but not all observations of induced cancer rates
found in animal experiments as well as with observa-
tions in epidemiological studics and is considered in
some detail in Annex E, "Mechanisms of radiation
oncogenesis”,

4. Tumour induction resulting from exposures to
ionizing radiation has been systematically examined in
studies with various specics and strains of animals and
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for specific tumour types. Physical factors such as
dose, dose rate, dose f[ractionation and radiation
quality, as well as biological factors such as age,
gender and species which can modify the tumour
yield, have been considered. In the majority of cases,
the dosec-cffect relationships obtained are complex,
showing first a risc with increasing radiation doscs, a
peak or platcau at intermediate doses and in many
cascs a final decline in incidence at high doses. In a
few cascs the spontancous incidence of tumours chan-
ges very little wilh increasing radiation dose, and in
some studies where there is a high spontancous inci-
dence this has resulted in a negative correlation with
increasing dose at high doscs.

5.  The Committee noted in the UNSCEAR 1977
Report [U4] a considerable variability in the net
incidence of various tumour types at intermediate to
bigh doscs, both between different species and, within
species, between inbred strains. In many cases a
particular tumour could be induced by irradiation in
only one or two strains of a given specics, raising
questions as to whether such tumours represented
adequate models of the corresponding human diseases.
Similar doubts also applied 10 some observed forms of
dosec-response relationships that differed from species
1o species, although in other cases consistent paticrns
were found. For these reasons it was concluded that
the absolute excess of radiation-induced tumours per
unit of dose could not, as a general rule, be extra-
polated between specics.

6.  Despite these reservations, a number of general
conclusions were drawn by the Committee in 1977
[U4] relating to the preponderance of tumour types
that show an increasing incidence with increasing dose
up to a maximum, with a subsequent decline at higher
doses. A number of common features in the dose-
response data obtained from experimental animals
appeared to be consistent with radiobiological effects
occurring in single cells, such as cell killing, induction
of mutations and chromosome aberrations:

(a) a decrease in the dose rate of low-LET radiation
leads, in general, to a decrease of tumour yield,
following some inverse function of the exposure
time;

(b) high-LET radiation is generally more efficient
than low-LET radiation for tumour induction,
and the twmour yicld often shows little
dependence on  dosc protraction and dose
fractionation;

(c) the relative biological effectiveness (RBE) of
high-LET compared with low-LET radiation
changes with the dosc, reflecting the patterns of
the dose-response curves for low- and high-LET
radiation. At high sublethal doses (>1 Gy) RBE
values as low as 1 have been found, but for vari-
ous tumour types the RBE generally increases

with decreasing dose, approaching a maximum
at low doses.

These patterns of dose response for low- and high-
LET radiation are illustrated in Figure 1.

7. It was generally concluded in the UNSCEAR
1977 Report ([U4], Annex G, paragraph 311) that the
risk per unit dose of low-LET radiation at low doses
and/or dosc rates was unlikely to be higher but could
be substantially lower than the values derived by
linear extrapolation to the range of a few tens of milli-
gray from observations made above 1 Gy. Reduction
factors from 2 to 20 were reported between the highest
and lowest dose rates tested (1 to 10 Gy min’!) and
between single and extremely fractionated and protrac-
ted doses for various animal strains and tumour types.

8. Tt was spccifically noted by the Committee that
the Life Span Study of the survivors of the atomic
bombings in Japan followed to 1972 gave a risk of
leukaemia of 3.5 103 Gy’l ata mean kerma of 3.3 Gy
and 1.8 102 Gy'1 at a mean kerma of 1 Gy, suggest-
ing a reduction factor of 2 for the risk cocfficicnt at
the lower dosc as compared with that at the higher
dose ({U4], Annex G, paragraphs 317 and 318). The
Committee in its final estimate of risk adopted a
reduction factor of 2.5 for estimating risks at low
doses and low dosc rates when extrapolating from
high dose and dosc-rate studics. The Committee also
emphasized that this reduction faclor was derived
essentially from mortalitics induced at doses of the
order of 1 Gy and that larger reduction factors may be
appropriate for assessing risks from occupational or
environmental exposure.

9. On the basis of these conclusions by the
Committce [U4], the International Commission on
Radiological Protection in 1977 [I1] adopted a reduc-
tion factor of 2 for assessing the risk of fatalities from
radiation-induced leukaemia and solid cancers for
radiological protection purposes from high dose and
high dose rate studies.

10. In the UNSCEAR 1982 Report [U3] the
Committee reviewed information on causes of dcath in
exposed human and animal populations. It concluded
that the overwhelming body of cvidence showed that
at intermediate and low doses, above about 1 Gy (low-
LET) life shortening was essentially caused by an
increased incidence of tumours. When the contribution
to life shortening by these cxcess tumours was
subtracted from total life shortening, there was no
evidence of other non-specific mechanisms being
involved. The Committee also examined the effect of
radiation quality, as well as dose and dose rate, on
life-span shortening and reporicd some conflicting
results, For a given total dose, the chronic exposure of
mice to both x and gamma rays was lcss effective than
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acute cxposurc in causing life shortening, suggesting
a dosc-rate cffect on tumour induction. In mice given
single acute doses of low-LET radiation, however, the
dosc responsce found in different studies varicd widely.
By pooling many serics of studices, an apparently linear
rclationship was obtained, which might imply no dose-
rate dependence. In practice, however, the data could
also be [litted with a linear-quadratic rclationship,
which would be consistent with the obscrvation of a
dosc-rate cffect.

11.  In the case of neutron cxposure, some studies
rcported that fractionated or protracted exposures of
animals resulted in reduced life shortening compared
with single cxposures; other studies rcported the
reverse. The Committee concluded that such variations
in responsc could be due to differences in dose-cffect
relationships for different tumours in various strains
and specics. Thus, although life shortening following
exposure to high-LET radiation appeared to be fully
explained by a higher incidence of tumours, the effect
of dose rate on tumour induction as a cause of death
was not clear. Further investigations into the effects of
dosc and dose rate on life shortening in animals
exposed to high-LET radiation were nceded.

12. In the UNSCEAR 1986 Report [U2], the Com-
miltee reviewed evidence at the subccellular and cellu-
lar levels relevant to assessing the possible nature of
the dose-response relationships for cancer initiation by
radiation. It also examined how the initiation of
cancerous clones and their progression to clinical
tumours may affect the shape of the dose-response
relationship. Finally, it examined various models of
cancer induction and tested them for compatibility
with epidemiological and experimental findings. This
provided the basis for some general conclusions on the
shape of the dose response and on the uncertainties
involved in the assessment of risks at low doses.

13. Three basic non-threshold models of the effect of
radiation as a function of dose were considercd with
respect 1o both cellular effects and to cancer induction:
tbe linear, the linear-quadratic and the pure quadratic
models. Notwithstanding some exceptions, these rela-
tionships provided a general framework for a varicty
of cnd-points at the cellular level as well as for
tumour induction in experimental animals and human
populations. The Committee concluded that the vast
majority of dose-response curves for induction of point
mutations and chromosomal aberrations by low-LET
radiation could be represented by a linear-quadratic
model at low to intermediate doses; for high-LET
radiation, after correction for cell killing, a linear
model usually applied. Linearity of the dose response
for somatic mutations and terminal chromosomal dele-
tions in some cell lines was noted even for low-LET
radiation, although such findings were relatively
infrequent.

14.  Cecll transformalion in vitro can be regarded as a
simplified modei of certain stages of radiation carcino-
genesis. Cells exposed in vitro to low-LET radiation
the day after sceding in culture are transformed
according to complex kinetics that cannot always be
fitted to modcls used for other cellular effects such as
cell killing and the induction of chromosome aberra-
tions. Morcover, dose fractionation (at total doses
<1.5 Gy) in some cases enhances transformation fre-
quency, which is inconsistent with a linear-quadratic
dependence unless the dose-squared coefficient is
negative, In reviewing this material for the UNSCEAR
1986 Report [U2], the Committee felt that further
research was nceded to elucidate such phenomena, but
it was generally considered that these in vitro systems
gave anomalous results owing to atypical conditions of
cellular growth during the early periods after cstablish-
ment of the culture. Trradiation of non-dividing cells,
or cells under exponcential conditions of growth, which
may be more typical of asynchronously dividing cell
populations in vivo, produces results that are more
consistent with those obtained for other cellular
effects. For example, high-dose-rate gamma-irradiation
had resulted in a greater transformation frequency per
unit dose than low dose-rate exposure. The Committee
also noted that in some studies transformation
following dose fractionation or dose protraction of
bigh-LET necutron exposure was enhanced at low to
intermediate doses, compared with high doses and
bigh dose rates [U2]. In view of the limited extent of
such data and the uncertainties regarding the mecha-
nisms involved, further work was needed before these
studies could be properly interpreted.

15. The Commitiee considered that experimental
findings on radiation-induced tumours in animals,
mainly rats and mice, published since the UNSCEAR
1977 Report [U4] generally supported the view that
dose-response relationships for low-LET radiation
tended to be curvilinear and concave upward at low
dosc rates, although for mammary tumours in rats a
linear dosc response with little dose-fractionation and
dose-rale dependence had been obtained. For tumour
induction in animals following neutron-irradiation, the
response often gave a nearly linear response at low
doses, with little dependence on dose rate. In some
cases enhancement upon dose fractionation (and
possibly dose protraction) had been noted, and at
doses above about 0.1 Gy or so the dosc-response
curve for acute cxposure tended to become concave
downward. Under such conditions a linear extrapola-
tion to risks at low doses from information at inter-
mediate or high doses and dose rates would underesti-
mate the risk of tumour induction to a variable degree.

16. Review of dose-response relationships for
radiation-induced tumours in man indicated that for
low-LET radiation in some cases (leukacmia and



ANNEX F: INFLUENCE OF DOSE AND DOSE RATE ON STOCHASTIC EFFECTS OF RADIATION 623

cancer of the thyroid, lung and breast), the data
available were consistent with lincar or linear-qua-
dratic models. For breast cancer, lincarity was con-
sidered morc probable as the incidence was litile
affected by dosc fractionation. From this review [U2],
the Commitlce concluded that for low-LET radiation
linear extrapolation downwards from effects measured
at doses of about 2 Gy would not overestimate the risk
of breast cancer and, possibly, thyroid cancer and
would slightly overestimate the risk of leukaemia.
There werc insufficient data on lung cancer to permit
any assessment of the effect of dose rate on tumour
induction. On the basis of data on the incidence of
bone sarcomas in experimental animals after intakes of
beta-emitting radionuclides, it was considered that
lincar extrapolation could overestimate the risk of their
occurrence at low doses. Dosec-response curves for
radionuclides with long effective half-times do, how-
ever, present great difficulty in interpretation [N9].

17. For radiation-induced cancers of most other
organs, only data from experimental animals were
available on dose-response relationships. For low-LET
radiation, linear-quadratic dose-response relationships
are commonly found, with pronounced dose-rate and
dosc-fractionation cffects at intermediate doses. The
Committee concluded in the UNSCEAR 1986 Report
[U2] that if similar curves applied to cancers in man,
a linear cxtrapolation of risk coefficients from acute
doscs in the intermediate dose region to low doses and
low dosc rates would very likely overestimate the real
risk, suggesting that a reduction factor of up to 5

might apply.

18. For high-LET radiation, human information for
lung cancer and bone sarcoma induction was reviewed
[U2]. Although the data were limited, they suggesied
that for lung cancer induction in miners exposed to
radon and its decay products, the response was linear
initially; at high exposures, however, because of
flattening of the response, linear extrapolation could
underestimate the risk. The incidence of bone
sarcomas after intemal contamination by radium
isotopes was interpreied as being distorted by a
pronounced inverse relationship between accumulated
dose and latent period.

19. On the basis of epidemiological studies and
experimental investigations it was recommended in the
UNSCEAR 1988 Report [U1] that a reduction factor
was needed to modify the risks of cancer calculated
from exposures to low-LET radiation at high dosecs
and high dose rates for application to low doses and
low dose rates, suggesting that an appropriate valuc
for most cancers would lic in the range 2-10, although
no specific values were recommended ([U1], Annex F,
paragraph 607). For exposure to high-LET radiation,
no dose or dose-rate reduction faclor was considered

necessary for assessing risks at low doses and low
dose rates. The Commitiee indicated that this was a
topic that it would consider in its future programme of
work.

20. A number of other organizations have considered
the effect of dose and dose rate on tumour induction,
These include the United States National Council on
Radiation Protcction and Measurements (NCRP), the
Commitice on Biological Effects of lonizing Radiation
(BEIR) of the National Rescarch Council of the
United States, the United States Nuclear Regulatory
Commission (NRC), the International Commission on
Radiological Protection (ICRP) and the National
Radiological Protection Board (NRPB) of the United
Kingdom. Their cstimates of reduction factors for
calculating cancer risks at low doses and low dose
rates are given in Table 1.

21. In 1980, the NCRP reviewed the influence of
dose and its distribution in time on dose-response
relationships for tumour induction resulting from
exposure 1o low-LET radiation. It was concluded,
largely on the basis of animal studics, that the number
of cancers induced at low doscs and low dose rates are
likely to be lower than they are at high doses and high
dose rates by a reduction factor in the range 2-10
[N1]. The BEIR V Commitice reached similar conclu-
sions on values for the reduction factor that could be
obtained from animal studies [C1]. The NCRP [N1]
used at that time the term "dose-rate effectiveness
factor (DREF)" for this reduction factor, which has
also been referred to as "linear extrapolation
overestimation factor (LEOF)" and a "low dose extra-
polation factor (LDEF)" [P2, P3}. The NCRP [N1]
also concluded that human data were insufficient to
allow the shape of the dose-response curve to be
established or to provide a basis for confident judge-
ments about any diminution in health risks at low
doses and dose rates. In view of the complexity and
wide spectrum of tumorigenic responses to radiation
found in experimental animals, as well as the lack of
information on the detailed mechanisms of such
responses in animals or man, more specific reduction
factors for either individual tumour types or total
tumour incidence were not given.

22, In its 1990 rccommendations [I12], the ICRP
drew attention to the fact that theoretical con-
siderations, experimental resulls in animals and other
biological organisms, and c¢ven some limited human
experience suggested that cancer induction per unit
dose at low doscs and low dose rates of low-LET
radiation should be less than that observed after high
doses and high dose rates. In making a determination
of the appropriatc value of a reduction factor to be
used for radiation protection purposes, the ICRP
considered the following:
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(a) thc wide range of reduction factors obtained in
animal experiments (2-10), which may have been
obtained for a broader range of doses than
human data and therefore may include higher
values than are relevant:

(b) the results of statistical analyses of the data on
survivors of the atomic bombings in Japan,
which do not scem to allow for a reduction
factor of much more than about 2;

(c) the human cvidence that shows litle cffect of
dose fractionation for some tumour types, with
others indicating possible effects of up to 3 or 4
at most;

(d) reduction factors adopted by other organizations
for risk estimation at low doses and low dose
rates.

23. Based on these considerations, the ICRP adopted
in its 1990 recommendations a reduction factor of 2,
"recognizing that the choice is somewhat arbitrary and
may be conscrvative". It was recognized that this
recommendation on the reduction factor "can be
expected to change if new, more definitive information
becomes available in the future”. In these
recommendations the ICRP called this reduction factor
the dose and dosc-rate cffectiveness factor (DDREF).

24. The Committee has identified the need to keep
under review information relevant to the assessment of
risks at low doses and low dose rates. This Annex
reviews data on dose and dose-rate cffects for both
high- and low-LET radiation with the aim of
improving the basis for estimating risks at low doses
and low dose rates. It considers first the role of
biophysical modcls in understanding the response of
cells to radiation of different qualities and their
application in assessing the cffect of dose and dose
rate on cellular responscs. Experimental data on the
effect of dose rate in both experimental animals and
cells in culture are then reviewed, with emphasis on
studies of the effects of low-LET radiation. Relevant
epidemiological data are also summarized.

25. Previous UNSCEAR reports have proposed both
doses and dose rates at which reduction factors would
be expected 1o apply. Thus in the UNSCEAR 1986

Report [U2] low doscs were taken to be those up to
0.2 Gy of low-LET radiation, while those above 2 Gy
were regarded as high doscs, with intermediate doses
lying between these values. Low and high dose rates
were taken to be <0.05 mGy min' and >0.05 Gy
min‘l, respectively, with intermediate rates between
these two extremes. These upper limits on low doses
and low dose rates are substantially higher than those
that might be expected to prevail in most cases of
human exposure. Thus, the ICRP in 1990
reccommended an average annual dose limit for
workers of 20 mGy (low-LET) [I2]. The average
annual dose limit rccommended for members of the
public is 1 mGy (low-LET) in addition to exposures to
natural background radiation [I2].

26. In practice, the majority of workers receive doses
much lower than the recommended dose limits, and
actual exposure rales arc low (sce Annex D,
"Occupational radiation exposures”). There will,
however, be some individuals (e.g. radiographers in
hospitals) exposed over short periods of the working
day to substantially higher dose rates than the average,
although total doses are low, Lifetime doses for a few
workers may also be high even though dose rates are
low. Information is, therefore, nceded on both total
doses and dose rates for which the application of a
reduction factor is appropriate, Chapter IV examines
the physical, experimental and epidemiological basis
for the choice of doses and dose rates below which
reduction factors might be cxpected to apply. The
choice of the appropriate unit of time over which to
assess dose rate is not straightforward. The experi-
mental data reviewed in this Annex cover a wide
range of doses, dose rates and exposure conditions.
Cellular studies typically involve irradiation times of
minutes to hours, while animal studies can involve
exposures of days or wecks. The Committee considers
that for assessing the risks of stochastic effects in
human populations exposure rates should, in general,
be averaged over about an hour, which is in line with
the repair time of DNA (decoxyribonucleic acid). How-
ever, for consistency and to facilitate the comparison
of experiments carried out under different exposure
conditions, dose rates are given in this Annex in terms
of Gy min! or mGy min’! as far as is possible.

1. DOSE RESPONSE FROM RADIATION EXPOSURE

A. THEORETICAL CONSIDERATIONS

27. Damage to DNA (dcoxyribonucicic acid), which
carries the genctic information in chromosomes in the
cell nucleus, is considered to be the main initiating
event through which radiation causes cancer as well as

hereditary discase. Present knowledge on the stages in
tumour development is described in Annex E,
"Mechanisms of radiation oncogenesis". Damage to
the DNA of cells has been directly observed experi-
mentally at absorbed doses in excess of about 1 Gy,
The DNA moleccule has a double helix structure, and
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damagc in many forms is observable, including single-
and doublc-strand breaks and base damage [CS, H26,
M4, T20]. Damage may be detected, but with greater
difficulty, atlower doses (0.05-0.1 Gy) [B13]. Damage
to chromosomes in human cclls can be observed,
cither at metaphase or interphase [C9, C10], and has
becn observed in human peripheral blood lymphocytes
at doscs down to about 0.02 Gy [L13, L14].

28. The effects of radiation on cellular components
arce thought to occur either through the direct inter-
action of ionizing particles with DNA molecules or
through the action of free radicals or other chemical
products produced by the intcraction of radiation with
neighbouring molecules. Other more indirect mecha-
nisms have also been proposed. Cells are able to
repair both single- and double-strand breaks in DNA
over a period of a few hours [B13, M4, M15], but
somctimes misrcpair can occur. Such damage is
thought to be the cause of chromosomal aberrations
and may also be the origin of both mutational and
cancerous transformations as well as death of the cell
[G1, R1, U2, Y2]. Spontancous single-strand damage
can also occur in the absence of radiation or other
identifiable insults |[B41, L23, S39, V3, V9], but this
is unlikely to extend to the full range of types of
double-strand, clustered damage that radiation can
produce [G21, W9].

29. Itis commonly presumed that mutational events
in germ cclls are due to single biological changes but
that carcinogenesis is a multi-stage process in which
radiation can induce one or more of the stages involv-
ing DNA damage [Ul, U2). Guidance as to likely
dose and dose-rate effects may therefore be sought
from radiobiological data on the cellular effects that
result from DNA damage. General mechanistic con-
cepts derived from these data have had a considerable
influence on atiempts to understand and extrapolate
available data on carcinogenesis. It should be re-
cognized, however, that the cellular data are mostly
for single-stage radiation effects, principally related to
initiation, and that they therefore represent only a part
of the complex process of carcinogenesis.

30. Itis usually assumed that the primary mutagenic
and carcinogenic effects of radiation arise as relatively
rare stochastic consequences of damage to individuals
cells. Insult from ionizing radiation is always delivered
in the form of separate charged particles traversing the
cells, each leaving behind a "track” of ionized mole-
cules. Each discrete track consists of the stochastic
spatial array of initial ionizations and cxcitations of
molecules in the cell along the path of a primary
charged particle and all its secondaries as they pass
through the cell in 510712 5 (P9, P10]). The pattern of
ionizations in cach track is governed by cross-sections
(probabilities) for individual molecular interactions.

Each track is therefore different but has statistical
features characteristic of the radiation. On the nano-
metre scale of DNA and radical diffusion distances in
cells, many of the individual ionizations are likely to
occur alone and far from any others in the same track,
especially for low-LET radiations. However, many
other ionizations occur in clusters of dimensions com-
parablc to those of DNA. This clustering is particu-
larly marked for high-LET radiations, but it is also
common in tracks of low-LET radiations, largcly
because of the likclihood of low-energy secondary
clectrons being produced within the cell [B2S, G§6,
G16, M27, N10]. Becausc the radiation insult is
always in the form of discrete tracks, the radiobio-
logical process may be described in terms of damage
to particular target material, using concepts of target
theory. In its general form, target theory assumes that
the observed all-or-nothing effect is caused by one or
more radjation tracks passing through the cell and
directly or indirectly causing specific damage to
critical components within it. Almost all biophysical
models of radiation action incorporate at least some
essential concepts of target theory. Model descriptions
of the possible radiobiological mechanisms are usually
constructed on seclected assumptions and deductions
[E2, G3, G5). An approach based on the general con-
cepis of target theory can describe essential clements
of the mechanism of radiation insult in an approxima-
tely model-independent way. It can indicate how bio-
logical processes may modify the simplest responses
and how there may be a dependence on physical para-
meters such as dose rate. This description could apply
to any single radiation-induced stage of the multi-stage
process of carcinogenesis and to some combinations of
stages. Within this general description many specific
models can and have been constructed, based on their
own specific mechanistic or phenomenological
assumptions (see [B33, CS, G17, G22, H23, K5, K8,
M34, M39, R12, T21)).

1. Single-hit target theory

31. In the simplest form of target theory, a direct
"hit" of any type (i.e. onc or morec ionizations) in a
critical component by a radiation track is assumed to
lead, with certainty, to the observable effect in that
cell. In this case, the frequency of affected cells in an
irradiated population of cclls should increase with dose
according to the probability of a ccll recciving one or
more critical hits. Assuming that the hits occur
randomly according to a Poisson distribution in a
homogeneous population, then the frequency, f, of
cells with one or more hits is

f=1-¢m=1-¢"P M

where n is the mean number of critical hits per cell at
dose D and A is the mean number of critical hits per
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cell per unit dosc. For small n (that is, low frequency
cffects and/or low doses), the dose response is appro-
ximately lincar, with

f~AD 2

At higher frequencies the dosc response takes the form
of equation 1, which saturates at high frequency
because, after the first critical hit in a cell, subsequent
hits in it cannot lcad to additional effect. If a negative
cffect is being measured, such as frequency of surviv-
ing cells (that is, cells without a critical hit), then the
dose response is

fl=1-f=c?P @)

where f! is the frequency of cells without a critical hit.
This very simple form of target theory, where every
clementary hit is biologically effective, may be applic-
able to the inactivation of many molecules in the dry
state and to some viruses, but it is not, in general,
appropriate for micro-organisms and mammalian cells,
because of their well-established capacity to repair
radiation damage and the consequent modification of
dose response,

32. More refined forms of single-hit target theory
could include variable probability of effect depending
on the type ("severity™) of a hit and on the cellular
reparability of the damage and could also include
extension of the size of the target for indirect effects.
Provided that the tracks act totally independenty of
one another in regard to each of these processes, the
dose response should still conform to equations 1-3
because the final effective damage should still be ran-
domly distributed among the cells [L3]. The numerical
value of A should now be maodified to reflect the com-
bined probability, per cell and per unit dose, of all
these single-track processes leading to final effective
damage. Indirect effects should increase the value of
A, while biochemical repair should reduce it. There-
fore, experimental obscervation of lincar or exponential
dose responsc does not, of itself, indicate that damage
cannot be modified and/or repaired by the cell.

2. Multi-track effects

33. Further extension of concepts of target theory
can consider additional contributions from two or
more tracks, which may modify the probability of
cffect due to the damage from single tracks alone.
Since this modification may be positive or negative, it
may introduce corresponding visible curvature to the
dose response. Ways in which multiple tracks could
increase the probability of effect include the following:

(a) reduction in cfficiency of cellular repair of
individual points of damage by increasing the
overall burden of damage (for example, by
partial saturation of the repair process [G17,

S40, W10| or induction of damage-fixation
processes);

(b) interaction or interference between points of
damage to makc them less repairable [CS, C28,
K6] (for example, formation of cxchange events
within or between chromosomes [H23]);

(c) production of a scries of other indcpendent
changes that together increase the overall
probability of the final effect (for cxample, to
cause a single-stage cffect [KS] or 1o cause
multiple stages in full ncoplastic transformation
[M39]).

By contrast, decreases in the probability of cffect by
multiple tracks could occur by the following means:

(d) enhancement of cellular repair (for example,
induction of additional repair capabilities [B37,
G5, 03, P8]);

(e) climination of some of the cells from the
population by transferring them to a state in
which the effect cannot be expressed (for
example, by loss of cell viability).

Other processes, such as multi-track perturbation of
the cell cycle, have the potential cither to increase or
to decrease the probability of effect. The reduction of
dose rate increases the time intervals between tracks
and thercfore is likely to alter the contributions from
these multiple-track processes,

34. Simple mathematical extension of equations 1-3,
now to include muiti-track effects, may be made by
means of a general polynomial. Those equations are
therefore replaced in general by

faq - De a,D?.) €))

For low-frequency effects, the equation is

f ~aD +a,D. ®)

and for negative effects it is

(=1 -f=¢®D 8D (6

designating the coefficients as 8, and B, to denote that
these are negative effects.

35. Attempts to interpret and apply the coefficients
ay, @, ... and By, B,, ... must usually rely on parti-
cular assumptions of radiobiological mechanisms.
Many investigations, including experiments, theory
and model formulations, are aimed at identifying the
assumptions that may be most reasonable under given
circumstances. Without such mechanistic considera-
tions, the coefficients provide no more than fined
values, which may be valid only in the limiled range
of the experimental data themselves. Quite different
mechanistic assumptions can lead to cquations such as
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equations 4-6, either dircctly or as the first terms of
polynomial expansion approximations. For example, a
dosc-squared term can arise directly from two tracks
damaging scparatc chromosomes, which then undergo
an cxchange interaction, or (rom two tracks creating
dcletions in complementary chromosomes, causing the
loss of both allcles of a gene. By contrast an apparent
dose-squared term can arisc from multiple tracks
increasing the overall burden of damage in a cell and
thereby partially saturating a repair system and
reducing the probability of repair of particular damage
from any one track [G17, S40, W10]. The reliability
of extrapolations to low doses, below the range of the
fitted data, may depend substantiaily on the appro-
priateness of the mechanistic assumptions for these
single cellular cffects as well as their relevance to
carcinogenesis. For example, for exchange aberrations
there would be a clear expectation of a substantial
linear term to the lowest doses owing to the ability of
a single track to damage two separate chromosomes;
such a one-track occurrence would be much less
probable for a deletion of two identical alleles, but
much more probable for a single deletion, which alone
may be adequate to cnhance carcinogenesis. In the
case of saturable repair, extrapolation to low doses
would depend largely on the competition between
repair and fixation/misrepair processes and whether
any types of damage are essentially unrepairable.

36. When the equation is applied to describe a low-
frequency effect, such as carcinogenesis or muta-
genesis, arising from a given initial population of
cells, it may be convenient to separale out the
influence of radiation-induced loss of cell viability by
replacing equation 5 with

f= (D +a,D? +.)SD) M

where S(D) is the fraction of cells which survive
dose D. S(D) itself may be described by the form of
equation 6. With high-LET radiation, it may be
necessary to consider also correlations between
induction of the initial carcinogenic damage and loss
of cell viability by the same radiation track [G15].
Additional non-linearity may arise if adjacent cells can
be involved in control of the growth of an altered cell.

37. It is frequently {ound that only the first two
terms of the polynomials in equations 4-7 are needed
to describe the experimental data. Most cffects on
cells (c.g. chromosome aberrations) resulting from low
to intermediate doses are fitted, therefore, to a linear-
quadratic equation without including powers of dose
greater than D2, This simplification may be reasonable
for radiobiological mechanisms underlying some of the
possible multi-track processes described in para-
graph 33, particularly under processes (a) and (b) and
especially if only two-track interactions occur. A two-

term polynomial is unlikely, however, to be adequate
to describe and interpolate over the full dose response,
if it includes processes () and (d). From reviews of
published data it can be deduced that considecrable
differences are observed between cells of different
origins with respect to the values of a, and o, [B6,
B7, T6). For a dosc response that can be fitted with
only the first two terms in the polynomials in
equations 4-7 the quotient a,/a, cquals the dose at
which the linear and quadratic components contribute
cqually to the obscrved cellular damage.

38. An example of the type of response of equation
7 is provided by observations of myeloid leukaemia
frequency in male CBA/H mice after 10 different
doses of x rays in the range 0.25-6 Gy inclusive,
delivered at 0.5 Gy min™! [M14] (Figure II). Mcdian
survival in all groups was similar, and there was
essentially no association between induction period
and dose. The results were fitted by a four-term
polynomial of the form

(@D + @,D?) ¢ ®BP *EPY (@

and four simplifications of it. The only functions with
all parameters significantly greater than zero were:

2
012D2 e_ﬂ‘D and a,D c_ﬁzD ®)

The latter function was rejected because no cell
survival response depending solely on D? is known.
The observed data could therefore be well fitted by the
function

%D?- C_BID (10)

although none of the alternative functions could be
rejected on statistical grounds. A similar dose responsc
for myeloid leukaemia induction in CBA mice was
reported by Di Majo [D2].

3. Low doses and low dose rates:
microdosimetric considerations

39. For a homogencous cell population, the dose
response for an effect arising solely from a single
track interacting independently with cellular target(s)
should conform with equation 1 and should be simply
linear with dose (equation 2) if the frequency of effect
is small. It should extend linearly down to zero dose,
with no threshold, because reducing the dose simply
reduces the number of tracks proportionately and, con-
sequently, the frequency of effect. The dose response
should be independent of dose rate, because the time
interval between tracks is irrelevant if the tracks arc
acling totally independently. There may, of course, be
many other interactions that are adequately repaired
and do not manifest themselves as damage.
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40. 1f the cell population is inhomogencous, with
subpopulations of differing scnsitivity, the dose re-
sponsc for single-track cffects in cach subpopulation
should follow the form of cquation 1, and the overall
response should therefore show a decreasing sensiti-
vity with increasing dose. Any other deviations from
the form of cquation 1 must be due to the cffect of
multiple tracks in some way or another. These devia-
tions, however, nced not be obviously apparent over
all portions of the dose response. Hence, apparent
linearity over an experimentally accessible portion of
the dosc response docs not guarantee that only single-
track processes arc involved in that region or that
extrapolation to lower dosc is lincar. In general, it is
expecled that multi-track processes may depend on
dose rate as the mean time interval between tracks is
varied. Referring to the example above, simple expec-
tations are that a reduction of dosc rate would reduce
the cffectiveness of radiation acting via processes (a)
and (b) (paragraph 33). Predictions for the other
processes are less clear, because they are likely to
depend on the timings of the particular processes in
relation to the intervals between tracks and the overall
irradiation time. For most single-stage processes, it
may be expected that at very low dose rates multi-
track cffects will become negligible, because the tracks
become effectively independent in time; in this limit
the dose response should conform to equations 1-3.

41. Available experimental and epidemiological data
on radiation carcinogencsis can be considered in terms
of three regions of the dose response on the basis of
fundamental microdosimetric considerations assuming
that the cell nucleus is the relevant sensitive volume to
define the limit of possible multi-track effects. These
arce illustrated in Figure I1I by schematic dose-response
curves, consistent with the form of equation 7, for
frequency of an effect such as a type of tumour in-
duced by gamma rays, neutrons or alpha particles. The
upper part of the Figure shows the response plotted
against dose on a lincar scale. The lower part shows
the identical curves plotted on a logarithmic scale to
magnify the lower dosc region; on this part a separate
dose axis is provided for cach radiation type. The
logarithmic plot also marks on a common axis the
mean number of tracks per cell nucleus (assuming
spherical nuclei of 8 um diamcter for these illustra-
tions). In this way, the correspondence between dose
and number of tracks can be read off for cach radia-
tion. This correspondence has been calculated [C25,
GS5] by established microdosimetric methods based on
experimental and theoretical data [B42, C24, G2, G4,
Z2). In this Figure the dosc scale is divided into three
approximate dosc regions, as described below.

42. Dose region I (low-dose region). In this dose
region there are so few radiation tracks that a single
cell (or nucleus) is very unlikely to be traversed by

morc than onc track. In this region of "definite”
single-track action (less than ~0.2 mGy for Do
gamma rays; see Scction IV.A), the dose response for
single-cell effects is almost bound to be lincar and
independent of dose rate. This is because varying the
dose proportionately varies the number of cells singly
traversed, and varying the dosc rate varics only the
lime between these independent events. These simple
expectations would be violated only if the rare multi-
traversals greatly cnhanced the probability of effect,
such as may be the case if radiation carcinogenesis
requires two radiation-induced stages well separated in
time. There arc no cpidemiological or experimental
data in or near this region for low-LET radiation, al-
though a few may approach it for high-LET alpha par-
ticles and neutrons [C25, DS|. There is, therefore, little
dircct information about how a cell or a tissue may
respond to the damage from a single radiation track.

43. This is, however, the region of main concem in
radiation protection. For example, a worker who has
received uniform whole-body gamma-ray exposure
spread over a year equal to an annual equivalent dose
limit of 50 mSv [[1], corresponding to an absorbed
dose of 50 mGy (Q = 1), will have received over the
full year an average of about 50 clectron tracks
through cach cell nucleus in his body. Multi-track
processes should then be relevant only if they operate
over long periods of time comparable at least to the
times between tracks (days). If, instead, the irradiation
is uniform with only 1 MeV ncutrons (and ignoring
altcnuation, encrgy degradation or gamma-ray produc-
tion in the body), then the 50 mSv limit corresponds
to 5 mGy of ncutrons (Q = 10) and an average of
about 0.05 directly ionizing tracks (mostly high-LET
recoil protons from the indirecly ionizing neutrons)
through each cell nucleus during the year. These tracks
must clearly act independently unless multi-track
processes persist over very long periods of time,
extending to many years. Exposure is scldom uniform
in the body or in time, and cell nuclei have a variety
of sizes and shapes. Nevertheless, the dose and
dose-rate region of main practical relevance in
radiation protection (0-50 mSv per year) is character-
ized by small average numbers of tracks per cell with
long intervals of time between them. Effects are,
therefore, likely to be dominated by individual track
events, acting alone. This dominance will be even
greater with the introduction of the ICRP recom-
mendations of 1990 [12] which propose an average
annual limit of equivalent dose of 20 mSv and
increased radiation wecighting factors for ncutrons
(>100 keV to 2 McV, wy = 20).

44. For the purposces of this microdosimetric criterion
for a low dose, the cell nucleus (approximated here as
an 8 um diamcter sphere) has been considered to be
the sensitive volume in which multiple tracks may be
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able to influence the cffects of one another. This
choice is based on the assumption that radiation car-
cinogenesis is duc to radiation damage to the nuclear
DNA of a single ccll and that biochemical processes,
including repair and misrepair, may operate over the
full dimensions of the nucleus, If influence can extend
over larger distances, say from tracks in the cell
cytoplasm or in adjacent cells, then the microdosi-
metric criterion for a low dose would need to be
decrcased. Conversely, if smaller regions can act
totally autonomously in respect of initial radiation
damage and its repair or misrepair, then the criterion
would be increased. In the extreme, if cach short (say,
6 basc pair) segment of DNA were totally autonomous
for damage and repair, then the microdosimetric
criterion for a low dose of low-LET radiation would
be as large as 10° mGy [G6]. This is clearly much too
large compared to the doses at which multi-track pro-
cesses have been observed experimentally by curvature
of dosc-response or dosc-rate dependence in cellular
and animal systems (Chapter 1I). Criteria for designat-
ing low doses and low dosc rates are discussed further
in Chapter IV.

45. Dose region II (intermediate-dose region). In
this dose region it is commonly assumed that tracks
act independently if a linear term (@) is obtainable by
curve-fitting to equations such as 4-7. However, for
most of the epidemiological and experimental animal
data used for dose-response curve fitling, the lowest
dose at which a significant effect is obtaincd is usuaily
towards the higher doses of this dose region, when
individual cells may, in fact, have becn traversed by
considerable numbers of tracks.

46. The assumption of one-track action for this
region considers that the relevant metabolic processes
of the cell are not influenced by the additional tracks
in any way that could alter the cfficiency of these pro-
cesses and, thercfore, the expression of the ultimate
biological damage of each individual track. This
region of the dose response, then, should be indepen-
dent of dose rate. On these assumptions, it is conven-
tional to interpolate linearly from this region to zero
dose in order to deduce the effectiveness of low doses
and low dosc rates of radiation, dose region 1. Such
interpolation is based on the coefficient o, in equa-
tions 4-7 and on the assumption that it remains un-
changed even to very low doses and very low dose
rates in dose region 1. There are a number of radiobio-
logical studies, mostly with cells in virro, but also
from animals exposed at different dose rates, which
suggest that this common assumption is not univer-
sally valid (sce Sections 1.A.4, LLA.S, IILA. and 11.B).

47. Dose region III (high-dose region). In this dose
region, there are often clearly observable multi-track
processes causing upward or downward curvature of

the dosc response, including cooperative cffects and
also compcling processes such as cell killing. Depen-
dence on dose rate is, therefore, usually 1o be expected
because of time dependence in the multi-track process.
Mechanisms in this dose region need to be adequately
understood and described if such data are to be used
for curve-fitting and extrapolation, together with data
from dose region II, to the low doscs and low dose
rales of prime relevance in radiation protection.

4. Radiation quality and
relative biological effectiveness

48. A very widc range of radiobiological data on the
doses required to produce a given level of effect have
shown that high-LET radiation, including neutrons and
alpha particles, is more effective than low-LET radia-
tion [S12]. This greater effectiveness is usually parti-
cularly marked in the regions of intermediate and low
dose, which implies that the individual bigh-LET
tracks have a greater probability of effect than a very
much larger number of low-LET tracks. Thus the con-
centration of energy deposition within the high-LET
tracks more than compensates for the reduced number
of tracks per unit dose.

49. The relative biological effectiveness (RBE)
values of particular relevance in radiation protection
are those that apply in the true low-dose region 1, in
which tracks are most likely to act individually. At
these minimally low doses the RBE of a given radia-
tion should be constant and independent of dose and
dose rate, because varying the dose for both high- and
low-LET radiation varics only the number of cells that
are traversed by single tracks. This RBE, at minimal
doses, could in principle be calculated by direct com-
parison of measured effectiveness per unit dose of
neutrons and low-LET radiation in the low-dose region
I, or from experimental measurements of the effective-
ness of single tracks of the radiation. Current experi-
mental methods have not been able to achieve this.

50. Instead, it is conventional to assume that the
RBE at minimal doses is also the maximum RBE and
that it can be estimated as the ratio of the o values of
the two radiations, determined by fitting equations
such as 4-7 to the available data at intermediate and
high doses. This mcthod assumes that the multiple
tracks in the intermediate-dose region do not influence
the effectivencss of cach other at all and, conse-
quently, that the o valucs arc constant down to zero
dose and independent of dosc rate. This assumption is
best supported for high-LET radiation, for which in
vitro radiobiological data usually show strongly lincar
dose responses that vary little with dose rate, with
some data approaching the true single-track region.
Notable exceptions have been reported, however, in



630 UNSCEAR 1993 REPORT

cellular, animal and human systems (see, e.g. [C22,
C2s5, D5, F9, F10, J2, K8, H9, M28, R13, S13, T7,
T8, U16]). The assumption of constant a,, indepen-
dent of dosc rate, for low-LET reference radiation is
also called into question by data from numerous
studies on cellular, and some animal, systems (c.g.
[B34, C12, C20, F1, F10, F13, F4, I8, K8, M16, M33,
04, 83, S14, §32, T2, W6)). The general approach of
estimating risks of high-LET radiations by means of
RBE values would not be applicable to effects that
were qualitatively different for, or unique to, high-LET
radiations. There are indications that such unique
cffects may arise in some ccllular systems, including
the induction of sister chromatid exchanges by irra-
diation of human lymphocytes before stimulation
[Al1, A4, S42] and the radiation induction of chromo-
somal instabilities in haemopoictic stem cells [K9].
There are also indications of qualitative differences in
carly cellular cbanges during the development of
mammary tumours in mice [U25] and in other in vivo
cffects [H33].

5. Deviations from conventional expectations

51. The conventional approach to estimating both
absolute biological effcctiveness and relative biological
cffectivencss at minimal doses is based on the assump-
tion of constant a; values from dose region II down
to zero dose and independence of dose rate. There are,
in principle, many ways in which this may not be the
case.

52. For single-cell effects, the assumption may not
hold if there are significant multi-track processes in
the intermediate-dosc region. Such processes could
include, for example, the induction of multiple inde-
pendent steps in radiation carcinogenesis, cellular
damage-fixation processes and the induction of en-
hanced repair by small numbers of tracks. There is
strong evidence of induction of repair or amplification
of gene products in microbes [S41] and some such in-
dications in mammalian cells [L15, W6]. Possibitities
that have been suggested to explain observed dose-rate
dependence of ncutron-induced cell transformation
include promotion by multiple tracks or enhancement
of misrcpair [H10], variations of cell sensitivity with
time [B30, RS5] and induction or enhancement of
repair [GS].

53. The general approach described in this Annex
would also need appreciable modification if the biolo-
gical effect of interest required damage to more than
one cell or if it is influenced by damage to additional
cells. For example, van Bekkum et al. [V1] and Mole
[M14] have hypothesized that radiation tumorigenesis
involves the transfer of DNA from one radiation-
inactivated cell to an adjacent radiation-damaged cell.

In this casc the true low-dose region 1 of action by
individual tracks alonc would correspond to even
lower doses than in Figure 111, because the volume
containing the target would nced to be enlarged to
include adjacent cells. This two-cell hypothesis could
be experimentally testable with epithermal neutrons,
whosc individual proton-recoil tracks are too short to
hit the nuclei of two adjacent cells [GS5).

54. Some of the above processes allow, in principle,
for the possibility of a true threshold in the dose-effect
curve, especially for low-LET radiation. The most
basic, although not sufficient, condition for a true dose
threshold is that any single track of the radiation
should be totally unable to produce the effect. Thus,
no biological effect would be observed in the true
low-dose region (region [), where cells are hit only by
single tracks. There is little experimental evidence to
demonstrate such a situation, although collaborative
studies in six laboratories on the induction of unstable
chromosomal aberrations in blood lymphocytes given
acute doses of x rays of 0, 3, 5, 6, 10, 20, 30, 50 and
300 mGy were able to demonstrate significant
increases in aberration yield at doses greater than
20 mGy. Below 20 mGy the observed dicentric yield
was generally lower than in controls, but not
significantly so. Excess acentric aberrations and centric
rings, on the other hand, were higher than in controls,
although the increase was generally not significant. It
was concluded that even though these studies involved
scoring chromosome abcrrations in a total of about
300,000 metaphases some variation was observed
between the different laboratories involved, and the
lack of statistical precision did not allow linear or
threshold models at doses below 20 mGy to be
distinguished [L.14]. Data on the induction of stable
chromosome aberrations in blood lymphocytes from
individuals of various ages have also been reported
[L1] for doses in the range 50 to 500 mGy. In lym-
phocytes from ncwborns chromosome aberrations in-
creased roughly in proportion to the dose. In young
adults, however, aberrations were not detected at doses
of 50 and 100 mGy and for adults not even at
200 mGy. The diffcrence in detection of aberrations
was attributed to a high background of aberrations in
older ages, compared with the newborn. Of the aberra-
tions examined, onc-break terminal deletions were the
best indicators of exposure at low doses.

B. MULTI-STAGE MODELS
OF CARCINOGENESIS

1. Multi-stage models
55. In order to become fully malignant, a cell needs

to undergo a number of phenotypic changes (sce
Annex E, "Mechanisms of radiation oncogenesis").
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Evidence from diverse sources suggests that changes
can be considered as occurring in many stages. This
Scction describes quantitative models that have been
previously developed for multi-stage carcinogencsis.
The true naturc of the individual biological changes is
considered in more detail in Annex E.

56. The first stochastic multi-stage model for the
devclopment of full malignancy from a normal cell
was proposed in 1954 by Armitage and Doll to
account for observations that the age-specific
incidence rates for many adult carcinomas were
proportional to a power of age [A8]. According to this
modecl, which has been widely used in risk assessment,
a normal cell can undergo progressive deterioration in
a finite number of stages to reach full malignancy.
The authors later proposed a two-stage model in which
cells multiply exponentially after undergoing the first
change and become malignant after the second change
[A9]). A similar two-stage model was proposed for
carcinogenesis in animals [N8].

57. None of the above models take into account the
growth and devclopment of the normal tissue. A
model that does include growth and differcntiation was
proposed by Knudsen et al. for embryonal tumours
[H24, K7]). This model has subsequenty been
developed to a form that is claimed to give a good
qualitative description of the age-specific incidence
curves of all buman tumours [M17, M38] and an
excellent quantitative fit to incidence data for several
human tumours that were tested [M42]. The working
hypothesis underlying this model is based on a genetic
regulatory schema postulated by Comings in 1973
[C27]. However, the formalism and parameters of the
model are not dependent on the particular biclogical
identities of the critical targets and changes. According
to the schema all cells contain genes, termed
"oncogenes”, capable of coding for transforming
factors that can release the cell from normal growth
constraints. The oncogenes are expressed during
histogenesis and tissue renewal and are normally
controlled by diploid pairs of regulatory genes, termed
"anti-oncogenes”. A ccll acquires the malignant
phenotype when an oncogene is expressed at an
appropriately high level, owing either to inactivation
of both of the appropriate pair of anti-oncogenes or by
direct activation of the oncogene itself, This latter may
occur, for example, if the oncogene becomes
positioned adjacent to a promoter as a result of
chromosomal rearrangement or viral insertion. This
two-stage model presupposcs that human tumours
most commonly arise by mutations of the anti-
oncogencs. Evidence for this process of carcinogenesis
comes from, among other things, analyses of familial
tumours, such as childhood retinoblastoma and Wilms’
tumour and adult familial polyposis carcinoma of the
colon. Studies of these tumours indicate that an

inactivated anti-oncogene can be inherited, which
means that it is present in this stage in all cells of the
individual, greatly increasing the potential for
malignancy to develop. Nevertheless, in such an
individual at lcast onc other cvent is necessary for
malignancy. In a normal individual, whose cells carry
only normal pairs of anli-oncogenes, at least two
changes should be necessary. It is recognized that this
two-stage model may not apply to some tumours that
are duc to direct oncogene activation and that may be
characterized by specific chromosome rearrangements,
possibly including lymphoma and leukaemia [M42].

58. In this two-stage model, agents that act as
mutagens, to increase the probability of inactivating
cither one or both of the anti-oncogenes, may be
regarded as tumour "initiators”. Tumour "promoters”
may be assumed to modify cell kinetics and in
particular to encourage clonal expansion by greater
mitotic activity of cclls that have undergone the first-
stage change, thereby increasing the chances that at
lcast one of them subsequently undergoes the second
change and hence becomes malignant [M41, M42)].

59. To apply these multi-stage models to environ-
mental mutagens, one or more of the rates of muta-
tion, or of other changes, may be made a function of

. dose [M38]. Dose rate or duration of exposure would

also need to be considered in relation to the kinetics of
the normal and changed cells [M39]. When the two-
stage model was fitted to data on lung cancer in mice
exposed to a single acute dose of gamma rays, the
results were consistent with the hypothesis that brief
exposure to radiation acts by enhancing the rate of the
first mutation in a proportion of the cells [C21]. It
might be expected that subsequent exposure, either by
protraclion or as a later brief second exposure, would
also be capable of inducing by chance the second
mutation in those few cells that had undergone the
first mutation.

60. A two-stage modecl of induction of osteosarcoma
by alpha particles was formulated by Marshall and
Groer [M34] to fit the entire dose-time-response data
from radiation in man and dog. The model assumed
two alpha-particle-induced initiation events and a
subsequent promotion event not related to radiation.
Competition by alpha-particle killing of cclls was
included. The model predicted that the tumour rate
should become independent of dose rate at less than
10 mGy d”! and that over the lower dose range of the
available data the ratc would be proportional to dose
squared and at high doses become independent of dose
(plateau). On tbe assumption that the two initiation
events arise from damage to two different structures in
the cell (rather than to one structure that must be
damaged at two separate times), it was concluded that
at doses of less than ~400-1,000 mGy the tumour rate
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would be predominantly due to a linear component of
dose, because both structures are damaged by a single
alpha-particle track [M34, M35). In an earlicr two-
stage model for radiation carcinogenesis, Burch [B35)
assumed that the two changes (regarded as chromo-
some breaks) needed to be caused by radiation at
different times and, as a consequence, the tumour rate
at low doses depended purely on the dose squared.

61. The net effect of protracting of radiation
exposure would generally be difficult to predict from
multi-stage modcls, because it would depend on a
complex combination of the cffect of dose rate on
each individual mutagenic or other change; the cell
kinetics, and therefore cell numbers, between the
changes; and whether or not there is a preferred or
required temporal relationship between the changes
themselves. Even within the relative simplicity of a
two-stage model, clear expectations for dose and dose-
rate dependence would require determining numerous
paramcters of the model, including their radiation
dependence (dose, dose rate, quality), for the particular
cancer [L24]. There is clearly scope, in principle, for
expectations of reduced effectiveness at reduced dose
rates, owing for example to reduced mutation rates at
cach stage or to sclective disadvantage in growth
kinetics for cells that have undergone the first change
relative to normal cells. Conversely, there is also
scope for expectations of increased effectiveness at
reduced dose rates, duc for example to increased rates
of mutation at cach stage (by analogy, perhaps, with
the increased transformation and mutation rates
reported with high-LET radiation in some in vitro
systems [H9, J2, M28, R13]) or to selective advantage
and clonal expansion of cells that have undergone the
first change. The range of possible cxpectations
becomes even wider in the likely event that carcino-
genesis depends on more than two stages, particularly
if radiation as well as other environmental or sponta-
neous factors can play a role in a number of these
changes.

2. Thresholds in the dose-effect relationships

62. A nccessary, but not sufficient, condition for an
absolute threshold in the radiation dosc-effect
relationship is that any single track produced by the
radiation is totally incapable of producing the
biological ecffect. This absolute critcrion can be
considered at three levels of changes in the car-
cinogenic process: the initial elementary physico-
chemical changes to biological molecules, the
repairability and combinations (if any) of molecular
damage required to produce single-stage cellular
changes, and the combinations (if any) of separate
cellular changes required for a cell to reach full
malignancy. Even when the criterion does apply,

multi-track cffects may be sufficient to preclude a true
threshold, although the dose response should then tend
to zero slope as the dose tends to zero,

63. Biophysical analyses based on Monte Carlo
simulations of radiation track structure show clearly
that all types of ionizing radiation should be capable
of producing, by single-track action, a varicty of
damage to DNA, including double-strand breaks alone
or in combination with associated damage to the DNA
and adjacent proteins [C26, G6, G20]. In essence, this
is because all ionizing radiation produces low-cnergy
sccondary electrons, and these can cause localized
clusters of atomic ionizations and excitations over the
dimensions of the DNA helix. Hence, for these types
of carly molecular damage there can be no real pro-
spect of a threshold in the dose-response relationship
for any jonizing radiation. This statement is even more
categorical for high-LET radiation, which is capable of
producing even greater clusters of ionizations and
excitations over the dimensions of DNA and its
higher-order structures (sce Table 2 [G6, G20]).

64. Expectations of a dosec threshold for cellular
effects depend on the assumptions that are made
regarding cellular repair and the combinations of
molecular damage that are required to cause the effect.
Very many different mechanistic biophysical models
have been proposed to explain radiation-induced cellu-
lar effects such as cell inactivation, mutation and
chromosome aberrations. Some of these models have
been summarized by Goodhead [G3, G19). There has
developed from these models a near-consensus that the
biologically critical damage by which single tracks can
lead to cellular effect is dominated by local properties
of the track structure over dimensions of 0.1-50 nm.
The mechanistic models variously assume that the
cellular effect is the result of the following: DNA
double-strand breaks either singly [C5, C23, R12],
both singly and in pairs [P7] or in larger numbers
[G22}; pairs of DNA single-strand breaks [R15] or
simple damage to pairs of unspecificd atoms such that
the damage to each is due to single ionizations or
excitations only, independent of radiation quality [K6,
Z1]; pairs of unspecified chromatin damage [H23,
V4]; localized clusters of radiation damage in unspeci-
fied molecular targets, either singly or in targets of
dimensions similar to DNA [G16, G20] or nucleo-
somes [G18, G20] depending on radiation quality, or
singly and in pairs in targets of unspecilied dimen-
sions [C28]; unspecified single or double lesions,
probably in DNA, but qualitatively similar independent
of radiation quality [T21]; multiple (two or more) ioni-
zations in small structured targets [B36]; or damage to
DNA and associated nuclear membranc [A7]. In all
these mechanistic models a single radiation track from
any radiation is capable of producing the full damage
and hence the cellular effect.
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65. In agreement with these mechanistic models,
track structure analyses, as well as simple lincar extra-
polations to low dose of measured biochemical
damage, indicatc that a single track, cven from the
lowest-LET radiation, has a finite probability of
producing one, or more than one, double-strand break
in a ccll (Table 3). Hence, cellular consequences of a
double-strand break or of interactions between them
should be possible cven at the lowest doses or dosc
rates. This expectation would be contradicted for low-
LET radiation only if cellular repair of small numbers
of double-strand breaks, even with associated damage,
were totally efficient in all the cells. There is no
evidence to demonstrate this, but existing experimental
assays arc not able to test it extensively duc to limited
resolution of types and quantities of damage.

66. In addition to mechanistic models of cellular
effect, as above, there are current phenomenological
models based on correlation of effect with patterns of
radiation energy deposition over much larger distances
of ~1um [B33, F12, H25, K5]. Even these approaches,
with one exception [H25, K5], agree that a single
radjation track can produce the cellular effect. The one
cxception agrees for high-LET radiation, but it
assumes that for low-LET radiation the damage from
a number of tracks has to accumulate before any cellu-
lar effect is possible. This assumption leads to an
initial slope of zero, although not a true threshold.
Experimental support for this assumption is lacking.

67. Despite their very different assumptions and
almost without exception, these biophysical models
lead to the common view that a single track of any
ionizing radiation is capable of producing cellular
changes, including mutations and chromosome aberra-
tions. On this basis no absolute dose threshold would
be expected for the individual cellular changes
responsible for individual stages of the carcinogenic
process. The difficulty of experimentally proving, or
disproving, this expected total lack of a dose threshold
for single cellular changes is complicated by the
possibilities of adaptation or induced repair after small
numbers of tracks [C20, I8, M33, O3, 04, P8, S3,
§32, W6]. However, unless such "adaptation” is so
fast that it can act with total efficiency on the very
first track itself, it would not be able to introduce a
truc dose threshold, although it might complicate the
shape of the dose response at slightly higher doses and
also its dose-rate dependence.

68. The final level at which an absolute dose
threshold might exist is at the two (or more) stages of
two-stage (or multi-stage) carcinogenesis. The simplest
such situation would arise if the malignancy required
that radiation should bring about both changes and that
they should be well separated in time. Then, one track
would be totally unable to achieve this, and so even

would any single, brief exposure. If the exposure were
protracted or repeated, or if the time separation were
not required, but if a single track were still incapable,
then the slope of the dose response would tend to zero
as the dose tended to zero (as, [or cxample, in a pure
dose-squared dependence). Although this would not
imply a true threshold, the risk would become vanish-
ingly small at the lowest doses. There are, however,
many ways in which these requirements could, in prin-
ciple, be violated and thercby introduce a finite slope
without a threshold or vanishing risk. These include:

(a) if malignancy could result from the two essential
changes occurring at the same time from a single
track, especially if it were a high-LET track;

(b) il onc or other of the two changes could occur
spontaneously, or as a consequence of other
environmental factors, so that only one radiation-
induced change was necessary, as suggested, for
example, when the two-stage model was fitted to
lung tumours in mice after brief exposure to
radiation [C21]; the occurrence of spontaneous
tumours does also indicate that all the changes
can occur without radiation;

(c) if the cells of an individual already had one
change due to inheritance so that only one
radiation change was sufficient for malignancy;

(d) if the malignancy could result from a single
radiation-activated oncogene instead of solely
from a pair of inactivated anti-oncogenes;

69. In view of these many possibilitics, it would be
difficult to conclude on theoretical grounds that a true
threshold should be expected even from multi-stage
mechanisms of carcinogenesis, unless there were clear
evidence that it was necessary for more than one
time-separated change to be caused by radiation alone.
The multitude of animal and human data showing an
increase in tumours after a single brief exposure to
radiation and also the occurrence of spontaneous
tumours in the absence of radiation, implies that these
restrictions do not apply in general. These theoretical
considerations cannot preclude the possibility of
particular situations where the probability of an cffect
at low doses may be very small, and even practically
negligible, compared with that at higher doses. This
topic is considered further in Annex E, "Mechanisms
of radiation oncogenesis”.

C. MECHANISMS OF DOSE-RATE EFFECTS
IN MAMMALIAN CELLS

70. Forlow-LET radiation, dose rate has been shown
to be a major factor in the response of mammalian
cells. Since the early days of cellular radiobiology, the
sparing cffects of dose protraction have been inter-
preted as reflecting increased repair of induced cellular
damage. The magnitude of dose-rate effect for cell
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inactivation varics between different cell strains: this
is reflected wsually, but not always, by the extent of
the shoulder on acute dosc-response curves [H2].

1. Repair of DNA damage

71.  There is strong cvidence from a range of in vitro
cellular studies that the most significant detrimental
cffccts of radiation derive from its ability to damage
DNA in mammalian cclls (scc Annex E, "Mechanisms
of radiation oncogencsis"), and if this is the case then
it can be assumed that the fidelity of repair of induced
DNA damage is a major determinant of the dose-rate
cffect, although there are many other factors involved
in the subsequent development of a tumour following
the initial DNA lesion. Direct evidence on this issue
has becn obtained through studies with radiosensitive
mutants of mammalian cells that carry defects in DNA
processing,.

72. Ataxia-telangiectasia (AT) is an autosomal
rccessive  genetic  disease  with complex clinical
manifestations [M10]. Radiotherapcutic obscrvations
provide clear evidence of the in vivo sensitivity of
ataxia-telangiectasia patients to low-LET radiation.
Studies in vitro show ataxia-telangiectasia radiosensi-
tivity to have a cellular basis, and for acute doses AT
cclls show a two- to threcfold increase in their
sensitivity to the lethal and clastogenic cffects of
low-LET radiation [LS5, T5}]. However, most import-
antly, the ataxia-lelangicctasia mutation(s) almost
completely abolishes both the capacity of cells to
repair x-ray-induced potentially lethal damage and any
sparing cffect of gamma-ray dose protraction. The
cffect of the ataxia-telangicctasia mutation(s) on
human cellular radioscnsitivity was most dramatic
after chronic gamma-ray cxposure at a dose rate of
2 mGy min’'; where after an accumulated dose of
2 Gy, the number of unrcpaired lethal lesions in a
normal cell strain was ~0.3 per cell, while the
corresponding value for ataxia-tclangicctasia strains
was ~5.0 [C12]. These data, together with those on
potentially lethal damage repair after acute doses, have
been used to argue that the rate at which cells sustain
radiation damage is a major factor in the efficiency of
repair and that ataxia-telangicctasia cells are blocked
in a major radiation repair pathway [C12]. Biochemi-
cal studies so far appear to have failed to identify a
consistent DNA-repair defect in ataxia-tclangicctasia
cases, including DNA double-strand break rejoining
{LS5, T4]. However, using a molecular assay based on
the cell-mediated rejoining of restriction endonuclease
induced DNA double-strand breaks in plasmid DNA
substrates, some evidence for reduced fidelity of
double-strand break rejoining has been obtained in
the Sv40-transformed ataxia-telangiectasia ccll line
[C13, T4]. However, further studies failed 1o observe

a similar clfect with a related plasmid [G11], sug-
gesting that an apparent cffcct on overall transfection
frequency is related not only to repair deficiency but
also to scnsitivity of potential transfectants to the
selective agent. A reduction in repair fidelity has also
been reported in a radiosensitive mutant of V79
Chincsc hamster cells [D1]), but there are still no data
on dosc-rate effccts in this mutant. It might be
expected that inaccurate repair of double-strand breaks
in vivo might lead to increased ionizing radiation
mutability. Ataxia-telangiectasia cells, however, show
normal spontancous or ultraviolet mutability, and
although they show increased chromosome rearrange-
ments following exposure to ionizing radiation, they
show cither a reduced mutability or an increased
incidence of mutation similar to normal cells [Gl11,
T22]. In Annex E, "Mechanisms of radiation onco-
genesis”, it is noted that cell mutagenesis and DNA
repair data may be used to argue that oncogenic initia-
tion following ionizing radiation may occur morc
frequently through DNA deletions and/or rearrange-
ments than through point mutations. There is, how-
ever, insufficient evidence at present on this important
aspect of oncogenic initiation.

73. A corrclation between reduced dose-rate effects
for cell inactivation and deficiency in DNA double-
strand break repair has also been ecstablished in
radiosensitive mutants of CHO Chinese hamster cells
(K1, T3] and L5178Y mouse lymphoma cells [B10,
E4, ES, W5], further strengthening the link between
dose-rate effects and the repair of a specific radiation-
induced DNA lesion. In addition, some of the above
data also indicate that the fitted initial slopes, a;, of
dose-clfect curves are not constant and may be
modified by cellular repair processcs.

74. The extcnt to which radiation-induced DNA
damage may be correctly repaired at very low doses
and very low dose rates is beyond the resolution of
current experimental techniques. If DNA double-strand
breaks are critical lesions determining a range of
cellular responses, including perhaps neoplastic
transformation, then it may be that wholly accurate
cellular repair is unlikely even at the very low lesion
abundance expected after low dose and low-dose-rate
irradiation [T5].

75. Radiation-induced molecular damage to both
DNA strands at the same point has a finite probability
of generaling a scission in the initial DNA substrate,
with nucleotide base modifications on both strands.
Repair enzyme actlivity may remove these but, in
doing so, it will create a secondary substrate that
cannot be returned to its original undamaged form
without the presence of the necessary template [F3]. In
the absence of such aids to repair, the lesions will tend
1o be misrepaired, producing intrachromosomal dele-
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tions or interchromosomal transiocations that are the
hallmarks of radiation damage in mammalian cells
(scc Annex E, "Mechanisms of radiation oncogenesis”,
and [E1]). The existence of such radiation-induced
doublc-strand DNA lesions, which may be cxtremely
difficult to repair correctly, would imply the absence
of threshold for initial damage to DNA, cven when
there are very few double-strand breaks, and hence
absence of thresholds for stable changes to individual
cells.

76. This postulate may be contrasted with that for
ultraviolet, where there is experimental evidence that
biologically critical cellular damage ariscs as a conse-
quence of the induction of ultraviolet photoproducts
that principally affect the nucleotide bases on onc
strand of the DNA duplex. Ultraviolet-modified bases
may be excised from the damaged strand by DNA re-
pair complexes, leaving a gapped strand that may then
be accurately filled with the appropriate nucleotides
using the coding sequence of the undamaged strand as
a template [F3, M2].

77. From a mechanistic standpoint such single-strand
damage excision processes, which also act on many
chemically induced DNA base adducts, may be regard-
ed as potentially crror-free [M2], although even here
mistakes in copying may occur. Thus, although in
principle the efficient (subsaturation) operation of
single-strand cxcision processes in cells could result in
wholly accurate repair and a dose-effcct relationship
with a threshold at low doses, in practice such
thresholds are unlikely to exist for the initial damage
to DNA from ionizing radiation. Apparent low-dose
thresholds for the ultraviolet-inactivation and mutation
of cultured human cells have, however, been demon-
strated [M2].

2. Effect of dose rate

78. A number of studics have been reported on the
influence of dose rate from low-LET radiation on cell
mutagenesis. In cultured rodent cells, radiation muta-
genesis may be considerably reduced by dose pro-
traction [T2, TS]. In contrast, in a human lymphoblast
system, continuous exposure (o radiation from tritiated
water [L6] or from daily cxposure to x-ray doses
<0.1 Gy [G11] f(ailed 10 produce any reduction in
induced mutation frequency. This response may not,
however, be characteristic of the response that would
be obtained for normal cells in vivo. In human TK6
cells, the Aipre and tk mutation frequencies after acute
x-irradiation and continuous gamma-irradiation (0.45
and 4.5 mGy min'l) showed linear responses and no
dosc-rate dependency [K4]. The dose rate of 0.45
mGy min"! is one of the lowest used for mutation
studies of cells in culture. While it is possible that
these obscrvations highlight a rcal difference between

human and rodent cells in a low-dose radiation
response and in the potential for repair, there are
complex issues regarding dosc-rate cffects on ccli
mutagencsis that need to be considered [TS5].

79. For the induction of unstable chromosome aber-
rations (dicentrics and acentric rings) in human lym-
phocytes by low-dose and low-dose-rate radiation,
there has been considerable interlaboratory variation in
aberration yield, so the magnitude of any dosc-rate
cffect at low doscs is not clear [L14]. It has been con-
cluded, however, that at low doscs, taking all data to-
gether, aberration yield is probably lincar with dose
and independent of dose rate [EI]. Recently, however,
observations on the existence of a radiation-induced
adaptive response in human lymphocytes have raised
questions about the responsc at low doses. In these
experiments it has been shown, for example, that lym-
pbocytes exposed 1o an x-ray dose of 0.01 Gy (corres-
ponding to an average of 10 tracks per cell) become
adapted so that only about half as many chromatid
deletions are induced by a subsequent challenge with
high doscs (c.g. [W7]). The mechanisms and general-
ity of this potentially important post-irradiation
response have yet to be cstablished, but it has been
shown that ccllular protein synthesis is necessary for
the development of the adaptive response and that a
dose of 0.01 Gy from x rays reproducibly induces the
synthesis of a number ol ccllular proteins (putative
repair enzymes) not found in unirradiated lymphocytes
[W7]. The effect of radiation on cellular processes has
recently been reviewed by Wolff [W4].

80. A number of models have been published that
ascribe the repair of radiation damage in the quadratic
region of the dose response 1o a reduction in sublethal
or submutagenic damage. Thus, Leenbouts et al. [L20]
modelled cellular damage and its repair in terms of
induced DNA doublc-strand breaks; these may be
reduced in number in a cell cither by the repair of
single-strand breaks or by the repair of double-strand
breaks, which might not always be perfect. On this
basis, three regions of the dose response can be
distinguished: an acute dose-rate region (>60 Gy h'l),
where exposures are very short compared with the
repair rate of sublethal or submutagenic damage and
where a lincar quadratic dose-cffect relationship is
measured; a region of protracted dose rate, where the
radiation cffect decreases with decreasing dose rate;
and a region of lower dose rates, where the repair of
sublethal damage is essentially complete and the dose-
rate effect is essentially negligible. These different
regions will not nccessarily be the same for all cell
types. Similar patterns of responsc could be obtained,
however, if the feature of cellular response giving rise
10 the quadratic component included a component that
could be attributed to the saturation of repair
processes.
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D. SUMMARY

81. Guidance on expected effects at low doses and
low dose rates can be sought from the guantitative
models that have been developed to describe the
available radiobiological and epidemiological data.
Radiobiological data for effects on single cells under
a variety of conditions have led 1o the development
of many quantitative models, mechanistic or
phenomenological, for single radiation-induced
changes in the cells. Multi-stage models of radiation
carcinogenesis, based on epidemiological or animal
data, assume that a series of two or more changes is
required before a ccll becomes malignant and that
radiation can induce at least some of these changes.
The biophysical concepts underlying the different
models can be described in terms of general features
of target theory, because the insult of ionizing
radiation is always in the form of finite numbers of
discrete tracks. In this way fundamental expectation
can be sought on the nature of overall dose
responses, their dependence on dose rate and their
features at the low doscs that are of greatest practical
relevance. Radiation carcinogenesis involves complex
changes after the initial cellular damage. The cellular
effects and concepts of appropriate models have been
emphasized in this Chapter. Other aspects, including
organ effects, are considered later in this Annex.

82. Dose responses can be subdivided into regions.
In region I, a negligible proportion of cells (or cell
nuclei) are intersected by more than one track and
hence dose responses for single-stage effects can be
confidently expected to be lincar and independent of
dose rate. In region II, many tracks intersect each
cell (or nucleus), but multi-track effects may not be
obscrved in the experimental data, so independent
single-track action is commonly assumed, although
true linearity and dose-rate independence hinge on
the validity of this assumption. In region III, multi-
irack cffects are clearly visible as non-linearity of
dose response, and hence dose-rate dependence, is
likely. The simpler forms of the dose-response
relationship can be expanded as a general poly-
nomial, with only the dose and dose-squared terms
being required to fit most experimental data,
although sometimes a separate factor is added to
account for competing effects of cell killing at higher
doses. The induction of an effect can then be
represented by an expression of the following form:
I(D) - (alD +a2D 2) e -B,D 'ﬁ?Dz) (11)
in which a, and @, are coefficients for the linear and
quadratic terms for the radiation response and B, and

B, arc lincar and quadratic tcrms for cell killing. It
is generally assumed that at sufficiently low doses,
a will be constant and independent of dose rate. In
this approach it is common to regard the fitted lincar
cocfficient as being constant and fully representative
of the responsc extrapolated down to minimally low
dose and dose rate. However, there are in the litera-
ture data from numerous studies that violate this
simple expectation, for both Jow-LET and high-LET
radiation. Many of these imply that multi-track
cffects can occur in the intermediate-dose region (II)
and that even when the dosc response appears linear
it may be dosc-rate dependent and non-lincar at
lower doses.

83. Low-dose and low-dose-rate expectations based
on multi-stage processes of carcinogenesis depend
crucially on the detail of the radiation dependence of
the individual stages and on the tissue Kkinetics.
Expectations could, in principle, readily range
between two opposite extremes. On the one hand a
linear term could be absent entirely, implying
vanishing risk as the dose tends to zero, as should be
the case if two (or more) time-scparated radiation
steps were required. On the other band, there could
be, right down to the lowest doses, a clear linear
term that even increases with decreasing dose rate, as
may occur if either of the stages can occur sponta-
neously and if there is clonal expansion between
them.

84. Consideration has also been given to the
possible existence of a true dose threshold in the
response lo radiation. It is highly unlikely that a dose
threshold exists for the initial molecular damage to
DNA, because a single track from any ionizing
radiation has a finite probability of producing a
sizable cluster of atomic damage directly in, or near,
the DNA. Only il the resulting molecular damage,
plus any additional associated damage from the same
track, werc always repaired with total efficiency
could there be the possibility of a dose threshold for
consequent cellular effects. Almost all of the many
biaphysical models of radiation action assume that
there is no such threshold for single-stage changes in
cells. Multi-stage models of carcinogenesis could
lead to expectations of a dose threshold, or a
response with no linear term, under particular, highly
restricted sets of assumptions. Available data imply
that these restrictions do not apply in general to all
tumours, although they may in some particular cases.
These fundamental considerations cannot preclude
practical situations where the possibility of effects at
low doses may be very small or where significant
tissue damage is necessary for particular types of
tumour to develop.
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II. DOSE-RESPONSE RELATIONSHIPS
IN EXPERIMENTAL SYSTEMS

85. To provide an cxpcrimental basis for assessing
the effects of dose rate on cancer induction in man,
information is available from a number of sources.
Tumour induction in animals provides the main
source, but both the transformation of cclls in culture
and the induction of somatic and germ cell mutations
arc also valuable for assessing the influence of dose
and dos¢ rate on the initiating event(s) resulting from
damage to DNA. The following Scctions review
information from these arcas of rescarch that are
relevant to considerations of dose-rate effects for
cancer induction by both low- and high-LET radiation.

86. Inthe UNSCEAR 1986 Report [U2] information
on dosc-response relationships for mutations, chromo-
somal aberrations in mammalian cells, cell transforma-
tion and radiation-induced cancer were reviewed.
Three basic non-threshold models were considered for
both cellular effects of radiation and for cancer induc-
tion: linear, linear-quadratic and pure quadratic models
(Figure IV). Tt was concluded that for most experi-
ments and end-points the prevailing form of the dose-
response relationship at intermediate to high doses of
low-LET radiation is concave upward and can be
represented by an cquation of the form

I(D) = (g + oD + a,DHSD)  (12)
in which ay is the spontaneous incidence, oy and o,
are cocfficients for the lincar and quadratic terms for
the specific cellular response and S(D) is the probabi-
lity of survival of transformed cells having received
the absorbed dose D. The probability of survival may
be expressed as

S(D) - c-(ﬂID * 52D2) (13)

where B, and B, arc cocfficients of the linear and qua-
dratic terms of cell killing. For mammatian cells ex-
posed to low-LET radiation, valucs of the parameter
a,/a, for mutations and chromosome aberrations
(equivalent to the dose at which the lincar and quadra-
tic terms contribute equally to the response) cluster
around 1 Gy (gcometric mean, 1.27 Gy) while values
of the parameter B,/B, for cell sterilization are
generally much higher, in the range 2-10 Gy (geomet-
ric mean 7.76 Gy) [B27). The differcnce appears to be
due mainly to higher values of the linear term for cell
killing, in accordance with conclusions that, at least at
low doses, the loss of proliferative capacity of cells is
caused by damage that is not all obscrvable as chro-
mosomal changes at mitosis [B31, B38]. Some may be
associated wilh less severe damage [B13].

87. An cxample was given in the UNSCEAR 1986
Report [U2] of how the range of survival parameters

for cell lines of varying sensitivity for cell killing
would affect the shape of the dose-response curve for
tumour induction, and hence the reliability of
extrapolation from risks obtained at intermediate doses
to the low doses that arc generally of practical
concern. In this analysis [U2], the Committee selected
two values of the /o, quotient for tumour yield (or
mutation/aberration yicld) applying to x rays and
gamma rays: 0.5 Gy and 2.0 Gy. For survival
characteristics, the bone marrow stem cell was
selected as the most sensitive. Its survival curve is
described by B, = 0.4 Gy™! and B, = 0.08 Gy [B5].
For the least sensitive cell, a hypothetical cell line was
assumed with survival parameters B = 0.1 Gy‘1 and
B, = 0.08 Gy 2 [BS]. To normalize the data, a lifetime
cumulative incidence at 3 Gy of 150 cases per 10,000
population (150 104 Gy’l) was assumed. The results
in terms of the cumulative tumour incidence from
doses of 1 mGy to 4 Gy for all combinations of a,/a,
and B,/B, are plotted in the upper part of Figure V. In
the lower plot of Figure V, the data have been
redrawn giving relative risks normalized to the same
value of the a,; cocfTicient.

88. From this analysis, three conclusions can be
drawn. First, the sensitivity to cell killing has a more
pronounced effect on the shape of the dose-response
rclationships than the o/, quoticnt. Secondly, for the
cells most sensitive to killing (S;,, minimal survival),
the relationship is concave downward, with maxima at
2-2.5 Gy. Since such curves are not observed for
human cancers after exposure to low-LET radiation
(i.e. reaching maximum values at doses of about
2 Gy), it seems likely thal the assumed sensitivity is
too high for in vivo irradiation. This would be
consistent with the lower sensitivity of single cells
irradiated in site. Thirdly, for the cells least
susceptible to killing (S, ,,, maximum survival), the
overestimate of the tumour yield per unit dose at low
doses by lincar extrapolation from 1-2 Gy down to
0.001-0.01 Gy ranges from 3.0-2.5 at o, /a, = 0.5 Gy,
to 1.2-1.3 at a,/a, = 2 Gy, respectively.

89. The maximum overestimalion of the risk results
from totally neglecting cell killing. In such a case the
overestimate of the risk al low doses from risks

observed at high doses, D, can be calculated from
equation 12:

DDREF = (a,D + aD?)/oyD = (14
1+ (0y/0;)D

The extent of overestimation of the risk corresponds to

the dose and dose-rate effectiveness factor (DDREF)

of ICRP [12].
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90. Lincar extrapolation from 3, 2 and 1 Gy down to
a low dosc of, say, 0.01 Gy (or ccllular systems with
a range of oy/a, quolients between 0.5 Gy and 2 Gy
would thus involve the overestimates of radiation
cffect shown in the Table below. Thus, for a cell
response with an a,/u, quotient of 1.0 Gy, if the risk
is assessed at 2 Gy then lincar extrapolation to assess
the risk at low doses will overestimate the risk
cocfficient by a [actor of about 3. If the risk is
assessed at 3 Gy, however, the DDREF would be 4. In
practice, the available cpidemiological and experimen-

tal data on tumour incidence generally do not allow
rcliable estimates 1o be made of a; and oy, and
tumour incidence data up to about 2 Gy are frequently
compatible with linear or lincar-quadratic modecls,
although a varicty of dose-response curves have been
obtained (Figures VII-XV). This type of modelling
approach does, however, indicate that tumour induc-
tion rates at low doses, when based on information
obtained at intermediate doses, will, in the absence of
significant cell killing, tend to be overestimated by
linear extrapolation,

DDREF
ayfa, (Gy)
3 Gy 2 Gy 1 Gy
0.5 7 5 3
1.0 4 3 2
20 25 2 L5

91. Of concern for radiation protection is how
cellular damage by ionizing radiation manifests itself
as long-term cffects, with cancer induction and
hercditary discase being the main effects of concern at
low doses and low dose rates. The induction of
hereditary discase by ionizing radiation may be readily
explained in terms of damage to the genetic material
that is manifested in future generations. For cancer
induction in both animals and humans the situation is
more complex, because tumours in somatic tissue can
arise many years after exposure to radiation, following
development through a succession of events. Experi-
mentally, cancer causcd by exposure to radiation or
other agents appears 1o be the result of a multi-stage
proccss. In the liver, skin, ocsophagus, colon and other
complex epithelia the cancer induction process can be
considered to consist of three stages: initiation,
promotion and progression, which arc described in
Anncx E, "Mechanisms of radiation oncogenesis”. An
initiating event can result from a single exposure to a
genotoxic carcinogen that alters a cell or a group of
cells, giving a potential for cancer to develop. This
damage may be repsired but it may also be irrever-
sible, although the ccll and its progeny may never
develop to form a tumour. This initial damage may
conform to single- or multi-hit models. Subsequent
exposure to tumour promoters permits the neoplasltic
changes to be expressed in initiated cells, with the
result that tumours develop. Further stimulation may
therefore aid the progression of the tumour. Some
chemical agents act as iniliators, some as promolers
and others as both [A3]. Radiation can act in a dual
capacily, as cancers may appcar many years after
exposure to radiation without any further radiation
stimulus, however, at relatively high doses, radiation
damage to surrounding tissue may also play a promo-
tional role in cancer development. Many other envi-

ronmental factors, including hormones, immunological
factors or cigarelte smoke, may also play a promoting
role after an initiating event.

92. The problems in assessing risks of cancer for
exposures to low-LET radiation at low doses and low
dose rates, when human data are available mainly at
high doses and high dose rates, were summarized by
the NCRP [N1}. The dosc-response relationships are
illustrated in Figure I, which gives schematically data
points and possible dose-response curves for cancer
incidence. Frequently, as in this example, data points
arc only available at rclatively high doses. The
approach commonly used in risk assessment is to fit
a linear dose-response relationship to the data
(curve B), a procedure that is usually considered to
give an upper limit to the risk at low doses [C4, 11,
U4]. If this lincar relationship is due to single tracks
acting independently, then the effect per unit dose (the
slope of the line, ayy, or risk cocfficient at high doses
and high dose raies) would be expected to be inde-
pendent of dose magnitude and dose rate. In practice,
however, this is not generally the case, and experimen-
lal data suggest that a lincar-quadratic relationship
(curve A) will [requently provide a better fit to the
data, implying that damage is the result not only of
single interactions but also of other, more complex
interactions. Other cxplanations for the quadratic
function in the response are also possible, such as
saturation of repair processes [T16]. With a progres-
sive lowering of the dose and/or the dose rate, allow-
ing more opportunity for repair of damage and less
opportunity for interacting cvents, a point may ulti-
mately be reached at which damage is produced as a
result of single events acting alone, giving a lincar
response (curve D, siope ap) with the effect propor-
tional to dose. A similar response would be obtained
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by lowering the dosc rate alone, as even at high total
doscs, lesions accumulate more slowly. Thus, experi-
mentally, the effect per unit absorbed dosc at low dose
rates (cven at high total doses) would be expected to
become progressively less as the dose rate is lawered.
Hencee, the limiting slope (o of Figure 1) would be
reached either by reducing the dose to very low values
where the effect is independent of dose rate or by
reducing the dose rate to very low values where the
effect is dependent only on the total dose. On this
basis, even fractionated exposures will not necessarily
give slopes approaching oy, as the overall dose
response will depend on both the total dose and the
dose rate per fraction.

93. In practice, because of statistical limitations it is
extremely difficult to detect radiation-induced effects
in the low dose range (<0.1 Gy) at any dose rate; thus,
there are uncertainties in the determination of the
limiting slope, oy , in both animal and human studies.
The initial slope of the dose-response curve can be
more readily examined by changing the dose rate, as
can be done in studies with experimental animals. In
many experiments, however, even at low or
intermediate dose rates, the limiting slope may not be
reached, and a dose response in between the two
slopes oy and o is obtained with slope Oy p Despite
this limitation, animal experiments provide the best
indication of the extent to which lowering the dose
rate of low-LET radiation, cven at intermediate or
high total doses, can reduce the effectiveness of
radiation in inducing cancer. They thercfore provide
the most useful guidance on the extrapolation of risks
observed at high doses and high dose rates to the low
doscs and low dose rates generally of concern in
radiological protection.

94. The ratio of the slope of the no-threshold,
"apparently” linear fit to the high-dose and high-dosc-
rate data (0y,) to the slope of the linear fit to the low-
dose-rate data (ay or ap, ) has bcen used as a
measure of the dose and dose-rate effectiveness factor.
The terms dose-rate cffectiveness factor (DREF) [N1],
linear extrapolation overestimation factor (LEOF) and
low dose extrapolation factor (LDEF) [P2, P3] have
also been uscd for this reduction factor. In this Annex,
the term dosc and dose-rate cffectiveness factor
(DDREF) (or, more simply, relative cffectiveness) will
be used for comparing the response at different dose
rates.

95. The data on tumour induction in experimental
animals that are most directly useful for the derivation
of DDREFs for man are, surprisingly, very restricted
in their extent. Significant effects have been obtained
mainly with intermediate or relatively high doses,
although at very different dose rates. Thus, only
limited evaluation of the shape of the overall dose-
response curve has been achieved, as is also true for

cpidemiological studies. In general, a significant
increase in tumour incidence in experimental animals
is found at doses of about 0.2 Gy and above (see
Section II.A). Some radiation-induced cancers have
been detected in human populations at relatively low
doses. Human data on cancer induction relevant to
considerations of dosc and dose-rate effects from Jow-
LET radiation are reviewed briefly in Chapter 111.

A. TUMORIGENESIS IN
EXPERIMENTAL ANIMALS

1. Radiation-induced life shorteﬁing

96. Extensive studies in experimental animals have
reported radiation-induced life shortening as a result of
whole-body external irradiation and as the result of
intakes of radionuclides. This is a precise biological
end-point that reflects the earlier onset of lethal
diseases; an increased incidence of early occurring
diseases or a combination of the two. To understand
the effects of radiation on life-span it is important to
know the underlying cause of death, aithough this is
often difficult and in some cases impossible, as death
may be the result of a variety of causes acting
together. This is particularly the case in older animals,
in which multiple lesions are often present. In contrast,
in younger animals a specific pathological lesion can
frequently be identified.

97. Life shortening is an effect that must be
estimated by comparing irradiated and non-irradiated
populations. The different ways of describing and
expressing the cffect quantitatively have been
reviewed in the UNSCEAR 1982 Report [U3]. The
mean or median life-span, the per cent cumulative
mortality or the age-specific mortality ratc may all be
regarded as compounded expressions of specific and
non-specific causes, acting within each individual to
decrease fitness and ultimately to cause death.

98. There bas been considerable discussion in the
published literature about the specificity or non-
specificity of life shortening in experimental animals
exposed to ionizing radiation. Life shortening must
ultimately be due to an underlying cause, and the lack
of specific information frequently results from the lack
of detailed pathology. A “"specific” cause of death has
therefore been taken to mean that irradiated animals
dic carlier than controls and show a different spectrum
of discascs or causes of death. Since not all diseases
arc readily induced by radiation, interest has centred
on whether or not radiation may produce life shorten-
ing by inducing tumours and how much of the obser-
ved shoriening can be accounted for by ncoplastic
diseases. The words "specific” and "non-specific” have
generally been taken to indicate neoplastic and non-
neoplastic contributions 1o life shortening.
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99. Life shortening by radiation was comprehen-
sively reviewed in the UNSCEAR 1982 Report [U3].
Although life shortening can only be assessed on the
basis of death, an end-point that can be defined
precisely in time, it is usually more informative to
know the cause of death, as most irradiated animals
die of discases that are unrelated to radiation exposure,
complicating the identification of the terminal patholo-
gical syndromcs. Some of the difficultics in inter-
preting much of the work were summarized in that
Report {U3}]. These included the lack of careful patho-
logical observations on the animals at death or of a
refined multifactorial analysis, particularly in earlier
studics. Some studies at low doses have even reported
life lengthening, although any increase has generally
not been statistically significant. Another problem is
that even when good pathology is available, informa-
tion is usually collected at death, when it is impossible
to asscss the contribution of each specific cause to life
shortening, since there is no reason to presume that all
causes are cqually accelerated by irradiation. While
serial sacrifice experiments might provide this infor-
mation, they arc time-consuming and expensive. The
additional effort required to implement this technique
is considerable and, as a consequence, such informa-
tion is uncommon in the literature.

100. Radiation-induced life shortening appears to have
been first described in the rat by Russ et al. [R9] and
in the mouse by Henshaw [H18]. They reported that
irradiated animals had a shorter life-span and appeared
1o age more rapidly than non-irradiated controls. These
and other studics led to the view that the life-shorten-
ing action of radiation was due to its enhancement of
natural ageing processes. Early reviews of mammalian
radiation injury and lcthality by Brues et al. {B28] and
Sacher {S18] recognized that single acute exposures to
radiation tended to displace the Gompertz age mortal-
ity function upward and chronic exposure throughout
life increased the slope of this function.

101. The concept that radiation-induced life shortening
might be equivalent lo aging was criticized by Mole
{M44], who considered that this view had arisen large-
ly as a result of observations on surviving animals
given single large doses in the iethal range. The
similarities and differences between natural ageing and
radiation-induced life shortening were considered by
Comfort {C16]. His review was a significant attempt
to diffcrentiate between the various biological effects
obscrved. Neary [N3, Nd4] regarded theories of ageing
as belonging to one of two main groups: those inter-
preting ageing as due to random events in a population
of supposedly uniform individuals and those examin-
ing the individual and its component cells. He pro-
poscd a theory that ageing proceeds in two successive
stages, induction and development, each characterized
by appropriate parameters. Experiments reported later

from the Soviet Union [V2, V3, V5, V6] tended 10
show that induction consists of the spontancous
occurrence of lesions in cellular DNA and that deve-
lopment (promotion) results from the activation of
endogenous viral genomes by chemical carcinogens or
radiation.

102. The first cxperimental series that allowed
analysis of specific causes of death were those of
Upton et al. in 1960 [U27] in RF mice. The authors
could not, however, establish any clear-cut relationship
between life shortening and the incidence of tumours,
as the dose-response relationships for different tumour
types varied: some increased with dose and some
decreased. These data gave some support to the view
that radiation could cause non-specific life shortening,.
A statistical cvaluation of these data by Walburg in
1975 [W8], using a method that allowed for competing
probabilities of death, indicated that life shortening,
which was clearly apparent when all deaths were con-
sidercd together, disappeared when tumours were ex-
cluded from the analysis. Table 4 shows the mean age
at death adjusted for competing probabilities of death,
for deaths from all causes and from all non-neoplastic
diseases, of female RF mice exposed to 1 and 3 Gy of
®Co gamma-radiation (0.067 Gy min’!) at 10 weeks
of age compared with data from controls. For these
mice, myelogeneous leukaemia, thymic lymphosar-
coma and endocrine tumours were induced or acceler-
ated by irradiation. When only non-neoplastic causes
of death were considered, there was no significant
effect on life shortening, and the mean age at death
increased in irradiated animals relative to controls.

103. In a scries of studies in mice Storer [S33] noted
in the dose range 1-5 Gy from x rays a tendency for
neoplastic diseases to occur carlier in irradiated than
in control mice. In extensive studies by Upton et al.
[U21, U28] in male and female RF mice exposed to
either fast neutrons or to gamma rays, detailed patho-
logy was not performed, but the authors considered
that the death of irradiated animals was characteristic-
ally associated with tumours and degenerative dis-
cascs of old age, although the induction of ncoplasms
could not entircly account for life-span shortening.
These data were subsequently analysed in more detail
by Walburg [W8], who demonstrated that, in the
absence of tumour induction, life shorlening was
negligible, at least for exposure to gamma rays in the
dose range of 1-3 Gy.

104, A number of more recent publications have also
addressed the question of life-span shortening in mice.
In general, the conclusions have been that for doses of
up lo a few gray, life-span shortening is due to an
increase in tumour incidence. Thus, Grahn et al. [G23]
showed that at doses up to 4 Gy life shortening was
due to excess tumour mortality, although at higher
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doscs decreased life expectancy was not accompanied
by a parallel incrcase in tumour incidence. Maisin
{M45] attributed life shortening in BALB/c and
CS7BL mice at intermediale doses essentially to
thymic lymphoma and at higher doses to glomerulo-
sclerosis. Similar conclusions have been reached by
other authors [L21, L22] in studies with rats; and the
same is truc for dogs in the scrics of Andersen et al.
[AS], according to an analysis by Walburg [W8].

105. For exposures to high-LET radiation similar
conclusions can be drawn. In an analysis of causes of
death in B6CF1 mice cxposed to single and fraction-
ated doses of fission ncutrons Thompson and Grahn
[T12] concluded that practically all (>90%) of the
excess mortality could be attributed to tumour deaths.

106. From his comprchensive review of published
data, Walburg [W8] concluded that at the low to inter-
mediate doses of practical interest in radiation
protection, life shortening after irradiation may
principally be explained by the induction or accelera-
tion of neoplastic diseases. This conclusion was
supported by Storer [S19], although it was recognized
that at higher doscs other mechanisms were involved
in early radiation damage.

107. The majority of comprchensive studies that give
quantitative information on the cffects of dose, dose
fractionation and dose rate on life-span shortening
have used the mousc as the experimental animal. Sub-
stantial diffcrences in sensitivity have, however, been
noted between strains and between the sexes. A review
of 10 studies involving about 20 strains of mice given
single exposures to x or gamma radiation showed that
estimates of life shortening ranged from 15 to 81 days
Gy’!, although the majority of values (9 of 14 quoted
in the review) were between 25 and 45 days Gy'l with
an overall unweighted average of 35 days (}y'1 [G8].
In general, in the range from about 0.5 Gy to acutely
letbal doscs, the dose response was either linear or
curvilinear upwards. In male BALB/c mice exposed 1o
acute doses of 137Cs gamma rays (4 Gy min'!), life
shortening was a lincar function of dose between 0.25
and 6 Gy with a loss of life expectancy of 46.2 *
4.3 days Gy'l [MS]. The effccts of acule single doses
on life-span shortening in other species are
summarized in the UNSCEAR 1982 Report [U3].

108. The sensitivity to tumour induction has also been
shown to depend on age at exposure as well as the
gender of the animals. Thus, the lifetime excess of
neoplasia in Sprague-Dawley rats following exposure
to gamma rays from ®co decreased by a factor of
about 10 in 9-month-old rats as compared to animals
irradiated in utero, and the spectrum of tumours was
different. The higher incidence of tumours observed in

the fetal-cxposed group appeared to be mainly due to
the high sensitivitics of the central nervous system and
gonads during organogencsis. Differences in tumour
incidences were obscrved between male and female
rats and between the incidences of primary cancers

and benign tumours in the different groups of animals
[M29].

109. Partial-body irradiation is much less effective
than whaole-body irradiation in causing life shortening.
Thus for female ddY/SLC mice following head or
lower body exposure to doses of 1.9 Gy from x rays,
life shortening was 23 and 26 days Gy™, respectively,
with almost no further life shortening up to 7.6 Gy.
After irradiation of the trunk with 1.9 Gy, life
shortening was 38 days Gy'l, with a further increase
of 6 days Gy'1 at doses up to 7.6 Gy. In contrast, for
whole-body exposures between 0.95 and 5.7 Gy, the
mean survival time decreased linearly with increasing
dose, with a loss of life expectancy of 37 days Gy}
[S37]. Extensive studies on the effects of incorporated
radionuclides have also shown a reduction in life-span
as a result of tumour induction resulting from intakes
of radionuclides. Some of these studies are described
later in this Chapter in sections which relate to effects
on specific organs and tissues. It is noteworthy that in
a number of studies, where non-fatal tumours are
induced in particular organs and tissucs, this does not
necessarily lead to a loss of life-span (e.g. [M24}).

110. Summary. It may be concluded on the basis of
a number of studies that, although irradiated animals
do experience, on the average, a shorter life-span than
non-irradiated controls, the hypothesis that life short-
ening at low to intermediate doses up 10 a few gray of
low-LET radiation is due to the same causes of death
as is normal in the animals (although appearing earlier
in time) is not substantiated by experimental evidence.
In general, life shortening as a result of exposure to
ionizing radiation arises largely as a reSult of an
acceleration or higher incidence of fatal tumours in
irradiated populations. At higher doses that are well
into the lethal range, a non-specific component of life
shortening becomes apparent from cellular damage to
the blood vasculaturc and other tissucs. This does not
imply that dose-response relationships for tumour
induction and life shortening arc directly comparable,
because cven for the same radiation dose, the mean
latent period of some tumours in a given species can
be influenced by a number of factors including the
dose, dose rate, gender and age at exposure. Further-
more, some tumours that may be induced are non-fatal
and do not influence life-span. If the induction of fatal
tumours is the main influence on life shortening,
however, then a comparison of survival following
various patterns of cxposure should provide some
indication of the cffects of dose, dose rate and dosc
fractionation on tumour induction.
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(a) Dose fractionation

11, In (he UNSCEAR 1982 Report [U3], the
Committce reviewed data on fractionated exposures in
which a given dose of whole-body irradiation was split
into a series of doses given in two or more fraclions.
The dosc per fraction, fractionation interval and total
time of irradiation arc all interacting variables that
cannot normally be scparated, Frequently, therefore,
the comparison is between a single exposure given
acutely and the same dose given in fractions over a
period of time. Fractionation of a given dose into two
cqual or unequal fractions at an interval of about a day
or less has, in gencral, not altered life shortening
significantly, although such a dose-fractionation
schedule can decrease acute effects significantly [G8,
M21]}. Longer dose-fractionation intcrvals have been
more comprehensively studied. In some cases survival
bas been unaltered or only slightly prolonged by
fractionation [G8, K2, L16, U18]; in others it was
slightly shortened [AS, C15, M22]. Many of the dif-
ferences are perhaps due to differences from one
animal strain to another in sensitivity to the induction
of various tumour types, although a number of studies
have also demonstrated how the spectrum of diseases
that can result in life shortening may be influenced by
the pattern of radiation exposure, Thus, Cole et al.
[C15] examined the influence of dose fractionation on
the life-span of LAF1 female mice. Animals were
exposed cither to an acute dose of 6 Gy (250 kVp
x rays) or to about 7 Gy given in two, four or eight
cqual fractions scparated by 8 weeks, 19 days or 8
days, respectively. Irradiation shortened survival in all
the groups compared with controls, but the greatest
effect was seen in the group given eight fractions, for
which the mean age at death was about 15 months
compared to about 21 months in the group given a
single exposure. This was attributed to an increased
incidence of lcukaemia in the eight-fraction group
(39%) compared with the single fraction group (13%)
and the controls (29%). It was noteworthy that nephro-
sclerosis, which was the main cause of death in the
group given a single dose (53% incidence) was very
much reduced in the group given cight fractions (5%).

112. Dose fractionation at progressively longer
periods of time scems to decrease the effects of radia-
tion, but again the variability in results obtained has
been considerable [Al, AS, G8, M5, M20, S17]. Ains-
worth et al. [A1] reported that exposing both male and
female B6CF1 mice to fractionated doscs of %Co
gamma rays (8.4 Gy total in 24 equal fraclions over
23 wecks) produced an approximately threefold
"sparing” effect compared to a similar (7.9 Gy) acute
dose (corresponding to life shorlcnin% of 45 days Gy‘l
for acute exposure and 18 days Gy™ for fractionated
exposure) in both sexcs. In contrast, Grahn et al. [G8]
compared the effects of 4.5 and 7 Gy from ~Co

gamma rays given as aculc exposures or as two frac-
tions separated by time intervals between 3 hours and
28 days. No significant effect of dose {ractionation on
life shortening was found, and the incidence of leu-
kacmia was not altered in any consistent way. In a
preliminary experiment, Silini et al. [S16] compared
the cffects of a single dose of 5 Gy from 250 kVp
x rays on adult male C3H mice with the same dose
given as two [ractions (1.5 and 3.5 Gy) at dilferent
intervals of time (4-48 hours). The results suggested
an increase in survival time with increasing fractiona-
tion interval, but there was considerable variability in
the results obtained. The 50% cumulative mortality for
the acutely exposed animals was 450 days; for the
animals given fractionated exposures at an interval of
36 hours, it was 520 days.

113. A scries of papers have been published by
Thomson et al. [T7, T10, T12] that compare survival
of male B6CF1 mice following single and fractionated
exposures. Mice were exposed to Do gamma rays
either as single exposures or as 24 or 60 weckly
fractions. With single exposures the average loss of
life-span was 38.5 * 2.9 days Gy'l, whercas with 24
weekly fractions it was 22.6 + 2.2 days Gy™! and with
60 weckly fractions 17.5 + 3.3 days Gy‘l. This study
therefore showed that prolonged dose fractionation had
a significant effect on life-span, reducing the effective-
ness of the radiation by a factor of about 2. Table 5
summarizes some carly results on the effect of dose
fractionation on survival in rodents and beagle dogs.

114. Maisin and his colleagues have reported a series
of studies on the effect of dose fractionation on sur-
vival in C57Bl and BALB/c mice. A preliminary study
compared the survival of C57Bl mice given either a
single exposure to x rays (3.5 or 6.5 Gy) or four equal
fractions delivered at weekly intervals, with total doses
from 2 to 15 Gy [M19). Although the results for the
two patterns of exposure were not strictlly comparable,
as the cumulative doscs were not the same, the data
suggested that life shortening after a fractionated
exposurc was slightly greater (~20%) than after an
acute exposure. The discase spectrum was also dif-
ferent for single exposure and fractionated exposure.
Thus the incidence of thymic lymphoma necarly
doubled with dose fractionation and that of reticulum
ccll sarcoma B incrcased even more, while other
discases decreased in incidence,

115. Maisin et al. [MS, M47] reported a more com-
rchensive study in male BALB/c mice exposed to
3¢s gamma rays (3 Gy min']) given cither as single
or fractionated exposures (10 fractions at 24 hour
intervals) in the range 0.25-6 Gy. A significant
shortening in lile-span (p < 0.05) was obtained from
a dose of 1 Gy for siugle exposures and from 2 Gy for
fractionated exposures. Both patterns of exposure gave
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nearly the same lincar dependence of survival on dose
with a life shortening of 46.2 + 4.3 days Gy'l for
single exposures and 38.1 % 3.1 days Gy'l for frac-
tionated exposures (Figure VI). After a single expo-
surc malignant tumours were the principal cause of
dcath in the dosc range up to about 2-4 Gy; determi-
nistic effects in the lung and kidney were preponderant
at higher doses. In gencral, the total incidence of
malignant tumours increased with dose after fraction-
ated exposurcs, compared with controls, but decreased
after single exposure. The difference between the two
groups was significant (p < 0.05), although neither
differed significandy from the controls. This was
partly accounted for by an increase in the proportion
of animals with two or more tumours after fractionated
exposures in the higher dose groups [M25, M47]. The
main exception to this trend was thymic lymphoma,
where the incidence remained constant after fraction-
ated exposure. This finding is contrary to observations
in otber studies, as thymic lymphoma incidence can be
substantially incrcased by dose fractionation [K3,
M19] and may be explained by the lower doses per
fraction used in this study. Deterministic effects (e.g.
lung pneumoniltis and kidney damage) appeared, how-
ever, to diminish significantly with fractionation, and
this may have allowed more tumours to develop. In
this strain of mice there is, however, a high sponta-
neous tumour incidence (>60%) which could have
influenced the results obtained and which also limits
detailed analysis of the results,

116. In a more reccnt study [M20, M47], 12-week-old
CS7BICnb mice, for which there is a lower sponta-
neous cancer incidence, particularly with respect to
thymic lymphoma and lung cancer, were given either
single or fractionated exposures (10 fractions separated
bg! 24 hours or 8 fractions scparated by 3 hours) to
Blcs gamma rays (3 Gy min'l), with total doses from
0.25 to 6 Gy. The data on tumour incidence and non-
cancerous late degenerative changes in the lungs and
kidneys were cvaluated by the Kaplan-Mecier proce-
dure, using cause of death and probable cause of death
as criteria. In general, survival appeared to be a linear
function of the dose received in all the experimental
groups, although survival was longer with fractionated
than with single exposures (Table 6). Survival of the
control animals was shorter than in the previous
studies with C57Bl mice and may have resulted from
the use of specific-pathogen-free animals that are more
sensitive to non-canccrous late degenerative changes
in the lung. Lifc shortening, calculated by lincar
weighted regression on dose of the values obtained by
the Kaplan-Meier calculation for survival time,
amounted to 31.1 = 2.6 days Gy'l for a single
exposure, 19.6 = 2.9 days Gyl for a 10-fraction
exposure, and 16.5 * 3.4 days Gy™! for an 8fraction
gamma exposure. Malignant tumours, particularly
leukaemia and including thymoma, as well as

non-cancerous late degencrative changes were the
principal causes of life shortening after a single high-
dose exposure to gamma rays. Fractionated exposures,
in particular cight fractions dclivered 3 hours apart,
appearcd to result in an carlicr and more frequent
appcarance of leukacmia and solid tumours in the
range 1-2 Gy, a finding similar to that obtained with
BALB/c mice [MS]. Since the average life-span is
longer after fractionation, carlier death after single
cxposure may be attributed to the development of
non-canccrous late degencrative lesions. It was note-
worthy, however, that following single exposures the
incidence of all tumours except thymoma was signifi-
canlly less in the low dose groups (0.25-2 Gy) than in
the controls (Table 6). This was a significant factor in
the observation of an enhanced tumour incidence for
animals given fractionated exposures compared with
controls.

117. Summary. Studies on experimental animals,
mainly mice, bave shown no clear trend in effects of
dose fractionation on life-span. The results from a
number of studies suggest that, when compared with
the effects of acute exposures, the effects of dose
fractionation are small and, at least for exposure times
of up to about a month, simple additivity of the injury
from each increment of dose can be assumed. In gene-
ral, fractionated doses were given at the same dose
rate as acute exposures. For fractionation over a longer
time period there is a tendency to a longer life-span
with a longer interval between the doses. A reduction
in life-span shortening by a factor of ~2, compared
with acute exposure, was obtained in one study in
which the dose was given as 60 weekly fractions.

(b) Protracted exposures

118. There are far fewer studies of the effect of dose
rate on life-span in experimental animals. The majority
of studies have been undertaken in mice, although
some work has also been reported with rats [R9], rab-
bits [B26], and beagle dogs [F13). A number of early
studies were described in the UNSCEAR 1982 Report
(U3], but they relate mainly to early effects of radia-
tion and do not provide any insight into the effects of
dose rate on tumour induction.

119. In a series of studics by Bustad et al. [B29]
bybrid male mice (C57BLx101) were exposed for 8
hours daily, between the ages of 6 and 58 weeks, to
either 1 mGy bl oor2 mGy b from ®Co gamma-
radiation giving total doses of 2.9 and 4.8 Gy. The
animals were then maintained for their normal life-
span. The average life-span for two subgroups of
animals exposed to 1 mGy b'! was about 863 days
and for two further subgroups exposed to 2 mGy h!
it was about 875 days. The life-span of the control
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animals was about 920 days. Although there were
some differences in the survival times between the
different subgroups of irradiated animals and the
controls, no significant increase in tumour incidence
was observed in the irradiated animals.

120. Mole ct al. [M23] exposed female CBA mice to
gamma rays to give daily doscs ranging from 0.03 to
0.5 Gy for progressively longer times (from four
weeks to the duration of life). The shape of the cumu-
lative mortality curve depended systematically on the
particular level of daily exposure and on the cumula-
tive dose, except possibly at the lowest daily dose.
However, the total doses received by the animals were
bigh: 0.6-72 Gy, causing substantial tissuc damage,
and many of the animals died of acute effects. It was
concluded that lower total doses were needed for exa-
mining the relationship between dose rate and the late
effects of exposurc. The experimental results are de-
scribed in detail in the UNSCEAR 1982 Report [U3].

121. More comprchensive studies that are more
directly relevant to the effect of dose rate on life-span
and tumour induction were undertaken over many
years by Grahn ct al. [G8, G9]. This work with mice
has been summarized in a series of publications. A
number of mouse strains and hybrids were exposed for
8 hours daily to gamma rays in doses ranging from
0.003 to 0.56 Gy per day. Exposures began when the
mice were 100 days old and continued throughout life
{G8, GY, S1]. The results were analysed in terms of
thc mean survival time after the initiation of the
cxposures, designated mean after survival. (MAS).
Thus, the MAS equalled the mean age at death minus
100 days. There was good consistency in the degree of
life shortening for cumulative doses above a few gray
when expressed as the MAS, between and among the
strains as a function of daily dose. The MAS declined
cxponentially with increasing daily dose, D (in gray),
and could be represented adequately by

MAS (treated) = MAS (controls) ¢ <D (15)

At the lowest daily doses, no consistent life shortening
was found, and in some groups there appeared to be
life lengthening. This was possibly due to any effect
of radiation being lost due to variation between the
animals (c.g. sce Table 4).

122. This information on life shortening in mice
exposed at low dose rates has been compared with that
at high dose rates [N1]. Since animals exposed at low
dose rates were cxposed until death, the total dose
accumulated by each animal depended on its survival
time. Thus, a wide range of total doses is represented
in the population exposed at any given dose regimen.
However, by calculating mean loss of life-span (in
days), in terms of the mcan accumulated dose to
death, it was shown that in the low dose range, life

shortening amounted 1o 4 days Gy'!. This may be
comparcd with the results of 10 studies summarized
by Grahn ct al. [G8], which gave an average of about
35 days Gy'1 (range: 15-81 days Gy'l) for acute
cxpaosures, and those reported for BALB/c mice [M5],
which gave 46.2 * 4.3 days Gy'l at acute doses down
to 0.25 Gy.

123. These data suggest that for radiation-induced life
shortening cither single bricf exposures to low-LET
radiation or fractionated exposurcs at high dose rates
are about 8-10 times as effective as the same total
dose given in a long protracted exposure at low dose
rate. In a review of some of these data and allowing
for uncertainties, including the cffect of age-dependent
decreases in sensitivity with increasing age, it was
concluded by NCRP [N1] that protracted exposures
may be considered to be onc fifth to one tenth as
effective in the mouse as single, high-dose-rate
exposures (at total doses >0.5 Gy), assuming linearity
for life shortening in both cases.

124. The above analyses assumed a linear dose
responsc, with no threshold, for doses above 0.5 Gy at
high dose rate. Storer et al. [S13] have, however,
reported non-linear dosc responses for life shortening
in female RFM mice. Groups of mice were exposed to
cither 0.45 Gy min'! or 0.06 mGy min! from a 137Cs
gamma-ray source to give a range of doses from 0.1
to 4 Gy and 0.5 to 4 Gy, respectively. Life shortening
was calculated by subtracting the mean survival time
in each cxperimental group from the mean survival
time of the appropriate control. The dose-response
curve for female RFM mice cxposed to B3¢ gamma
rays between 0.1 and 4 Gy at high dose rate
(0.45 Gy min’l) showed that significant life shortening
occurred at doses of 0.25 Gy and above. There was a
rapid rise in life shortening with doses up to 0.5 Gy,
followed by what appeared to be a generally linear
upward trend with a much shallower slope in the
range 0.5-4 Gy (Figure VII). In the region up to
0.5 Gy, the relationship between life-shortening and
dose could be described by a dose-squared model (p >
0.80) or a linear-quadratic model, with the quadratic
component predominating above about 0.04 Gy. These
mice appear to be more sensitive than other mouse
strains. Storer et al. [S13] have spcculated that a
contributory factor may have been the barrier environ-
ment in which the mice were maintained, as Upton et
al. [U20] found less life shortening in conventionally
housed RFM female mice. For female mice exposed
at the intermediate dose rate (0.06 mGy min™), there
was a significant reduction in life-span compared with
controls at all doses examined (0.5-4 Gy), and a linear
relationship adequately described the dose response
(p > 0.5), with the intercept being not significantly
different from that for controls (Figure VII). The
weighted regression line to the intermediate dose-rate
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data at total doscs above 0.5 Gy could be described by
the equation Y = 37.5D, where Y represents the days
of life shortening and D is the dose, in gray. For the
high-dosc-rate data a weighted lincar regression could
be fitted, giving an intercept of 57.5 days. The
cquation of the line was Y = 57.5 + 46.3D. It was
concluded that the main difference in responsc at high
and intermediate dose rales was an upward displace-
ment of the regression line at high dose rate, reflecting
an increased sensitivity at doses up to about 0.5 Gy.
At total doses of 1-2 Gy, protraction of the dosc
reduced life shortening by about one half and at lower
doses by a factor of 2 to 3.

125. Thomson et al. [T8] bave published information
on the survival of male B6CF1 mice exposed for 22
hours per day, 5 days per week, to 8¢o gamma radia-
tion at dose rates of 14-126 uGy min! for 23 weeks,
giving total doses between 2.1 and 19 Gy, or at 14-
63 uGy min? for 59 wecks, giving total doses
between 5.3 and 25 Gy. For deaths from all causes,
linear dose-response curves were obtained with slopcs,
corresponding to days of life lost per gray, of 15.8 =
1.6 and 7.7 * 0.2 for exposures of 23 and 59 weeks,
respectively, These values were not significantly
altered if the analysis was restricted to those mice
dying with tumours, as about 90% of the radiation-
specific mortality was tumour-related.

126. Thomson et al. [T8] compared the data they
‘obtained in their study with data previously published
|T7, T10, T12] on mice exposed cither to single acute
(20-minute) exposures or to 24 or 60 fractions given
once weekly (20- or 45-minute cxposures). The life
shortening coefficients for single, fractionated and
continuous gamma exposures, expressed as days of
life lost Gy™*, are shown in Table 7. Dividing the total
dose into 24 once-weekly fractions (total exposure
time: 18 hours) reduced the effectiveness of the
radiation by about 40% 822.6 days lost Gy™! compared
with 38.5 days lost Gy~ for acute exposure). Giving
the same total dose almost continuously (total
exposure time: 2,530 hours) over 23 wecks reduced
the effectiveness by a further 30%. The effect of dose
protraction was more pronounced if fractionated and
continuous cxposures were carried out over about 60
weeks. Forty-five hours of fractionated exposure had
about 45% of the cffect of acute exposure, and 6,490
hours of almost continuous exposure had only 20% of
the effect of the single exposure. Also shown in
Table 7 are the days of life lost per weekly fraction
for the different exposures. Thus the maximum
reduction in effect is obtained by comparing acute
exposure with the effect of continuous exposurc over
59 weeks, when the effectiveness is reduced by a
factor of about 5. However, this comparison will tend
to overestimate the effects of protraction, as a fraction
of the radiation exposure will not have contributed 10

tumour initiation, although it could have influenced
tumour development. However, the extent of this
cffect, if any, is difficult to quantify. For comparing
the effectiveness of different patterns of exposure it
may, therefore, be more appropriate to compare the
cffect of continuous and fractionated exposures given
over the same period of time. On this basis, a
reduction in effect in the range of 1.4-2.3 is obtained.

127. In an extended analysis of the data on life
shortening obtained in mice exposed to acute or pro-
tracted exposure to low doses (less than a few gray) of
low-LET radiation, Scott et al. [S34] have developed
a model based on the assumption that life shortening
from late effects is caused mainly by radiation-induced
tumours. The state-vector model adopted for the analy-
sis was kinetic in nature, with a two-step process
leading to partition of the irradiated population into
two groups: a group with radiation-induced tumours,
in which it was assumed that mean survival is rela-
tively independent of the radiation dose, although the
incidence in the population is dose-related and a group
without induced tumours, in which the mean survival
time is nearly identical to an unirradiated control
population. The results based on the model were in
reasonable agreement with the available experimental
data and were consistent with curvilincar dose-
response relationships for acute exposures as well as
with a reduced effect after fractionated exposure to
0co gamma rays.

128. The cffect of dose and dose rate on life-span has
also been.cxamined in rats [M43]. Male Sprague-
Dawley rats (3 months old) were exposed to > Co
gamma rays to give 2.83 Gy (304 rats, 1.34 mGy b™!),
1 Gy (505 rats, 78 mGy h™") and 3 Gy (120 rats,
78 mGy h'l). The mean survival time of the controls
(837 * 147 days) was greater than that of the two
groups of animals given about 3 Gy, but there was no
difference between the animals given high dose-rate
exposures (life-span: 738 * 160 days) and those
exposed at the lower dose rate (726 * 160 days).

129. There are few studies that have examined the
effcct of dose rate on life-span and tumour induction
in large animals. Cames and Fritz [C30] have reported
the results of a comprehensive study in young adult
beagle dogs exposed to 0co gamma rays to give total
accumulaied doses of 4.5, 10.5, 15 and 30 Gy at dose
rates of 38, 75, 128 and 263 mGy d"!. Hazard models
were used to identify trends in mortality associated
with radiation exposure. The probability of an acute
death (related to hacmatopoietic aplasia) was positi-
vely associated with the total dose reccived and the
dose rate. For late effects, although there was good
cvidence of an increase in tumour mortality relative to
the controls in all the irradiated groups, no relationship
was found between tumour mortality and dose rate.
There was, however, a clear relationship between
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tumour mortality and cumulative dose. This lack of a
dosc-rate effect may be a consequence of the relatively
small range of dose rates used (38-263 mGy d™); in
the majority of rodent studics in which such an cffect
was observed, the high and low dose-rate exposures
varicd by a factor of 100 or more (Scction 11.A.2).

130. Summary. Experimental studies in mice have
demonstrated that with protracted exposures over a
period of a few months to a year there is less life
shortening by factors of 2 to 5 compared with expo-
sures at high dose rates. In two studies in rats and
beagle dogs no evidence was found for an effect of
dose rate on tumour mortality. This lack of an effect
may be a consequence of the fact that the dose rates
used in these studics varied by factors of about 60
(rats) and 7 (dogs), while in the mouse studies they
varied by a factor of 100 or more. It is noteworthy
that not all tumours are a cause of life shortening.

(c) High-LET radiation

131. Since the 1970s, the Argonne National Labora-
tory has carried out a series of experiments to examine
the effect on life shortening of brief, fractionated and
protracied neutron exposurcs. Early results by Ains-
worth et al. [Al] indicated that fractionated fission
neutron exposures induced more life shortening in
male B6CF1 mice than did single exposures. Thus,
with a single dose of 2.4 Gy the mean survival time
was 636 * 13 days, whereas with fractionated expo-
sures (various schedules) survival was 553 * 6 days
(controls: 838 * 13 days). At a lower dose of 0.8 Gy,
life shortening was also reduced, but there was less
difference between the two treatment schedules, al-
though the data still suggested that life shortening was
greatest with fractionated exposures.

132. Data published before 1981 suggested that
regardless of the mode of exposure (single, fractiona-
ted or chronic) the RBE could be expressed by the
relationship RBE = ADB, where the value of B was
approximately -0.5 and that of A (the RBE value at
10 mGy) ranged from 10 to 80, depending on a num-
ber of factors, including the instantancous dose rate of
the reference low-LET radiation [T7, T10]. This obser-
vation was compatible with suggestions that the RBE
increased over a wide range of doses as the inverse of
the square root of the ncutron dose, to values in
excess of 100 [R10].

133. Later studies at the Argonne National Laboratory
showed, however, that when total doses are low and
the doses per fraction small, there is no significant
difference in life shortening between fractionated and
single. exposures [C18, T18]). When the effects of
single brief exposures of male and female B6CFI
mice to 0.83 MeV fission neutrons giving total doses

from 10 to 400 mGy [T15] were compared with the
effects of 60 equal, once weekly exposures giving
doses of from 20 to 400 mGy [T12), the dose-
response curves were linear and of similar slope
between 0 and 300 mGy. Based on a lincar-quadratic
fit o the data for female mice, the days of life lost
were 46 Gy’] for single exposures and 44 Gy'l for the
60-week fractionated exposure. Data for male mice
gave similar results but were less extensive [T12]. At
a dosc level of about 400 mGy the dose-response
curve [or single cxposures starts to become less steep
and to scparate from that for fractionated exposures.
Overall, a significant effect of exposure pattern was
observed at neutron doses in the range 400-600 mGy.
Significant augmentation of radiation damage with
dose protraction was observed in both sexes from
doses above ~600 mGy. No difference in the dose-
responsc curves for mice given 24 equal once-weekly
or 60 equal oncc-weekly exposures was obtained.
Although [or exposure to neutrons the dose response
at intermediate to low doses was lincar and indepen-
dent of dose pattern, this was not the case for expo-
sures to gamma rays. As a consequence, RBE values
from 6 to 43 were obtained, depending on the protrac-
tion period (1 day, 24 weeks or 60 wecks) [C18]. At
low doses there is likely to be a limiting value for the
RBE when the dose-response curves for both the
neutron and the reference (gamma) radiation are
linear. For single low doses, this has been calculated
to be 15.0 £ 5.1 for B6CF; mice [T15]. In a supple-
mentary analysis it was shown that practically all of
the excess mortality resulting from radiation exposure
(93% *+ 8%) could be attributed to tumour deaths
[T12]).

134. Results obtained by Storer et al. [S13, S27] at
Oak Ridge National Laboratory, using RFM and
BALB/c mice were similar to those obtained at
Argonne National Laboratory. Thus, female BALB/c
mice were given tolal ncutron doses between 25 mGy
and 2 Gy in a single brief exposure or in equal
fractions at cither 1- or 30-day intervals. The neutrons
were those of a slightly degraded 25U fission
spectrum. After single or fractionated exposures, the
extent of life shortening increased rapidly over the
0-0.5 Gy range and then began to platcau. While no
significant increase in effectiveness of dose frac-
tionation on life shortening was observed at total doses
below 0.5 Gy, between 0.5 and 2 Gy there was an
increase. With protracted neutron exposures using a
moderated 22Cf source giving dose rates ranging from
1 to 100 mGy d'l, with total doses between 25 and
400 mGy, again no increase in effectiveness on life
shortening was observed at doses below 0.5 Gy. It was
also concluded that life shortening resulted primarily
from an increased incidence andfor an early onsct of
malignant necoplasms, particularly in the low to
moderate dose range [S27].
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135. Maisin ct al. [M20] have reported that fraction-
ated exposures to high-cnergy ncutrons (d(S0McV)Be;
8 fractions, 8 hours apart) appcarcd to have a slightly
but not significantly greater cffect than single expo-
sures on life shortening in male C57BI mice at doses
up to 1.65 Gy. There appeared to be no significant
difference in tumour incidence in the two groups,
although in animals exposed to 1.65 Gy malignant
tumours appeared carlicr with fractionated than with
single exposures. Life shortening could be described
by a linear function of dosc up to 3 Gy.

136. The results of these studics on a number of
strains of mice are all reasonably consistent and
suggest that the dose response for life shortening
following exposure to high-LET radiation is a linear
function of dose, at least for total doses up to about
0.5 Gy, and that ncither dose fractionation nor dose
protraction has much effect.

137. Summary. A number of studies in mice have
examined the cffects of dose fractionation and protrac-
tion of neutron doscs on life-span shortening. Most
recent studies have shown that when total doses are
low (<0.5 Gy) and the dose per fraction is small there
is no significant difference between acute and fraction-
ated exposures. Data on protraction effects are rather
limited but again suggest that protraction of exposure
from high-LET radiation does not alter life-span
shortening,.

(d) Summary

138. At radiation doses up to a few gray (low-LET),
life shortening in experimental animals appears to be
mainly the result of an increase in tumour incidence,
although this could also be influenced by the early
appearance of some tumours. There is litlle suggestion
that there is a general increase in other non-specific
causes of death. At higher doses, into the lethal range,
a non-specific component of life shortening becomes
apparent due to ccllular damage to the blood vascula-
ture and other tissues. Accordingly, lifc shortening at
low to intermediate doses can be used as a basis for
examining the effect of dose fractionation and dose
protraction on tumour induction.

139. The majority of comprehensive studies on the
effect of dosc fractionation of low-LET radiation on
life-span have uscd the mousc as the experimental
animal. Thbe effcct of dose fractionation appears to be
very dependent on the strain of mouse and the spec-
trum of discases contributing to the overall death rate.
For example, in some strains thymic lymphoma inci-
dence is increased by fractionation [M19]. Where this
is a major contributor to the fatality rate, dose frac-
tionation can result in a greater loss of life expectancy
than acute exposures. Overall there is no clear trend in

the effect of dosce fractionation on life-span shortening,
and the results from a number of studics suggest that,
when compared with acute exposures, the effects of
dose fractionation arc small and in some studics have
given either small increases or decreases in life-span.
However, at least for cxposure times of about a
month, simple additivity of the injury from cach dose
increment can be assumed. One study in mice has
reported that the reduction in survival time with cight
fractions given 3 hours apart is half that obtained with
an acute exposure, although this was accompanied by
an enhanced tumour incidence. For fractionation inter-
vals over a longer time there is a tendency to a longer
life-span with an increasing interval between the
doses, but the variations observed are generally less
than those observed with protracted exposures.

140. When the effects in mice of acute exposures to
low-LET radiation are compared with those of pro-
tracted irradiation given more or less continuously, it
is seen that the effectiveness of the radiation decreases
with decreasing dosc rate and increasing time of expo-
sure. With lifetime exposures there is some difficulty
assessing the total dose contributing to the loss of
life-span. The results available suggest, however, that
with protracted cxposures over a period of a few
months to a2 year the effect on life-span shortening is
reduced by factors of between about 2 and 5, com-
pared with exposures at high dosc rates. The effects of
dose rate on tumour induction and life-span shortening
have also been examined in rats and beagle dogs, al-
though no significant differences have been seen. In
these studies, however, dose rates varicd by a factor of
60 or less, whereas in the studies in mice they varied
by a factor of more than 100.

141. A number of early studies suggested that frac-
tionated exposures to bigh-LET radiation induced
more life shortening than single exposures. More
recent studies have shown, howcver, that when total
doses are low (<0.5 Gy) and the dose per fraction
small, there is no significant difference in life
shortening between fractionated and acute exposures.
Although the data are less extensive than for low-LET
radiation, the available information suggests that
protraction of exposure does not affect life-span
shortening.

2. Tumour induction

142. Information on radiation-induced tumours in
experimental animals was extensively reviewed in the
UNSCEAR 1977 Report [U4], in the UNSCEAR 1986
Report [U2], by the NCRP [N1}, by Upton [U22] and
in a comprchensive monograph on radiation carcino-
genesis [U23]. Despite a substantial body of research
potentially available for analysis, there are in practice
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only a limited number of studies on tumour induction
in experimental animals following exposure to low-
LET radiation that can help to define the dose-
responsc rclationship for cancer induction over a
reasonable dose range and to assess the influence of
dose rate on tumour response. Important information
comes from a scrics of studies with mice reported by
Ullrich and Storer [U11-U16]. Although these investi-
galions covered tumour induction in a number of
lissues, it is convenient to discuss the results for
diffcrent tumour types separately, in the context of
other studies. It should be stressed, however, that the
experimental animals used in many studics are inbred
strains, with patterns of discasc that are very dilferent
from those found in man, One of the main differences
among mouse strains is their varying susceptibilities to
both spontaneous and radiation-induced tumours; fur-
thermore, within a given strain, there are frequently
sex differences in the incidence and time of onset of
specific tumour types. For example, the commonly
used BALB/c strain has a very high incidence of spon-
tancous tumours, and the C57BI strain has a much
lower incidence [M25]. A number of tumour types for
which information is available are either not found in
man (Harderian gland) or appear to require substantial
ccll killing for their development (ovarian tumour,
thymic lymphoma). For a number of other tumours
there may be a human counterpart (myeloid leukaemia
and tumours of the lung, the breast, the pituitary and
the thyroid), but even here there can be differences in
the cell types involved and in the development of the
tumour. Furthermore, the development of tumours in
both man and animals is subject to the modifying
influence of various internal and external environ-
mental factors, all of which can potentially influence
dose-response relationships. There are also substantial
differences in the rates of turnover of cells and in the
life-span of the majority of experimental animals and
man. Interpreting the results of animal studies and
extrapolating them to man is therefore difficult. Never-
theless, such studies can make an important contribu-
tion to understanding the influence on tumour induc-
tion of factors such as dose rate and dose fractiona-
tion, radiation quality, dose distribution, age, disease
and other internal and external agents. The use of
animals to provide a basis for understanding factors
influencing tumour induction applies not only to
radiation but also to other agents such as chemicals
and is considercd further in Annex E "Mechanisms of
radiation oncogenesis”.

143. In assessing the influence of dose rate on tumour
induction, a particular problem is that the dose-
response rclationship can vary substantially for dif-
ferent tumour types (Figures VIII-XV) [U22]. As a
result, published reports describe the dose response in
terms of a wide range of functions. Where data fits are
given in the published papers that allow tumour inci-

dences at different dose rates to be compared, the
relevant information is given. In other cases, however,
it has been nccessary to [it the data rcported. In
general, the approach used has been to fit a linear
function to the data obtained up to the highest dose at
which there is no apparent influence of cell killing on
the tumour yicld. Generally this is the case for doscs
up to 2-3 Gy for acule exposures, but for low dose
rates higher doses may be used. In some cases the
most appropriate dose ranges for assessing dose and
dose-rate effectiveness factors (DDREFs) are not clear
from the data. In thesc cascs, data fits have been
calculated for a number of dose ranges.-

144. The data from experimental animals on the effect
of dose rate from low-LET radiation on tumour induc-
tion that are described in the following Sections are
sumunarized principally in Tables 8-10. Table 8 gives
best estimates of the DDREF for a range of tumour
types in different animal species, together with infor-
mation on the dose rates at which the studies were
conducted and the dose ranges used for the calculation
of the DDREF. Table 9 gives the results of fitting the
data from a number of studics in mice over various
dose ranges, and Table 10 examines uncertainties in
the calculation of DDREF from studies in male and
female mice. Results from a number of individual
studies are given in Tables 11-15.

(a) Myeloid leukaemia

145. The cffect of dose and dosc rate on the induction
of myeloid leukaemia has been examined in a number
of strains of mice. Upton et al. [U21] compared the
effect of a wide range of x- or gamma-ray doses in
RF mice in the dose range from 0.25 to ~10 Gy. Male
mice were substantially more sensitive than females,
with an increased incidence of the discase detectable
at 0.25 Gy given at a high dose rate (0.8 Gy min’!,
250 kVp x rays). The incidence passed through a
maximum at 3 Gy and declined at higher doscs
(Figure VIII). At doses up to about 1.5 Gy the
incidence of the discase appeared to vary roughly with
the square of the dose, although a linear dose response
would [it the experimental results up to about 2 Gy,
Low-dose-rale irradiation was much less effective than
acute exposure. At dose rates of 0.04-0.6 mGy min!,
no significant icukacmogenic effects were evident at
a total dose of 1.5 Gy, although a significant increase
was found at a dose of about 3 Gy. The induction
period, as judged by mcan age at death of mice with
the disease, varied inversely with the dose and dose
rate, suggesting that the disease contributed to the
overall reduction in the life-span of the population.
The cxposures at different dose rates entailed time
periods of between a few minutes up to about a
month, so age effects are unlikely to bave affecied
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tumour response, and differences between acute and
chronic exposures appear to be predominantly due to
differcnces in dose rate.

146. A linear fit to the incidence data up to 1 Gy in
male mice [U21] exposed to high dose rates (slope:
14.4% + 3.2% Gy'!) and to 3.1 Gy following low
dose rates (slope: 2.8% + 0.8% Gy'l) suggests that
effectiveness at low dose rates decreased by a factor
of 5.1 (Tables 8 and 9). A lincar fit to the incidence
data up to 3.0 Gy at high dose rate (slope 14.3% =*
1.7% Gy'l) gave a similar result, In an carlicr analysis
of the high-dose and low-dose incidence data obtained
up to 3.0 and 3.3 Gy, respectively, a dose-rate cffec-
tiveness factor of 6.7 was reported [N1].

147. In female RF mice the incidence of myeloid leu-
kaemia following acute high dose-rate exposure was
highly variable, and no clear dose-response relation-
ship was obtained, although an overall increase in
incidence was found at doses of 1 Gy or more at
0.067 Gy min™! (Figure VIII) [U12]. At low dose
rates, 0.004-0.7 mGy min’!, the incidence of myeloid
leukaemia (~6%) in mice exposed to doscs between
1 and 6 Gy was approximately double that in controls
(3%), but it showed no trend with increasing dose.
The variability in results obtained for mice at high
dose rates makes any estimates of dose-rate cffect very
uncertain. Based on a weighted least-squares (it to the
data obtained up to 3 Gy at high dose rates (slope
6.8% + 2.0% Gy™') and up to 5.8 Gy at low dose rate
(slope 1.04% * 0.38% Gy'l), a dose-rate cffectivencss
factor of 6.5 is suggested (Table 9). A somewhat
higher dose-rate factor (9.6) is obtained if the
high-dose data on myeloid leukaemia incidence are
compared with low-dose data over the range 0-6.1 Gy.

148. In contrast to these studies involving variations
in dose rate, Upton et al. [U19] also cxamined the in-
cidence of myeloid leukaemia in male RF mice given
fractionated doses (2-3 exposures)of 0.75-1.5 Gy from
x rays at high dose rates and found it to be similar to
the incidence after single acute exposures. Robinson et
al. [R3] re-analysed part of Upton’s data on male RF
mice [U18, U20, U21], considering those irradiatcd
with 250 kVp x rays up to 4.5 Gy (~2,000 male mice)
and correcting for competing risks. They obtained a
good fit to the experimental data with a linear-
quadratic model having an a;/a, value of 0.5 Gy and
a B,/B, value of 2.4 Gy. It appcars from these data
that the decreased incidence of myeloid leukaemia at
low dose rate can be interpreted in terms of an
increasing linear component of the response and a
diminishing quadratic component. The generalization
of these results to other tissues is complicated,
however, by the fact that the females are less sensitive
than the males; also, it has been shown that the
incidence of myeloid leukaemia is influenced by a

number of host factors, including genetic background,
hormonal status and the environment in which the
animals arc maintained [U19, U20]. Thus, animals
maintained in a germ-free cnvironment are less
scnsitive to the discase than animals houscd in
conventional facilities. It is not clear, thercfore,
whether the data suggesting dose-rate effects can be
influenced by environmental factors involved in
tumour initiation or expression.

149. Ullrich and Storer [U15] have reported dose-rate
cffects for myeloid leukaemia induction in 10-week-
old specific-pathogen-frce RFM/Un female mice
exposed at 0.45 Gy min’! or 0.083 Gy d'! 1o 137Cs
gamma rays. Comparative data on dose response were
obtained up to 2 Gy. Low-dose-rate exposure was
much less effective than bigh-dose-rate exposure; in
fact, no significant increase above control levels was
observed at the low dose rate at doses up to 2 Gy. At
high dose rate, a significant increase in myeloid
leukaemia incidence above control levels was apparent
at doses of 0.5 Gy and above, although the difference
was only significant at 1.5 Gy or more, Even at 3 Gy
the incidence was only 5.2%. Although the data could
be fitted with either a linear or linear-quadratic model
(p > 0.5 and p > 0.8, respectively), the dose-squared
component was not significant, and linearity
predominated over the dose range used in the study
[U13]. A linear model fitted to the high-dose-rate data
gives an incidence of 1.38% * 0.12% Gy}, while that
fitted to the low-dose rate data gives -0.050% =
0.096% Gy‘l, reflecting the lack of any significant
increase in incidence. The data therefore suggest a
dose-rate effectiveness factor of infinity with a lower
95% confidence limit of 9.7.

150. Ullrich and Storer [U13] have also given dose-
response data on male RFM mice exposed at
0.45 Gy min™! to total doses between 0.1 and 3 Gy.
Myecloid leukaemia incidence was higher than in
female mice, and it was notable that the dose response
could again be [itted with either a linear or a linear-
quadratic model, with the linear component predomi-
nating over the dose range used in the study. The ratio
of the lincar slopes indicates that the sensitivity of
male RFM mice to myeloid leukaemia (I = 0.67 +
6.5D, where | is the incidence in per cent and D is the
dose in gray) is greater than that of female mice (I =
0.63 + 1.4D) by a factor of nearly S.

151. The cffect of variation in dose rate on the
induction of mycloid leukacmia in male CBA/H mice
has been examined by Mole et al. [M13]. This strain
of mouse is exceptional in that no case of myeloid
leukaemia has been observed in more than 1,400
unirradiated male mice, so that every case occurring in
irradiated animals can be regarded as radiation-induced
{H17] (sec Annex E, "Mechanisms of radiation onco-
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genesis”). Groups of mice reccived exposure to 0co
gamma rays continuously over a four-weck period
(0.04-0.11 mGy min™') or single brief exposures five
days a week for four successive weeks (0.25 Gy
min") or a single brief cxposure (0.25 Gy min'l).
Total doses were 1.5, 3 or 4.5 Gy, The results of the
study, summarized in Table 11, demonstrate a dose-
dependent increase in incidence of myeloid leukaemia
in the acutely exposed animals compared with con-
trols, with a higher incidence than those groups given
protracted exposure. However, in the groups in which
radiation exposurc was spread over a period of four
wecks, cither continuously or in 20 equal fractions
(giving diffcrences in dose rate of several thousand-
fold), the incidence was the same, and within the dose
range used appeared independent of the total cumula-
tive dose. There is no obvious cxplanation for this
result. Mole et al. [M13] speculated that the critical
factor determining lcukaemogenic frequency in this
experiment was not the instantancous physical dose
rate but some biologically important factor correlated
with protraction. Ncvertheless, the frequency of
leukaemia induction was already reduced by protrac-
tion of the dose. As a consequence of the lack of a
dose-response relationship for myeloid leukaemia
incidence with protracted exposure, in contrast to the
results for acute exposure, the factor for reduction in
myeloid leukaemia induction at low dose rates varies
from 2.2 at 1.5 Gy to 5 at 4.5 Gy (Table 11).

152. Summary. These studies have shown that radia-
tion-induced myeloid lcukacmia can be induced in
RFM and CBA mice, although there are differences in
sensitivity between the strains and between both sexes.
For dose rates varying by factors ranging from 100 to
more than 1,000, DDREFs between about 2 and more
than 10 bave been obtained for doses in the 1-3 Gy
range given at high dose rates, but there is no
consistent trend (Table 8).

() Lung cancer

153. Information on the effect of dose and dose rate
on carcinogenesis in the respiratory tract from low-
LET radiation has come mostly from whole-body
exposurce of animals to x rays and gamma rays. How-
ever, comparative data are also available on the effects
of inhaled radionuclides with different effective half-
times in the lung; thesc data provide further
information on dose-rate effects.

154. The induction of lung adenocarcinomas at high
dose rates (0.4 Gy min’') and low dose rates (0.06
mGy min’]) has been compared in female BALB/c
mice [U12, U15] in the dose range 0.5-2 Gy. Tumour
induction was less at low dose rates than at high dose
rates. After high dosc-rate exposure, the age-correlated

incidence (%) could be represented by a linear
function [I(D) = 13.4 + 12D; p > 0.5}; at low dose
rates a linear function also gave a good fit to the data
[I(D) = 12.5 + 4.3D; p > 0.8]. Since the authors indi-
cated there were no changes in sensitivity with age
over the period of irradiation and the data were ad-
justed for diffcrences in the distribution of ages at
death among the various treatment groups, the dif-
ferences in slope can be considered to reflect differ-
ences in cffectiveness at the two dose rates and sug-
gest a dose-rate cllectiveness factor of 2.8 (Table 8).
The data on lung tumour induction in mice were
extended in a further study [U24) which provided
information on the dose response at high dose rates
(0.4 Gy min!) in the dose range from 0.1 to 2 Gy.
Although the tumour incidence data could again be
fited by a linear model [I(D) = 109 + 11D; p >
0.70)), they could also be fitted by a linear-quadratic
mode!l [I(D) = 11.9 + 4D + 4.3D“, p > 0.70). In this
equation the linear term was very similar to that
obtained for low-dosc-rate exposures, and it was
concluded that the result was in general consistent
with a linear-quadratic model in which the linear term
is independent of dose rate at high and low dose rates.

155. Recently, Ullrich et al. [U26] tested the
predictions of the linear-quadratic model in a series of
studies with BALB/c mice using fractionated expo-
sures. The model predicts that fractionating an expo-
sure using high-dose-rate fractions but with a small
total dose per fraction, which would lie on the pre-
dominantly linear portion of the dose-response curve,
would have an effect similar to that obtained with low
dose rates. Mice were exposed to total doses of 2 Gy
from 137Cs gamma rays given in different daily frac-
tions (0.1, 0.5, and 1 Gy) at high dose rate (0.35 Gy
min'l). The linear-quadratic dose-response curve for
lung tumour induction gave an a,/a, quotient of 0.93,
indicating that at doses of about 0.9 Gy, the a; and a,
terms contribute equally to the tumour response. At
doses substantially below this, the lincar term should
predominate, giving a tumour induction rate similar to
that at low dose rales (0.06 mGy min™) (Figure 1X).

156. The results of the study are shown in Table 12,
which gives both the observed incidences of lung
adenocarcinomas and those calculated from the predic-
tions of a linear-quadratic modcl, on the assumption
that the cffects of cach dose fraction are additive and
independent of each other. The Jung tumour incidence
following daily fractions of 0.1 Gy (group 3), which
would be on the lincar component of the response
curve, was comparable to that obtained following low-
dosc-rate exposurc (group 2). If the dose per fraction
was increased the quadratic term would be expected to
make an increasing contribution to the response, with
an increase in the tumour incidence per unit dose, as
was indeed observed (groups 4 and S), although not 10
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the level obtained with a single exposure to 2 Gy at
high dosc ratc (group 1). The results are scen to be
consistent with the predictions of the lincar-quadratic
model, which can therefore be used to assess the
effect of dosc ralc on tumour response at various
doscs and dose rates. Table 13 gives both total tumour
incidence and radiation-induced excess tumours for a
range of doses (0.1-3 Gy) administered at both high
and low dosc rates. The incidence of tumours has not
been calculated at doses above 3 Gy, because at higher
doses cell killing is expected to become significant. At
the lowest dose (0.1 Gy), the linear term dominates
and the tumour incidence is largely independent of the
dose rate (DDREF = 1.1). At higher doses, however,
the quadratic term becomes of increasing importance
at high dose rates, giving a DDREF of about 3.2 at
2 Gy and 4.2 at 3 Gy (mean: 3.7). These experimental
data illustrate very clearly the extent to which
lowering the dosc rate can reduce the tumour inci-
dence. They also suggest that for lung adenocarcinoma
in mice, a low dose, at which there is no significant
cffect of dose rate, is in the range 0.1-0.2 Gy.

157. Extensive long-term studics on the effects of
inhaled beta- and gamma-emitting radionuclides in
dogs have been reported by McClellan et al. [M1].
Groups of about 100 beagle dogs about 13 months old
were exposcd to acrosols of a range of radionuclides
bound in fused aluminosilicate particles and having
different balf-lives (9°Y: 64 hours; 9ly. 585 days;
144Ce: 285 days; Osr: 28 years) to give a range of
initial lung contents. In this insoluble form, the
radionuclides are poorly transportable in the lung
tissue and do not readily translocate to the blood. The
different radioactive half-lives of the nuclides gave
cffective half-times in the lung ranging from 2.5 days
for Y 10 600 days for 0gr, As a consequence, very
different dose rates were obtained for the same
cumulative dose (Figure X). For %Y, more than 90%
of the total dose to the lung was received within two
wecks of exposure, for %1y, about 90% of the dose
was received by six months; while for 144 and QOSr,
only 77% and 34% of the total doses were received by
one year. The dogs arc being observed for their active
lifetime, and the study is not yet complete. Some dogs
exposed to high radiation doses died early with
radiation pnecumonitis and fibrosis; others died later
with lung tumours. Tumours occurred with absorbed
doses to lung ranging from 11 to 680 Gy. Preliminary
data on the incidence rates of radiation-induced lung
tumours have been reported [G10, HI12). The
estimated risk cocfficients for lung tumour induction
in dogs exposed to 9°Y, 91Y, 144¢¢ and %Sr at times
up to more than 10 years after exposure were 0.036,
0.032, 0.011 and 0.013 Gy']. Thus, the relative risk of
lung cancer in dogs exposed at the higher dose rate
from Y is about three times the risk observed in
dogs exposed at low dosc rates.

158. Summary. Two studics in mice have found an
cffect of dose and dosc rate on lung tumour induction,
with DDREFs in the range of 3-4 for doses in the
range 2-3 Gy given at high dosc rate. Studies in
beagle dogs cxposed to inhaled, insoluble radio-
nuclides with different effective half-times have given
a range of risk cocfficients for induced lung cancer
that varied by a factor of about 3 between 9OY, which
gave the highest dose rate, and °OSr, which gave the
lowest (Tables 8 and 13).

() Mammary tumours

159. Mammary carcinogencsis in inbred strains of
mice is highly dependent on hormonal, viral, genetic,
immunological, dictary and environmental factors [S7,
S8]. As a conscquence, irradiation may affect mam-
mary carcinogenesis cither directly, by affecting the
cells of the breast, or indirectly by causing functional
changes in the endocrine glands or by activating mam-
mary tumour virus or other viral agents. In some
mouse strains there is evidence that fonizing radiation
can induce mammary tumours by "abscopal” effects,
i.e. tumours can be induced in the mammary tissue
irrespective of the area irradiated [B19, S8]. Similar
considcrations also apply in the rat. Rat mammary
tumours can be classificd as fibroadenomas and adeno-
carcinomas [Y3]. The incidence and proportion of
these tumour types is very dependent on the strain of

- rat irradiated.

160. The most extensive experimental data on the
induction of mammary tumours by ionizing radiation
come from studies in Spraguc-Dawley rats. However,
in this strain of rat, which is sensitive to the induction
of adenocarcinomas by radiation, there is a high spon-
taneous tumour incidence beyond about 15 months of
age, so that in many experimental studies a cut-off
period of approximately 12 months is imposed. Near
the end of life of these animals the total tumour inci-
dence in controls approaches that scen in irradiated
animals, with the result that the absolute excess inci-
dence is increased minimally, if at all. Thus, it may be
that the effect of irradiation is to accelerate the appear-
ance of tumours rather than to increase the overall in-
cidence [C14, S8). For rats of other strains and for
other species the incidence of radiation-induced

mammary tumours is less than in Sprague-Dawley rats
[U11].

161. In Spraguc-Dawley rats given whole-body
x-irradiation or ®¥Co gamma-irradiation at 1-2 months
of age (0.25-4 Gy), the incidence of tumours at one
year increased as a lincar function of the dose [B17).
Similar results were obtained by Shellabarger et al.
[S6] in the dose range 0.16-2 Gy with 80co gamma
rays. The incidence of mammary tumours in rats
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exposed 1o ®Co at two different dose rates has been
reported by Shellabarger ¢t al. [S15]). Groups of rats
were cxposed at cither 0.0003 Gy min™! or 0.1 Gy
min! 10 give total doses of 0.9 Gy and 2.7 Gy. In
animals exposed 10 2.7 Gy, the incidence of mammary
adenocarcinomas was higher in the high-dose-rate
group (8/20, or 40%) than in the low-dosc-rate group
(4/35, or 11%). With an incidence in controls of
1%-2%, this suggests a dosc-rate cffectiveness factor
of about 4. However, no cffcct of dose protraction was
found in the low-dose group, and for both dose levels,
no protraction cffect was obscrved for mammary fibro-
adenomas or total mammary tumours. The overall
incidence of tumours in the animals exposed at low
dose rate was also lower than in the animals exposed
al high dosc rate, largely because of the effect on
adenocarcinomas. Shellabarger ct al. [S4, S5] have
also compared mammary tumour induction in rats
given 4-5 Gy from x rays, cither in a single exposure
or in up to 32 fractions delivered over a 16-week
period. No apparent change in the total tumour inci-
dence was obscrved with dose fractionation, but this
may have been because the total dose exceeded the
level at which the response reached a maximum with
single-exposure irradiation.

162. The incidence of mammary tumours in Sprague-
Dawley rats exposed at different dose rates has been
reported by Gragimans ct al. [G7]. Groups of approxi-
mately 120 SPF rats were cither chronically cxposed
to 200 kVp x rays over a 10-day period, to give doses
between 0.3 and 2 Gy, or given acute cxposures of 0.6
or 1.8 Gy over one hour. In all dose groups, total
tumour incidence was significantly greater than in
controls, and by 450 days the average number of
tumours per animal excecded unity for the highest
dose groups following both acute exposure (1.52
tumours per animal) and chronic exposure (1.14 per
animal) (controls: 0.17 per animal). The best fit to the
data up to 450 days was obtained with a linear func-
tion with cumulative tumour incidences of 78.3% *
10.4% Gy'l for acute exposure and 45.5% * 5.4%
Gy‘1 for chronic exposure. A linear dose response was
also obtained for thc proportion of animals with
tumours at 450 days with parameter values of 40.5% *
0.4% Gy! and 24.8% *+ 2.4% Gy’! for acute and
chronic exposures, respectively. These results indicate
dose-rate cflectiveness factors in the range 1.6-1.7,
which is the same range in which other data on
mammary tumour induction fall,

163. The effect of fractionated or single doses of
x rays has been reported for WAG/RIJ rats [B23]. The
rats were eight weeks old when irradiated and were
kept until death. The frequency of fibroadenomas and
carcinomas was based on histological examination.
Weibull functions were fitted to the dose-response
data, and the probability of survival without evidence

of a tumour was calculated according to the Kaplan-
Meier life-table analysis. The analysis showed that
irradiation acceclerated the appearance of fibro-
adcnomas and carcinomas. Fractionation of the dose
(10 cxposures of 0.2 Gy at one month intervals) was
only marginally less effective in respect of the effect
on appearance time of mammary carcinomas than a
single dose of 2 Gy; this study, therefore, provides no
cvidence for a reduction (actor (i.c. DDREF ~1).

164. The cffect of dosc ratc on mammary tumour
induction in mice has been reported by Ullrich and
Storer [U12, U15]. In female BALB/c mice exposed
to 137Cs gamma rays, groups of mice werce exposed at
either a Jow dose rate (0.06 mGy min'l) or a high
dose rate (0.45 Gy min’!) to give total cumulative
doses of 0.5 Gy or 2 Gy. At both dose levels the
incidence of mammary adenocarcinomas could be ade-
quately described by lincar relationships and was
higher at high dose rates [I(D) = 7.9 + 6.7D; p > 0.5]
than at low dose rates [I(D) = 7.8 + 3.5D; p > 0.25]
(Figure XI). The ralio of the slope constants for
mammary tumours suggests a dose-rate effectiveness
factor of 1.9.

165. These data on mammary tumour induction were
extended in a further study [U24] which provided
information on the dose response at high dose rates
(0.4 Gy min!) in the dose range from 0.1 to 2 Gy.
The incidence of mammary tumours increased rapidly
over the dose range up to 0,25 Gy. At higher doses,
although there was some response, it was roughly flat.
The high initial sensitivity to tumour induction was
surprising in the light of the previous results [U12],
which, however, were based on fewer data points and
doses no lower than 0.5 Gy. Taken together with the
previous data, the data obtained up to a dose of about
0.25 Gy were consistent with a linear-quadratic model
of the form I(D) = 7.7 + 3.5D + 150D The linear
term was similar to that obtained after low-dose-rate
exposurcs.

166. Ullrich et al. [U26]) have tested the predictions of
this linear-quadratic mode! in a serics of studies with
fractionaled exposures. The fit to the data gives an
a,/a, quotient of 0.023, indicaling that doses as low
as 0.1 Gy will give a significant contribution from the
quadratic component. BALB/c mice were exposed to
total doses of 0.25 Gy given as daily fractions of
cither 0.01 Gy or 0.05 Gy. The incidence of mammary
tumours for these two groups and for other groups of
mice exposed at high dose rate (0.35 Gy min™) to
give total doses of 0.1-0.25 Gy and at low dose rate
(0.07 mGy min'l) to give 0.25 Gy are compared in
Table 14 with tumour incidences predicted by the
lincar-quadratic model. Acute daily fractions of
0.01 Gy gave a tumour incidence similar to that
observed following low-dosc-rate exposure and in
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good agreement with model predictions. In general the
results demonstrate that for mammary tumour induc-
tion, the effects of dosc fractionation can be predicted
by the lincar-quadratic dose-response model. The re-
sponsc of this strain of mouse appears, however, to be
markedly diffcrent from that of the rat strains de-
scribed above, as a substantial dose-rate effect is
apparent, with an implied DDREF at 0.25 Gy, the
highest dose at which tumour incidence was measured,
of about 12 (Table 15). In rats evaluation of the
DDREF was made at doses up to about 3 Gy

(Table 8).

167. Sumnary. A number of studics have been pub-
lished on the effect of dose rate on mammary tumour
induction in rats. These studies give DDREFs from
less than 2 to about 4 for dose rates varying by a
factor of 150 or more and for doses at high dose rate
in the range from about 2 to 3 Gy (Table 8). One
study in mice gives an implied DDREF based on an
assumed linear-quadratic response of about 12 at
0.25 Gy for dose rates varying by a factor of about
5,000, although interpretation of the data is limited by
the lack of information at higher doses.

(d) Pituitary tumours

168. The effect of dose rate on the induction of
pituitary tumours in RFM mice has been reported by
Ullrich and Storer [U14, U15] for female mice expo-
sed at high dose rates to 1*’Cs gamma-radiation (0.45
Gy min™) giving total doses of 0.1-3 Gy. The inci-
dence of these tumours with radiation dose was found
to increase at doses of 0.5 Gy or higher, although the
response was somewhat irregular and did not differ
significantly from controls, even at 2 Gy. The inci-
dence remained at approximately control levels
(6%-7%) over the range 0-0.25 Gy, incrcased to
9%-10% at 0.5 Gy, remained at that level over the
range to 2 Gy, and increased to 20.9% at 3 Gy. Both
a linear model [I(D) = 5.7 + 4.4D; p > 0.2] and a
linear-quadratic model [I(D) = 6.3 + 0.8D + 0.013D2]
adequately described the data. Lowering the dose rate
to 0.06 mGy min! resulted in a reduced wumour inci-
dence up to a total dosc of 2 Gy; this incidence was
best described by a linear model [I(D) = 6.3 + 0.7D:
p > 0.95]. When the linear dosc responses fitted at low
and high dose rates were compared, low-dose-rate
exposures were found to be less effective in inducing
pituitary tumours, by a factor of about 6 (Table 8).
However, if a linear-quadratic response is assumed
after high-dosc-ralc exposure [I(D) = 6.3 + 0.8D +
0.013D7], then the lincar term is similar at both dose
rates, suggesting that the primary cffect of dose rate is
to alter the dose-squared component. Male RFM mice
were exposed only at the higher dose rate, and the
incidence of pituitary tumours was too low to warrant
analysis.

169. Summary. Only one study has been published
that allows an cstimate to be made of a DDREF for
the induction of pituitary tumours. In female mice, a
value of about 6 can be obtained for doses up to about
3 Gy given at high dose rate and for dosc rates that
dilfer by a factor of about 8,000.

(e) Thyroid tumours

170. Thyroid cancer in animals can be induced by
iodine deficiency, chemical carcinogens, and goitro-
gens, and exposure to ionizing radiation. Information
is available from human populations on the effects of
both external radiation and internal radiation from
intakes of iodine isotopes; it suggests that BI s tess
carcinogenic than external radiation (see Chapter III),
although whether this is due solely to dose-rate effects
or to other factors as well is not clear. In principle,
animal studies should be able to provide information
on the relative effects of external radiation and 1311,
but in practice the reported results present some
difficultics in interpretation, and there are species
differences in the way thyroid cancer is expressed.

171. Doniac [D4] reviewed a series of studies in rats
that could be used to compare the tumorigenic effects
of x rays and BII, Results from three studies
suggested that the carcinogenic effect of 11 Gy from
acute x-ray exposure was comparable to that of
1.1 MBq of 1311 which would give a dose to the
thyroid of about 100 Gy. The dose rates arc substan-
tial, and significant cell killing might be expected,
although higher doscs of Bl are needed to cause
atrophy. With this proviso, the data suggest that
protracted irradiation from B s less damaging, by a
factor of about 10, than an acute dose of x rays.

172, Walinder [W2] compared the carcinogenicity of
X rays and 311 in adult CBA mice. His results indi-
cated that 1311 was one fourth to one tenth as effective
as x rays for the production of thyroid adenomas and
carcinomas; doses from x rays were 15 Gy and from
13‘1, 64-160 Gy. He also found that at somewhat
lower doses (10 Gy from x rays and 22-110 Gy from
l311), 1311 \was one half to onc tenth as effective as
X rays.

173. Whether this difference in effect is due solely to
differences in dose rate is difficult to determine, as a
number of factors influence the dosimetry of 211 [C8,
D4, J1}. As a consequence of the small mass of the
thyroid in the rat or mouse, considerable beta-radiation
is lost from the peripheral portions and the isthmus.
Thyroid cells near the surface may receive as litle as
50% of the dosc 1o the central cells, an cffect that
becomes more important as the gland size decreases.
Unlike the dosc from external radiation, the dose from
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intakes of 13 may bc heterogencously distributed
owing lo variation in uptake between follicles, al-
though Walinder ct al. [W1] have reported measure-
ments of the dosc distribution for 'l and '32[ in
mouse thyroid and found it to be gencraily uniform,
but with decreases at the thyroid edges, as would be
expected for a uniform concentration. Walinder ct al.
[W1] also observed a similar cffectiveness of 1321 Ty,
~ 2.2 h) and x rays on the thyroid in the inhibition of
goitrogen-stimulated growth in the CBA mouse and
that ! was one half 10 one tenth as effective as
x rays. Book ct al. [B14] observed in the Sprague-
Dawley rat a difference in effectiveness of 13116 1321
of about 1:9, in terms of average thyroid dose, for the
suppression of thyroid gland weight increase stimu-
lated by goitrogen. The dose distribution in the thyroid
gland is similar for the two radionuclides, and the
observed difference in radiation is likely to be due to
differences in dose rate. Liu et al. [L2] found that the
tumour incidence was lower following exposure to
1311 than 1321, Although this diffcrence may have been
partly due to higher radiation doses from 1>!1, the dose
rate may have also becn a factor in the response.
Since 1311 uptake by the thyroid in laboratory animals
varies with environmental temperature and the dictary
content of stable iodide, the administration of simitar
amounts in separate experiments in different labora-
tories may give rise to varying doses. The usual
assumption, for dosimetric purposes, of a single
exponential function for loss of activity from the gland
may also result in some uncertainty in the calculated
doscs, although by a factor of less than 2 [C8].
Despite these uncertainties, it secems likely that the
differences in the incidence of cancer resulting from
intakes of }3!T and from exposure to external radiation
cannot be readily explained by differences in dose
distribution.

174. In a subsequent study, Lee et al. [L4] compared
tumour induction in six-weck-old female Long Evans
rats given 1311 or localized x-irradiation of the thyroid.
Three groups of 300 rats were injected inlra?eri-
toncally with 18, 70 and 200 kBq of sodium !3'I-
iodide, giving thyroid doses of 0.8, 3.3 and 8.5 Gy
(maximum dose rates: 0.17, 0.69 and 1.6 mGy min'l).
Three further groups received localized (collimated)
x-ray exposures of the thyroid gland giving doses of
0.94, 4.5 and 10.6 Gy (dosc rate: 2.8 Gy min™!). Six
bundred animals were kept as controls. All the animals
surviving to two ycars (~62%) were killed, and a six-
month minimum latent period for radiogenic thyroid
cancer was assumed. The doses (rom 3'1 in this study
were considerably lower than those in the carlier ones.
Exposure to 1311 was found to be about 40% as effec-
live as x-irradiation at the highest dose for the
production of adenomas, but there was no significant
difference from x rays at the lower doses. For the
production of thyroid carcinomas the two radiations

appear 1o be of cqual cffectivencss at all three doses,
although the statistics were such that the results do not
cxclude a two- to threefold difference in the effective-
ness of x rays and 131,

175. These differences in effectivencess observed in
the studies by Lee ct al. [L4] and the carlier rat
studics arc not casy to cxplain. They may reflect
differences in the doses used, in the ages of animals or
in the strains of rats. Femalc Long Evans rats are also
more sensitive than males, which has becn attributed
to hormonal fluctuations. The resulls of Lec et al. [L4]
provide probably the largest single body of informa-
tion on thyroid cancer induction by B or x rays in
an animal model. Furthermore, the dose range was low
and more relevant to the assessment of risks from low-
level exposures. That study, however, terminated at
two years, rather than allowing the animals to live out
their natural life-span. This may have prevented the
appearance of some late tumours, an important feature,
as about two thirds of the animals remained alive at
the end of the two-year study.

176. Summary. Animal data do not support large
differences between 1311 and x rays for thyroid cancer
induction for doses below about 10 Gy. Early experi-
ments that indicated differences of up to a factor 10
were at doses that would have caused appreciable
tissue damage. However, differences in  tumour
response of a factor of about 3 between Bl and
X rays cannot be ruled out.

(D Liver tumours

177. Di Majo et al. [D3] have reported dose-response
rclationships for liver tumour induction in BC3F, male
mice. Three-month-old mice were exposed to x rays
(0.133 Gy min‘l) in graded acute doses from 0.5 Gy
to 7 Gy. A significant increase in liver tumours was
observed from 2 Gy, and the dose response was best
fited by a pure quadratic response [I(D) = 11.3 +
1.2D2] (Figure XII). Although the animals were not
exposced at different dose rales, this pattern of dosc
response would imply that tumour induction would be
reduced at lower dose rates.

(2 Harderian gland tumours

178. The induction of Harderian gland tumours at
different dose rates has been examined in RFM mice
[U12, U14, U15]|. This information is included here
for the sake of completencess, although it is noted that
there is no buman counterpart to this tumour. The data
arc, however, considered to be relevant to understand-
ing the overall response of tissues to radiation.
Low-dose-rate cxposures (0.06 mGy min'l) were less
effective than high-dose-rate exposures (0.45 Gy
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min'l), with incidences at 2 Gy being significantly
different for the two treatments (Figure XIII). Dose-
response relationships at high dose rates suggested a
lincar-quadratic model for both males [I(D) = 1.5 +
0.3D + 0.012D? p > 0.99] and females [I(D) = 1.2 +
1.5D + 0.022D% p > 0.25], although lincarity could
only be excluded with confidence for females (p <
0.05). At low dosc rates, a lincar dosc response gave
the best fit to the data for female mice {I(D) = 1.2 +
1.5D; p > 0.9], suggesting, as in the casc of pituitary
tumours, a similar linear response for low and high
dose rates, and that the primary cffect of lowering the
dose rate was to diminish the dose-squared component.
On the basis of a simple lincar fit to the high- dose-
rate dosc-response data [[(D) = 0.93 + 4.7D; p
< 0.05], the results for female mice indicate that
tumour incidence at low dose rates is reduced by a
factor of about 3 for doses of about 2 Gy (Table 8).

179. Summary. The dose-response for Harderian
gland tumours in female mice resulting from high-dose
rate exposures can be fitted by a linear-quadratic rela-
tionship. The data suggest a DDREF for high-dose-
rate exposures of about 3 for doses of about 2 Gy and
for dose rates varying by a factor of about 8,000.

(h) Ovarian tumours

180. The induction of ovarian tumours in gamma-
irradiated mice has been shown to depend on the dose
rate [U12, U21, Y4]. Interpretation of some of the
data is complicated, however, by a decrease with age
in the susceptibility of the mouse ovary to tumori-
genesis. Furthermore, since the stimulus for tumori-
genesis is believed to involve killing of oocytes and
associated changes in hormonal status [U21], this is
likely to contribute to observed dose-rate effects.

181. The induction of ovarian tumours by x rays was
studied by Ullrich and Storer [U15] using SPF/RFM
female mice exposed at 0.45 Gy min! and 0.06 mGy
minl. After high-dose-rate exposures, a significant
increase in tumour incidence relative to controls was
observed for doses of 0.25-3 Gy. In the group exposed
at the lower dose rate, no significant increase in
incidence was seen until 1 Gy, when the incidence
was similar to that observed in the groups receiving
0.25 Gy at higher dose rate (Figure XIV). The high-
dose-rate data could be adcquately described by a
linear-quadratic model with a negative linear
component [I(D) = 2.3 + (-23) D + 1.8D%; p > 0.25]
or by a threshold plus quadratic model [I(D) = 2.2 +
2.3 (D—D‘)z; p > 0.75, where the threshold dose, D*,
was estimated to be 0.12 Gy} [U14). Linear and quad-
ratic models were rejected. For the low-dose-rate
response lincar, quadratic and threshold plus quadratic
models could be rejected (p < 0.01), The two models

that appcared to describe the relationship adequately
were a linear-quadratic model [I(D) = 2.3 + (-3.7)D
+ 0.068D% p > 0.25) and a threshold plus linear
model [I(D) = 2.07 + 14.9(D-D*); p > 0.75, where the
threshold dose, D*, was estimated to be 0.115 Gy].

182. In female BALB/c mice similar results have been
obtained [U15]. Ovarian tumours were readily induced
with high-dose-rate exposures (0.40 Gy min'!) 10
B¢y gamma rays, giving a 66% incidence at 0.5 Gy,
the lowest dose used, compared with a 9.9% incidence
at low dose rate (0.06 mGy min'l) for the same total
dose (dose-rate clfectiveness factor: 6.7, Table 8). As
in the case of RFM mice, linearity could be rejected
(p < 0.05) at low dose rate, and the dose response up
to 2 Gy could be described by a linear-quadratic
model [I(D) = 6.0 + 83D + O.OSDZ]. There were
insufficient data at high dosc rate to define a dose-
response function; doses below 0.5 Gy would have
been required.

183. This pattern of response for ovarian tumour
induction seen in both RFM and BALB/c mice is
explained by the mechanism of induction for ovarian
cancers, which is considered to involve substantial cell
killing. This mechanism will be less effective at low
dosc rates and may account for the apparent threshold
in the response. Linear functions fitted in this Annex
1o the dose-response data in RFM mice obtained up to
2 Gy for both high- and low-dosc-rate exposures
fU1S5] give a crude overall DDREF of 5.5 (range: 4.1-
6.8, Table 9), compared with a value of 6.7 for
BALB/c mice (Table 8), but because of the
mechanisms involved, the extrapolation of these results
to man is uncertain.

184. Summary. The induction of ovarian tumours has
been shown in mice to depend on dose rate, DDREFs
of 55 and 6.7 have been obtained in RFM and
BALB/c mice at doses up to 2 Gy for dose ratcs
varying by a factor of about 8,000. Since the stimulus
for tumorigenesis is believed to involve killing of
oocytes and associated changes in hormonal status,
extrapolation of these results to man is uncertain.

(i) Thymic lymphoma

185. A number of investigators have studied the
incidence of thymic lymphoma after radiation
exposure. However, many of these studies have been
concerned with modifying factors that influence the
course of the disease or the sequence of events Icading
to its development rather than with dose-response
rclationships. An added complication is that dose-
response curves of a threshold type have been reported
[MS], indicating that cell killing is important in the
induction mechanism.
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186. Ullrich and Storer [U12, U15] studied the dose-
response relationship and dose-rate effects for expo-
sure to ¥7Cs gamma rays in 10-weck-old female
RFM/Un mice. The incidence of thymic lymphoma
aflter high-dosc-ratc cxposure (0.45 Gy min™") was
substantially greater than after low dose rales
(0.06 mGy min']) at all doses for which comparable
data were given (0.5, 1 and 2 Gy) (Figure XV). In
fact, no significant increase in incidence relative to
conlrols was observed after Jow-dose-rate irradiation
up 1o a total dose of 1 Gy, whereas at high dose rates
a significant increase in incidence was observed at
doses of 0.25 Gy. Examination of the relationship
between the incidence of thymic lymphoma and the
radiation dose at high and low dose rates indicated
both quantitative and qualitative differences. The dose
response after high-dose-rate exposure appeared to
have two components. Up to 0.25 Gy, the incidence of
thymic lymphoma increased with the square of the
dose, with a second, linear component describing the
response over the range 0.5-3 Gy. At the lower dose
rate the response was best described by a linear-
quadratic model with a shallow (perhaps zero) initial
linear slope, and linearity could be rejected.
Considering that the mechanism of thymic lymphoma
induction is thought to involve cell killing or the
possible release of viruses and subsequent target cell
viral interactions, it is not surprising that somewhat
complex dose and dose-rate response relationships
have been obtained.

187. An carly analysis by the NCRP [N1] gave a
dose-rate cffectiveness factor of 6.4 for these data.
Alternatively, the high- and low-dosc-rate data
obtained up to 3 and 2 Gy may be fitted with lincar
modcls, giving fits of 16.7% + 1.8% Gy™! and 2.9% *
1.9% Gy'l, respectively, corresponding to a dose-rate
effectiveness factor of 5.8 (Tables 8 and 9). In males
[U13] no dose-response data were obtained at low
dose rates, but at high dosc rates (0.45 Gy min’l) a
significant increase in incidence occurred at doses of
0.25 Gy and above, and the data over the entire dose
range up to 3 Gy could be adequately fitted by a
lincar function (6.7% * 6.9% Gy™!). Overall, males
were less sensitive than females by a factor of about
2.4, reflecting the difference of a factor of about 2 in
the incidence in controls.

188. An increased incidence of thymic lymphoma has
also been reported by Upton et al. [U21] for male and
female RFM mice exposed to x rays. Lymphoid neo-
plasms occurred in about 4%-10% of controls, and the
increase in incidence depended on both the total dose
and the dose rate, with a significant increase, relative
lo controls, at doses of about 2 Gy or more. With
decreasing dose rate, the cffectiveness of gamma-
radiation in inducing tumours declined. A linear dose
function fitled to both high-dose-rate (0.8 Gy min')

and low-dose-rate (0.04-0.6 mGy min'l) incidence data
for males suggests a dosc-rate cffectiveness factor of
about 2.6 (Table 8) at doscs up to about 4 Gy. For
females the data are too variable to infer a dose-rate
effcctiveness factor,

189, In cxperiments by Maisin et al. [MS], 12-week-
old malc mice were exposed to single or fractionated
(10 cc1ual doses scparaled at daily intervals) doses
from '37Cs gamma rays (4 Gy min'l) in the dose
range 0.25-6 Gy. The dose-response curve for thymic
lymphoma was of a threshold type, the incidence in
irradiated animals rising above that in controls only at
4 and 6 Gy. Single doses were more cffective than
fractionated exposurcs at 4 Gy by a factor of about 2;
there was no significant difference in response at
6 Gy.

190. Summary. An cffect of dose rate on the
induction of thymic lymphoma has been demonstrated
in RFM male and female mice with DDREFs of about
2.6 and 5.8 for doses of 2 to 4 Gy and for dose rates
varying by factors of more than 1,000 (Table 8). As
with ovarian tumours there arc difficulties in
extrapolating these data to man, however, as cell
kiiling appears to be involved in the development of
this tumour.

() Skin tumours

191. A number of studies have reported that when the
radiation dosc is fractionated, the incidence of skin
tumours decreases in comparison with acute expo-
sures. Hulse et al. [H30] irradiated the skin of three-
month-old CBA/H female mice with a 2%*T1 source.
Four different schedules of exposure were used: four
equal doses at weckly intervals, four equal doses at
monthly intervals, 12 equal doses at weekly intervals
and 20 equal doses five days weekly for four weeks.
Total doses given were large, 60 Gy or 120 Gy. The
tumours occurring after the different irradiation
schedules were similar to those seen after single
exposures and were mainly dermal tumours at both
dose levels. Dividing the 1otal dose into four fractions
did not affect tumour yield, whether the exposures
were spread over 22 days or 12 weeks. When 20 frac-
tions were given over 25 days, however, the yield was
significantly reduced (p = 0.02) to about half that with
a single cxposure. With 12 fractions given over 11
weeks, the yicld was non-significantly reduced (p =
0.09 for both dose groups; p = 0.06 for 60 Gy). It was
concluded that a reduction in tumour yicld followed
multiple fractionation and protraction over several
weeks only if the dose per fraction was 5-6 Gy or
less. The reduction factor was about 2, For epidermal
tumours, of which there were fewer than half the
number of dermal tumours, there was a much greater
variation in response between the groups. None of the
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groups with [ractionated exposure had a significantly
different tumour yield from the single exposure group,
and there was no clear evidence that protraction or
fractionation reduced tumour yield. The yield of epi-
dermal tumours was, however, significantly less in the
20-fraction groups (at 6 and 12 Gy total doses)
comparcd with the groups given 4 and 12 weckly
fractions.

192. In a series of studics in male CD rats [B40], skin
tumour incidence following acute exposure to aitenua-
ted 0.7 MeV electrons (1.6-2.4 Gy min'l) was mea-
sured at nine doses (20 rats per group) between 5 Gy
and 23 Gy. A peaked dose-response curve was ob-
tained, with a maximum tumour incidence at a dose of
about 16 Gy. At 10, 14.5 and 23 Gy, the exposures
were also split into two cqual fractions spaced at
intervals of 1, 3 and 6.3 hours. The effect of split
doses on tumour yicld depended on the position on the
dose-response curve. At the lowest split dose the
tumour yield declined with a half-time of about 1.8
hours. At the intermediate dose, an initial increase was
followed by a decline, with a half-time of 3-4 hours;
at the highest dose (23 Gy) the tumour yield increased,
presumably as a result of the spacing effect on cell
lethality. The maximum effect of dose fractionation
(14.5 Gy, two fractions, 6.3 hours) gave a reduction in
tumour yield by a factor of about 2.

193. In a more recent series of papers [OS5, O6], skin
tumour incidence has been measured in female ICR
mice. The backs of the animals were repeatedly irra-
diated with beta particles from Ngr- RNy (2.24 Gy
min’!, surface dose). For doses of 2.5-11.8 Gy per
cxposure, three times weekly throughout life, 100%
incidence of tumours was observed. At doses of about
1.5 Gy per exposure, however, there was a marked
delay in the appearance of tumours. In a further study
Lgﬂ],ggroups of 30 or 31 mice were irradiated with

Sr-"Y three times weekly throughout their fife with
doses of 0.75, 1.0, 1.5 and 8.0 Gy at each irradiation.
The study demonstrated that tumours appeared later in
the groups given 1.0 or 1.5 Gy per exposure than in
the group given 8.0 Gy per exposure, although tumour
incidence was 100% with these two doses. At 0.75 Gy
per exposure, no tumours appcared within 790 days,
although an osteosarcoma and one squamous cell
carcinoma did finally appear. There was no effect on
the life-span of the animals, In a further group of 50
mice given 0.5 Gy per exposure no tumours were ob-
tained [O8, T11]. This observation of an "apparent”
threshold in response may be accounted for by the
small number of animals involved, but it is more like-
ly arises as a result of the characteristics of this
particular tumour, in which induction appears to be
more dependent on dose per fraction than on total
dose; single doses of up to 30 Gy alone do not induce
tumours. At the higher doses and dose rates tumour

development is likely 1o be influenced by radiation
effects on the tissuc surrounding initiated cclls.

194. Summary. A scrics of studics in rodents has
shown that when irradiation of the skin is fractionated
the incidence of skin tumours is less than with acute
exposure. In the majority of studics, however, the total
doses have been large, and dosc fractionation has been
scen to have an effect only for doses per fraction of
less than about 5-6 Gy. In gencral, the effect of dosc
fractionation under these conditions has been to reduce
tumour yield by a factor of about 2. In one study, in
which female ICR mice were repeatedly irradiated
with beta particles from %0sr-2Y, an apparent thres-
hold for tumour induction was obtained at a dose per
fraction of about 0.5 Gy. This may have been the
result of delayed tumour appearance or the influence
of radiation damage to surrounding tissues at the high
doses and dose rates used.

(k) Tumour induction in rats

195. In male Sprague-Dawley rats (3 months old)
exposed to Dco gamma rays to give 2.83 Gy (304
rats, 2.2 mGy min™!), 1 Gy (505 rats, 1.3 mGy min’!)
and 3 Gy (120 rats, 1.3 mGy min’l), an cffect of dose-
rale on overall tumour induction was obscrved,
although this varied with the tumour type [M43]. At
lower dose rates the incidence of radiation-induced
carcinomas (excluding thyroid, pituitary and adrenals)
was lower than at high dosc rates for a total dose of
about 3 Gy. The frequencies of carcinoma were
6.8% + 1.9%, 10.1% + 3.8% and 25.8% *+ 8.2% in
controls and animals exposed at 1.34 mGy b (total
dose: 2.8 Gy) and 78 mGy b (3 Gy), respectively,
implying a reduction in cxcess cancers by a factor of
about 6 at the lower dose ratc. Although the incidence
of most carcinomas showed an increase with increas-
ing dose rate, the cffect was most significant for the
digestive and urinary systems.

196. For a group of sarcomas that are poorly induc-
ible in the rat (nervous system, leukaemia, lympho-
sarcoma, bone and mesothelioma) but frequent in man,
no dependence on dosc and dose rate was observed.
For a second group of sarcomas (angiosarcomas and
fibrosarcomas of internal organs and of soft tissue),
which are infrequent in man but common in the rat,
the incidence did increase with dose (from 1 to 3 Gy),
although again it was independent of dose rate,

197. Summary. The results of this study in male
Spraguc-Dawley rats indicate that, as with the studies
in mice, the effect of dose rate on tumour induction
varies between different tissues. For dose rates varying
by a factor of about 60 and for a total dose of about
3 Gy, DDREFs in the range from about 1 to 6 have
been obtained for tumours in various tissues. Taken
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logcther, the cancer ratc was reduced overall by a
factor of about 3,

(1) Uncertainties in the calculation of DDREF

198. A particular problem in cstimating dose-rate
effectiveness factors from the ratio of cancer yiclds
following cxposure to acute (high-dose-rate) and
chronic (low-dose-rate) irradiations is that very often
the standard crrors attached to the lincar fits to the
data are rclatively large (Table 9). Formulac have
therefore been developed that allow an estimate to be
made of uncertainties in the calculation of the
DDREF. If ay; and o represent the yield coefficients
for high and low dose rates, respectively, then the
DDREF may be estimated by:

DDREF = ayfoy [1 + (ai/el)]  (16)

where o is the standard error on a;. The correction
term exists to represent the skewed distribution of the
ratio when ayy and a; are both normally distributed
[E8]. The correction is of little importance unless
oy /oy exceeds about 0.3. Examples of calculations of
DDREF that allow for this correction are shown in
Table 10. These values may be compared with the
point estimates of DDREF for the same studies given
in Table 9. In all cases the values of DDREF that
allow for this correction are larger than the values of
those that do not, although by very variable amounts;
the effect on the estimate of DDREF increases
substantially when the standard error o exceeds oy .
The central estimates of DDREF given in Table 8 for
the range of tumour types described in this Chapter do
not include this correction.

(m) High-LET radiation

199. The implication of the results described earlier,
i.e. that at low doses of high-LET radiation the effects
of fractionated or protracted exposures on life shorten-
ing are very similar to the effect of acute exposures
(Section IL.A.1.c), would suggest a similar lack of
effect on tumour induction in individual tissues. The
effects of neutron and alpha-particle irradiation arc
described separately.

200. Neutron irradiation. The cffects of protracted
and fractionated neutron irradiation on the induction of
tumours differ in different tissues and have recently
been reviewed by Fry [F10]. Grahn et al. [G12] have
examined the main categories of cancers found in
B6CF1 mice, namely, those of lymphoid and epithelial
tissues. The results obtained so far indicate that morta-
lity from lymphoma and leukaemia is greater after
fractionated exposures than single exposures, whereas
mortality from epithelial tumours is less after the

fractionated than single exposures. Since no dose-frac-
tionation cffect is seen on the overall life-span in the
dosc range up to 0.2 Gy, it must be assumed that the
two cffects cancel each other out.

201, There is little further information to suggest that
dose ratc influences leukaemogenesis in experimental
animals. Upton et al. [U21] did not report any differ-
ence between the cffects of protracted neutron expo-
sures at low dose rates on the induction of myeloid
leukacmia in RFM mice and the effect after single
doscs. Huiskamp ct al. [H28, H29] reported no effect
of dose rate on either the induction of acute myeloid
leukaemia (AML) or survival in male CBA/H mice
exposcd bilaterally to fast fission neutrons (mean
encrgy 1 McV) at 2, 10 and 100 mGy min™! 1o give a
total dose of 0.4 Gy. No AML was observed in the
sham-irradiated controls. The observed AML frequen-
cies in the irradiated groups were 11.4%, 12.3% and
9.8%, respectively, indicating that the incidence of
AML was not influenced by a fifty-fold change in
dose rate. Besides AML, lymphosarcomas were obser-
ved in all experimental groups with a suggestion of a
slightly higher frequency in the high-dose-rate group,
although numbecrs were small and with no clear trend
with increasing dose rate. Although survival was signi-
ficantly reduced in the exposed animals, it was inde-
pendent of dose rate.

202. Ullrich [U16] examined the effect of dose rate or
dose fractionation on tumour induction in BALB/c
mice cxposed to total doses of 0.025-0.5 Gy from
32¢f neutrons. The animals were exposed at high
dose rate (0.1 Gy in 20 hours daily), or in two equal
fractions separated by 24 hours or 30 days, or at low
dose rate (0.01 Gy in 20 bours daily). The effect of
dose fractionation and dose rate on the tumorigenic
response depended very much on the tissue, For
ovarian tumours, the response to fractionated
exposures was similar to that obtained for a single
acute ecxposure; however, at the low dose rate the
responsc was reduced. This would be consistent with
the need for tissue damage and hormonal imbalance
for ovarian tumours to manifest themselves. For lung
tumour induction splitting the dose into two equal
fractions scparated by 24 hours had no cffect on the
response, although separating the fractions by 30 days
gave a higher incidence of lung tumours at a total
dose of 0.5 Gy (there was no difference at doses up to
0.2 Gy). These results suggest that the number of cells
at risk may have increased in the 30-day interval
between {ractions, possibly as a response to cell killing
by the first fraction, This might also explain why the
incrcased effect occurred only when the initial dose
was 0.25 Gy or above. For mammary tumours the
response 1o dose fractionation was similar 1o that for
lung tumours. For both lung and mammary tumours
the tumour incidence was greater at low dose rates
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than with acute exposures, and the increase was most
marked at intermediate doscs of about 0.1-0.2 Gy. In
another study, the induction of Harderian tumours was
little different in single exposures and in fractions of
25 mGy up to a total dosc of 0.4 Gy |F9]. It has also
been reported that, relative to acute exposures, pro-
traction of ncutron irradiation advances the time of
appearance of mammary tumours in rats [U3].

203. Di Majo ct al. {D3] have reported dose-response
relationships for liver tumour induction in BC3F; male
mice exposed to fission ncutrons. Three-month-old
mice given doses from 0.17 to 2.14 Gy (0.05-0.25 Gy
min'l) showed an increased tumour incidence in all
the irradiated groups [C29, D3]. A linear model gave
a best fit to the dose-response data [I(D) = 11.3 +
34.6D], implying that no dose-rate effect would be
expected. Because of the different shapes of the dose-
response curves for x rays and neutrons (Figure XII),
the RBE dcpended on the dosc at which it was calcu-
‘lated, with a value of 13 estimated at 0.17 Gy.

204. Summary. These results indicate that there are
differences between tissues in the tumorigenic
response following fractionation and changes in dose
ratc for neutron irradiation. These differences may
relate to the diffcrent mechanisms of tumorigenesis
involved in the differcnt tissues. Taken together,
however, any effects of dosc rate and dose fraction-
ation on tumour induction in the various animal
experiments that have been reported are small.

205. Alpha particle irradiation. Information is also
available on tumour induction in experimental animals
following intake of alpha-emitting radionuclides. The
interpretation of such data is, however, considerably
more difficult than is the case for neutron exposure.
The spatial and temporal distribution of dose through-
out a tissue depends on the age of the animal and the
pattern of intake, as well as on the radionuclide itself
and the chemical form in which it enters the body.
Thus, even for the same radionuclide given in the
same chemical form, the distribution of dose may be
very different after acute and protracted exposures,
and this is likely to affect the tumour yield. This is
particularly the case for alpha emitters deposited in the
skeleton, where rates of bone turnover that vary both
with age and site in the skeleton result in a very
heterogencous deposition of the radionuclide, which in
turn can result in quite different distributions and
hence dosc with various patterns of intake. Local
dceposition of radionuclides can also produce hot spots
that could lead to local cell killing, thus reducing the
tumour yicld [P11]. Much of the published data has
recently been summarized {S28].

206. Two lifetime studies with adult beagle dogs
injected with 226Ra 10 give a wide range of radiation

doses, cither as a single injection (0.22-370 kBq kg'l)
or fractionated (to give total injected activities of 0.88-
370 kBq kg") have been reported. The data suggest
that for both methods of administration, 226Ra was
cqually effective in inducing skclctal osteosarcomas.
However, 2%6Ra was more cffective at inducing
osteosarcoma (per unit dosc) at low total doses than at
high total doses, where cell killing and wasled radia-
tion may be significant {G13, T19].

207. Fabrikant et al. [F11] have compared ostco-
sarcoma induction by alpha-radiation in young male
rats given 3%y (110 kBq kg'l) by intravenous injec-
tion, either as a single dose or fractionated over
months (37 kBq kg'l, then 19 kBq kg'1 at 2,4, 6 and
8 weeks). Although the number of animals in each
group was small (25), the tumour incidence in the two
groups (52% and 56%, respectively) did not differ
significantly. There was a tendency for tumours in
animals given fractionated injections to occur earlier.
It was notable that in animals given single injections
of 2*'Am at a similar dosc the incidence of bone
tumours was about onc fourth that in the animals
given 3%y, This is likely to be due to differences in
the distribution of the two radionuclides in the
skeleton.

208. The cffects of dose protraction on osteosarcoma
induction have also been examined in female NMRI
mice given cither single or repeated injections of
224Ra (half-life: 3.5 days) [M40]. Onc group received
a single injection (18.5 kBq kg'l, corresponding to a
mean skeletal dose of 0.15 Gy) and the another group
received a similar amount in 72 fractions given twice
weekly over 36 weeks. In the group given fractionated
administration, lymphomas appeared early (13.5%,
42/299 mice; controls 1%, 1/98 mice); osteosarcomas
occurred during the second balf of life of the animals
(7.1%, 21/299; controls 3%, 3/98). In contrast, the
group given a single injection did not develop early
lymphomas and showed a later occurrence of
ostcosarcoma with an incidence of 5.8% (17/295).
Although the incidence of osteosarcoma was similar
up to 800 days in the two experimental groups, after
that, it was different: no additional cases of
osteosarcoma were observed in the single-injection
group, butl one third of all osteosarcomas occurred
after 800 days in the fractionated group. Because of
the very short hailf-life of 229Ra administered in the
study, much of the dose is delivered while the radium
is on bone surfaces shortly after administration, and
thus local doses will bave been significantly higher
than the average bone dosc calculated (0.15 Gy). In
contrast, the dose rcceived f{ollowing protracted
administration would have been more uniformly
spread over the skeletal tissues, and this might wel]
have accounted for the observed differences in tumour
response.



660 UNSCEAR 1993 REPORT

209. Information is available on lung tumour
induction in rodents exposcd 1o alpha emitters. Sanders
et al. [S29] compared lung tumour rales in rats
cxroscd by inhalation to acrosols of ?'39Pu02 and
2 CmO,. The dosc distribution throughout the lung
was similar for the two radionuclides, although
244Cn102 is more soluble in the lung than 23("PuO?_
and, as a consequence, is clecared more rapidly.
Despite this, the dose response for lung tumour
induction following inhalation of soluble 244C11102 was
similar to that for insoluble 239Pu02 up to average
radiation doses to the lung of a few gray. At greater
radiation doses, rats exposed to 2"4Cm02 dicd earlier
from radiation pncumonitis than those exposed to
23""Pqu, reflecting the differences in dosc rate and
distribution of activity throughout the lung tissue. The
effect of cell killing on tumour induction became
apparent at doses of about 2 Gy for 244Cr1102 and
about 30 Gy for 239Pu02. Thus, at high total doses,
exposure from B9py, appeared more cffective for
tumour induction than exposures from 244Cm, Sanders
ct al. have also shown [S30] that further protraction of
the dose from 3%y by fractionated exposure does not
increase the lung tumour incidence in rats, indicating
that lung-tumour promotion is not so much a function
of the temporal dose-distribution pattern as of the
spatial dosc-distribution pattern.

210. In further studies on tumour induction in rats
exposed to 239?\102, groups of animals were exposed
1o various levels of activity giving average lung doses
between 0.01 Gy and 62 Gy (based on initial lung
deposits measured with a ! %Yb marker and know-
ledge of the retention function for plutonium in the
lung). This was a large study involving 1,052 female,
SPF, Wistar, sham-cxposed rats and 2,105 rats
exposed in groups to give different initial lung
deposits. The dose from inhaled 3%y is accumulated
over an extended time because of the insolubility of
the particles and the long rctention time in the lung
[S43, S20]. Of the 97 primary lung tumours found in
this study (93% malignant and 80% carcinomas) 1 was
in controls and 96 in exposed rats. Survival was
significantly reduced only in rats with lung doses
>30 Gy. Of the malignant lung tumours 49 were
squamous carcinoma and 22 adenocarcinoma with the
remainder consisting of hacmongiosarcoma (9),
adenosquamous carcinoma (7), and fibrosarcoma (3).
No squamous cell carcinomas were found at average
lung doses less than 1.5 Gy, and for adenocarcinoma
the threshold dose was 3.1 Gy. The other tumour types
were scen only at higher lung doscs. In this study the
predominant tumour type was therefore squamous
carcinoma, which is known to develop in the rat lung
following the development of squamous meltaplasia
[S44], which occurs mainly in regions of high
deposition of 3 Pu, where the local dose would be
substantially in cxcess of the average lung dose. For

this tumour type a threshold for the response would
therefore be expected, although this would not
necessarily be the case for other tumour types or for
tumours occurring in man. It was concluded that, at
least in the Wistar rat, average lung doses in cxcess of
1 Gy (20 Sv assuming a radiation weighting factor,
wp, of 20) are nceded to give a significant increase in
lung tumours.

211. The induction of lung cancer after single or
protracted irradiation with alpha particles was also
cxamined by Lundgren ct al. [L19] in mice exposed to
239Pqu. After single or repeated inbalation exposures
giving average lung doses of 2.8 and 2.7 Gy,
respectively, lung tumour incidence was about 2.7
times higher after repeated exposures, aithough the
difference between the groups was not significant
(0.05 < p < 0.10). In contrast, a significant difference
was obtained in mice receiving pulmonary doses of
14 Gy in a single cxposure or 19 Gy in repeated
exposures, the percentage with pulmonary tumours
being about 3.5 times greater among the repeatedly
exposed mice (0.01 > p > 0.025). It scems possible,
however, that, as with the study by Sanders et al.
[S29], the differences in effect could be attributed to
higher dose rates from the single exposures resulting
in more cell killing.

212. Some information on the cffect of dose rate on
the induction of lung tumours has also been obtained
following intratracheal instillation of 20pg in saline
(L18]. Protraction of the dose over 120 days was more
carcinogenic al lower total doscs (0.24 Gy) but less
carcinogenic at higher doses (2.4 Gy), in comparison
with an exposure limited to a 10-day period. However,
the development of tumours was also markedly
enhanced by the weckly instillation of saline alone,
emphasizing the importance of other factors in the
expression of radiation-induced cancer.

213. A number of studies have been reported on the
exposure of animals, particularly rodents, to varying
concentrations of radon and its decay products. Studies
at the Pacific Northwest Laboratory in the United
States, which have examined the effects of exposure
to radon under a range of exposure conditions in
experimental animals, have rccently been reviewed
[C2, C3]. The predominant cffect of the inhalation of
radon is tumour induction in the respiratory tract. The
main tumours arising are adenocarcinomas, bronchio-
lar carcinomas, adenocarcinomas, epidermoid carcino-
mas, adenosquamous carcinomas and sarcomas. Acute
effects, aithough species-dependent, do not appear to
have occurred at exposure levels of less than 1,000
WLM (3.5])h m'3). Excess respiratory tract tumours
were, however, produced in rals al exposures well
below 100 WLM. The results of a series of studics in
rats exposed at 5, 50 and 500 WLM per week to give
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a range of cumulative cxposures are given in
Figure XVI. With a few exceptions, the incidence of
adenomas and sarcomas was well below 10%. A dc-
crease in cxposure rate, al a given exposure level,
increased the ovcerall incidence of lung tumours at all
but the lowest exposure level (320 WLM). This in-
crcase was specifically the result of an increasing
incidence of cpidermoid carcinomas, most of which
(>70%) arc fatal. In rats, most (~80%) of the tumours
arc considcred to originate peripherally and to occur at
the bronchiolar-alveolar junction. The remaining 20%
are considercd 1o be centrally located in association
with the bronchi. It should be noted that these are
interim results. The shape of the dose-response curve
remains uncertain. Most of the exposures below 100
WLM arc not yet complete or analysed. At the lowest
exposure rate (5 WLM per weck), the data suggest
that the exposure-rate effect (but not the risk) tapers
off, and the risk might still best be described by a
linear model, at least at low doses (Figure XVI) [C3].

214. A scrics of studies bas also been conducted by
COGEMA in France on the cffects of radon exposure
[G24, M24]. In these experiments more than 2,000
rats were exposcd to cumulative doses of up to 28,000
WLM of radon gas. There was an excess of lung
cancer at exposures down to 25 WLM (80 mJ h m'3).
-Theses exposures werc carried out at relatively high
concentrations of radon and its decay products (2 J
m'3). Above 6,000 WLM, rats suffered increasingly
from life shortening due to radiation-induced non-
neoplastic causes, thus limiting tumour development.
When the dose-response data were adjusted for these
competing causes of death, the hazard function for the
excess risk of developing pulmonary tumours was
approximately linearly related to dose. This suggests
that apparent reductions in tumour induction at high
doses may chicfly have been the result of acute
damage. Latcer experiments have, however, found that
chronic exposure protractcd over 18 months at an
alpha energy of 2 WL (0.0042 mJ m's) resulted in
fewer lung tumours in rats (0.6%, 3/500 animals, 95%
CI: 0.32-2.33) than similar exposures at a potential
alpha encrgy of 100 WL (2 mJ m'3) protracted over 4
months (2.2%, 11/500 animals, CI: 0.91-3.49) or over
6 months (2.4%, 12/500, CI: 1.06-3.74). The incidence
of lung tumours in controls was 0.6% (5/800, CI:
0.20-1.49) [M24]. The confidence intervals are,
however, wide, and the longer period of exposure (18
months) would in itself have been expected to result
in fewer lung tumours. It is significant, however, that
no increase in risk was obscrved with a decrease in
exposure ralc.

215. The two-mutation (recessive oncogenesis) model
of Moolgavkar and Knudson [M38] has been used to
model lung tumour induction in rats exposed to radon.
This model postulates transitions from a normal cell to

an intermediate cell to a malignant cell with quanti-
fiable transition rates and takes account of the growth
characteristics of the normal cell and intermediate cell
populations. The model describes well the rat lung
cancer data following cxposure to radon [M6]. The
findings suggest that the f{irst mutation rate is very
strongly dependent on the rate of exposure to radon
progeny and the second mutation rate much less so,
suggcesting that the nature of the two mutational cvents
is different. The model predicts that (a) in rats radon
doubles the background rate of the first mutation at an
exposure rate of approximately 0.005 J h m3 wk!
(1.35 WLM wk'!), an exposure rate in the range of
exposures to miners; (b) radon doubles the background
rate of the second mutation at an cxposure rate of
about 1.4 J h m™ (400 WLM wk'!); conscquently, the
hypothesis that radon has no effect on the second
mutation rate cannot be rejected; and (c) the net rate
of intermediate cell growth is doubled at about 0.12 J
b m> wk! (35 WLM wk!). The model also predicts
a drop in hazard after radon exposures cease, parallel-
ing the exposure-rate cffect noted previously, and that
fractionation of exposure is more efficient in produc-
ing tumours, although further fractionation leads to a
decreased efficiency of tumour production.

216. Summary. It is clearly difficult to genecralize
from these results on the effects of neutrons and
alpha-emitting radionuclides on tumour induction in
experimental animals. Despite this, there is litle
evidence to suggest that, in the absence of cell killing,
there is an appreciable enhancement of tumour
induction when the dose from alpha-irradiation is
protracted or fractionated rather than administered in
a single exposure. For the present, the data seem to be
rcasonably consistent with the assumption of a lincar
dosc-response rclationship, at least at low doses.

(n) Summary

217. A number of studies have been published that
permit the effect of dose and dose rate on tumour
induction in experimental animals exposed to low-LET
radiation to be examined. The majority of the data are
for external radiation exposure but some information
is also available for incorporated radionuclides. The
data that have been reported by various authors cover
a wide range of dosc-response relationships and in
general show an increasing risk with increasing dose
and dose rate at low to intermediate doses. Although
the results from a number of studies can be fitted by
linear-quadratic functions, this is by no means
universal, and many other dose-response relationships
have been obtained. The assessment of the extent to
which changing the dose rate increases the effective-
ness of the radiation depends, therefore, on the dose
range over which the dose and dose-rate effectivencss
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factor (DDREF) is calculated. The majority of studies
also show that at high doscs and high dose rates, cell
killing becomes significant and reduces tumour yield.
In these circumstances the risk of tumour induction at
low doses may be underestimated by fitting a linear
function to the data obtained in this region. Estimates
of values of DDREF from the different studies that
have been reviewed have therefore been made in the
dosc range in which no cell killing is apparent. The
results of these analyses are given in Table 8.

218. A wide range of DDREFs for tumour induction
in a variety of different tissues has been found, with
most studies being carried out in the mouse. It must
be stressed that some of the tumour types for which
information is available are not found in man (Harder-
ian gland) and others (ovarian tumour, thymic lym-
phoma) appear to involve substantial cell killing
and/or changes in hormonal status. For other tumours
there is a human counterpart (tumours of the lung,
breast, pituitary and thyroid), although the tumours
involved may not be strictly comparable to the human
disease. In practice, the DDREFs found in these two
groups are little different, falling in the range from
about 1 to 10 or more for dose rates that vary by a
factor of 100 or more, and there was no clear trend
with tissue type. The data reported on myeloid leu-
kaemia induction in different species and sexes also
give DDREFs in the range from 2.2 to >10. The one
reasonably consistent finding is that DDREFs for
tumour induction in mammary tissue tend to be lower
than for tumours in other tissues, although even here
one author [U26] has reported a substantial effect of
dose fractionation and, hence, a relatively high value
of the DDREF (~10) for mice.

219. The main conclusion to be drawn from the
results of both the studies on radiation-induced life
shortening (Section 1[.A.1) and those on the induction
of specific tumour types is that the tumour response to
low-LET radiation is dependent on the dose rate.
While tbe absolute value of the DDREF varies with
the conditions of exposure, the animal strain, tissue/
tumour type and the dose range over which it is calcu-
lated, there is in general a consistent finding that
tumour yield decrcases with a substantial reduction in
the dose rate. There is also some evidence that if the
dose rate is sufficiently protracted initiated tumours
arc unlikely to be fatal in the life-span of the animal.
These results may be expected to apply to human
tumours as well as to those in experimental animals.

220. A numbecr of the animal studics also indicate that
a dose-rate cffect cannot necessarily be inferred from
exposures at high dose rates alone, as the dose-
response data for tumour induction can be adequately
fitted by a linear function. This implies the absence of
a visible quadratic (i.c. multi-track) function in the

dose response, which, according to conventional inter-
pretations, would appear to be a necessary prerequisite
for an effect of dose rate on tumour yield. It is thus
clear that where information is available only for
exposures at high dosc rates, as is normally the case
for human exposure on which risk estimates are based
[C1, 12, U1), any attempt to assess the cifect at low
doses and low dosc rates, and hence a value of the
DDREF, by simply attempting to fit a linear-quadratic
or similar function to the dosc response is unlikely to
succeed fully. The limiting factor is the amount of
information available at low doses from which the ini-
tial linear term (ay of Figure I) can be accurately
determined. In planning futurc animal studies it should
be noted that most information is likcly to come from
studies on animals exposed at different dose rates
rather than from studies that attempt to obtain infor-
mation on the risks at very low doses. It is to be
hoped that more work will be carried out to supple-
ment the very limited information presently available.

221. From the limited and somewhat disparate data on
high-LET radiation it is difficult to generalize. There
is, however, little experimental data to suggest that, in
the absence of cell killing, there is a need to apply a
DDREF to tumour incidence data obtained at high
dose and dosc-rate exposures 1o calculate risks at low
doses and dose rates. Similarly, there is little evidence
to suggest that there is an appreciable enhancement of
tumour yield when the dose from high-LET radiation
is protracted or fractionated. Some data suggest that if
radiation exposure is protracted this results in a delay
in the appearance of tumours, and in practice they
may not arise in the life-span of the animals.

B. IN VITRO CELL TRANSFORMATION

222. As has been indicated, oncogenesis is a complex,
multi-stage process that is modified by both environ-
mental and physiological factors. In vitro cell trans-
formation systems, which have developed rapidly in
recent years, have been used to study part of this
process in single cells free from host-mediated influen-
ces, such as hormonal and immunological factors, and
from environmental agents. Even here, however, cell-
cell interaction cannot be discounted. Such systems
have the advantage that they allow the rclative import-
ance of cell killing and transformation to be measured
in the same target population of cells. They can also
be carried out in a much shorter period of time than
animal studies designed to examine tumour induction,
and they can be more readily analysed, not having the
problem of competing health risks, which is inherent
in animal studies.

223. Transformation describes the cellular changes
associated with loss of normal control, particularly of
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cell division, which results in the development of a
neoplastic phenotype. Although exact definitions de-
pend on the experimental conditions, enhanced growth
rate, lack of contact inhibition and indefinite growth
potential, anchorage-independent growth and the abil-
ity to form malignant tumours when transplanted into
a suitable host are the main features of the transfor-
mation systems currently in use [O1]. Whereas in vivo
models involve the whole process of carcinogenesis,
in vitro cell transformation considers events at the
level of the initial target celis. However, cell trans-
formation is in itself a complex, multi-stage process
by which a cell acquires progressively the phenotypic
characteristics of a tumour cell. In practice progression
to complete transformation may not occur {L7, L11].

224. The two most common cell lines used in cell
transformation assays are the NIH BALB/c3T3 and the
C3H10T% mousc-embryo-derived fibroblast line.
There are incvitably disadvantages associated with the
use of such cell transformation systems as a model for
carcinogenesis in man. The lack of close intercellular
contact and the necessity for an artificial growth
medium can alter the reactions of cells. Cell handling
techniques, such as the degree of trypinization and
changes in culture medium, may substantially alter the
results obtained [E6, T13). In particular, in the culti-
vation of mammalian cells, the properties of serum,
constituting 10% of the growth medium of C3H10T%
cells, can be very variable. Thus Hsiao et al. [H27]
found large differences in the ability of serum to
support the expression of transformed phenotype of
C3H10T*% and rat embryo cells. A particular problem
with current work on cell transformation is that it is
largely based on fibroblasts of rodent origin, whereas
tumours of cpithelial origin are the main radiation-
induced cancers in man. Reliance on data from experi-
mental models that utilize cultured rodent cells for
extrapolation to man, without experimental support
can, and has, led to serious crrors of interpretation
[S21]). Thus, a correlation between anchorage-indepen-
dent growth and the tumorigenic phenotype has been
established in rodent cells [FS, O1, S22], which has
allowed for the selection of neoplastically transformed
cells by growth in soft agar. This does not apply,
however, to cultured human cclls, as normal human
diploid fibroblasts are capable of anchorage-inde-
pendent growth when cultured in the presence of high
concentrations of bovine serum. More relevant cell
lines based ideally on human cpithelial cell systems
arc necded for studying mechanisms of tumorigenesis.
There are indications that such models can be deve-
loped; a rccent paper has described transformation in
a human colonic epithelial ccll line [W11]. A number
of studies havc also reported neoplastic transformation
of human fibroblasts by ionizing radiation and other
carcinogens using anchorage-independent growth as an
assay (see, e.g. [M26, S23]).

225. Rodent cells scem to have a much greater ability
than human cells to undergo the immortalization stage
of transformation in vitro, cither spontaneously or as
a result of treatment with a whole range of carcino-
gens. This may reflect a fundamental difference in
their response and must be taken into account in any
interpretation of radiation-induced transformation
studics cmploying the currently available rodent cell
lines [L9, L11). Complete transformation of normal
human diploid fibroblasts by physical or chemical
agents has rarely been achieved [M3, NS]. Immortali-
zation leading to tumorigenicity is a rare event in
buman diploid cells, whereas certain characteristics of
morphological transformation, such as anchorage-
independent growth, may be induced quite easily [L10,
L11}.

226. Nevertheless, there are several general character-
istics of cell transformation in vitro that support its
relevance as a model system for studying the early
stages of radiation-induced carcinogenesis in vivo and
the effects of dose rate. These have been summarized
by Liule [L11] as follows:

(a) the commonly used cell transformation systems
provide quantitative information on the conver-
sion of non-tumorigenic to tumorigenic cells;

(b) there is a high correlation between the carcino-
genicity of many chemicals tested in both ani-
mals and cell transformation systems. Similar
correlations hold for a number of inhibitors and
promoters of carcinogenesis that have becn
tested both in vitro and in vivo;

(c) cell tansformation responds to initiation and
promotion similarly to two-stage carcinogencsis
in tissues of experimental animals;

(d) uansfection assays have shown that cells
ransformed in vitro have activated oncogenes
that can be isolated and will transform recipient
cells, The DNA of parental, non-transformed
cells is inactive in such transfection assays.
These findings arc analogous 1o those with
human tumours and normal cells in the same
DNA transfection assay.

227. Cell transformation systems currently in use
divide into two main categorics. The first one is short-
term explants of cells derived from rodent or human
embryos, e.g. Syrian hamster embryo cells. These have
the advantage that they are normal cells with a normal
karyotype allowing paraliel cytogenetic experiments.
As such, they have a limited life-span in culture.
Immortal transformants are identified by their altered
morphology as survivors against a background of
senescing normal cells. Spontaneous transformation of
these cells occurs at a low frequency (of about 106
per cell), and in these assays cell survival and trans-
formation frequency arc measured in the same cell
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culture after about 10 days, the transformed cells
being recognized by their distinctive clonal morpho-
logy. Being derived from the whole embryo, however,
these cultures contain a mixture of cell types, with the
possibility that there could be a subpopulation of
sensitive target cells.

228. The sccond category of cell transformation
systems is established cell lincs that have undergone
a growth “crisis” in vitro, resulting in the evolution of
a derivative cell population capable of indefinite
(immortalized) growth. This category includes the NIH
BALB/c3T3 and C3H10T% mouse-embryo-derived
fibroblast lincs. These cells are highly abnormal and
contain a variety of chromosomal rearrangements. If
not trcated meticulously, the spontancous level of
transformation may incrcase dramatically. Cell
survival and transformation are measured in separate
cultures. Survival is normally measured after two
weeks and transformation after six weeks, during
which time the cultures have reached confluence, and
foci of transformed cells that have lost the property of
contact inhibition can be seen as distinct colonies that
pile up on top of the layer of untransformed fibro-
blasts. This delay allows for the expression of lethal
mutations in the cell population, and thesc may have
a significant effect on the calculation of induced
ransformation frequencies [A2, E3, M7, S2)]. Extra-
polation to effects in human epithelial cclls in vivo
from results in these cell systems must be made with
caution,

229. Transformed cells arc found by scoring
characteristic colonies identified in a culture, thus
giving a dircct measure of the transformation fre-
quency per surviving cell. Many experiments are
reported in this way, but information can also be
obtaincd on cell survival as a function of dose, and on
the plating effi-ciency. The transformation yield per
initial cell at risk can then be determined by cormrecting
for the surviving fraction in the culture and the plating
efficiency. This second measure of transformation
frequency commonly cannot be calculated from pub-
lished values of the frequency per transformation of
survivors, which may make it difficult to definc
accurately dose-response relationships.

230. There arc a number of other transformation
systems in use or under development that attempt to
measure more relevant end-points, e.g. thyroid and
mammary cell systems in the rat, in which survival
and oncogenicity can be measured by transplantation
into a fat pad of the animal [C7] and epithelial tissues
grown in culture [M31]. As a general rule, the greater
the relevance of the measured end-point, the poorer at
present is the degree of quantification. Considerable
cffort continues to be expended in the search for a
reliable, relevant and quantifiable human epithelial cell

system that would bc more representative of the
majority of human tumours {C6] and more relevant to
determining dose- and dosc-rate-related cffects.

231. Despite these limitations, transformation assays
can provide practical guidance in understanding a
number of arcas in radiation carcinogenesis:

(a) the shape of dosc-response relationships;

(b) the effect of variations in the dosc rates of
irradiation;

{c) the relative effectivencss of radiation of different
qualities; ;

(d) the modification of radiation effects by
intcraction with other agents.

With the transformation systems presenty available,
the cxperimental cell system chosen to examine a
particular end-point should reflect its suitability for
answering the question asked. For example, questions
about the relative cffectiveness of alpha particles
comparcd to gamma rays or about the effect of dose
rate require a more quantitative system, such as the
Syrian hamster embryo cell or C3H10T% cell systems,
whereas studics of oncogenic mechanisms and the
effect of suppressor genes need a more relevant human
epithelial cell system [H3]. (This topic is covered in
more detail in Anncx E, "Mechanisms of radiation
oncogenesis".)

1. Dose-response relationships

232. Dose-response relationships for cell transforma-
tion following cxposure to low-LET radiation were
comprchensively reviewed in the UNSCEAR 1986
Report [U2] and more recently by Barendsen [B9]. A
knowledge of the factors influencing the response to
radiation is important for understanding the influence
of dose fractionation and dose rate on cell trans-
formation, and they are bricfly summarized here.

233. The pattern of responsc is very dependent on cell
cycle kinetics. The most reliable experimental
evidence shows that when measuring the trans-
formation frequency per cell at risk following
exposure to low-LET radiation, a lincar or linear-
quadratic relationship can be fitted to most available
data at lower doses, bul above about 4-5 Gy cell
reproductive death starts to predominate over the
observed frequency of transformation per plated cell
[BS, H4]. Figure XVII shows the typical form of the
dosc-response relationship. Parameters were sclected
by Barendsen [B9] to illustrate the importance of the
linear and quadratic terms in the induction of
transformation and of cell reproductive death., When
expressed as transformation frequency per surviving
cell, a plateau in the yield at high doses may be
observed with C3H10T% cells [H4, T1].
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234, Tt is now recognized that mcasurements of
radiation-induced transformation nced to be made with
cells that bave been allowed to attain asynchronous
growth by plating at low density at least 40 hours
before treatment [HY, H10). Before 40 hours, transient
parasynchronous growth may cause large fluctuations
in observed transformation frequencies for relatively
small variations in plating time, because the sus-
ceplibility of the cell to trans{ormation varies through-
out the ccll cycle. This may also be affected by radia-
tion-induced cell cycle delay. The failure to recognize
the importance of allowing cells to achieve asynchro-
nous growth may account for some of the more
complex dosec-response relationships that have beer
observed. For example, Miller et al. [M8, M9]
measured the effect on C3H10T% cells of x-ray doses
down to 0.1 Gy delivered just 24 hours after seeding.
They found a plateau in the incidence of transformants
per surviving cell between about 0.3 and 1.0 Gy
(Figure XVIII). With this unusual dose-response curve
there could be substantial underestimation of the effect
at low doses if projecting from high doses alone on
the basis of a lincar model.

235. A similarly shaped curve can be fitted to the
results of Borek and Hall [B21], which were obtained
by irradiating fresh explants of golden hamster
cmbryos either with single doses or with two fractions
of x rays. Because of the greater sensitivity of this
system, the apparent platcau in response is at doscs
below 0.1 Gy. However, a linear relationship cannot
be excluded on statistical grounds. Similar dose-
response kinetics have been observed for experiments
performed with asynchronously growing cells and in
some cases with cells irradiated in the plateau phase.

236. C3H10T% cells irradiated at low density 48
hours or more after initial seeding are determined to
be growing asynchronously and increasing exponen-
tially [H9, H10). The dose-response data reported for
low-LET radiation, expressed as transformation fre-
quency per surviving cell, can be fitted to a linear
model for doses up to about 2 Gy. However, the
quadratic model cannot be excluded on statistical
grounds. For single exposures to Do gamma rays
(1 Gy min’!) Han et al. [HS, H6] reported a linear
response up to 1.5 Gy for transformation in C3H10T%
cells described by I(D) = 2.58D 10 Gy! (Figure
X1X), which agrees remarkably well with the dose
response obtained up to 2 Gy for acute x-irradiation
(4 Gy min™') of I(D) = 2.50 + 0.11D 10™ Gy™! by
Balcer-Kubiczek et al. [B1] for 36-hour asynchronous
cultures (Figure XX; sce also paragraph 245). In both
of these experiments the lowest dose used was 0.25
Gy. Little [L8] has compared results for two related
mousc cell transformation systems: BALB/3T3 and
C3H10T% celis. Following exposure to up to 3 Gy
from x rays, the shapes of the dose-response curves

differed significantly: that for C3H10T% celis
appcared to follow a lincar-quadratic or quadratic
relationship, while that for BALB/3T3 cells was nearly
linear (Figurc XXI). A lincar rclationship was also
obtained for BALB/3T3 cells exposcd to beta particles
from tritiated water [L11]).

237. A lincar dosc-responsc rclationship for trans-
formation frequency with no suggestion of a threshold
was also obscrved at doses up to 1.5 Gy for golden
bamster embryo cells irradiated 72 hours after culture
initiation [W3}. Above this dosc a rather more shallow
increase in transformation frequency per surviving cell
was observed. By contrast, Bettega ct al. [Bl1]
irradiated asynchronously growing C3H10T% cells
with 31 MeV protons (~2 keV mm'l), finding a trans-
formation frequency per surviving cell that showed a
marked change in slope over the dosc range examined
but in the opposite dircction. Between 0.25 and 2 Gy
the frequency was observed to increase slowly with
dose, but above 2 Gy and up to 7 Gy it steepened very
sharply.

238, X-irradiated contact-inhibited (platcau-phase)
C3H10T% cells have also been used to investigate
induced transformation [T1]. A steep increase in trans-
formation frequency up to a dose of about 0.5 Gy was
observed with a doubling dose of about 0.2 Gy, fol-
lowed by a slower incrcase over 1-4 Gy with a
doubling dose of 1 Gy and a platecau above 6 Gy. For

- plateau cells the Dy was 1.53 Gy. Contact-inhibited

cells are perhaps closer to the state prevailing in vivo.
However, there are technical problems associated with
the cell density of plating that may affect the results
from confluent cultures, as well as with the more
widely used technique of low-density plating of asyn-
chronously growing cells.

2. Dose rate and fractionation

239. Early results for the exposure of C3H10T% cells
to fractionated doses of x rays [H4] and for exposures
to high and low dose rates of > Co gamma rays [HS,
H6] using an experimental system involving irradiation
of established asynchronously growing C3H10T%
cells, which had been in culture for at lcast 40 hours,
indicated that transformation frequency per surviving
cell was reduced significantly with fractionated or
protracted exposurc as compared with single acute
exposures. Analysis of the experimental data suggested
fractionation allowed the error-frec repair of subtrans-
formation damage.

240. When considering protracted or fractionated
exposures to low-LET radiation, the relative times of
cell plating and irradiation are important. Complex
dose-response relationships have been shown in the
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region 0f 0.3-1.5 Gy when C3H10T% cells arc irradia-
ted soon after seeding (Figure XVIII). Approximate
doubling of the transformation frequency per irradiated
cell can be observed when doses in this range are
given in two [ractions [M8]. Higher numbers of equal
fractions, up to three or four, spread over S hours lecad
to an almost proportional increase in the observed
transformation [requency [H1]. This enhancement was
also observed when freshly plated C3H10T% cells
were irradiated with gamma rays to a dose of
1 Gy dclivered over 6 hours rather than 10 minutes
[H1). Above a dosc of about 1.5 Gy, no enhancement
at reduced dosc ratc was obscrved. Thus using his
particular experimental approach in the dose range of
about 0.3-1.5 Gy, the transformation frequency can be
enbanced cither by splitting the dose into a number of
fractions or by protracting the dose over a similar
interval. At 2 Gy, no effect was observed. A similar
enhancement in the observed transformation frequency
per surviving cell bas been observed with freshly
seeded Syrian hamster embryo cells irradiated with
fractionated doses of 0.5 and 0.75 Gy |B21, B22], for
similarly treated BALB/3T3 cclls at doscs below 2 Gy
[L8] and for C3H10T cells cxposed 1o >**Cm alpha
particles giving doses in the range 2 mGy to 3 Gy
[B43].

241. This enhancement in transformation with
fractionation of the dosc has not been observed for
other biological clfects of low-LET radiation either in
vitro or in vivo, and the explanation appears to lie in
the shape of the dosc-response curve for cells
irradiated soon after secding, when parasynchroniza-
tion effects may apply. In the platcau region between
0.3 and 1.5 Gy, where the effect is roughly indepen-
dent of dose (Figure XVIII), irradiation with two
fractions that are assumed not to interact will
approximately double the transformation yicld. In
addition, from this curve, cxtrapolation from inter-
mcediate and high doses will substantially under-
estimate the truc transformation frequency at low
doses, particularly when dclivered at low dose rate or
in several fractions. These results are in contrast to
radiobiological cxpectations, and in view of the
interest surrounding them, further, more extensive
experiments have been conducted [B1, B2, H6, H9,
H10].

242, Han et al. [H6] have compared the transfor-
mation frequency in C3H10T% cells exposed to either
single doses (0.25-1.5 Gy; 1 Gy min!) of Dco
gamma rays or five equal fractions (0.5-3 Gy; 0.5 Gy
min']) separated by 24 hours. Transiently parasyn-
chronous cells were incubated for at least 40 hours
before the beginning of irradiation to ensure asyn-
chronous growth. For both patterns of exposure the
dose response could be fitted with a lincar function,
but for fractionated exposures the transformation

frequency for surviving cclls (0.8 107 Gy'l) was
about a third of that obtained after acute exposure (2.6
10" Gy™), indicating a DDREF of 3.2 (Figure XIX).
The reduction in the slope with [ractionated exposure
indicates that subtransformation damage can be
repaired even in the dose region where transformation
is apparcnily linearly dependent on the dose. This is
clearly contrary to the autonomous single-hit interpre-
lation of the lincar dose-response relationship. How-
ever, it is possible that lincar and quadratic terms are
both present, but that the data arc insufficicnt to allow
them to be resolved.

243. Similar results have been obtained by Terasima
et al. [T1], who compared the induction of cell trans-
formation and cell killing in platcau-phase C3H10T%
mouse cells by single doses or two fractions separated
by intervals between 3 and 15 hours. On the linear
component of the dosc-response curve (up to ~4 Gy)
with total doses of 0.9 and 1.9 Gy, fractionation
decreased transformation frequency by about 50%,
although very variable results were obtained. At the
highest dosc used (3.7 Gy) the decrease was by a
factor of about 2. Watanabe et al. [W3] bave reported
that for asynchronously growing golden hamster
embryo cells exposed to x rays at various dose rates,
lower dose rates (0.5 Gy min’l) were less effective in
inducing transformations than high dose rates (6 Gy
min'l) by a factor of about 2.

244. The usc of C3H10T% cells in platcau phase also
demonstrated the repair of potential transformation
damage. Results obtained by Terasima et al. [T1, T13]
showed that a rapid reduction of transformation
frequency occurred over a period of 6-7 hours after a
single dose (3.7 Gy) of 200 kVp x rays, if the irra-
diated cultures were kept in a confluent state before
plating cells at a low density for transformation assay.
In two of the three media used, the overall
transformation frequency was reduced to about one
fourth"of that obtained with no post-irradiation period
of incubation. The results indicated the repair of
potential transformation damage had a half-time of
about 3 hours. At times longer than about 7 hours the
transformation frequency tended to increase again,
although the results were widely variable.

245. Balcer-Kubiczek ct al. [B1] studicd the dose-rate
effect in C3H10T% cclls in some detail, using
protracted exposure to x rays of transformed and non-
transformed cells, In an initial study on 36-hour
asynchronous cultures, similar survival curves for both
cell types at doses up to 2 Gy (0.4 Gy min'l) were
abtained, indicating similar repair capacity of trans-
formed and non-transformed cells, a result consistent
with that of Hill et al. [H8]. In a second series of
experiments, cell transformation from acute exposure
was compared with that from protracted exposure. For
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protracted exposure the dose rale was proportional 1o
the total dose, giving a constant exposure time, so that
the repair time was equal at all doscs levels. The dose-
response curves for oncogenic transformation in the
low-dose range between 0.25 and 2 Gy were consist-
ent with a lincar response, giving paramecters of 2.5 *
0.11 10, 1.5 + 0.03 10" and 0.87 = 0.05 10 Gy’
for acute (<5 min) and 1-hour and 3-hour protracted
exposures, respectively (Figure XX). These results
indicate that in the linear dose-response range between
0.25 and 2 Gy, oncogenic transformation is reduced by
a factor of up to about 3 with protraction of exposure.
A linear-quadratic model could also be fitted to the
results, but without a common linear term. The results
are consistent with a reduction in slope of the dose
response as the exposure time is increased.

246. In an extension of this work, Balcer-Kubiczek et
al. [B2] examined the effect of dose protraction in the
range 0.25-2 Gy with acute exposure and protracted
exposures over 1, 3 and S hours. Results similar to
those of the previous study were obtained for compar-
able exposure conditions (2.33 10'4, 1.55 10 and
1.01 10 Gy'l for acute, 1-hour and 3-hour exposures,
respectively). For protraction of the dose over 5 hours,
a transformation frequency of 0.56 10 Gy! was
obtained. Thus, the overall reduction in oncogenic
transformation with protraction was by a factor 4.5.
Based on an analysis of the dose-response data using
a linear-quadratic function, a rcpair haif-time for cell
transformation of 2.4 hours (95% CI: 1.8-3.0) was
estimated. Interestingly, this compares well with a
typical value for chromosomal aberrations of about 2
bours [PS].

247. The effect of dose rate on transformnation
frequency has also been examined in golden hamster
embryo cells exposed to x rays at different dose rates
(0.05 Gy min’!, 0.75 Gy min"! and 6 Gy min™), giv-
ing total doses up to 4 Gy. The transforination fre-
quency increased stecply with increasing dose at all
dose rates up to a total dose of 1.5 Gy, with the
highest dose rate giving a transformation frequency
about 1.5 times that of the lowest dose rate at doses of
about 1 Gy. At higher doses the increase in transfor-
mation frequency was less stcep, and at 4 Gy the
transformation frequency at the highest dose rate was
about twice that at the lowest dose rate [W3].

3. High-LET radiation

248. An extensive scries of studies has examined the
cffects of high-LET radiation on cell transformation.
These studies have been confined largely to neutrons,
covering a wide range of energies, although some data
on the cffects of heavy ions (95 MeV !N, 22 MeV
“He) have also been published [S24]. For acute

exposures, the effectiveness of high-LET radiation on
transformation induction follows a pattern similar to
that for chromosomal aberration induction, cell killing
and other cellular end-points [16, S12]. In a review of
published data, Barendsen [B9] suggested that a maxi-
mum RBE valuc of between about 10 and 20 is typi-
cally found for 0.4-1 McV ncutrons. These RBE
values tend to be higher than the equivalent values for
cell reproductive death by a factor of 2-3 [I7] but
similar to those found for dicentric aberration induc-
tion [I6, L12, S12] and somatic cell gene mutation by
high-LET monocnergetic ions [C11]. Barendsen [BS§]
interpreted this difference as being due to the rela-
tively large lincar component found for cell repro-
ductive death induced by low-LET radiation, in com-
parison with the corresponding value for cell transfor-
mation. In a recent review of data on oncogenic trans-
formation of C3H10T% cells Miller and Hall [M46]
noted that irradiation of cells with monoenergetic
neutrons having encrgies between 0.23 and 13.7 MeV
to doses of 0.05-1.5 Gy resulted in a linear response
for both transformation and cell killing. When com-
pared with results obtained with 250 kVp x rays, all
neutron energies were more cffective at both cell
killing and induction of transformation. Values of the
maximum biological effectiveness, RBE , were calcu-
lated from the initial linear term (@, equation 11) for
a linear-quadratic model fit to data on low-LET
radiation such that

RBE_ = o /a, 17

that is, the ratio of the initial slopes for cell trans-
formation following exposurc to neutrons, o, and
X rays, a,. Both cell survival and the induction of
transformation showed an initial increase in effective-
ness with increasing neutron energy, reaching a maxi-
mum at 0.35 MeV, followed by a subsequent decline
(Figure XXII). This pattern of response is generally
consistent with microdosimetric predictions, in that the
neutron-induced recoil protons are shifted to lower
lineal energics as the neutron energy increases, and the
effect of heavy recoils is lesscned by saturation
effects. The results obtained with heavy ions gave
RBE values, relative to ®¥Co gamma rays, of 3.3 for
N (530 keV gan), 2.4 for *He ions (36 keV um™!)
and 3.3 for *He ions with a 100 gm Al absorber a7
keV an!) [S24].

249. As previously described, fractionated and low-
dose-rate cxposurcs 1o low-LET radiation gencrally
show a decrease in effectiveness for cell transforma-
tion. For high-LET radiation, however, such a dose-
rate cflect is not usually observed, lcading to higher
values of RBE (or low-dose-ratc or fractionated expo-
sure conditions. Thus, for fission spectrum ncutrons at
high dose rate (0.1-0.3 Gy min’!), the RBE for trans-
formation of C3H10T% ceclls was about 2.5 when
compared with high dose rate (1 Gy min'l) gamma-ray
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exposure from ®Co. With protracted cxposure
(0.86 mGy min") or fractionated exposure (five
fractions over 4 days at high dose rate) the RBE was
about 20. Higher values of RBE might be expected
with [ractions given at low dose rate [H11]. Some cell
transformation experiments have, however, indicated
an inversc dose-rate effect, with certain energics of
neutrons giving a greater transformation frequency at
low dosc rates than at high dose rates [H8, H10, H11,
M11], although others have not [B3, B4, B12, H7,
H20].

250. Hill et al. [H8, H10] first described an inverse
dosc-rate effect for oncogenic transformation in
C3H10T% cells exposed to fission spectrum neutrons
produced by the Janus reactor and suggested that irra-
diation times of at Icast 50 minutes were neccessary for
enhancement of transformation. At low doses, fission
neutrons administered either in dose fractions over 5
days [H11] or continuously for 5 days [H8] induced
higher frequencics of transformation than cells
exposed to single doses (Figure XXIII). Thus at doses
in the range 0.025-0.1 Gy, a lincar fit to the data at
0.38 Gy min’! gave a transformation frequency of 5.96
10% Gy'l, while at lower dose rates (0.86 mGy min‘l)
the frequency of transformation was 5.3 103 Gy'l.
Thus the incidence of wansformation increased at the
lower dose rate by a factor of about 9, corresponding
to a DDREF of 0.11 [H10]. Later studies intended to
clarify this effcct have failed to find a factor of this
magnitude. A two- to threefold enhancement at low
dose rates of fission spectrum necutrons has been
observed for transformation of fresh cultures of Syrian
hamster embryo cells [J2], and a similar response has
been found by Redpath et al. [R2, R16] with a
Hela x skin fibroblast human cell hybrid system
exposed to fission neutrons from both the Janus and
TRIGA reactors. An enhancement in transformation
frequency has been found by Yasukawa et al. [YS].
For C3H10T% cells exposed to 2 MeV neutrons from
a Van de Graaff generator, fractionation of a dose of
1.5 Gy (two fractions of 0.75 Gy at a 3 hour interval)
increased the transformation frequency by about 50%,
although with 13 MeV neutrons from a cyclotron the
transformation frequency was reduced by about 30%
with a similar exposure schedule. Enhancement of
transformation was also seen by Yang et al. [Y1], who
irradiated confluent cclls with accclerated argon ions
(400 MeV amu’l; 120 keV ym‘l) and iron ions (800
MeV amul; 200 keV gm™) and found an enhance-
ment of tansformation at low dose rates. This
cnhancement was found to be greater at lower doses.

251. Several laboratories have reported no inverse

dose-rate effect with C3H10T% cells for other high-

LET radiations, such as 2**Cm alpha particles [B12]
2

and *Y'Am alpha particles [H7]. Balcer-Kubiczek et al.
{B3, B4, B39] examined the dose-rate effect in some

delail, using fission spectrum neutrons from a TRIGA
reaclor to irradiate exponentially growing or stationary
cultures of C3H10T% cclls. No significant inverse
dose-rate effect was obtained following exposure to
0.3 Gy at dose rates from 0.005 to 0.1 Gy min’L.
These data argue strongly against the hypothesis that
differences in proliferative status of C3H10TY may
play a role in the dctermination of any dosc-rate
effect. In a second series, consisting of nine experi-
ments, the induction of transformation in actively
growing C3H10T" cclls at ncutron doses from 0.05 to
0.9 Gy at dose rates of 0.0044 or 0.11 Gy min'! was
examined. Again, no discernible dose-rate effect was
obtained [B39]. In a third serics, concurrent with the
second and with the same exposure parameters, muta-
genesis at the /iprt and a; in A cells was measured,
and again no dose-ratc cffect was observed [B39].

252. Hill [H20], using both 30- and 46-MeV protons
on beryllium failed to observe enhancement of trans-
formation for low-dose-rate exposures. No difference
in transformation frequency of rat tracheal epithelial
cells was obtained in exposures to neutrons at 0.1-0.15
Gy min! and =0.18 mGy min’!, There was also no
difference in the induction of metaplasia and tumours
in tracheal cells exposed at high and low dose-rates.
The exposure times for the low-dose irradiation were
between 18 minutes and 3 hours [T14].

253. Saran et al. [S35] examined the effect of
fractionation of the dose of fission-spectrum neutrons
on exponentially growing C3H10T% cells. With total
doses of 0.11, 0.27, 0.54 and 1.1 Gy given either as
single doses or in five equal fractions at 24-hour
intervals, no significant difference in either cell
survival or neoplastic transformation was obtained. In
further studies, C3H10T% cells were cxposed to 1 and
6 MeV neutrons giving doses of 0.25 and 0.5 Gy
either as single doses or in five fractions given at
2-hour intervals. Again, no significant difference
between acute and fractionated exposures was obtained
for survival or neoplastic transformation [S36].

254. Miller et al. [M11], investigated the effects of
dose fractionation for monoenergetic neutrons of vari-
ous energies generated by a Van de Graaff particle
accelerator. Comparison of C3H10T% cells exposed to
low doses of neutrons given either in a single acute
exposure or in five equal fractions over 8 hours
showed that, of the wide range of neutron energics
studied (0.23, 0.35, 0.45, 5.9 and 13.7 McV), signifi-
cant cnhancement of transformation occurred only
with 5.9 MeV neutrons. Of the neutron energics
examined, 5.9 McV neutrons had the Jowest dose-
averaged lineal energy and linear energy transfer.

255. From these studies and a comparison of the
available transformation data for C3H10T% cells irra-
diated with neutrons, a dose-rate enhancement f{actor
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of about 2-3 at low doscs Slcss than 0.3 Gy) and dosc
rates below 0.01 Gy min™ was suggested [M12]. It
was concluded that the enhancement of transformation
by fractionated or low-dose-rate exposures to neutrons
appears to depend on radiation quality, with some ncu-
tron encrgics both above and below 5.9 MeV showing
no dosc-rate cffect (Figure XXIV).

256. In a further study, Miller ct al. [M28, M46]
examined transformation induction in C3H10T*% cells
exposcd to graded doses of 5.9 MeV neutrons given as
a single acute exposurc (30 mGy min'') or in five
cqual fractions 2 hours apart, or conlinuously over an
8-hour period at low dose rates (from 0.21 (o
1 mGy min'l). Although cell survival studies showed
no differences in effect with a change in dose rate,
oncogenic transformation was enhanced by a factor of
2-3 when the dose rate was reduced (Figure XXV).
When the neutron dose was divided into five fractions
given over 8 hours, the cffect was intermediate be-
tween that for acute and low-dose-rate exposures.
Further irradiation was given with deuterons with a
LET of 40 keV um™!, approximating the measured
dose-mean lincal encrgy deposited in the nucleus of
C3HI10T* celis by 5.9 MeV monoenergetic neutrons.
An inverse dose-rate/dosc-fractionation effect for the
induction of transformation by these high-LET deuter-
ons was observed when the time between each of
three fractions for a 0.3 Gy total dosc was at least 45
minutes. Although the transformation (requency
increased by a factor of about 2, no further enhance-
ment was seen for longer fractionation periods, sug-
gesting that very protracted exposures of bigh-LET
radiation would produce no additional enhancement.

257. A variety of results have thus been reporied on
the effects of dose rate on cell transformation in vitro.
The consistent features that have emerged on the
response of C3H10T% cells to various patierns of
neutron exposure have recently been summarized
[B30, H31]):

(a) enhancement of transformation with dose pro-
traction is not observed with low-LET radiation;

(b) the greatest enhancement for fission ncutrons
occurred at dose rates below ~10 mGy mint;

(c) for fission (and all other) ncutron irradiation at
dose rates above ~10 mGy min’!, linle or no
cnhancement is apparent;

(d) monocnergetic neutrons produce a significantly
smaller enhancement than do fission neutrons;

(e) charged particles with LET much above 140 keV
;lm'1 produce little or no enhancement;

(f) the effect appears most prominent at doses
around 0.2 Gy, with less evidence of enhance-
ment at doses much above or below this.

258. A number of biophysical models have been pro-
posed to account for this inverse dosc-rate effect. The

rcelevance of differential radiation scusitivity through
the cell cycle was pointed out by Oftedal [O2], and its
application to the inverse dose-rate cffect observed in
transformation studies was first formalized by Rossi
and Kellerer [RS], who postulated that cells in a parti-
cular "window" of their cycle may be more sensitive
1o radiation (for the end-point of interest) than cells in
the rest of the cell cycle. If this is the case, an acute
exposure of cycling cells to high-LET radiation will
result in some fraction of these sensitive cells receiv-
ing (on average) very large deposits of energy, much
greater than required to produce the damage that may
lead to oncogenic transformation. On the other hand,
if the cxposure is protracted or fractionated, a larger
proportion of sensitive cells will be exposed, although
to smaller (on average) amounts of energy deposited;
the total energy deposition per cell would still be suf-
ficient to produce a potentially oncogenic change in
the ccll. To the extent that this latter postulate may not
apply to low-LET radiation, the inverse dose-rate
effect would not be expected to apply. To account for
the data first published by Hill et al. [H10], suggesting
enhancement by a factor of up to 9 with fractionated
exposures, a rather short "window" of only about §
minutes duration was proposed. With the exception of
this early report, the data on enhancement due to dose
protraction now all suggest an enbancement factor of
up to about 2 or 3, and on this basis the mode! frame-
work proposed by Rossi and Kellerer [RS] has been
revised by Brenner and Hall [B30] and Hall et al.
[H31], as summarized below.

259. The probability that a particular cell will be
exposed to a given number of tracks is given by the
Poisson distribution. Thus the probability, P, that a cell
will reccive at lcast one track will be

P.—_]_-c-N (18)

where N is the average number of tracks, which at a
dosc D (given in Gy), dclivered acutely, will be

N, = 5Dd%/yg (19)

where y is the ([requency) average lineal encrgy (the
microdosimetric correlate of LET (given in keV ym'l)
deposited in the nucleus, which is assumed to be
spherical with diameter d (given in um). It is assumed
that the cntire nucleus is the target. Not all the cclls
will be in the sensitive phase during a short acute
exposure; the proportion in the sensitive phase, Q,,
will be

Q

where T is the duration of the sensitive period of the
ceil cycle and s is the total length of the cycle. Now,
assuming that any number of high-LET tracks is
equally likely to produce the damage that can lead to
transformation, the overall probability will be

=1/s (20)

a
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P = Q,P, (21)

where P_ is given by cquations 18 and 19. Thus, the
transformation rate duc to this process will be

T = KQ,P, (22)

where K is a constant. It secems unlikely that cells in
the rest of the cell cycle will be completely insensitive
to the induction of transformation. Based on the low-
LET dose response where the effect of the sensitive
phase should be less cvident, the dose-response rela-
tionship for cclls damaged in phases other than their
sensitive phase can be approximated by a linear-quad-
ratic function. Thus, the total transformation rale is

T, = KQ,P, + o,D + a,D? 23)

If the dose is not delivered acutely but at a dose rate
D over a time t (= D/D), then the average number of
tracks through each nucleus in the sensitive phase will
decrease from N, to N

N, = Nt/ +7) 24)

However, the proportion of cells exposed in the
sensitive phase will be increased from Q, to Q_:

Q, = (t +7)s 25)
For t + T < s, the overall transformation rate will be

T, = KQ.P, + a,D + a,D? (26)

where P_ is given by equations 18 and 19, Finally, for
an irradiation that is divided into n equal fractions,
where the time between fractions is longer than 1, the
expressions become

N; = N,/n and Q¢ =nt/s 1))

and

T; = KQP; + o,D + a,D (28)

where Py is given by equations 18 and 19.

260. Based on the critical assumption of a target size
of 8 um (corresponding to the average size of the
nucleus of a C3H10T% cell) and a value for o, of
0.29 10, determined from experimental data [M28],
the parameters a;, K and t were determined as a best
parameter fit for the expcrimental data shown in
Figure XXV for 5.9 MeV ncutrons. The model fit to
the data was obtained with a period of sensitivity of
61 minutes and values for a; of 4.0 = 2.1 107 Gy’l
and for K of 1.3 + 0.19. This rather longer period of
sensitivity, t, is more reasonable in terms of the period
of the entire cell cycle. A feature of the model is that
the time between fractions needs to be longer than T,
the length of the sensitive window, for a3 dose-
fractionation effect to be observed. As the time

between fractions decreases, the exposure will become
increasingly similar 10 an acute exposure. The model
appears to give a rcasonable fit to much of the
reported experimental data on the C3H10T% system
and predicts little enhancement of effect for alpha-
particle irradiation, as is obscrved. For intermediate-
LET radiation, such as fission neutrons, the cffect
would be confined to intermediate doses, as the model
predicts that both acute and continuous transformation
rates will have the same initial slopes.

261. The hypothesis that there is a narrow window
(about 1 hour) of sensitivity to oncogenic transforma-
tion requires that cells be cycling for the inverse dose-
rate cffect to be obscrved and therefore predicts no
effect for plateau-phase cells. In a further study, Miller
ct al. [M17] investigated the LET-dependence of the
inverse dose-rate effect using charged particles of
defined LET. Paralle]l studies were conducted with
platcau-phasc and exponentially-growing C3H10T%
cells exposed to single or fractionated doses of
charged particles with LETs between 25 and 250 kV
um’l, Doses were delivered in three dose fractions,
with various intervals from 0.3 minutes to 150 minutes
between the fractions. Dose fractionation with pro-
longed time intervals enhanced the yield of trans-
formed cells, compared with a single acute dose for a
range of LET values between 40 and 120 kV ym“l.
Radiations of lower or higher LET did not show this
enhancement. This enhanced effect for cycling cells in
log phase was not seen for cells in plateau phase,
lending strong support to the model by Brenner et al.
[B30]. These data by Miller ct al. [M17] have also
been analysed by Brenner et al. [B16] in the context
of their model, but with the additional modification
that the constant K was varied to reflect the specific
energy deposition in the nucleus with varying LET.
They concluded that the observed LET effects were
well explained by the model, assuming a period of
sensitivity within the cell cycle of about 1 hour. The
inverse dosc-rate cffect disappears at very high-LET
because of a reduction in the number of cells being hit
and disappears at LET below about 40 kV /zm'1
because the majority of the dose is deposited at low
values of specific energy insufficient to produce the
saturation phenomenon central to the effect. At even
lower LET damage repair will produce a characteristic
"sparing” associalcd with protraction of x- or gamma-
ray doses.

262. In a further analysis, the predictions of the model
were lested by Harrison and Balcer-Kubiczek [H34].
Their analyses, based on unweighted least-squares
techniques, suggested that there is no unique solution
for T and that its value is critically dependent on the
nuclear diameter. There were also difficulties applying
the mode! to other neutron data on cell transformation.
It is clear that the model proposed by Brenner and
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Hall [B30], or some future derivative of it, will nced
to be tested for different doscs, dose rates and dose-
fractionation schemes to fully examine ils gencral
applicability. Ultimately a complete understanding of
the inverse dose-rate effect must depend on experi-
mental studies designed to clucidate the mechanistic
basis of the obscrvations [B45].

4. Summary

263. Cell transformation studies can yield information
of practical use in radiation protection in addition to
giving insight into the initial mechanisms of carcino-
genesis. At present, the most quantitative data can be
derived from cell systems that are not typical of the
epithelial cell systems involved in most human can-
cers. The most commonly used ccli lines include
cultured embryo cells and the mouse fibroblast cell
lines C3H10T% and BALB/c3T3. Thus, when attempts
are made to extrapolate to cancer induction in epi-
thelial tissues in man, the biological limitations of
these assay systems must be considered. In addition
cell transformation studies have proved to be very
difficult to standardize and there are technical
uncertainties which must be taken into account in
assessing the results of any studies. These include the
effects of changes in response during the ccll cycle, of
plating density and of promoters and suppressors,
some of which may be normal components of the
growth medium, particularly the serum, and therefore
difficult to control.

264. Nevertheless, in carefully controlled cxperiments
where asynchronously dividing cells or, in some cases,
non-dividing platecau-phase cells have been irradiated,
the resulting observations of dose or dosec-rate effects
for low-LET radiation are in general agreement with
those relating to other cellular effects, such as cell
killing and the induction of mutations or chromosomal
aberrations. Dose-response curves per cell at risk have
a number of features in common with tumour induc-
tion in vivo, showing an initial rise in transformation
frequency with increasing dose to a maximum and
then a decline. When plotted as transformants per sur-
viving cell, the dose response for low-LET radiation
generally shows the expected linear or linear-quadratic
relationship tailing off to a plateau at higher doses.
When low doses of x rays or gamma rays are deliver-
ed at low dose rate or in fractionated intervals, a dose-
rate reduction factor of between 2 and 4 is commonly
found. It is noteworthy that some experimental data
suggest that the linear term in the dose response may
alter with dose rate, but this may be accounted for by
the lack of precise data at low doses.

265. Exposures to high-LET radiation results in a
higher transformation cflicicncy with a tendency

towards a lincar relationship, in line with data for
chromosomal aberrations and again tending to a
platcau at high doses. As expected from this pattern of
response, there is no tendency for the response to
dccrease at low dosc rates or with fractionation, and in
practice, a number of studies have shown an enhanced
cffect. The main cvidence for an inverse dose-rate
effect with high-LET radiation seems to be limited to
5.9 McV or fission spectrum neutrons, and over the
past few years cstimates of the magnitude of the
increased cffect have been reduced, from factors of
about 9 to factors of about 2 or 3. Results reported
from a number of laboratorics have become reasonably
consistent, and it has been possible to develop a model
that can satisfactorily predict many experimental
results. The model is based on the assumption that the
target in the cell, taken to be the nucleus, has a
"window" in the cell cycle during which it is more
sensilive to radiation.

266. With protracted or fractionated exposures there
is a greater opportunity for this particular "window" to
be bit by at least one track and thus make possible an
enhancement of transformation frequency with a
reduction in dosc rate. The magnitude of any effect
will depend on the lineal energy, and with alpha-
particle irradiation litle enbancement would be
expected, as is in fact observed. Although such a
modecl appears to be consistent with much of the
experimental data, it will need to be tested at different
doses, dose rates and dose-fractionation schedules to
fully examine its general applicability. Ultimately a
complete understanding of the inverse dose-rate effect
must depend on experimental studies designed to
clucidate the mechanistic basis of the observations.

267. Despite this apparent explanation for the inverse
dosc-rate effect, there remains the problem that it is
largely based on tbhe results obtained with the
C3H10T% ccll system and may well have only limited
application to human carcinogenesis. The development
of cpithelial cell systems that arc of much more direct
relevance to human cancer should be a research prior-
ity. While some qualilative information is becoming
available from such cell systems, no quantitative
assays appear lo be available at present.

C. MUTAGENESIS

268. It is generally believed (and pointed out in
Anncx E, "Mechanisms of radiation oncogenesis") that
the principal mechanism resulting in a ncoplastic inj-
tiating event is induced damage to the DNA molecule
that predisposes target cells to subscquent malignant
development. There is also strong cvidence linking a
number of tumours to specific gene mutations. After
the primary initiating event many genetic, physiologi-
cal and environmental factors will influence the deve-
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lopment and subsequent manifestation of a tumour.
There is, however, a clear need to understand the role
of both dose and dosc rate in this initial genetic
change. Studies on somatic and germ cell mutations
both in vivo and in vitro are directly relevant to this
question, although the results obtained have been
somewhat variable. The cffect of dose and dose rate
on radiation-induced mutation in mammalian cells has
been reviewed by Thacker [T5], and a review of
specific locus mutation rates in rodents was also
prepared by the NCRP [N1].

1. Somatic mutations

269. A number of mutation systems have been de-
scribed in the literature, but only a few are sufficiently
well defined for quantitative studies. Mutation of a
single gene is a relatively rare event; the majority of
cxperimental systems are therefore designed to select
out cells carrying mutations. Commonly used systems
employ the loss of function of a gene product (en-
zyme) that is not essential for the survival of cells in
culture. Thus, cells may be challenged with a toxic
drug that they would normally metabolize with fatal
consequences, If mutation renders the gene producing
the specific enzyme incffective, the cell will survive,
and thus the mutation frequency can be obtained by
measuring the survivors. A frequently used example of
such a system is that employing the loss of the
enzyme hypoxanthine-canon phosphoribosyl trans-
ferase (HPRT), which renders cells resistant to the
drug 6-thioguanine (6-TG), and of the enzyme thymi-
dinc kinase (TK) which gives resistance to trifluoro-
thymidine (TFT). HPRT activity is specified by an X-
linked gene hprs, while TK is specified by an
autosomal gene tk, and therefore has to be used in the
heterozygous state.

270. There are a number of difficulties with such
somatic cell systems, and these have been reviewed
[TS]. In particular, the mutation frequency of a given
gene is to some extent modifiable, depending on the
exact conditions of the experiment. There may also be
a period of time for the mulation to manifest itself. In
the unirradiated cell the enzyme would normally be
produced and thus will be present for some time in the
irradiated cell, even if it is no longer being replenished
as a result of a specific mutation. An expression time
is therefore normally left after irradiation before a cell
is challenged by the specific drug. Ideally the mutation
frequency would increase with time after irradiation to
reach a constant level. This is not always the case,
however, and the mutation frequency may reach a
peak and subsequently decline. Thus the true mutation
frequency may be difficull to determine, and this can
present difficulties in studies of the effect of dose rate
when exposures can be spread over varying periods of
time.

271. Several cstablished cell lines, derived from
mouse, hamster or human tissue, have been used to
measure mutant frequencics at different dose rates.
The cclls lines wused cxperimentally can  have
sensitivities that depend on the stage of the cell cycle;
therefore, to ensure as consistent a response as
possible, it is preferable to use a stationary culture in
plateau phasc in which only a limited number of the
cells will be cycling in the confluent monolayer [H21,
M30}]. The range of published data encompasses both
a lack of cffect of dose rate and a marked effect on
induced mutant frequency [TS]. The data presented
here are intended to illustrate the range of results
available.

272. The first report on the effect of dose rate on
hamster cell lines at low dose rates used hamster V79
cells and the Apre locus system [T2). The cells were
irradiated at dose rates of 1.7 Gy min! and 3.4 mQGy
min’!, with exposures taking up to five days at the low
dosc rates. A reduction in mutant frequency was
obtained at low dose rates with a reduced effectiveness
of between about 2.5 and 4 at total doses between
about 2 and 12 Gy. The dose-response relationship for
mutation and survival was approximately the same.
Further studies [C17] used growing V79 cells and
compared dose rates of 4 Gy min™! with 8.3 and 1.3
mGy min™!. The authors reporied that 8.3 mGy min™!
reduced the mutant frequency compared with the high
dose-rale exposure, and that, surprisingly, 1.3 mGy
min! increased it.

273. A series of studies in Japan on a number of
mouse cell lines [F6, N6, N7, §25, U29] reported that
multation frequency in growing cells was substantially
reduced with decreasing dose rate over a range of dose
rates from about 5 Gy min™! down to 0.8 mGy min’l,
Thus, for mutation resistance to both 6-TG and metho-
trexate a reduced effectiveness by a factor of about 2,
was obtained at low dose rates for LS178Y cells when
the linear term (o) of the linear-quadratic model fit to
high- and low-dose-rate data were compared [N6].
Similar results were also found with Ehrlich ascites
mouse tumour cclls used in plateau phase with the
hprt gene locus system. At a dose rate of about 11
mGy min’! compared with 10 Gy min!, there was a
reduction in effectiveness by a factor of about 2,
although the extent of the reduction varied with
experimental conditions [I5]. It was noteworthy in all
these studies that change in mutant frequency with
dose rate was parallelled by changes in cell inacti-
vation, which might reflect mechanisms of DNA
damage processing [T17].

274. Further studies were reported by Furuno-Fukushi
et al. [F7], who used the hprr assay for 6-TG resist-
ance and measured cell killing in growing mouse
L5178Y cells exposed 10 0.5 Gy min!, 3.3 mGy min!
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and 0.1 mGy min'l, A marked increase in cell survival
was observed with decreasing dose rate. At the low
dose rate no reduction in the surviving fraction of cells
was found up to a dose of 4 Gy, although only about
10% survival was obtained for thc same total dose
delivered at high dose rate. The induction frequency
for mutations found at 3.3 mGy min’! was less than
that obtained at the high dose rate (0.5 Gy min'l) by
about a factor of about 2. Surprisingly, there was litile
decrease in mutation frequency at the low dose rate
(0.1 mGy min’') compared with that at 0.5 Gy min’!
up to a total dose of about 3 Gy, and at the highest
dose (4 Gy) the reduction was between that found at
the high and intermediate dose rates. These resuits
therefore suggest an inversc dose-rate effect for the
low dose rate compared with the intermediate dose
rate.

275. In a subsequent study, L.X830 mouse leukacmia
cells, which are more sensitive to cell killing by x rays
than L5178Y cells and 2-4 times more sensitive to
mutation  induction, were also exposed to
0.5 Gy min'}, 3.3 mGy min!and 0.1 mGy min™! [F8].
A slight, but significant increase was observed in cell
survival with decreasing dose rate up to a dose of
about 1 Gy. Beyond that, increasing doses at the
lowest dose rate (0.1 Gy min!) did not reduce
survival further, although the higher dose rates
continued to show an exponential decrease in survival
with increasing dose. The mutation frequency
increased linearly with dose at all three dose rates, but
no significant difference in response was found
between the different dose rates. This is consistent
with the finding that the LX830 cells are deficient in
repair and that this produces a nearly dose-rate-
independent response for mutation [E4).

276. A very different sensitivity has been reported by
Evans et al. [ES], who assayed for the hprt gene
mutant frequency in the radio-resistant 1L5178Y-R
cells. At very low dose rates (0.3 mGy min’! from
X rays), there was litle difference in mutation
frequency compared with that at 0.88 Gy minl. The
results also indicated the progressive loss of slow-
growing mutants.

277. Evans et al. [E7] also compared the effects of
dose rate (0.88 Gy min! and 0.3 mGy min’!) on
mutation frequency in two strains of L5178Y cells
with differing radiation sensitivitics. The induction of
mutants at the heterozygous tk locus by x-irradiation
was dose-rate-dependent in L5178Y-R16 (LY-R16)
cells, but very little dosec-rate dependence was
observed in the case of L5178Y-S1 (LY-S1) cells.
This difference may be attributed to the deficiency in
DNA double-strand break repair in strain LY-R16.
Induction of mutants by x-irradiation at the
hemizygous Aprt locus was dose-rate-independent for

both strains, suggesting that in these strains, the
majority of mutations at this locus are caused by
single lesions.

278. Suspension cultures of human TKg cells assayed
for mutations at the hprt and rf loci after exposure to
multiple acute doses of 10-100 mGy min’! for 5-31
days showed no significant cell inactivation but linear
dose-response functions for mutation. The induction
frequency was very similar to that following acute
exposures. Similar results were obtained by Koenig
and Kiefer [K4], who found no changes in mutant
frequency in human TKj cells at low dose rates (0.45
and 0.045 mGy min'l).

279. In recent experiments Furuno-Fukushi et al. [F2]
examined the induction of 6-TG resistance in cultured
near-diploid mouse cells (mSS) in plateau and log
phase following exposure to gamma rays at dose rates
of 0.5 Gy mint, 3 mGy min! and 0.22 mGy minL.
In plateau-phase culture, lowering the dose rate from
0.5 Gy min? to 0.22 mGy min! resulted in an
increase of cell survival and a marked decrease in
induced mutation frequency. A reduction factor of
more than about 3 was obtained at 2 Gy from data
obtained for high- and low-dose-rate exposures. The
frequency at 0.22 mGy min! was not higher than that
obtained at 3 mGy minl, contrary to previous findings
on growing mouse L5178 cells [F7]. In contrast, in
log-phase culture, the magnitude of the dose-rate
effect was not marked, and up to about 5 Gy almost
no differences in mutation frequency were found at the
three dose rates examined. These results, together with
those indicating an inverse dose-rate effect in growing
mouse L5178 leukaemia cells [F7], show that cell
growth during protracted irradiation significantly
influences the effects of gamma rays, particularly for
mutation induction.

2. Germ cell mutations

280. The measurement of germ cell mutation rates
presents additional difficulties, as animal studies are
nceded to demonstrate the mutational response. The
effect of dose rate on the induction of specific locus
mutations has been reviewed by Searle [S26], by the
NCRP [N1] and by Russell and Kelly [R11]. No
repair of radiation damage has been demonstrated in
mature sperm [NI1, R6], reflecting the lack of
cytoplasm and enzymic activity. A scrics of studies
involving in vitro fertilization and embryonic culture
of mouse oocytes has demonstrated, however, that
x-ray-induced damage in mature sperm following
exposure to 1-5 Gy can be repaired in the fertilized
egg. Assay of chromosome aberrations in fertilized
eggs treated with various DNA inhibitors has demon-
strated that DNA lesions induced in spermi comprise
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mainly double-strand breaks and base damage. It
remains 1o be determined if the specific involvement
of repair of a particular type of DNA damage Icads to
chromosome abcerrations and mutations in fertilized
eggs, and whether there is a dose-rate cffect for such
damage. No dose-rate cffects appear to have been
demonstrated so far [M48, M49, M50, MS51). Unlike
mature sperm, spermatogonial cells are metabolically
active, and repair processes can modify the yield of
mutations or chromosomal aberrations with protracted
irradiation. Mouse spermatogonial stem ccll studies
provided the first demonstration of a dose-rate effect
for mutational changes.

281. Russell ctal, [R6, R11] first showed that specific
locus mutation frequencies after chronic exposures to
3¢ gamma rays (s8 mGy min’l) were lower than
after comparable acute x-ray exposures (0.72-0.9 Gy
min!) at doses up to about 6 Gy (Figure XXVI).
Similar results were reported by Phillips [P6]. The
data available have been summarized by Searle [S26].
For chronic exposurcs the dose-response data were
fitted with a linear function, but for acute exposures a
peaked response was obtained; thus, the relative effect-
ivencss of acute and chronic exposures (i.e. the
magnitude of the dose-rate effect) varies with the
exposure level considered. By comparing the linear fits
of the data from 0, 3 and 6 Gy points following acute
x-ray exposures with all the data obtained following
chronic exposures (at 0.01 and 0.09 mGy min'l),
Russell [R7] obtained a ratio of 3.23 * 0.62. Alterna-
tively, fitting a linear function to the acute dala
obtained up to 3 Gy, on the assumption of a cell
killing function being present at higher doses, gives a
ratio of 4.0 [S26].

282. More information on the dose-rate cffect for
mutation frequencies in spermatogonia has been ob-
tained with various dose rates and fractionation re-
gimes. Russell et al. [R7, R11, R17] reported that
mulation frequency decreased markedly as the dose
rate is reduced from 900 mGy min! to 8 mGy min'l,
although there appeared 1o be no further reduction at
dosc rates down to 0,007 mGy min™l, Because this in-
dependence of dose rate had been shown over a more
than one thousand-fold range, it was thought unlikely
that mutation frequency would be further reduced at
cven lower dose rates. The mutation frcqucnc?'
obtained at dose rates from 720 to 900 mGy min™,
with total doses up to about 6 Gy, was compared with
that obtained at low dose rates, on the basis of linear
fits to the data, to give a DDREF of 3.0 = 0.41, in
close agreement with previous estimates [R11].

283. To examine further this dose-rate effect, Lyon et
al. [L17] compared the effects of single doses of about
6 Gy from x rays or gamma rays with those of various
fractionation regimes, They found that if the gamma-

ray exposurc was split into 60 ecqual fractions of
100 mGy, given daily at 170 mGy min’!, the mutation
frequency (4.17 10° per locus) was less than one third
of that from a single gamma-ray cxposure at the same
dose rate (15.39 10™ per locus) and similar to the
frequency obtained after giving a comparable dose at
0.08 mGy min’! over 90 days (3.15 103 per locus).
However, if 12 weekly doses of 0.5 Gy from x rays
were given aculely the mutation frequency was similar
to that found after a single acute exposure (12.61 10
per locus). It may be concluded that repeated small
doses, cven if given at a moderately high dose rate,
have less mutagenic effect than the same dose given
at onc time. With fewer fractions (i.c. larger doses per
fraction) the cffect is intermediatc between the
response for an acute exposurc and chronic exposure
(Table 16).

284. These results are very similar to those obtained
for lung tumour induction in mice by Ullrich et al.
[U26] (Scction IILA.2.b), wherc the incidence of
tumours for a given dose again depended on the dose
per fraction. A similar ecxplanation can be invoked,
namcly that with small doses per fraction, in this case
~100 mGy given at a moderately high dose rate, the
effect of cach fraction will lie predominanty on the
linear portion of the dose-response curve, and thus the
overall response is similar to that for low-dose-rate
exposure. With larger fractions (0.5 Gy) the quadratic
function makes an increasing contribution to the
responsc, and thus an cffect between acute and chronic
exposure conditions is obtained.

285. Bascd on the above results of dose-rate effects
on mutation rates in spermatogonia, a DDREF of 3
has been applied by the Committee since the
UNSCEAR 1972 Report [US] for assessing the risks
of hercditary disease at low dose rates. This value of
DDREF was also applied in the UNSCEAR 1988
Report [U1).

286. It is also possible 1o examine the effects of
radiation on translocations induced in spermatogonial
cells by subsequent examination of the spermatocyle
stage. Clear cvidence of dosc fractionation effects
have been observed in the mouse, and these were
reviewed by the NCRP [N1] and more recently by
Tobari ct al. [T9]. Dose-rate reduction factors from 3
to >10 have been obtained.

287. In a recent study [T9], the induction of reciprocal
translocations in the spermatogonia of the adult crab-
eating monkey (Macaca fascicularis) was examined
following chronic gamma-irradiation 1o total doses of
0.3, 1.0 and 1.5 Gy (0.018 mGy min”!, about 0.024
Gyin22h d'l). Two or three monkeys were used for
each dose level, and in each testis reciprocal trans-
locations were scored in 1,000-1,250 spermatocytes.
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The dose-response relationship for the frequency of
translocation per cell could be represented by a lincar
function 1(D) = 0.09 + 0.16D, where I(D) is the
frequency of translocations (%) and D is the dose
in gray. After acute cxposure to x rays at high dose
rates (0.25 Gy min‘l) the dosc response was also
found to be linear, at lcast below 1 Gy, and fitted by
the equation I(D) = 1.08 + 1.79D [M18]. Thus, at high
dosc rates the incidence of translocations was higher
than at low dose rates by a factor of about 10.

288. In contrast, van Buul ct al. [B24] found that,
when the testis of the rhesus monkey was exposed to
a gamma-ray dose rate of 0.2 mGy min! to give a
lotal dose of 1 Gy, the yield of translocations was
0.38%, about one half the yicld obtained at the same
x-ray dose delivered at 0.3 Gy min'! (0.83%). If a
correction is made for the RBE of gamma rays, which
is possibly about 0.5-0.7, the transiocation yield would
become morce than one half that at high dose rate. It
would appear from these results that the dose-rate
effect is less pronounced in the rhesus monkey than in
the crab-cating monkey.

289. These results suggest that a wide range of dose-
rate effectiveness factors may be obtained, depending
on the specics and strain used for particular study.
Reciprocal translocations are, however, two-hit
aberrations, and the yield will be very dependent on
recovery processes occurring between successive
events. The marked difference in dose-rate effects
between species may be accounted for by variable
rates of repair in different species.

290. Effects of dose rate have also been studied in
some of the germ-cell stages present in female mice.
Mature and maturing oocytes have a much larger
dose-rate effect than that found in spermatogonia
[R18], and unlike the situation described carlier for
spermatogonia one study has reported that the size of
the dose-rate effect continues to incrcase when the
dose rate is lowered below 8 mGy min’l.

291. Selby et al. [S38], using the specific-locus
method, examined the effect of dose rate on mutation
induction in mouse oocytes irradiated just before birth.
Female mice were exposed to 3 Gy of whole-body
x-irradiation at dose rates of 0.73-0.93 Gy min! and
7.9 mGy min'! at 18.5 days after conception. The
frequency of specific-locus mutations was assayed in
the offspring of both control and exposed animals. The
radiation-induced mutation frequency decreased from
6.1 10 to 4.2 10°® mutations per gray per locus, i.e.
by a factor of about 14, between acute and chronically
exposed animals. Although the confidence limits of
this estimate of the magnitude of the dose-rate effect
are wide with an upper bound of infinity, the results
indicate that mutational damage in females irradiated

just before birth has a pronounced dosc-rate cffect.
The mutation rate following cxposures at low dose
rates did not differ significantly from that in controls.
Similar calculations, based on results of irradiating
mature and maturing oocytes at the same dose rates
(0.8-0.9 Gy min! and 8 mGy min'!) [R18, R19],
suggest an approximately fourfold reduction in the
induced mutation frequency in the adult. With protrac-
ted exposure and lower dose rates (0.09 mGy min'l),
a further reduction in mutation frequency was ob-
tained. It was concluded that although the confidence
limits on these estimates of the reduction factor at low
dose rates were large, the results suggested that
females irradiated just before birth had a more
pronounced dose-rate effect for mutational damage to
oocytes than those irradiated later [S38].

292. Irradiation of mice with high-LET radiation from
fission neutrons has shown average values of RBE of
about 20 (range: 10-45), relative to chronic irradiation
with gamma rays, both with spermatogonial and
oogonial irradiation [I6, S12]. Spermatogonia show
little or no dose-rate effect with fission neutrons [R8]
except at high doses (>2 Gy), where there is a
suggestion of a reduced effectiveness, presumably due
to sclective cell killing of the spermatogonial
population [B32, R8].

3. Summary

293. Studies on somatic mutations in vitro and germ
cell mutations in vivo are relevant to assessing the
cffect of dose and dose rate on the primary lesion in
DNA involved in tumour initiation, although sub-
sequent tumour expression will depend on the influ-
ence of many other factors. The results obtained in
different studies on somatic cell mutations in mice
have been somewhat variable, but the overall extent of
the dosc-rate effect indicates a maximum value of
about 2-3. A DDREF of about 3 for specific-locus
mutations has also been found in mouse spermato-
gonia for dose rates that vary by a factor of more than
1,000, and for reciprocal translocations DDREFs up to
about 10 have been reported, although there appear to
be considerable differences between species. Based on
these results, a DDREF of 3 for damage to sper-
matogonia has been applied by the Commitice since
the UNSCEAR 1972 Report [US] for assessing the
risks of hereditary discase at low dose rates. The
DDREF in mature and maturing mouse oocytes
appears to be larger than that in spermatogonia, with
the main difference being that the mutation rate
continues to decrcase when the dose rate decreases
below 8.0 mGy min"!. Mouse oocytes present jusl
before birth appear to show a more pronounced dose-

rate effect than mature or maturing oocyles, with a
DDREF of about 14.
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III. DOSE AND DOSE-RATE EFFECTS IN HUMAN CANCER

294. In general, epidemiclogical studies on the induc-
tion of cancer in human populations following expo-
sure to low-LET radiation do not provide information
on exposures at different dose rates that allow esti-
mates to be made of dose-rate effectiveness factors.
Furthermore, dose-response data are gencrally not
available at the low doses nceded to make good esti-
mates of the linear component of the dose response
(slope o , Figure 1). There are, however, some human
data that can be used to assess likely dose-rate effects;
these have been reviewed by the Committee [U1, U2].

295. In the UNSCEAR 1986 Report [U2] it was
conciuded from a review of dose-response relation-
ships for radiation-induced tumours in man that for
low-LET radiation the data available in some cases
(lung, thyroid and breast) were consistent with linear
or linear-quadratic models. For breast cancer linearity
was considered more probable, as the incidence is
little affected by dose fractionation. The Committee
considered that for low-LET radiation linear extrapola-
tion downwards from effects measured at doses of
about 2 Gy would not overestimate the risk of breast
and possibly thyroid cancer, would slighly over-
estimate the risk of leukaemia and would be likely to
overestimate the risk of bone sarcoma (see paragraph
16). For radiation-induced cancers of most other
organs only experimental data from animals were
available on dose-response relationships, for which
upward concave curvilinear dose-response relation-
ships with pronounced dose-rate and fractionation
effects are commonly found. The Committee con-
cluded that if similar curves are applied to cancers in
humans, a linear extrapolation of risk coefficients from
acute doses in the intermediate dose region (0.2-2 Gy)
to low doses and low dose rates would very likely
overestimate the real risk, possibly by a factor of up
to 5. Although some reference was made to the data
on the survivors of the atomic bombings in Hiroshima
and Nagasaki, the data were not fully utilized because
of the uncertaintics regarding the revision of the
dosimetry. It was also noted that bone sarcoma induc-
tion after intake of radium isotopes shows a pro-
nounced inverse relationship of latency to dose,
resuiting in an apparent threshold at low doses. For
assessing the risk of lung cancer from exposure to
radon the flattening of the response at higher
cumulative exposures could result in an underesti-
mation of the risk by linear extrapolation to low doses.

296. In the UNSCEAR 1988 Report [U1] epidemio-
logical data on the effects of low-LET radiation
relevant to assessing risks at low doses and dose rates
were also summarized. The Committee considered the
then most recent data on the atomic bomb survivors in
Japan [P4, S9, S10], which took account of the new

(DS86) dosimetry. For lcukaemia, a significant
difference in the excess relative risk per Gy of organ
absorbed dose among survivors exposed to 0.5 Gy or
more, as opposed to those exposed to lower doses
(5.53 versus 2.44, respectively) was noted, suggesting
a curvilinear dosc-effect relationship for haemopoictic
malignancies. For all cancers cxcept leukacmia the
excess relative risk associated with higher doses does
not differ significantly from that at lower doses (0.41
versus 0.37, respectively) suggesting a linear response.
No significant excess risk was observed at doscs
below 0.2 Gy, however. The scatter of the data points
in the low dose region was such that they could be
fitted almost equally well by a quadratic, linear-
quadratic or linear dose-response relationship [S9].

297. The Committee also reviewed epidemiological
studies of individuals exposed to 31, which suggested
that radiation doses from chronic internal exposures
arc less carcinogenic than similar doses of acute
external radiation by a factor of at least 3 [N2] and
possibly even 4 [H15], although non-uniformity of
dose distribution within the thyroid gland may be a
contributing factor. Breast cancer studies involving
fractionated exposures provide some information on
low-dose and low-dose-rate effectiveness factors, No
fractionation cffect was evident in a Massachusetts
study of breast cancer following multiple fluoroscopic
examination [B15]. However, in a similar but larger
Canadian study, a non-linear dose response, especially
at high dose, appeared to have been found. This would
suggest a low-dose and low-dose-rate effectiveness
factor greater than 1.

298. From examination of both experimental and
human data the Committee concluded that reduction
factors will vary with dose and dose rate and with
organ system but will generally fall within the range
2-10. No dose or dose-rate reduction factor was
considered necessary for high-LET radiation at low
doses.

299. Since the publication of the UNSCEAR 1988
Report [U1], more information has become available
from cpidemiological studies that relate to considera-
tions of dose-rate effects for low-LET radiation. The
relevant studies are reviewed below.

A. LEUKAEMIA AND
ALL OTHER CANCERS

1. Survivors of the atomic bombings in Japan

300. The follow-up study on the survivors of the
atomic bombings in Hiroshima and Nagasaki continues
to provide the main source of information on the
effects on a population of exposure to jonizing radia-



ANNEX F: INFLUENCE OF DOSE AND DOSE RATE ON STOCHASTIC EFFECTS OF RADIATION 677

tion. Information is available from 1950 to 1985 on
mortality in just under 76,000 survivors for whom
revised estimates of doses based on the necw DS86
dosimetry system [R4] have been calculated [S9, S10].

301. The dose-response relationship for cancer
mortality among the survivors of the atomic bombings
in Japan has been examined by Pierce and Vaeth [P2,
P3). Their aim was to determine the degree of
curvature in a linear-quadratic dose-response model
that is consistent with the data. From this, possible
values for a linear extrapolation overestimation factor
(LEOF), which is equivalent to the dose and dose-rate
effectiveness factor (DDREF), were derived.

302. Figure XXVII gives dose-responses for lcukae-
mia and all cancers except leukaemia on the assump-
tion of an RBE for neutrons of 10. For both sets of
data any estimates of dose above 6 Gy (shiclded
kerma) have been reduced to 6 Gy. In both cases the
data indicate a levelling off in the relative risk at
doses above about 3 Gy. This apparent plateau at high
doses may be due, at least in part, to cell killing, as
appears to be the case in a number of animal studies
(sce Chapter II) and other human studies [S45],
although it may in part be attributed to errors in
exposure eslimates.

303. Because of uncertainties as to the reason for this
plateau, two approaches were taken by Pierce and
Vacth [P2, P3] in cvaluating the dose-response data,
namely:

(a) the dose range was limited to 0-4 Gy as well as
0-6 Gy. While this restriction in the range of
exposures studied reduccs the statistical power in
studying the dose response, it should alleviate
any bias in this relationship duc to emors in
cstimates of high exposures. The lincar-quadratic
model assumption is also less critical if made
over a restricted range of exposures;

(b) adjustments were made for random errors in the
dosimetry of about 35% across the whole range
of exposure estimates. Again, such errors could
bias the shape of the dose-response curves and
would lead to risk estimates higher by about
10%. Results of the unadjusted analysis were
given for comparison.

The model fit adopted for all cancers except leukaemia
was taken with cxcess relative risk constant in age-at-
risk, but depending on age-at-exposure and sex.

304. Estimates of the LEOF were obtained based on
the exposure range 0-4 Gy (DS86), with or without
adjustment for random errors in dose estimates [P2].
Data were given for leukaemia, for all cancers other
than lcukaemia as a group and for combined inferen-
ces, assuming common curvature in these two disease

categories. Estimates of the LEOF from analyses
based on the range 0-6 Gy were lower than those
based on the 0-4 Gy range. However, even after
allowing for random errors in the exposure cstimates,
there is an indication that the analyses based on the
0-6 Gy rangc are unduly affected by the levelling off
in the dose response beyond 4 Gy. Hence, the analyses
based on the 0-4 Gy range are likely to be more rele-
vant for the extrapolation of risks to low doses.

305. For the grouping of all cancers other than
leukaemia, the maximum likelihood estimate of LEOF
was 1.2, with a 90% confidence interval (CI) ranging
from less than 1 to 2.3. However, after adjusting for
random errors in the dose estimates, the best estimate
of LEOF was 1.4 (90% CI: <1->3.1). Thus the data
for all cancers other than leukaemia are fitted well by
a lincar dose-response model, although they are also
consistent with a linear-quadratic model for which the
linear extrapolation overestimation factor is between 1
and 3. For leukaemia, the maximum likelihood esti-
mate of the LEOF from the Japanese data was 1.6
(%0% CI: 1.0->3.1) without adjustment for random
dosimetry errors and 2.0 (90% CI: 1.1->3.1) with
adjustment for these errors. Thus, these data for
leukaemia suggest that a linear dose-response model
does not provide a good fit and that a lincar-quadratic
model with an LEOF of the order of 2 is to be prefer-
red. For all cancers together an LEOF of 1.7 (90% CI:
1.1-3.1) was obtained with adjustment for random
errors. Pierce and Vaeth [P2, P3] emphasized that the
use of LEOFs much above 2 would need to be based
upon information from experimental studies and that
their inferences depended strongly on the assumption
that a linear-quadratic model is appropriate for
extrapolation to low doses.

306. It is clear that there are a number of limitations
in the analysis of these data. The plateaus in the dose
response at intermediate doses (Figure XXVII) imply
that analyses of the shapes of the dose-response curves
that include groups exposed at doses much above
3 Gy are likely to underestimate the contribution of
the quadratic component to the dose-response function.
Yet it is these same groups that make a significant
contribution to the overall assessment of risk at high
doses and high dose rates. A further problem lies in
determining the initial slope of the dose-response
function when only limited data are available at low
doses.

2. Exposures from the nuclear industry

307. Several studies have been conducted of nuclear
industry workers. In the United States, Gilbert [G14]
performed a joint analysis of data from about 36,000
workers at the Hanford site, Oak Ridge National
Laboratory and Rocky Flats weapons plant. Neither for
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the grouping of all cancers nor for leukaemia was
there an indication of an increasing trend in risk with
dose. The upper limit of the 90% confidence interval
for the lifctime risk corresponded to a value of
8.2 102 sv’! for all cancers and 0.6 102 Sv'! for
leukacmia.

308, A rccent study of just over 95,000 individuals in
the National Registry for Radiation Workers (NRRW)
in the United Kingdom examined cancer mortality in
relation to dose [K11]. For all malignant neoplasms,
the trend in the relative risk with dose was positive
but was not statistically significant (p = 0.10). Based
on a relative risk projection model, the central estimate
of the lifetime risk based on these data was 10 1072
Sv! (90% CI: <0-26 10'2). For leukaemia (excluding
chronic lymphatic leukacmia, which does not appear
to be radiation-inducible), the trend in risk with dose
was stalistically significant (p = 0.03). Based on a
BEIR-V type projection model [C1], the central esti-
mate of the corresponding lifetime risk was 0.76
1072 sy’ (90% CI: 0.07-2.4 10'2). The NRRW there-
fore provides evidence of a raised risk of leukaemia
associated with occupational exposure to radiation,
but, like the combined study of workers in the Untied
States [G14), is consistent with the risk estimates for
low-dose, low-dosc-rate exposures derived for workers
by ICRP [I2] from the Japanese survivor data (4 102
Sv'! for all cancers and 0.4 10 Sv! for leukaemia)
which include a DDREF of 2. In particular, combining
the results of the NRRW and the United States studies
produces central estimates for the lifetime risk of 4.9
10" sv! (90% CI: <0-18 10°2 for all cancers and 0.3
102 Sv'! for leukaemia (cxcluding chronic lymphatic
leukaemia) [K11]. These values are similar to the
ICRP [I2] risk estimates, and generally support the use
of a low DDREF in assessing risks at low doses and
dose rates from high dose and dose-rate studies.

309. Information has recently become available from
a number of low-dose-rate studies in the former
USSR. Kossenko et al. [K10] bave followed up the
population of about 28,000 persons exposed as a result
of the release of radioactive wastes into the Techa
river in the southern Urals. The study shows a statisti-
cally significant increase in the risk of leukaemia
estimated to be 0.85 (CI: 0.24-1.45) per 10* PY Gy.
This is substantially smaller than the value of 2.94 per
10* PY Gy derived for the atomic bomb survivors
[S9]. Some risk estimates are also available for
cancers in a number of organs and tissues that are
similar to those obtained from the atomic bomb sur-
vivors, but the confidence intervals are wide. The risk
estimates for leukacmia therefore suggest a reduction
in risk at low dose rates by a factor of about 3,
although the data must bc regarded as preliminary.
Further extended analyses are planned. Data are also
available on the incidence of leukaemia among the

workers at the Chelyabinsk-65 nuclcar weapons plant
[K12]). Film badge data arc available on 5085 men in
two facilitics. Avcrage cumulative doses varied
between 0.49 and 2.45 Sv. When compared with
USSR national rates for the period 1970-1986, the
relative risk of lecukaemia appeared 1o be increased
with a relative risk of 1.45 Gy", which is about 2.7
times less than that based on the atomic bomb
survivors (220 ycars, cxcess RR = 3.92 Gy™! [SOD).

B. THYROID CANCER

310. A substantial number of studies have reported
excesses of thyroid cancer in populations exposed to
external radiation. Many of these studies were sum-
marized in the UNSCEAR 1988 Report [U1] and by
the NCRP [N2]. The information summarized in [N2]
suggested risks of radiation-induced thyroid cancer are
greater in children than in adults, by about a factor 2,
and that females appear to be more sensitive than
males by a factor of 2 to 3. Radiation-induced thyroid
cancer risks in a population were calculated to be 7.5
107 Gy’l and in adults to be about 5 104 Gy'l.

311. Information on the dose-response relationship for
radiation-induced thyroid cancer is available from
studies by Shore et al. [S11] on about 2650 persons
who received x-ray treatment for purported cnlarged
thymuses in infancy. The 30 thyroid cancers detected
in the irradiated group (<1 expected), when allocated
to 5 dose groups, could be fitted by a linear dose-
response relationship (Figure XXVIII) I(D) = 3.46 =
0.82 per 10 PY Gy (#1 SE, p < 0.0001), although a
linear-quadratic relationship could not be excluded.

312. Shore et al. [S11] also examined the effect of
dose fractionation, as the number of dose fractions
ranged from 1 to 11, with most subjects baving 3 or
fewer. Three semi-independent variables were tested:
number of fractions, dose per fraction, and average
interval betwecen fractions. No evidence was obtained
for a significant sparing effect for thyroid cancer
associated with any of thesc three fractionation
variables, although numerically the excess cancer risk
per Gy was greater in the lowest dose-per-fraction
group (0.01-0.49 Gy) than in the higher dose-per-
fraction groups (0.5-1.99 Gy and 2-5.99 Gy), namely
by a factor of 2-3, again possibly reflecting an effect
of cell killing.

313. Data on thyroid cancer induction also comes
from patients given B for diagnostic reasons [H13,
H15, H35]. Holm et al. [H13] reported a retrospective
study of 10,133 subjects given BIy for suspected
thyroid disease. The population (79% females) had a
mean age of 44 years, For the 9,639 adults (>20 years
of age) the mean calculated thyroid dose was 0.6 Gy,
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whereas in the 494 younger subjects the mean dose
was 1.6 Gy. Patients were followed for a mean time
of 17 years after exposure to 131y, Only patients dia-
gnoscd more than 5 years after 1311 exposure werc in-
cluded in the analysis. No excess of thyroid cancer
was found, although the number of observed cases
was small (8 observed, 8.3 expected).

314. For 35,074 patients in Sweden examined for
suspecled thyroid disorders between 1951 and 1969
the mean follow-up was 20 years [H15, H22]. The
mean age at administration of 311 was 44 years; 5%
were under age 20 years and the mean dose to the
gland was about 0.5 Gy. Persons with a history of
external radjotherapy to the head and neck region, or
who had been given internal emitters, were excluded
from the study. No overall excess risk of thyroid
cancer in this group was observed.

315. Further information on thyroid cancer induction
is available from groups given 11 for the wreatment
of byperthyroidism. Although a number of studies
have been reported, no evidence for radiation-induced
cancer in these groups has been obtained. Treatment
for hyperthyroidism, however, involves the administra-
tion of large quantities of 131y giving substantial doses
to the thyroid (>20 Gy), which would be expected to
result in substantial cell killing [H32].

316. An increased incidence of thyroid nodules has
been seen in the inhabitants of the Marshall Islands
who were exposed to weapons fallout [C19]. However,
altbough a large proportion of the dose was contri-
buted by short-lived isotopes of iodine (132'133'1351),
there was also a contribution from external radiation
with only a small proportion of the dose coming from
311, It is therefore difficult to use the data to assess
any cffect of dose rate on tumour induction.

317. There are some uncertainties regarding dosimetry
in the studies of Hoim et al. {H14, H15, H22). The
main factors influencing the calculated thyroid dose
are the mass of the gland and the initial uptake of Bl
Animal studies suggest differences in distribution
throughout the gland will be of less importance (see
Section II.A.2.e). The mean thyroid weight was
estimated on the basis of information in the records
and available thyroid scintigrams to be <30 g in 42%
of the patients, 30-60 g in 38%, and >60 g in 12%. In
8% of patients the thyroid weight was not assessed.
No information is given in the paper on the uptake of
1311 by the gland, but the calculated doses suggest
30% has been used, in line with recommendations by
the ICRP [I3]. Both these parameters may affect the
dose calculations, but taken together are unlikely to
alter the average doses calculated by more than a
factor of 2. The studies therefore suggest that 317 4
less carcinogenic than acute exposurc to ecxternal

radiation, although these studies mosty involved
adults who appear to be less sensitive to the induction
of thyroid cancer than young persons.

C. BREAST CANCER

318. Since the publication of the UNSCEAR 1986
Report [U2] further information has become available
on possible effects of dose rate on breast cancer
induction. Miller et al. [M32] have reported data from
a number of provinces in Canada on mortality from
breast cancer in tuberculosis patients irradiated during
fluoroscopic examinations. Mortality data have been
obtained for 31,710 women treated at sanatoriums
between 1930 and 1952, known to be alive in 1950
and followed to 1980. A substantial proportion
(26.4%) had received doses to the breasts of 0.1 Gy or
more from repeated fluoroscopic examinations during
therapeutic pneumothoraxes. The principal difference
among sanatoriums was that in Nova Scotia the
patients usually faced the x-ray source, whereas in
other provinces they were usually turned away from it.
Various dose-response models were fitted to the data.
The best fit was obtained with a linear dose-response
relationship, and it was notable that a greater effect
per unit dose was found in Nova Scotia than in the
other provinces. Thus, the increases in relative risk
were 1.80 and 0.53 Gy'1 for Nova Scotia and the other
provinces, respectively. In the BEIR V Report [C1]
the difference in relative risk was given as a factor of
6. Even allowing for the differences in orientation
during exposure this difference in response is
surprising, and the authors considered that it could be
due to a dose-rate effect. Although the mean numbers
of fluoroscopic exposures were similar in the two
groups, the dose rate in Nova Scotia was higher by
more than an order of magnitude, although not higher
than that in the atomic bomb survivors. These results
would therefore be consistent with a dose-rate
effectiveness factor greater than 1.

D. SUMMARY

319. The human data that arc available for assessing
the effects of dose rate on tumour induction from low-
LET radiation are limited. In general, the information
available is from exposures at high dose rates, and
little information is available at doses of less than
about 0.2 Gy. Analyses of dose-response relationships
for solid tumours in the atomic bomb survivors are
generally consistent with linearity but also with a
small reduction in the slope of the dose-response at
lower doses. For leukaemia among the atomic bomb
survivors, however, the data are inconsistent with
linearity, and the central estimate of the DDREF at
low doses is about 2. Modecl fit to the dose-response
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data for the atomic bomb survivors over the dose
range 0-4 Gy kerma for all cancers combined, sug-
gests a DDREF in the range of about 1.7 (when ad-
justed for random errors). For solid cancers alone,
however, lincarity provides a good fit, although the
data arc also consistent with a DDREF of the order of
2. This interpretation of the data depends on the
assumption that a lincar-quadratic model is appropriate
for extrapolation to low doses and that the lincar term
can be adcquately resolved. Information on thyroid
cancer induction by acute external irradiation com-
pared with low dose-rate exposure from intakes of 13y
are consistent with a DDREF of about 3, although
there is some question over the contributions that
heterogeneity of dose and unccrtainties in the dose
estimates as well as the effect of age make to the

IV. DESIGNATION OF LOW

320. The choice of bounds for low and high doses of
low-LET radiation that are appropriate for decisions
on whether to apply dose and dosc-rate effectiveness
factors (DDREFs) is not straightforward, as it is essen-
lial to understand both the physical and biological
factors involved and their possible interactions. The
physical factors, unlike the biological factors, are well
understood as a result of the advances that have taken
place in recent years in microdosimetry at the cellular
and subcellular levels [B18, B20, G6, P1, R14). This
Chapter reviews the physical, experimental and epi-
demiological data that can be used as a basis for
assessing cither the doses or the dose rates below
which it would be appropriate to apply a DDREF.

A. PHYSICAL FACTORS

321. The microdosimetric approach to dcfining low
doscs and low dose rates uses fundamental microdosi-
metric arguments that are based on statistical consi-
derations of the occurrence of independent radiation
tracks within cells or cell nuclei (Section 1.A.3).
Photons deposit energy in cells in the form of tracks,
comprising jonizations and excitations from energetic
clectrons, and the smallest insult each cell can receive
is the cnergy deposited from one electron entering or
being set in motion within a cell. For Dco gamma
rays and a spherical cell (or nucleus) assumed to be
8 i in diameter, there is on average one track per
cell (or nucleus) when the absorbed dose is about
1 mGy [B18, B20]. This dose, corresponding to one
track per cell, on average, varies inversely with
volume and is also dependent on radiation quality,
being much larger for high-LET radiation |G4, 14].

overall reduction in risk. For female breast cancer the
information is conflicting. Dose-response relationships
for acule exposures and for fractionated exposurcs at
high dosc rates arc consistent with a lincar dose-
responsc relationship, However, comparative data from
Nova Scotia and from other Canadian provinces sug-
gest a DDREF greater than one may be appropriate for
assessing cancer risks at low dose rates. Although
cpidemiological studics of low dose-rate exposure
should be more relevant for the purposes of radiolo-
gical protection than studies at high dose rates, the
former type of study at present lacks sufficient
statistical power to allow risks to be estimated with
tight confidence limits. However, the results of studics
such as those of radiation workers are consistent with
low values of DDREF.

DOSES AND LOW DOSE RATES

322. If the induction of cancer by radiation at low
doses depends on energy deposition in single cells,
with no interaction between cells, there can be no
departure from linearity, unless there have been at
least two independent tracks within the cell. The
number of independent tracks within cells follows a
Poisson distribution, as illustrated in Table 17, with
the mean number of tracks being proportional to dose.
For average tissuc doses of 0.2 mGy from 0co gam-
ma rays, spherical cells (or nuclei) of diameter 8 um
each receive, on average, about 0.2 tracks (Figure I11).
Hence, Table 17 shows that, in this case, just 18% of
the cells receive a dose and 90% of these cells receive
only one track. Thus less than 2% of cells reccive
more than one track. Halving the dose will simply
halve the fraction of the total cells affected, and so at
such low doses the dose-effect relationship should be
linear, There should be no dose-rate effect, because
this only affects the time interval between energy
deposition in different cells (Section 1.A.3). This
argument applies to all biological effects where the
encrgy deposited in a cell produces cffects in that cell
and in no other cell. It is generally thought to apply to
cell killing, chromosome aberrations and mutations, Its
applicability 1o transformation and cancer is less cer-
tain. It would need modification, for example, if the
probability of effect were so enhanced by a second
track at a later time that the small minority of such
cells were dominant. This could conceivably be the
case for muilti-stage carcinogenesis if more than one
essential stage was likely to be caused by radiation,

323. To ecmploy the microdosimetric argument for
assessing low doses, a knowledge of the autonomous
sensitive volume within a cell is required. Biological
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effects are believed 1o arise predominantly from
residual DNA changes that originate from radiation
damage to chromosomal DNA. It is the repair re-
sponse of the cell that determines its fate. The major-
ity of damage is repaired, but it is the remaining
unrepaired or misrepaired damage that is then con-
sidered responsible for cell killing, chromosomal
aberrations, mutations, transformations and cancerous
changes. The link between DNA damage and cellular
effects leads to the notion that the cell nucleus is the
critical volume that should be used for these micro-
dosimetric estimations of a low dose. A spherc of
8 4m diameter is representative of some cell nuclei;
others may be smaller or larger. On this basis a low
dose would be estimated to be less than 0.2 mGy. If
part of the nucleus alone responds autonomously to
radiation insults and repair, then a smaller volume
may be appropriate, and the estimate of a low dosc
would increase. Conversely, if the entire cell or
adjacent cells can be involved in a cooperative
response, a larger volume may be appropriate.
Figure XXIX shows, for various volumes and radia-
tions, the doses that would correspond to this
microdosimetric definition of a low dose. The most
fundamental corresponding criterion for a low dose
rate is that the dose should not be exceeded in a
lifetime (say, 60 years), so that there should be
negligible scope for radiation to cause multiple
changes in a single cell or its progeny. By this
criterion, a low dose rate would be less than about
108 mGy min’l, A less cautious criterion, applicable
to single-stage changes only, is that a low dose should
not be exceeded in a time characleristic for DNA
repair, say a few hours, In this case, a low dose rate
would be less than about 10 mGy min’l,

B. BIOLOGICAL FACTORS

324. A sccond approach to estimating a low dose and
low dose rate is based on direct observations in animal
experiments, The results of animal studies designed to
examine the effect of dose and dose rate on tumour
induction (see Section II.A and Table 8) suggest that
an average dose rate of ~0.06 mGy min"! over a few
days or weeks may be regarded as low. The choice by
the Committee in the UNSCEAR 1986 Report [U2] of
a low dose rate to include values up to 0.05 mGy
min’1 appears to have come directly from dose rates
used in animal studies. If it is assumed that dose-rate
effects arise when sufficient damage accumulates in a
cell within repair times characteristic for DNA damage
(a few hours), then a rounded value of 20 mGy may
be regarded as a low dose.

325. It should be noted, however, that experimental
studies at "high" dose rates were mainly carried out in
the range from about 100 to 800 mGy min! (Table 8),

i.c. dose rates more than a thousand times those at the
"low" dose rates for which a DDREF between 2 and
10 has been obtained. It seems likely that a reduction
in tumour yield similar to that obtained at about 0.06
mGy min™ would have been obtained at dose rates a
few times higher, or lower, than this. There are ana-
logies here with the data on mutation yield in mouse
spermatogonia, for which a threefold reduction in yield
was obtained at 8 mGy min! compared with 720-900
mGy min™! (Scction I1.C.2), with no further reduction
at 0.007 mGy min’! [R18]. It may be concluded,
therefore, on the basis of animal experiments that a
low dose rate can be taken to be 0.1 mGy min"! when
averaged over about an hour.

326. A third approach to estimating low doses comes
from paramctric fits to observed dose-response data
for cellular effects. As described in Section 1.A.2, the
effect can be related to dose by an expression of the
form

ID) = oD + a,D? (29)

in which a, and a,, the coefficients for the linear and
quadratic terms fitted 1o the radiation response, are
constants and are different for different end-points.
This equation has been shown to fit data on the induc-
tion of chromosome abemations in human lympho-
cytes, for example, and also data on cell killing and
mutation induction, For some types of unstable chro-

- mosome aberrations in human lymphocytes, the o, /o1,

quotient is about 200 mGy for 8co gamma rays
[L12], and thus the response is essentially linear up to
20 mGy, with the dose-squared term contributing only
9% of the total response. At 40 mGy the dose-squared
term still only contributes about 17% to the overall
response. On this basis it could, therefore, be csti-
mated that 20-40 mGy is a low dose.

327. A fourth approach to cstimating a low dose is
based on the analysis of data from epidemiological
studies, in particular from data on the survivors of the
atomic bombings in Japan. Analysis of the dosc
response for mortality from solid cancers in the range
0-4 Gy (adjusted for random errors) has suggested an
a,/c, quotient from a minimum of about 1 Gy with a
central estimate of about 5 Gy [P2, P3]. An a,/a,
quotient of 1 Gy suggests that at a dose of 100 mGy
the dose-squared term contributes less than 10% to the
response and at 200 mGy the contribution of the dose-
squared term is still less than 20%. This would sug-
gest that for tumour induction in humans a low dose
can be taken to be less than 200 mGy. There is, in
practice, litle evidence of a departure from linearity
up to about 3 Gy. In the case of leukaemia in the
atomic bomb survivors, where there is significant
departure from linearity at doses above about 1.5 Gy,
the central estimate of a;/a, has been calculated to be
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1.7 Gy, with a minimum value less than 1 Gy [P2,
P3]. On the basis of this central estimate the dose-
squared term would contribute about 10% to the
responsc at a dosc of 200 mGy and about 23% at
500 mGy.

C. SUMMARY

328. A number of approaches based on physical,
experimental and cpidemiological data have been exa-
mined for assessing cither doses or dose rates for low-
LET radiation below which it would be appropriate to
apply a dosec and dose-rate effectiveness factor
(DDREF). The fundamental microdosimetric argument
indicates that a low dose, at which fewer than 2% of
cells receive more than one track (assuming a cell
diameter of 8 um), is about 0.2 mGy. Since halving
the dose will simply halve the fraction of cells
affected, at such low doses the dose-effect relationship
should be lincar. This fundamental microdosimetric
approach would have scvere practical limitations in
radiological protection, and there do not appear to be
any experimental or epidemiological data that suggest
that it should be applied.

329. Dose-response studies for cells in culture suggest
that doses of less than about 20-40 mGy are low;
however, epidemiological studies on the induction of
solid tumours in the survivors of the atomic bombings
in Japan indicate a lincar dose response up to about
3 Gy, which suggests (hat for tumour induction a low
dose would be at lcast 200 mGy. For leukacmia induc-
tion there is a significant departure from lincarity at
doses above about 1.5 Gy, but again a low dose can
be taken to be less than 200 mGy.

330. Information on low dose rates for tumour
induction can at present be obtained from animal
studies. The results of a series of studies in experi-
mental animals that arc summarized in Table 8 suggest
that a low dose rate can be taken to be less than about
0.1 mGy min’! given over a few days or weeks.

331. The Committee concludes that for the purposes
of assessing the risk of tumour induction in man a
dose-rate effectiveness factor (DDREF) should be
applied either if the total dose is less than 200 mGy,
whatever the dose rate, or if the dose rate is below
0.1 mGy min’! (when avcraged over about an hour),
whatever the total dose.

CONCLUSIONS

332. Information on dose and dose-rate effects on
radiation responsc has been reviewed in this Annex
with the aim of providing a basis for assessing the
risks of stochastic effects at low doses and low dose
rates from information available at high doses and
high dose rates.

333. The conventional approach to estimating both the
absolute and the relative biological effectiveness of a
given radiation at minimal doses is based on the
assumption, derived here in general terms of target
theory, that the induction of an effect can be
approximated by an expression of the form

ID) = (@D + a;p2ye P " FPD (0

in which a; and a, are cocfficients for the linear and
quadratic terms for the induction of stochastic effects
and B, and B, arc cocfficients for linear and quadratic
terms for cell killing. This equation has been shown to
give a fit 1o much of the published data on the effects
of radiation on cells and tissues, including cell killing,
the induction of chromosome aberrations, mutation in
somatic and germ cells, ccll transformation and
tumour induction. For tumour induction it is generally
assumed that at sufficiently low doses a; will be con-

stant and independent of dose rate. In practice, how-
ever, tumour induction has rarcly been observed either
in experimental animals or in epidemiological studies
at acute doses of much less than 200 mGy.

334. The reduction in effect per unit dose observed at
low doses and low dose rates, compared with effects
at high doses and high dose rates, is termed a dose
and dose-rate effectiveness factor (DDREF), although
the terms dose-rate effectiveness factor (DREF), linear
extrapolation overestimation factor (LEOF) and low-
dose extrapolation factor (LDEF) have also been used.
At sufficiently low doses, when cell killing can be
disregarded, the DDREF can be defined from the
previous equation as

DDREF = (&,D + aD?)/a,D = (3}

1 + (ay/a))D

where D is the dose (in gray) at which the effect is
measured.

335. In the absence of clear information on the shape
of the dose-responsc curve for tumour induction at low
doses, the initial slope, @, of the response at low
doses can be determined, in principle, from exposures
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at low dose rates. There are, however, limited data on
dose-rate effects on tumour induction in human popu-
lations and no information on the mechanisms in-
fluencing tumour development from which quantitative
estimates of dosc-rate cffects can be inferred. Animal
studies and cxperiments on ccil transformation and on
somatic and germ cell mutation rates are therefore
needed to provide insight into the likely effects of
both dose and dose rate on tumour induction. Biophy-
sical models of radiation action also provide an
approach for understanding how the fundamental inter-
actions of radiation with cells can play a part in dosc-
rate cffects.

336. Models of radiation action. Guidance on
cxpected effects at Jow doses and low dose rates can
be sought from radiobiological and epidemiological
data in terms of the quantitative models that have been
developed to describe them. Radiobiological data for
effects on single cells under a variety of conditions
have led to the devclopment of many quantitative
models, mechanistic or phenomenological, for single
radiation-induced changes in cells. Multi-stage models
of radiation carcinogencsis, based on epidemiological
or animal data, assume that one or more changes are
required before a ccll becomes malignant and that
radiation can induce at least some of these changes
(sce Annex E, "Mechanisms of radiation oncogene-
sis"). The biophysical concepts underlying the
different models are described in terms of general
features of target theory, based on the insuit of
ionizing radiation always being in the form of finite
numbers of discrete tracks. In this way fundamental
expeclation can be sought on the nature of overall
dosc responses, their dependence on dose rate and
their features at the low doses of practical importance.

337. Dose-response relationships can be subdivided
into regions. In region I a negligible proportion of
cells are intersected by more than one track, and hence
dose responses for single-stage effects can be confi-
dently expected to be linear and independent of dose
rate. In region Il many tracks intersect each cell, but
multi-track effects may not be observed in the experi-
mental data, and hence independent single-track action
is commonly assumed, although true linearity and
dose-rate independence hinge on the validity of this
assumption. In region IIl multi-track effects are clearly
visible as non-linearity of dose response and hence
dose-rate dependence is likely. The simpler forms of
dose response can be expanded as a general poly-
nomial, with only the dose and dose-squared terms
being required to fit most cxperimental data, although
sometimes a separate factor is added to account for
competing effects of cell killing at higher doses. In
this approach it is common to regard the fitted lincar
coefficient as being constant and fully representative
of the response extrapolated down to minimally low

dose and dose ratc. However, the literature contains
data from numecrous studics that violate this simple
expectation, for both low-LET and high-LET radiation.
Many of these imply that multi-track cffects can occur
in the intermediate-dose region (II) and that even
when the dose response appears linear it may exhibit
dose-rate  dependence and non-linearity at lower
doscs.

338. Low-dose and low-dose-rate cxpectations based
on multi-stage processes of carcinogenesis depend
crucially on the radiation dependence of the individual
stages and on the tissue kinetics. Expectations could,
in principle, readily range between two opposite
extremes. On the one hand there could be the total
absence of a linear term, implying vanishing risk as
the dose tends to zero, as should be the casc if two (or
more) time-separated radiation steps were required. On
the other hand, there could be a finite slope of the
dose response down to zero dose, and this could even
increasc with decreasing dose rate, as may occur if
either of the stages can occur spontancously and if
there is clonal expansjon between them (see Annex E,
"Mechanisms of radiation oncogenesis”).

339. Life shortening in experimental animals.
Radiation-induced life shortening in experimental
animals following exposure to both low- and high-
LET radiation at low to intermediate doses is mainly
the result of an increase in tumour incidence. There is
little suggestion that there is a general increase in
other causes of death into the lethal range, although
degencrative discases in some tissues may be in-
creased at higher doses. On this basis, life shortening
can be used to assess the effect of dose fractionation
and protraction on tumour induction.

340. The majority of comprehensive studies on the
influence of fractionation of low-LET radiation on
life-span have used the mouse as the experimental
animal. The effect of fractionation appears to be very
dependent on the strain of mouse and the spectrum of
diseases contributing to the overall death rate. For
example, in some strains thymic lymphoma incidence
is increased by fractionation. Where this is a major
contributor to the fatality rate, fractionation can lead
to a greater loss of life expectancy than acute
exposures. Overall there is no clear trend, and the
results from a number of studies suggest that, when
compared with acute exposures, the cffects of
fractionation on life-span shortening are small and, at
least for cxposure times of about a month, simple
additivity of the injury from each dose increment can
be assumed. For fractionation intervals over a longer
time there is a tendency to a longer life-span with an
increasing interval between the doses, bul the increases
in life-span obscrved are generally less than those
found with protracted exposures.



684 UNSCEAR 1993 REPORT

341. When the cffects in mice of acute exposures to
low-LET radiation arc compared with those of pro-
tracted irradiation given more or less continuously, the
cffectiveness of the radiation clearly decreases with
decreasing dosc rate and increasing time of exposure.
With lifctime exposures there is some difficulty
assessing the total dosc contributing to the loss of
life-span. However, the results available suggest that
with protracted cxposures over a few months to a year
the effect on life-span shortening is reduced by factors
between about 2 and 5 comparcd with acute expo-
sures. The effcct of dose rate on tumour induction and
life-span shortening has also been examined in rats
and becagle dogs, although no significant differences
have been found. In these two studies dose rates
varied by factors of 60 or less, whereas in the studies
with mice they varied by factors of 100 or more.

342. A number of carly studies suggested that frac-
tionated exposures to high-LET radiation induced
more life shortening than single exposures. More
recent studies have shown, however, that when total
doses are low and the dose per fraction is smail, there
is no significant difference in life shortening between
fractionated and acutc exposurcs. Although the data
are limited, the available information suggests that
protraction of exposure does not affect life shortening.

343. Tumour induction in experimental animals. A
number of studies have been published that permit the
effect of dose rate from low-LET radiation on tumour
induction in experimental animals to be examined. The
data that have been reported by various authors cover
a wide range of dose-response patterns, and with
different dose ranges, differing values of DDREF may
be calculated. A wide range of DDREFs for tumour
induction in different tissues has been found for dose
rates generally varying by factors between about a
hundred and a thousand or more. Some of the tumour
types for which information is available have a human
counterpart (myeloid leukacmia and tumours of the
lung, the breast, the pituitary and the thyroid),
although the tumours involved may not be strictly
comparable to the human discase. Other types either
bhave no human counterpart (Harderian gland) or
require for their development substantial cell killing
and/or changes in hormonal status (ovarian tumour,
thymic lymphoma). In practice, the DDREFs found in
these two groups arc little different, falling in the
range from about 1 to 10 or more, and there is no
clear trend with tissue type.

344. Myeloid leukacmia has been induced in RFM
and CBA mice, although there are differences in
sensitivity between the strains and between the sexes.
DDREFs between about 2 and more than 10 have
been obtained, but with no consistent trend with
changing dose rate. A reasonably consistent finding is

that DDREFs for tumour induction in mammary tissue
in rodents tend to be low, although even here one
author has reported a substantial effect of dose frac-
tionation on the tumour response in mice. DDREFs for
lung tumour induction also tend to be low, with values
falling in the range of about 2-4 following exposure to
both external radiation at different dose rates and to
inhaled insoluble radionuclides with different effective
half-times in the lung, The results of the principal
studies that have been reviewed are given in Table 8,
together with the dose ranges over which the DDREFs
have becn estimated.

345. It has also been demonstrated that the effect of
fractionation on tumour responsc depends on the dose
per fraction. With small doses per fraction, which lie
predominantly on the lincar portion of the dose-
response curve, the tumour response is similar to that
obtained at iow dose rates. At higher doses per
fraction, the response approaches that obtained for
single acute doses.

346. The main conclusion to be drawn from the
results of the studies on radiation-induced life short-
ening and those on the induction of specific tumour
types following cxposure to low-LET radiation is that
tumour induction is dependent on the dose rate, with
a reduction in incidence at low dose rates. While the
absolute value of the DDREF varies with the condi-
tions of cxposure, the animal strain and gender,
tissue/tumour type and the dose range over which it is
calculated, there is a consistent finding of a difference
in tumour yield per unit dose for dose rates varying by
factors of between about 100 and in excess of 1,000.

347. The animal studies also indicate that the presence
of a dose-rate cffect could not necessarily be inferred
from dose-response rclationships obtained at high dose
rates alone, since for a number of studies the dose-
response data for tumour induction up to a few gray
could be adequately fitted by a linear function. This
would imply the absence of a visible quadratic (i.c.
multi-track) function in thc dose response, which
according to conventional interpretation would appear
to be a prerequisite for an effect of dose rate on
tumour yicld. Clcarly, when information is available
only for exposures at high dose rates, any attempt to
assess the cffect at Jow doses and low dose rates, and
hence a value of the DDREF, by simply fitting a
linear-quadratic or similar function to the dose
response is unlikely to be fully successful. The limit-
ing factor is the amount of information available at
low doses from which the lincar term (a; of equation
30) can be accuratcly defined. For planning future
animal studies it is clear that most information is
likely to come from studics on animals exposed at
different dose rates, rather than from attempting to
obtain information on the risks at very low doses. It is
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to be hoped that more studies will be camried out to
supplement the information presently available.

348. From the limited and somcewhat disparate data on
high-LET radiation it is difficult to gencralize. There
is, however, little experimental support for applying a
DDREF to high-dose or high-dosc-rate exposures to
calculate risks at low doscs and dose rates. Similarly,
there is little evidence to suggest that, in the absence
of cell killing, there is an appreciable enhancement of
tumour yield when the dose from high-LET radiation
is protracted or fractionated.

349. Cell transformation. Ccll transformation studies
can yield information of practical use in radiation
protection in addition to giving insight into the mecha-
nisms of carcinogenesis. At present, however, the most
quantitative data is derived from the least physiologi-
cally relevant cell systems, such as cultured embryo
cells or the mouse fibroblast cell lines C3H10TY and
BALB/c3T3. Thus, when attempts are made to extra-
polate to cancer induction in man, which occurs
mainly in cpithelial tissues (lung, gastrointestinal
tract), the biological limitations of these assay systems
must be considered. In addition there are a number of
technical uncertaintics that must be taken into account.
These include the effects of cell cycle time, of plating
density and of promoters and suppressors, some of
which may be normal components of the growth
medium, particularly the serum, and therefore difficult
to control.

350. Nevertheless, in carefully controlled experiments
where asynchronously dividing cells or, in some cascs,
non-dividing plateau-phasec cells have been irradiated,
the resulting obscrvations on dose or dose-rate effects
for low-LET radiation are in general agreement with
those relating to other cellular effects, such as cell
killing and the induction of mutations or chromosomal
aberrations and to tumour induction in animals. Dose-
response curves per cell at risk have a number of
features in common with tumour induction in vivo,
showing an initial rise in transformation frequency
with increasing dose to a maximum and then a
decline. When plotted as transformants per surviving
cell, the dose response for low-LET radiation gene-
rally shows the expected linear or linear-quadratic
relationship tailing off to a platcau at higher doses.
When low doses of x rays or gamma rays are deliv-
ered at low dosc rate or in fractionated intervals, a
DDREF of between about 2 and 4 is obtained. Be-
cause of the limitations of the experimental system,
the range of dose rates applied in experimental
animals has not been used, with the maximum range
being a factor of about 40. It is noteworthy that some
experimental data suggest that the linear term may
alter with dose rate, but this may be accounted for by
the lack of precise data at low doses.

351. Exposures to high-LET radiation result in a
higher transformation cfficiency with a tendency
towards a linecar rclationship, in line with data for
chromosomal aberrations and again tending to a pla-
tcau at high doscs. As expected from this pattern of
response, there is no tendency for the response to
decrease at low dose rates or with fractionation, and in
practice, a number of studics have shown an enhanced
cffect. The main evidence for an "inverse” dose-rate
effect with high-LET radiation seems to be limited to
5.9 MeV or fission spectrum ncutrons, and over the
past few yecars cstimates of the magnitude of the
increased effect have been reduced from factors of
around 9 to about 2 or 3. Results reported from a
number of laboratories have become reasonably
consistent, and it has been possible to develop a model
that can predict many experimental results.

352. The model is based on the assumption that the
target in the cell, taken to be the nucleus, has a "win-
dow" in the cell cycle lasting about 1 hour during
which it is more sensitive to radiation. With protracted
or fractionated cxposures there is a greater opportunity
for this particular window to be hit by at least one
track, and thus the possibility for an enhancement of
transformation frequency with a reduction in dose rate.
The magnitude of any effect will depend on the lineal
energy, and with alpha-particle irradiation little
enhancement would be expected, as is in fact
observed. Although such a modcl appears to be
consistent with much of the experimental data and has
been tested in one series of studies, it is critically
dependent on the target size and will need to be
cxamined at different doses, dose rates and dose-frac-
tionation schedules to fully examine its general appli-
cability. Ultimately a full understanding of the inverse
dose-rate effect must depend on experimental studies
designed to understand the mechanistic basis of the
observations.

353. Despite this possible explanation of the inverse
dosc-rate cffect, there remains the problem that it is
largely based on the results obtained with the
C3H10T» mouse-embryo-derived fibroblast cell line
and may well have only limited application to human
carcinogenesis. The dcvelopment of epithelial cell
systems that are of much more dircct relevance to
buman cancer should be a research priority.

354. Mutagenesis in somatic and germ cells. Studics
on somatic mutations in vitro and germ cell mutations
in vivo are relevant to assessing the cffect of dose and
dose rate on the primary lesion in DNA involved in
tumour initiation, although subsequent tumour
expression will depend on the influence of many other
factors. The results obtained in different studies on
somatic cell mutations in mice have been somewhat
variable, but the overall extent of the dose-rate effect
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indicates a maximum value of about 2-3. A DDREF
of about 3 for specific-locus mutations has been found
in mouse spcrmmatogonia for a dose rate of 8 mGy
min"! compared with a dosc rate of about 900 mGy
min!, although no further reduction in effect was
obtained at lower dose rates down to 0.007 mGy
min}, i.e. an overall range in dose rates in excess of
a factor of 10°. Based on these results, a DDREF of
3 for damage to spcrmatogonia has been applied by
the Committee since the UNSCEAR 1972 Report [US5]
when assessing risks of hereditary disease at low dose
rates. For reciprocal translocations, DDREFs up to
about 10 have been reported, although there appear lo
be considerable differences between specics. Reci-
procal translocations are, however, two-hit aberrations,
and the yicld will be very dependent on recovery pro-
cesses between successive events. The marked differ-
ences in dose-rate cffects between species may be the
result of variable rates of repair. The DDREF in
mature and maturing mouse oocytes is larger than that
in spermatogonia, with the main difference being that
the mutation rate continues to fall when the dose rate
decreases below 8 mGy min"!. Mouse oocytes present
just before birth show a more pronounced dose-rate
effect than mature or maturing oocytes, with a
DDREF of about 14.

355. Epidemiology. = The human data that are
available for assessing the effects of dose rate on
tumour induction from low-LET radiation are limited.
In general, the information available is from exposures
at high dose rates, and little information is available at
doses of less than about 0.2 Gy. Analyses of dose-
response relationships for solid tumours in the atomic
bomb survivors are generally consistent with linearity
but also with a small reduction in the slope of the
dose-response at lower doses. For leukaemia among
the atomic bomb survivors, however, the data are
inconsistent with linearity, and the central estimate of
the DDREF at low doscs is about 2. Model fits to the
dose-response data for the atomic bomb survivors over
the dose range 0-4 Gy kerma for all cancers com-
bined, suggests a DDREF in the range of about 1.7
(when adjusted for random crrors). For solid cancers
alonc, however, linearity provides a good fit, although
the data are also consistent with a DDREF of the
order of 2. This interpretation of the data depends on
the assumption that a linear-quadratic model is appro-
priate for extrapolation to low doses and that the linear
term can be adequately resolved. Information on
thyroid cancer induction by acute external irradiation
compared with low dose-rate exposure from intakes of
1317 are consistent with a DDREF of about 3, although
there is some question over the contributions that
heterogeneity of dose and uncertainties in the dose
estimates as well as the effect of age make to the
overall reduction in risk. For female breast cancer the
information is conflicting. Dose-response relationships

for acute exposures and for {ractionated exposures at
high dosc rates are consistent with a linear dose-
response relationship. However, comparative data from
Nova Scotia and from other Canadian provinces sug-
gest a DDREF greater than one may be appropriate for
assessing cancer risks at low dose rates. Although
cpidemiological studies of low dose-rate exposure
should be more reievant for the purposes of radiologi-
cal protection than studies at high dose rates, the
former type of study at present lacks sufficient
statistical power to allow risks to be estimated with
tight confidence limits, However, the results of studies
such as those of radiation workers are consistent with
low values of DDREF.

356. Dose criteria. The designation of low doses and
low dose rates below which it is appropriate to apply
dose and dose-rate effectiveness factors (DDREFs) in
assessing risks of human cancer resulting from
radiation exposure have bcen considered by the
Committee. A number of approaches based on physi-
cal, experimental and epidemiological data have been
reviewed. It was concluded that for assessing the risks
of cancer induction in man a DDREF should be
applied either if the total dose is less than 200 mGy,
whatever the dose rate, or if the dose rate is below
0.1 mGy min’! (when averaged over about an hour),
whatever the total dose.

357. Summary. The dose-response information on
cancer induction in the survivors of the atomic
bombings in Japan provides no clear evidence for
solid umours for a DDREF much in excess of 1 for
risk estimation at low doses and low dose rates of
low-LET radiation. For leukaemia, the dose response
fits a lincar-quadratic relationship with a best estimate
of the DDREF of about 2. There is only limited sup-
port for the use of a DDREF from other epidemio-
logical studies of groups exposed at high dose rates,
although for both thyroid cancer and female breast
cancer some data suggest a DDREF of possibly 3 may
be appropriate.

358. The results of studies in experimental animals
conducted over a dose range that was similar, although
generally somewhat higher, than the dose range to
which the survivors of the atomic bombings in Japan
were exposed, and at dose rates that varied by factors
between about 100 and 1,000 or more, give DDREFs
from about 1 1o 10 or more with a cenitral value of
aboul 4. Some of the animal tumours have no counter-
part in buman cancer. Similar results 1o those obtained
with animal tumour models have been obtained for
transformation of cells in culture, although the
DDREFs obtained have not been as large. In a number
of these experimental studies linear functions would
give a good fit to both the high- and low-dose-rate
data in the range (rom low to intermediate doses. This
indicates that if the cellular response can, in principie,
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be fitted by a linear-quadratic dose response, in prac-
tice it is not always possible to resolve the common
linear term for cxposures at different dose rates.

359. If the human responsc is similar to that in
experimental animals, then it can be envisaged that at
lower dose rates than were experienced in Hiroshima
and Nagasaki, a DDREF greater than that suggested
by analysis of the dose-responsc data could be
obtained. However, information from human popula-
tions exposed at low dose rales suggests risk coeffi-
cients that are not very different from those obtained
for the atomic bomb survivors, although the risk
estimates have wide confidence intervals. Taken to-
gether, the available data suggest that for tumour
induction the DDREF adopted should, on cautious
grounds, have a low value, probably no more than 3.
Insufficient data are available to make recommenda-
tions for specific tissues.

360. For the purposes of applying DDREFs for
assessing cancer risks in man, the Commiltee con-
cluded cither that dose rates less than 0.1 mGy min!
(averaged over about an hiour) or acute doses less than
200 mGy may be regarded as low.

361. For high-LET radiation, a DDREF of 1 is at
present indicated on the basis that experimental data
suggest little cffect of dosc rate or dose fractionation
on tumour response at low to intermediate doses. 1t is
noted that a DDREF ol somewhat less than 1 is
suggested by some studies, but the results are
equivocal and cell killing may be a factor in the tissue
response.

362. In the casc of hereditary disease, the adoption of
a DDREF of 3 is supported by experimental data in
male mice, although a somewhat higher value has
been found with one study in female mice.
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Table 1
Summary of reduction fuctors for estimating cancer risk st low dose and low dose rates for low-LET radiation
ry B
Alternative
Reduction conditions /.'or applying a
Source reduction facior
Jactor
e Dase Dase rate Ret
(Gy)

Committee on the Biological Effects BEIR 111 1980 225 - ‘ [C4)

of lonizing Radiation BERR V 1990 . [Cy]

Leukacmia 2 <0.1 )
Solid cancars 2-10 <0.1

International Commission on Radiologjcal ICRP 1977 2 b b . 1)

Prolection 1991 2 <0.2 <0.1 Gy h* [12)
National Council on Radiation Protection NCRP 1980 2-10 <02 <0.05 Gy y! (N1

and Measwements {United States)
National Radiological Protection Board NRPB 1988 3 <0.1 <0.1 Gy d'! (s31)

(United Kingdom) 1993 2 <0.1 <0.1 mGy min™! M36]
United Nations Scientific Committee UNSCEAR 1977 25°¢ ¢ o . [U4)

cn the Effects of Atomic Radiation 1986 up 105 <0.2 <0.05 mGy min [107]]

1988 210 <0.2 <0.05 mGy mia™! U]

United States Nuclear Regulatory NRC 1989 33 ‘ <0.05 Gy d! [A6)

Commission 1991 2 <0.2 <0.1 Gy 1! [A10]

¢ Not specified.
b For radiclogical protection purposcs.
¢ Could be higher, as discussed in Anncx G of the UNSCEAR 1977 Report [U4) (paragraphs 314 and 318).
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Table 2
lonization clusters produced directly in a DNA-rclated target by a single radiation track ¢
[G6, G21]
Average number of ionizasions ¥ in
Radiation type
DNA segment of length 2 nm Nucleasome Chromatin segment of length 25 nm
Gamma rays 1(0to >8) 2 (010 >20) 2 (0 to >45)
Alphs particles 2(0 to >15) 10 (0 10 >90) 50 (0 10 >200)

a

b Estimated range in pareathescs.

A similar, or slightly Yarger, number of excitstions are produced, in addition.

Table 3
Damage products in a single-cell nucleus traversed by a single radiation track ¢
[G6, G21]
A N Average number of induced breaks ®
Radiation type verage number of

tonizations DNA single-strand breaks DNA double-strand breaks Chromatin
Gamma rays 70 (1-1500) 1(0-20) 0.04 (0-few) 0.01 (0-few)
Alphs particles 23000 (1-100,000) 200 (0-400) 35 (0-100) 6 (0-20)

a

of singe tracks.

Estimated range in parentheses.

Number of the breaks, based on linear extrapolation to low dose of a sclection of experimental data, and the range estimated from the microdosimetric variation

Table 4
Age at death of RF [emale mice exposed at 10 weeks of age to whole-body gamma-radiation
(W8]
Dase Number of Adjusted mean age at death , 5
Cause of death Gy) wnimals (days) = SE° Difference from controls

All causes 0 232 517~ 8

1 95 55213 p < 0.02

3 92 473 = 17 p < 0.001
All causcs other than neoplastic 0 104 611 = 10

1 29 650 = 18 p>0.20

3 20 657 = 30 p>030

Study terminated at 799 days of age.

& Data for controls from [U21).
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Table 6

Mean life-span and incidence of malignancies In C57BI1 mice exposed at 3 months of age to single and
fractionated doses of gamma radiation

fM20]
Exposure patiern
Parameter Dase
(Gy) Single 8 fractions 10 fractions
5 at 3-howr intervals af 24-hour intervals
Mean lifespan (d £ SE)
Survival 0 606 = 29
0.25 576+ 38 600 = 60
1 540 = 36 611 = 62 610 = 59
2 53238 561+ 22 609 = 59
4 478 = 43 545 = 55 518 = 51
Disease incidence (%)
Thymoma 0 1.27
0.25 1.65 4.63
1 0 1.89 0.86
2 23 5.38 0
4 13.29 7.83 237
All leukacmia 0 20.93
0.25 18.18 24.07
1 15.04 20.75 A.14
2 13.82 30.11 261
4 .57 3217 35.59
Carcinomas and sarcomas 0 16.3
0.25 14.04 19.44
1 8.94 26.42 18.1
2 1429 21.96 19.13
4 16.08 24.39 2034
All malignancies 0 33.19
0.25 28.51 39.81
1 21.95 45.28 36.2
2 2637 51.61 36.52
4 39.16 513 54.24
Table 7
Life shortening from single, fractionated and continuous gamma-ray exposure of mice
(T8]
Coefficient of
Type of exposure Time pattern life shoriening Ref.
(days lost per Gy)
Single 385=29 [T10}
Fracticnsted 24 once per week 2622 [T10}
60 once per week 175233 [T12)
Continuous For 23 weeks 158 =22 {T8})
For 59 weeks 7.7:02 {T8)
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Table 8
Dosc and dose-rate effectiveness factors (DDREFs) for tumour induction by low-LET radiation In experimental
animals
Dose raie (mGy min™) DDREF
Upper range of dase for
Effect Animal studied evaluation (Gy) Ref.
High Low Value
High Low
dose rate dose rate
Harderian gland RFM female mice 450 0.06 2 2 -3 {U12, Ul4,
tumours U1s)
Lung BALB/c female mice 400 0.06 2 2 28 [U12, U1s)
adenocarcinamas BALB/c female mice 350 0.06 23 2-3 3242 [Us6)
Lung cancer * Beagle dogs -3 [G10]
Mammary tumours BALB/c mice 350 0.07 0.25 0.25 11.4 [US6)
Sprague-Dawley rats 100 0.3 0.9 27 -1 [S15)
Sprague-Dawiey raus 10-30 0.02-0.14 1.8 2 1.6-1.7 [G7)
BALB/c mice 450 0.06 2 0.5 1.9 [U12]
WAG/RL rats (2 Gy) (2Gy)® 2 2 -1 (B23)
Mammary Sprague-Dawiey rats 100 0.3 0.9 27 4 [S15)
adenocarcinomas
Myeloid leukacmia RFM malc mice 800 0.04-0.6 1 3 5.1 [u21)
CBA/H male mice 250 0.04-0.11 1.5-4.5 1.54.5 225 [M13})
RFM/Un famale mice 450 0.06 3 2 9.7-= [U1S)
RF female mice 67 0.004-0.7 3 6 -8 [u21)
Owarian tumours RFM female mice 450 0.06 2 2 =55 [U15)
BALB/c female mice 400 0.06 2 2 6.7 [U1s)
Pituitary tumours BALB/c mice 450 0.06 3 2 ~6 [Ul4, U1S)
Skin tumours LBA/H female mice N € 6 6 -2 [H30)
Thymic lymphoma RFM female mice 450 0.06 2 2 58 [U12, U1s)
RFM male mice 800 00306 4 4 26 [v21)
Thyroid tumours ‘ CBA mice (15 Gy) (64-160 Gy) 15 64-160 2-10 (W2]
Loog Evans rats 2800 (0.5-8.5 Gy) 0.94-10.6 0.8-8.5 -1 [L4)
Rats (11 Gy) (100 Gy) 11 100 -10 D4)
Total tumours Sprague-Dawley 13 0.022 28 3 -3 [M43)
male rats

an o s

High dose rate from 91Y; low dose rate from *4Ce or %051,
Ten fractions of 0.2 Gy cach.
247) source (fracticnated exposure).

High dosc rale from x rays; low dose rate from 3y,
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Table 9

Tumour Incidence In mice and evaluation of dose and dose-rate efTectiveness factors (DDREF) for exposure to
gamma-radiation

(E8]
High dose rate Low dose raie DDREF
Upper range of dose for evaluation
Dose range Incidence, Dase range Incidence, (Gy)
Gy ay Gy) aq Value * 21 SE®
(% per Gy) (% per Gy) High dose rate Low dose raie
*1 SE =l SE
Myceloid leuksemia (RF male mice) [U21)
0-1 14432 0-3.08 28=08
0-1.5 174 2 21 0-3.29 2607 1 3.08 5.1 3.8-7.0
03 143 =17 0-6.21 0.87 = 0.53
Myeloid leukaemia (RF female mice) [U2]}
03 68220 0-3.1 0.99 = 0.47
0-5 37=12 0-58 1.04 = 038 3 5.8 6.5 4.5-9.6
0-6.14 071 =031 3 6.14 9.6 6.3-15
Pititary tumours (RFM lemale mice) [U15]
02 22+08 0-2 0.48 = 0.70 2 2 4.6 1.8-11.5
03 39=07 3 2 8.1 3.3-20
Harderian gland tumours (RFM [emale mice) [U15)
0-1 38212 0-1 1.5209
0-1.5 33209 0-2 1.5+05 1.5 2 22 1.5-3.1
0-2 5712
0-3 54207 2 2 38 2753
Ovarian tumours (RFM female mice) (U15]
005 Q=22 0-1 17235 0.5 2 6.8 3712
c-1 36=9 0-2 6.2=+39 1 2 5.8 3.5.9.7
0-2 256 =54 2 2 4.1 2569
Thymic lymphoma (RFM female mice) [U15]
0-2 167 = 1.8 0-2 29=+19 2 2 58 3.59.6

b

Based on linear fit over dose range specified for evaluation (i.e. ap/ay).

Estimated from the fractional standard errors in the acute and chronic incidences.
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Table 10
Calculations of DDREF allowing for uncertaintles in the dose-response for gamma-radiation at high and low
dose rates
(E8]
Upper range of dase for evaluation
(Gy)
Effect Animal DDREF® 21 SE Ref.
High dose rate Low dose rate
Mycloid leukaemia Male mice 1 3.08 5.6 3.88.1 [u21)
Myeloid leukaemia Female mice 3 6.14 11.4 6.3-20 [u21)
Pituitary tumours Female mice 3 2 25 3= [u1s)
Harderian gland tumours Female mice 2 2 4.2 2763 [uis)
Ovarian tumours Female mice 1 2 8 3.5-18 [U15)
¢ Based on afay (1 + o?L/a’L) of Table 9.
Table 11
Acute myeloid leukacmia in male CBA/H mice exposed to gamma radiation
[M13]
Total dase Acwle exposure * Chronic exposwre ®
Gy DDREF
B( Number of mice Leukaemia (%) Number of mice ¢ Leukaemia (%)

1.5 99 11 143 (12/71) 5 22

3.0 83 17 131 (65/66) 6 28

4.5 105 PAl 131 (65/66) 5 M

Dose rate 0,25 Gy min™',

Dose rate 0.25 Gy min™! in 20 fractions, S days weekly for 4 weeks; or 0.04-0.11 mGy min™ for 28 days continuously.
Two groups of mice used with numbers in parentheses.

a n o o

Table 12
Lung adenocarcinoma incidence in BALB/c mice exposed to single, fractionated and protracted gamma rudiation
[u26]
Total dose . Dase rate Observed incidence Expecied incidence
Grow ) Expanire regimen (Gy min') @ * ™ ®
1 2 High dosc rate 0.35 38.6 =54 373
2 2 Low dose rate 0.083¢ 214226 21
3 2 0.1 Gy per fraction 0.35 213233 2
4 2 0.5 Gy per fraction 0.35 279 = 4.5 25
5 2 1 Gy per fraction ¢ 0.35 303=x64 29
6 2 1 Gy per fraction © 0.35 329 =68 29
Incidence = SE.

Expected incidence based on | = 11.9 + 4D + 4.3D% (D in Gy).
Two fractions separated by one day (Group 5) and 30 days (Group 6).

0.083 Gy d! (0.06 mGy min™).
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Table 13
Lung adenocarcinoma Incidence in BALB/c mice estimated from model fits to experimental data for
gamma-radiation exposure
{U26]
Tumowr incidence (%)
Dose High dose rate Low dose rate
Gy) (0.35 Gy min'l) (0.1 Gy per fractior) DDREF
Total Excess ° Total Excess °
0.1 12.34 0.44 12.30 0.40 1.1
0.2 12.87 0.97 12.70 0.80 1.2
0.3 13.49 1.59 13.10 1.20 1.3
0.5 14.98 3.07 13.90 2.00 1.5
0.93 19.34 1.44 15.60 in 2.0
1 20.20 8.30 15.90 4.00 21
2 371 25.20 19.90 8.00 3.2
3 62.6 50.70 2.90 12.00 42

a

Expected incidence based on 1 = 11.9 + 4D + 4.3D? (D in Gy).

Table 14
Mammary adenocarcinoma incidence in BALB/c mice exposed to single, fractionated and protracted gamma
radiation
[U26]
Total dase . Doase rate Observed incidence * Expected incidence ®
Group e Exposure regimen Gy m‘.n,,) (%) (%)

1 0.1 High dose rate 0.35 9 =32° 9.6

2 0.2 High dosc rate 0.35 15 =48 14.4

3 0.25 High dose rate 0.35 20 =46 18.0

4 0.25 Low dosc rate 0.1 ¢ 7921 8.5

5 0.25 0.01 Gy daily fractions 0.05 75223 8.5

6 0.25 0.05 Gy daily fractions 0.05 17=41 18.3

“ Incidence = SE.

Expected incidence based on 1 = 7.7 + 3.5D + 150D (D in Gy).
¢ 0.1 Gy d"! (0.07 mGy min™).

Table 15
Mammary adenocarcinoma incidence in BALB/c mice estimated from model [its to experimental data for
gamma-radiation exposure
[U26]
Tumouwr incidence (%)
Dase High dose raie Low dose raie
(Gy) (0.35 Gy min'!) (0.1 Gy per fraction) DDREF
Toral Excess” Total Excess®
0.05 8.27 0.57 789 0.19 3
0.1 9.55 0.85 8.05 0.3s 5.3
0.15 11.60 39 8.23 0.53 7.4
0.2 14.40 6.7 8.40 0.70 9.6
0.25 17.96 10.26 8.58 0.88 11.7

¢ Expected incidence based on | = 7.7 + 3.5D + 150D% (D in Gy).
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Table 16
Specific-locus mutations in adult spermatogonia of mlce exposed to x- or gamma-radiation
[L17]

. Total dose Dose rate
Expasure conditions Gy (mGy min® 1 Frequency per locus
Co gamma rays, 12 fractions weekly 6.15 0.6 6.26 107
©Co gamma rays, 60 fractions daily 6.26 170 4.17 10%
X rays, 12 fractions weekly 6.15 600-700 1261 10°%
OCo gamma rays, acute 6.36 170 13.07 10°%
OCo gamma rays, acute 6.70 720 1539 10°%
“Co gamma rays, chronic (90 days) 6.18 0.08 3.15 10°
Table 17
Proportions of a cell population traversed by tracks at various levels of track density
Mean tracks Perceniage of cells in population suffering I’ac.cnmgc of
cell hit cells
per 0 rracks 1 track 2 rracks 3 tracks 4 tracks >5 tracks with only 1 track
0.1 90.5 9 0.5 0.015 - - 9s.1
0.2 819 16.4 1.6 0.10 - . 90.3
0.5 60.7 303 1.6 1.3 0.2 - 7y,
1 36.8 36.8 184 6.1 15 0.4 58.2
2 13.5 21.1 27.1 18.0 9.0 53 313
5° 0.7 3.4 8.4 140 1.5 56.0 3.4
i0° 0.005 0.05 0.2 0.8 19 97.1 0.05

a

At these values appreciable proportions of the cell population will incus mote than 5 tracks.

Table 18

Alternative criteria for upper limits of low dose and low dose rate for assessing risks of cancer induction in man

(for low-LET radiation)

. Low dose Low dose rate
Method of estimation (mGy) (mGy min"l)
UNSCEAR 1986 Report [U2] 200 0.05
This Anaex 200 01°
Linear term dominant in parametric fits 10 single-cell dose responses 20 - 40
Microdosimetric evaluation of minimal multi-track coincidences in cell nucleus 0.2 10 (lifetime)
10°3 (DNA repair)

Observed dose-ale effects in animal carcinogenesis 0.06
Epidemiclogical studies of survivors of the atomic bombings in Japan 200

e

Aversped over about an hour.
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High absorbed doses and high dose rates
Lincar, no threshold, slope ay

Low dose rale, slope afp

Limiting slope for low dose rate, slope oy

Low-LET

oo

cO=>

H - High-LET

INDUCED INCIDENCE OF CANCER

ABSORBED DOSE (Gy)

Figure I.
Dosc-response relationship for radiation-induced cancer.
Possible Inferences are illustrated In extrapolating data available at high doses and high dose rates
to response al low doses and dose rates for low-LET radiation.
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Figure II.

Incidence of myeciold leukaemla in male CBA/H mice following brief exposures to x rays.
D2, M14]
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Figure I1I.

Schematic dose-response relationships for Induction of stochastic biological effects
by high-LET (slow neutrons and alpha particles) and low-LET (gamma rays) radlation
on linear (upper plot) and logarithmic (lower plot) scales.

These example curves do not reflect all types of observed response,
and in some in vivo systems alpha particles may be less effective than neutrons.
[C25, GS]
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Figure 1V.

Various shapes of dose-response curves for tumour induction.
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Figure V.
Expected cumulative incidence of radiation-induced car?cer according to a linear-quadratic model with cell killing.
Cell survival functions S,,, defined by B, = 0.1 Gy! and B, = 0.08 Gy?,
S,, defined by B, = 0.4 Gyl and B, = 0.08 Gy-2,
Incidence (upper plot) normalized to 150 104 at 3 Gy.
Relative risk (lower plot) with normallzation to the same value of q;.
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Figure VI,

Life-span reduction in male BALB/c mSSe following exposure to single or fractionated doses
of 13/Cs gamma rays.
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Figure VII.
Life shortening in female RFM mice following exposure to 137Cs gamma rays
at high and Intermediate dose rates.
[S13]
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Figure VIII.
Myeloid leukaemla incldence in RF mice following exposure to x rays at high and intermediate dose rates.
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Figure IX.
Lung adenocarcinoma Incidence in female BALB/c mice (age-adjusted)
following exposure to 137Cs gamma rays at high and intermedinte dose rates,

[U1S, U26]
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Figure X.
Theoretical beta-radiation dose rates to lungs of beagle dogs
for various inhaled radionuclides incorporated in fused aluminosilicate particles.
The dose rates have been normalized to an inital dose rate of 1 Gy d*l.
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Figure XI.

Mammary tumour Incidence in female BALB/c mice (age-adjusted)
following exposure to 137Cs gamma rays at high and Intermediate dose rates.
[U15)
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Figure XII.
Incidence of liver tumours in 3-month-old BC3F; male mice (age-adjusted)
following exposure to 250 kVp x rays (upper plot) and fission neutrons (lower plot).
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Figure XIII
Harderian gland umour incidence in female RFM mice (age-adjusted)
following exposure to !37Cs gamma rays at high and intermediate dose rates.

[U12]

09 @ 045 Gy minl
O 0.06 mGy min-!
40 —
® 304
43
3]
r4
g
O 20
Z
10
0 T T T T T L
0 0.5 1 15 2 25 3
DOSE (Gy)
Figure XIV.

Ovarian tumour incidence in female RFM mice (age-adjusted)
following exposure to 13Cs gamma rays at high and Intermediate dose rates.
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Figure XV.
Thymic lymphoma incidence In female RFM mice (age-adjusted)
following exposure to !13’Cs gamma rays at high and intermediate dose rates.
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Figure XVI,
Lifetime risk cocMicients for tumour induction in rats exposed to radon at various exposure rales.
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Figure XVII,
General characteristics of incidence of cell transformation per plated cell induced by low-LET radiation.
Parameters a; = 10%4 Gy, a; = 104 Gy B; = 107! Gy! and f, = 102 Gy
have been selected to illustrate the importance of linear and quadratic terms in the induction of transformations
and of cell reproductive death. The broken line represents the inltial slope, determined by ay.
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Figure XVIII.
Transformation frequency in CIH10T% cells following cxposure to single or fractionated doses ol x rays
before the establishment of asynchronous growth of cells.
In the case of fractionated doses, the radiation was dcllv]ered in two equal exposures scparated by five hours.
M8
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Figure XIX.
Transformation frequency in C3H10T% cells

following exposure to single or fractionated doses of $%Co gamma rays,
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Figure XX.
Transformation frequency in C3H10TY% cells
following exposure to single or protracted doses of x rays.
Lines are fits to the data with a linear dose-response function.
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Figure XXI.
Transformation [requency In C3H10TY% and BALB-3T3 cells
foliowing exposure to single doses of x rays.
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Figure XXII.

Maximal relative blological effectiveness (RBEy) for survival and
neoplastic transformation as a function of monoenergetic neutron energy.
RBE, represents the ratlo of the Initlal slopes
of the dose-response curves (a,/a)) for each energy.
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Figure XXIII.
Transformation frequency in C3HI0TY% cells exposed to fission spectrum neutrons at high and low dose rates.
Broken lines indicate the linear regressions fitted ‘to the initial portions of the curves.
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Flgure XXIV.
Inverse dose-rate effect in C3H10T% cells irradlated with fission spectrum and 5.9 MeV neutrons.
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Figure XXV,

Transformation frequency In C3H10TY% celis following exposure
to single, fractionated or continued dosesof 5.9 MeV neutrons.
The equations and parameters of the flited curves are given In paragraphs 259 and 260.
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Figure XXVI.

Mutation rate in mouse spermatogonia following acute and chronic exposures.
Stralght lines of best fit by the method of maximum likelihood for specific-locus data.
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Figure XXVII.

Excess relative risk of mortallity from leukaemla and cancers other than leukaemia in the Life Span Study.
(DS86 dosimetry, both cities, both sexes, age at exposure groups 0-19, 20-34 and >35S years, 1950-1985).
Points are estimated relative risk In each equivalent dose Interval, averaging with equal welghts over six
age-at-exposure and sex groups. RBE is assumed equal to 10. Lines arc smoothed average of the polnts.

Error bars refer to the smoothed values,

P
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