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INTRODUCTION

1. Bioogica effects of ionizing radiation in humans, due
to physca and chemical processes, occur immediately
following the passage of radiation through living matter.
These processes will involve successive changes at the mole-
cular, cdlular, tissue and whole organism levels. For acute
whole-body exposures aboveafew gray from radiation of low
linear energy transfer (LET), damage occurs principaly as a
result of cdl killing. This can give rise to organ and tissue
damage and, in extreme cases, death. These effects, termed
early or deterministic, occur principally aboveathreshold dose
that must be exceeded before they are manifested as clinical
damage, athough damage to individual cdls will occur at
lower doses. Protracted ddivery of such high doses over
severa hours or days will usualy result in effects of lower
severity. Information on the early effects of radiation in
humans was reviewed in the UNSCEAR 1993 and 1982
Reports [U3, U§].

2. A second type of damage can occur at late times after
exposure. This damage consgts primarily of damage to the
nuclear materia in the cel, causing radiation-induced cancer
to develop in a proportion of exposed persons or hereditary
diseasein their descendants. Although the probability of both
cancer and hereditary diseaseincreases with radiation dose, it
is generally consdered that their severity does not. They are
termed stochadtic effectsand werereviewed in the UNSCEAR
1977, 1988, and 1994 Reports[U2, U4, U7].

3. Direct information on radiation-induced cancer is
availablefrom epidemiological studies of anumber of human
populations. These include the survivors of the atomic
bombings in Japan and groups that have been exposed to
externa radiation or to incorporated radionudides, ether for
medical reasons or occupationally. Such studies provide
quantitative information on therisk of cancer a intermediate
to high dosesand arereviewed in Annex |, “Epidemiological
evaluation of radiation-induced cancer”. At lower leves of
exposure, however, quantitative estimates of risk are not so
readily obtained, and inferences need to be made by down-
ward extrapolation from the information available at higher
dosss.

4. In the case of radiation-induced hereditary disease,
studies on human populations have not provided quantitative
information, so risk estimates have to be based on the results
of animal studies. There is again the difficulty that quanti-
tative data are available only following exposures to inter-
mediate to high doses. Information on radiation-induced
hereditary disease has been reviewed previoudy by the
Committee [U3, U4].

5. For the mgjority of Stuations in which human beings
are exposed to ionizing radiation in the home, in the natura
environment, and in many places of work, the principa
concern isthe consegquence of exposureto low doses and low
dose rates. For the purposes of radiation protection, the
establishment of the expected incidence of cancer or heredi-

tary diseasefollowing radiation exposureispresently based on
the hypothesisthat the frequency of their induction increases
proportionally with radiation dose. A linear, no-threshold
dose-response relationship has generaly been adopted by
national and international bodies for assessing the risks
resulting from exposures to low doses of ionizing radiation
(see eg. [I12, U4]). This hypothesis implies that the risk of
cancer increases (linearly) with increasing exposure and that
there is no threshold, i.e. no dose bdow which there is
absolutdy no risk. Asyet no definitive experimental data are
available on this issue (see Chapter 1V).

6. Experimentad and epidemiological data on which
quantitative evaluations of the risk of cancer following
exposure to low-LET radiation are based come principaly
from studies involving exposures at moderate to high doses
and doserates. Mogt organizations have extrapolated linearly
and then applied a reduction factor to estimate risks at low
doses and low dose rates. This reduction factor has been
varioudy termed a dose and dose rate effectiveness factor
(DDREF) [12], a dose-rate effectiveness factor (DREF) [N1],
alinear extrapolation overestimation factor (LEOF), andalow
dose extrapalation factor (LDEF) [PL, P14]. The basisfor the
application of such a reduction factor was described in the
UNSCEAR 1993 Report [U3]. For high-LET radiations, such
as neutrons and apha particles, no reduction factor has
generaly been applied, because the dose response for
radiation-induced cancer and hereditary diseaseis essentidly
linear between the lowest dose at which effects have been
observed and that at which cdl killing becomesafactor in the
dose response [12, U3, U4].

7.  Therehasbeen extensivedebateastothe shapeof the
dose-responserel ationship bel ow therangeat which effects
can be directly measured. It has been argued that
irradiating cellsand tissueswith small radiation doses can
result in an adaptive response that reduces the amount of
damage caused by subsequent radiation exposure[U2, W6]
or even resultsin abeneficial effect, termed hormesis[A9,
T11, W13]. There have been suggestions that, at very low
doses, radiation may haveno effect at all; these suggestions
arebased on the proposition that there could be athreshold
for a responsg, in the same way as there is for clinically
observed deterministic effects. Thissituation may arise, for
example, if damage to a number of cellsis needed before
any adverse effect occurs or if interaction between cellsis
a prerequisite for an effect [K19, M34]. An apparent
threshold may also ariseif thelatent period between expo-
sure and the appearance of a cancer exceeds the normal
lifespan of the individual [R1, R14].

8.  Several mechanistic modds have been proposed to
describe the effects of radiation at the different leves of
biological organization. There hasbeen considerableeffort in
developing such models to quantitatively describe cdlular
survival, repair and transformation, based on the stochastic
(probahiligtic) process of energy deposition in radiosensitive
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targets representing dements of cdl structure, or employing
track structure concepts. Other models have concentrated on
representing the processes of repair and misrepair of damaged
cdl dructures. In generd, amechanistic modd should, apart
from quantitative description of available data, have a
predictive capability and offer crucia tests of its validity.
Some mechanigtic modds support the linear no-threshold
expressionsused tofit epidemiol ogica data, whileotherspoint
to power law dose-effect relationships, implying azeroinitial
dope. There have been suggestions that the limits of dose-
based quantities have been reached and that fluence and an
action cross section are more appropriate concepts for
asessing damage to cells. No quantitative attempt has,
however, been made to apply these concepts in radiological
protection [S5].

9. It has been recognized by the Committee for some
timethat information is needed on the extent towhich both
total dose and dose rate influence the induction of cancer
and hereditary disease. A number of considerations are
important in determining the risks of exposures to
radiation at low dosesand low doserates. Theseinclude (@)
careful analysisof epidemiol ogical studiestodeterminethe
lowest doses at which effects are statistically evident, (b)
examination of theshapeof thedose-responserel ationships
in the low-dose region using available experimental and
epidemiological data, and (c) assessment of thepossibilities
for extrapolation to lower levels of dose based on an
understanding of themechanismsinvolved in theradiation
response of tissues. Extrapolation based on mechanistic
considerations can, in principle, be made using informa-
tion on relevant biological factors such as cdlular/
molecular targets for tumour initiation, the nature of
radiation-induced damageto deoxyribonucleicacid (DNA)
and the fidelity of itsrepair, together with information on
adaptiveresponsesand cellular surveillance. Many of these
factors were discussed in the UNSCEAR 1993 and 1994
Reports[U2, U3].

10. Theobjectiveof this Annex isto examinethe sources
of data that are available for assessing the risks of
radiation-induced cancer and hereditary disease at low
doses for both sparsely ionizing (low-LET) and densely
ionizing (high-LET) radiation and their associated
uncertainties. This Annex brings together information
reviewed by the Committee in separate specialized
Annexes, material from previous UNSCEAR reports, and
additional data from dosimetric and celular studies,
epidemiological investigations, recent advances in
molecular biology, and developments in mechanistic
models. The aim is to provide an overview of the data
available on the relationship between radiation exposure
and the induction of cancer and hereditary disease, with
emphasis on the extent to which radiation effects can be
observed at low doses. This information, coupled with
knowledge on the mechanisms of damage to cells and
tissues, provides a basis for informed judgements to be
made about the likely form of the dose response at
exposures below those at which direct information is
available.

11. Doseresponse reationships for radiation effects in
cdlular systemsarereviewed in Chapter |. Considered first of
all isthe definition of alow doseand alow doserate, asthey
may be described either physically or biologically. Thiswill
depend upon the levd of biological organization considered.
Also addressed are theoretical aspects of the interactions of
radiation with cellsand tissues; theinfluenceof track structure
on radiation response; the concept of dose as it applies to
tissues, cdls, or subcdlular targets, and the possibleimplica
tions for dose-response relationships. The results of cdlular
sudies are then reviewed. The range of endpoints of these
sudiesincdude cdl killing, cdl transformation, chromosome
aberrations, and mutation, which occur principally as a
consequence of damage to the nuclear materia in individual
cdls,

12. The results of animal dudies rdated to radiation-
induced cancer and hereditary disease are considered in
Chapter 11. For tumour induction, anima studieshavedemon-
drated that dose-response rdationships can be complex,
depending on the age, gender, and species or drain of the
animal, the sengtivity of individual tissues, the tumour type,
and the dose rate. The results obtained for dose-response
relationships for life-shortening and tumour induction with
different animal modes following exposure to external
radiation or incorporated radionuclides are illustrated, and
information is presented on the extent to which animal data
can provideinformation on therisks of exposureat low doses.

13. In the case of damage to germ cdls, the mutationa
events resulting from DNA damage generally arise as a
simple function of dose and dose rate and depend principally
on the radiation senditivity of the specific gene locus. Dose-
response rdlationships are reviewed in Chapter |1. Radiation-
induced hereditary effectswere comprehensively examined by
the Committee in the UNSCEAR 1986, 1988, and 1994
Reports[U2, U4, U5].

14. Epidemiologica dudies give information on dose-
response relationships for tumour induction and provide the
basis for quantitative risk estimates for human populations.
The available data have been the subject of substantive
reviews by the Committee[U2, U4, U5], and afurther review
is contained in Annex |, “Epidemiological evaluation of
radiation-induced cancer”. The information available on
dose-response relationships is described in Chapter 111, with
emphasis on the extent to which data are available at low
doses. These data relate to the consequences of exposure in
utero aswell as the exposure of infants, children, and adults.

15. Thedirect information on tumour induction, both from
experimental and epidemiological sudies, isinsufficient, on
its own, to ducidate the shape of the doseresponse
rdationship at low doses. In Chapter 1V, present knowledge
is examined on the mechaniams of radiation tumorigenes's
that can be used to gain further ingght into effects at low
doses. Emphasis is placed on gaps in knowledge and the
conseguent uncertainties. Thistopic waslast reviewed by the
Committee in the UNSCEAR 1993 Report [U3], and other
issues relevant to those discussed here are consdered in
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Annex F, “DNA repair and mutagenesis’ and Annex H,
“ Combined effects of radiation and other agents’.

16. As modern molecular methods are developed and
applied, the underganding of the mechanisms of tumori-
genesis has, in recent years, increased subgtantialy. At the
same time there has been an equivalent increase in know-
ledge of radiation action on cdlular DNA; of contral of the
reproductive cdl cycle of the mechanisms of DNA repair,
genomic maintenance, and mutagenesis, and of non-muta-
tional mechanisms of dable cdlular changes. All this
information could be relevant to assessing the shape of the
dose response for both radiation-induced cancer and heredi-

tary disease at low doses and dose rates and the effects of
radiation quality at exposures below those a which direct
information is available.

17. An important aim of Chapter IV is, accordingly, to
highlight thecritical dements of the current understanding of
the mechaniams of tumorigenesis in order to relate them to
data on dose-effect rdationships and permit extrapolation to
doses beneath those a which quantitative information is
available. In Chapter V, thejudgements devel oped in Chapter
IV are used to examine biologicaly based computational
model sthat may in turn be used to assesstherisk of radiation-
induced cancer at low doses and low dose rates.

|. CELLULAR EFFECTS

18. Damageto DNA, which carriesthegeneticinformation
in chromosomes in the cdl nucdleus, is considered to be the
main initiating event by which radiation damage to cels
results in the development of cancer and hereditary disease
[U3]. Either one or both strands of the DNA helix in cdls
may be damaged or broken, resulting in cdl death, damageto
chromosomes, or mutational events. Radiation is thought to
have an effect on DNA either through the direct interaction of
ionizing particleswith DNA molecules or through the action
of free radicals or other chemical intermediates produced by
the interaction of radiation with neighbouring molecules.
Damage can aso be caused to other cdlular dtructures,
resulting in death or subletha damage in individua cdls;
such damage does not in generd result in radiation-induced
cancer or hereditary disease. An exception isdamageto cdls
that resultsin fibrodis, as this seemsto be a precursor to the
development of some tumour types (see Chapter 11). Itisalso
possible that other more indirect mechaniams can influence
tumour devel opment.

19. ThisAnnex isconcerned with the examination of the
biological effects of radiation at low radiation doses. It is
appropriate, therefore, to consider first how these should be
defined. The designation of low doses and |ow doses rates
has been considered in earlier reports by the Committee
[U3, U5] and is summarized here briefly. The following
Sectionsthen consider radiation damageto DNA, relative
biological effectiveness (RBE) of radiations of different
quality, and the influence of track structure on cellular
response. Celular studies related to the determination of
dose-response relationships for chromosome aberrations,
cell transformation, and mutation induction in somatic
cells are then summarized.

A. DESIGNATION OF LOW DOSES
AND LOW DOSE RATES

20. Ininterpreting the responses of cells and tissues to
ionizing radiation, judgements need to be made as to the
boundsfor low and high doses of low-LET radiation. Inthe

1993 UNSCEAR Report [U3], the physical and biological
factors that need to be considered in making these
evaluations were examined in the context of the dosesand
dose rates below which it would be appropriate to apply a
reduction factor when assessing risks (per unit dose) at low
doses and low dose rates from information on risks
obtained at high doses and dose rates.

21. Thefollowing Sectionsdedl with physical andbiological
approachesto designating exposuresthat may beconsidered to
beeither low-doseor low-dose-rateand with experimental data
that can giveinformation on thedose-responsere ationshipfor
sochadtic effectsin cdls ether in vitro or in vivo.

1. Physical factors

22. Various modds have been deve oped to account for the
features of dose-responserd ationshipsobtai nedin experimen-
tal studies. A common aspect of many of these moddsisthat
asingle radiation track, for any radiation quality, is taken to
be capable of producing the initial damage and hence the
cdlular effect. The fundamental physical quantity used to
define the deposition of energy in organs and tissues from
ionizing radiation is the absorbed dose. The tissue or organ
absorbed dose, Dy, is generally taken to be the mean energy
absorbed in thetarget organ or tissuedivided by themass, T.
This definition of the absorbed dose does not, however,
characterize the fluctuation of energy absorption resulting
from the stochagtic nature of the energy deposition events
(tracks) in individual cdls. The fluctuation in the energy
deposition between cdlsin atissue is generaly disregarded
but can be significant when the possible effects of ionizing
radiation on cdllsat low doses are considered. The number of
independent tracks within each cdl follows a Poisson
digribution, and thus the numbers of cdls receiving zero or
few tracks will depend on the fluence of tracks through the
organ or tissue.

23. The physical factors that can influence the effect of
radiation on cdlsand tissues are generally well understood as
areault of advances that have taken place in recent years in
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microdosmetry at the cdlular and subcdlular levels [B31,
B32, G6, G12, P13, R18]. A microdosmetric argument for
defining low doses and low dose rates can be based on
datigtical considerations of the occurrence of independent
radiation tracks within cells or nudd. For ®Co gammarays,
for example, and a spherical cdl or nucleus (taken to be the
sengtive target) assumed to be 8 pm in diameter, there will
be, on average, one track per nucleus when the averaged
absorbed doseis about 1 mGy [B31, B32]. If theinduction of
damagein the nucleus depends on energy deposition in single
nucle, with no interaction between them, a departure from
linearity is unlikdy unless there have been at least two
independent tracks within the cdl nudeus. The number of
trackswithin cdlsfallowsa Poisson digtribution, asillugtrated
inTablel, with themean number of tracksproportional tothe

average absorbed dose. For average tissue absorbed doses of
0.2 mGy from low-LET ®Co gamma rays, for example,
spherical nucle of say 8 um diameter would each receive, on
average, about 0.2 tracks. Inthiscase, just 18% of cellswould
receive any radiation track at al and less than 2% of cdls
would receive more than one track. Halving the exposure
would smply halvethefraction of thetota cdlsaffected, and
90, at such low doses, the dose-effect should be linear. This
microdosimetric argument for alow dose (taken heretobe 0.2
tracks per cdl) would apply to biologica effects where the
energy deposited in acell produces effectsin that cdl and no
other cdl. It might apply, for example, to cdl killing, the
induction of chromosome aberrations, and mutations. Its
applicahilitytocdl transformation and cancer inductionisless
certain. It would need modification if, for example, the pro-

Table 1
Proportions of a cell population traversed by tracks for various mean doses @ from gamma rays and alpha
particles
Mean tracks Percentage of cellsin population suffering Pgrcentagg of
o call hit cellswith
p 0 track 1track 2tracks 3tracks 4 tracks >5 tracks only onetrack
0.1 90.5 9 0.5 0.015 - - 95.1
0.2 819 16.4 16 0.1 - - 90.3
0.5 60.7 30.3 7.6 13 0.2 - 77.1
1 36.8 36.8 18.4 6.1 15 04 58.2
2 135 27.1 271 18 9 53 313
5P 0.7 34 84 14 17.5 56 34
10° 0.005 0.05 0.2 0.8 19 97.1 0.05

a Approximately 0.1 mGy for gammarays, 300 mGy for apha particles.

b At these values appreciable proportions of the cell population will incur more than five tracks.

bability of an effect wasinfluenced by a subsequent track at a
later time, as could bethecasefor multi-stagecarcino-genesis,
or if therewasinteraction between cellsin the devel opment of
aspecific radiation effect, as, for example, hasbeen suggested
for so-called bystander effects. Thisis con-sdered further in
Chapter 1V.

24. To develop the microdosimetric argument for
assessing alow dose, knowledgeisrequired of the sensitive
volumeinthecell. A sphereof 8 um diameter, as described
above, istypical of the size of some cell nuclei, although
they may belarger or smaller. If only a part of the nucleus
responds autonomously to radiation damage and repair,
then a smaller sensitive volume may be more appropriate,
and the egtimate of a low dose would increase. Figure |
illustrates, for variousvolumes, the specific energy of low-
LET radiation that would correspond to this microdosi-
metric criterion of alow dose when less than 2% of cells
receive more than 1 track. Thus for a nucleus of diameter
4 um, alow dose (0.2 tracks per cdll, on average) would be
about 0.8 mGy, and for 32 um it would be about 0.01 mGy.
As decribed in the UNSCEAR 1993 Report [U3], this
definition of a low dose could also take into account
information on thetimecharacteristicsfor DNA repair, which
would givealow doserate of 102 mGy min™, or bebased on
only a sngle track traverang a cell in a lifeime (say, 60
years), alowing essentially no scope for track interactions,
which would give alow dose rate of 108 mGy min™.

100 —

5 MeV alpha particles

=
o
|

50Co ganma rays

MEAN DOSE (mGy)
=
|

o
—
|

0.01

T
0 10 100
DIAMETER OF CELL NUCLEUS (um)

Figure I. Mean dose from an average of 0.2 radiation
tracks per cell nucleus as a function of diameter (<2%
of nuclei receive more than one track).

25. Thesituationisquitedifferent for exposuresto high-
LET radiation. When a tissue receives an average dose of
1 mGy from a pha particles, only about 0.3% of the nuclei
arestruck by atrack at all; theremaining 99.7% aretotally
unirradiated. When asingletrack doesstrike, it deliversto
the nucleus a very large dose, of about 370 mGy on
average. Inindividual nuclel the dose may be any value up
to about 1,000 mGy [G22, G23].
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2. Biological approaches

26. Biological approaches. Thedefinition of alow dose
and alow doserate can also be based on direct observation
of damage in experimental systems or in epidemiological
studies. One approach to assessing a low dose is based on
parametric fits to observed dose-response data for cellular
effects at low to intermediate doses, below those at which
cell killing will become important. For the induction of
cellular damage, the incidence, |, of an effect can then be
related to the dose, D, by an expression of the form

(D) - aD +pD? @)

in which a.and 3, the coefficients for thelinear and quadratic
terms fitted to the radiation response, are congtants and are
different for different endpoints. This equation has been
shown tofit data. on theinduction of chromosome aberrations
in human lymphocytes [U3]. It can aso be extended to cover
cdl killing as described in Section 1.B.1. For some types of
unstable chromosome aberrationsin human lymphocytes, the
o/} quotient (which correspondsto the average dose at which
the linear and quadratic terms contribute equally to the
biological response) is about 200 MGy for Co gamma rays
[L34], and thus the responseis essentially linear up to about
20 mGy, with the dose-sguared term contributing only 9% of
the total response. Even at 40 mGy, the dose-squared term
dill contributes only about 17% to the overall response. On
this basis alow dose might be judged to be 20-40 mGy.

27. Another approach to assessing the low dose range
can be based on anima studies. The results of studies
designed to examine the effect of dose and dose rate on
tumour induction were comprehensively reviewed in the
UNSCEAR 1993 Report [U3]. The results obtained with
experimental animal's, predominantly mice, comparingthe
effect of various dose rates of low-LET radiation on the
induction of leukaemia and solid tumours have suggested
that, on average, a doserate of about 0.06 mGy min ! over
afew days or weeks may be regarded aslow. At lower dose
rates no further reduction in tumour incidence, per unit

exposure, was obtained. The choice by the Committee in
the UNSCEAR 1986 Report [U5] of a low dose rate to
include values up to 0.05 mGy min™* appearsto have been
based on dose rate studies in experimental animals.

28. The analysis of information from epidemiological
studies, in particular the data from the survivors of the
atomic bombingsin Japan, can also be used for estimating
a low dose. Analysis of the dose response for mortality
from solid cancers in the range 0-4 Gy (adjusted for
random errors) has suggested an o/} quotient from amini-
mum of about 1 Gy, with a central estimate of about 5 Gy
[P1, P14]. An o/} quotient of 1 Gy suggeststhat at a dose
of 100 mGy the dose-squared term contributes less than
10% to the response and at 200 mGy still lessthan 20%. It
was suggested in the 1993 UNSCEAR report that for solid
tumour induction in humans, alow dose could be taken to
be less than 200 mGy [U3]. There is, in practice, little
evidence of a departure from linearity up to about 3 Gy. In
the case of leukaemia in the survivors of the atomic
bombings, where there is a significant departure from
linearity at doses above about 1.5 Gy, acentral estimate of
o/p has been calculated to be 1.7 Gy, with a minimum
valuelessthan 1 Gy [P1, P14]. On the basis of thiscentral
estimate, the dose-squared term would contribute about
10% to the response at a dose of 200 MGy and about 23%
at 500 mGy. A low dose might therefore be considered to
be any exposure up to about 200 mGy [U3].

29. Onthebasisof thesevariousanaysesof physical and
biological data, the Committee concluded in the
UNSCEAR 1993 Report [U3] that for the purpose of
assessing the risk of tumour induction in humans at low
doses and dose rates of low-LET radiation, a reduction
factor (dose and 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 per min™* (when averaged over about an
hour), whatever the total dose. The various approaches to
assessing a low dose and low dose rate from low-LET
radiation are summarized in Table 2.

Table 2

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

humans (low-LET radiation)

[U3]

. A Low dose Low dose rate

Basis of estimation (MGy) (mGy min?)
UNSCEAR 1986 Report [U5] 200 0.05
UNSCEAR 1993 Report [U3] 01°¢
Linear term dominant in parametric fitsto single-cell dose responses 20-40 -
Microdosimetric evaluation of minimal multi-track coincidencesin cell nucleus 0.2 108 (lifetime)
10 (DNA repair)

Observed dose-rate effectsin animal carcinogenesis - 0.06
Epidemiological studies of survivors of the atomic bombingsin Japan 200 -

a Approximately 0.1 mGy for gammarays, 300 mGy for alpha particles.

b At these values appreciable proportions of the cell population will incur more than five tracks.

¢ Averaged over about an hour.
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30. For high-LET radiation, the experimental data
suggested that little consistent effect of dose rate or dose
fractionation on thetumour responseat low tointermediate
doses has been obtained. It was therefore concluded [U3]
that there was no need to apply a reduction factor to risks
calculated at high doses and dose rates.

B. DAMAGE TO DNA

31. Cdlsareableto repair both sngle- and double-strand
bresksin DNA over a period of afew hours, but this repair
can beimperfect, resulting in long-term cdlular damage and
mutation. It has been assumed in previous reports by the
Committeethat damageto DNA causing mutational eventsin
germ cdlsiis the result of a single biological event but that
carcinogenesisisamulti-stage processin which theradiation
can induce one or more of the stages involving damage to
DNA and interferencewith cellular homeostatic mechanisms
[u3].

32. Thevast mgjority of endogenous DNA lesionstake the
form of DNA base damage, base losses, and breaks to one of
the sugar-phosphate backbone strands of the double hdix
[A14, W7]. Such single-strand damage may be recondtituted
rapidly in an error-free fashion by cdlular repair processes
since the enzyme systemsinvolved will, for al these lesions,
have the benefit of the DNA base sequence on the undamaged
grand acting as a template on which to recopy the damaged
or discontinuouscode. Singleionizing tracks of radiation will
induce a preponderance of such sngle-strand damage as a
result of energy loss events occurring in close proximity to a
sngle DNA drand in the double helix. A duger of such
events within the diameter of the DNA duplex (about 2 nm)
has, however, afinite probability of smultaneoudy inducing
coincident damage to both gtrands. In support of this, an
approximatdy linear dose response for double-strand break
induction by low-LET radiation has been observed [J5],
confirming that breakage of both strands of the duplex may be
achieved by the traversal of a ingleionizing track and does
not require multiple-track action. Thereis also evidence that
a propor-tion of radiation-induced double-strand bresks are
complex and involve locally, multiply damaged stes, LMDS
[J6]. On the bass of a body of experimental evidence it may
be judged that the ratio of low-LET radiation-induced single-
drand DNA bresks plus base damages to double-strand
bresks is around 50:1. The probability of a double-strand
bresk per cdl has been judged to be about 4 per cdl per
100 mGy [G10].

33. Afraction of radiation-induced doubl e-strand damage
will be repaired efficiently and correctly, but error-free
repair of all such damage, even at the low abundance
expected after low-doseexposure, isnot anticipated. Unlike
damagetoasinglestrand of the DNA duplex, aproportion
of double-strand lesions, perhaps that component
represented by LMDS, will result in the loss of DNA
coding from both strands. Such losses are inherently
difficult torepair correctly, and itisbelieved that misrepair
of such DNA double-strand lesions is the critical factor

underlying the principal hallmarks of stable mutations
induced by ionizing radiation of various qualities [T2,
T14]. Double-strand DNA losses may in principle be
repaired correctly by DNA repair recombination, but such
damage may be subject to error-prone repair, which can
resultin theformation of geneand chromosomal mutations
that are known to characterize malignant development
[C23]. This interpretation would, however, be flawed if
cellular repair processes were totally effectivein repairing
damage in the case of small numbers of double-strand
breaksin the affected cells. In such acase, athreshold dose
before any response could occur would be possible The
most basic, although not necessarily sufficient, condition
for atrue dose threshold would be that any single track of
the radiation should be unable to produce the effect. Thus,
no biological effect would be observed in the true low-dose
region, wherecellsaretraversed only by singletracks. This
isconsidered further in Chapter 1V.

1. Dose response for low-LET radiation

34. Theapproach that has been frequently used to describe
both the absolute and the rel ative biological effectiveness of a
given radiation exposure from low-LET radiation isbased on
the assumption that the induction of an effect can be
approximated by an expresson of the following form:

I(D) = (aD + pD?) e P:PPP) @

where o, and B are coefficients of the linear and quadratic
terms for the induction of stochastic effects and p, and p,
are linear and quadratic terms for cel killing. This
equation has been shown to fit much of the published data
on the effects of radiation on cells and tissues resulting
from damage to DNA in the cells, including theinduction
of chromosome aberrations, mutation in somatic and germ
cdls, and cell transformation.

35. The nature of the initial damage to DNA was
considered in the UNSCEAR 1993 Report [U3]. The
theoretical considerations were described in terms of the
general features of target theory, because the insult of
ionizing radiation is in the form of finite numbers of
discrete tracks. On this basis, it was proposed that the
nature of the overall dose response for low-LET radiation
could be subdivided into a number of regions:

(@) Low-doseregion. Atthe lowest doses, a negligible
proportion of cells(or nuclel) would beintersected by
more than one track, so the dose response for single-
cell effects would be dominated by individual track
events acting alone and would therefore be expected
toincreaselinearly with doseand belargedly indepen-
dent of doserate;

(b) Intermediate-dose region. In thisdose region, where
there may be severa tracks per cdl, it has been
commonly assumed that tracks act independently if a
linear term (o) can be obtained by curvefitting to
eguations such as (1). For mogt of the experimental
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dose-response data used for curvedfitting, the lowest
dose at which a sgnificant effect is obtained is usually
towards the higher end of this dose region, when
individual cdls may, in fact, have been traversed by
considerablenumbersof tracks. Theassumption of one-
track action for this region considers that the relevant
metabolic processes of the cdll are not influenced by the
additional tracks in any way that could ater the
expression of the ultimate biologica damage of each
individual track. On this assumption, it is conventional
to interpolate linearly from this region to zero dose to
deduce the effectiveness of low dosesand low doserates
of radiation. Such interpolation is based on the coeffi-
cient o in equation (1) and on the assumption that it
remains unchanged down to very low doses and very
low dose rates. There are a number of radiobiologica
studies, mostly with cdllsin vitro but also from animals
exposed at different dose rates, that suggest that this
common assumption is not universaly valid.

(c) High-doseregion. Inthisregion, wherethereare many
tracks per cdl, multi-track effects are dearly seen as
non-linearity of dose response, with upward or
downward curvature of the dose response. Thesmpler
fooms of the doseresponse rdationship that are
observed experimentally can commonly be fitted by a
genera polynomia with terms for dose and doserate.
At high doses, a separate term is needed to account for
the effects of cdl killing.

36. Equation (1), or some modification of it, has been
conventionally used to estimate the biological effectiveness of
radiation at minimal doses, assuming a constant value of o
from the intermediate-dose region down to zero dose, with
independence of dose rate. There are, however, indancesin
which this may not apply.

37. Theassumption of such a dose response for single-cell
stochadtic effects may not hold if there are significant multi-
track events in the intermediate-dose region. Such events
could include, for example, the induction of multiple
independent  steps in radiation carcinogenesis, cdlular
damage-fixation processesinfluendngrepair of DNA damage;
theinduction of enhanced repair by small numbers of tracks;
multiple tracks or enhancement of misrepair; and variations
in cdl sengtivity with time. The dose response may aso be
modified if the biological effect of interest required damageto
more than one cdl or if it was influenced by damage to
additional or surrounding cells.

2. Doseresponse for high-LET radiation

38. Thereare extensveradiobiological dataindicating that
high-LET radiations (neutrons and alpha particles) have a
greater biological effect, per unit of average absorbed dose,
than low-LET radiation. Theinfluence of radiation quality on
abiological systemisusually quantifiedin termsof itsrelative
biological effectiveness (RBE). The RBE of a specific
radiation, R, can be defined as the absorbed dose of reference
radiation required to produce a specific level of response
divided by the absorbed dose of radiation, R, required to

produce an equal response, with all physical and biologica
variables, except radiation quality, being held congtant asfar
as possible. This definition does not depend on the dose
response for the two radiations being the same, it smply
depends on comparing the dose to give a specific level of
effect for aparticular endpoint. Low-LET radiation (x raysor
gammarays) is normally used as the reference radiation. A
particular form of RBE isRBE,,,, which isthemaximum RBE
that would be obtained at low doses and low dose rates.
Various authors and committees (see for example[M 18, S35,
u6]) have reviewed the rdevant biologicd data A
comprehensive review of the literature rdevant to the
determination of values for RBE may be found in NCRP
Report No. 104 [N6]. Maisin et a. [M53] reported informa-
tion on tumour induction in 7- or 21-day old C57BL mice
exposed to 3.1 MeV neutrons (0.5, 1 or 3 Gy) or 250 kVp
x rays (0.125, 0.25, 0.5 or 1 Gy). When the incidence of al
malignant tumours and of hepatocdlular cancer was fitted to
alinear of linear-quadratic function, an RBE intherange5to
8 was obtained.

39. Itisapparent from the studies summarized above that
the RBE for high-LET radiation is dependent on the
biological response being studied. For early effectsin tissues
caused by cdl killing (e.g. skin burns, cataracts, and sterility),
an ICRPtask group [113] concluded that for arange of tissues
and for both neutrons and alpha particles, the RBE was
generaly less than 10. For damage to the lung from inhaled
alpha particles causing fibrosis and loss of fluid into the lung
(pneumonitis), the RBE for rats and beagle dogs was
egtimated to be between 7 and 10. Similarly, for theinduction
of chromosome aberrations in human blood lymphocytes by
alpha particles from 22Cm, RBE values of about 6 have been
obtained in comparison with x rays and 18 in comparison
with gamma rays [E12]. For the induction of micronucle
(caused by fragmentation of chromosomes) in lymphocytes by
alphaparticlesfrom plutonium, an RBE of 3.6 hasbeen found
at low doses (<1 Gy), and for DNA double-strand breaksin
Ehrlich ascitestumour cdls, RBEsin therange 1.6-3.8 have
been reported [B40].

40. In a few experimental studies a biologica effect has
been obtained for a phaparticleirradiation although asimilar
effect has not been found with low-LET radiation. Studiesin
which sgter chromatid exchanges (SCE) have been measured
in human lymphocytesin the G, sage of the cdl cyclegivea
measurable frequency of SCEs following exposure to apha
particles from 2!Am, but no effect of x-ray irradiation was
obtained. From the definition of RBE given above, this
impliesan infinite RBE, dthough it is solely aconsequence of
there having been no observable effect of x rays at low doses
[A16]. Similar resultshave been reported for SCEsin Chinese
hamgter ovary cdlsirradiated in the G, phase of thecdl cyde
by #8Pu alpha particles or x rays. High values of RBE, up to
about 245, have aso been reported [N10] for sperm head
abnormalitiesin mice when the effect of external exposureto
X rays was compared with the effects of tissue-incorporated
ZLAm. Thismay partly be accounted for by the heterogeneous
digtribution of #*Am incorporated in the tedtis; it is known
that actinides such as2*Am tend to concentratein intertitial
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tissuein themousetedtis, in close proximity tothe devel oping
sperm cells.

41. For tumour induction, anumber of studies have demon-
drated that both high- and low-LET radiation may induce
cancer in a range of tissues. Data revant to the choice of
RBEsfor neutronsand al phaparticlesare summarized bel ow.
Values of RBE obtained for long-term effectscan be useful for
transferring information on risks calculated following expo-
sure to high-LET to assess risks in populations exposed to
low-LET radiation, and vice versa.

(&) Neutrons

42. Vadues for RBE,, obtained for various biological end-
points in mammals and in mammalian cels for fisson
neutrons compared with gamma rays are summarized in
Table 3. Similar reviews have been published by UNSCEAR
[U5] and Sinclair [ S35]. Information on thevariation of RBE,,
with neutron energy comes partly from data from cdlular
studies, in particular usng point mutations, chromosomal
aberrations, and cdl transformation as endpoints.

Table 3

Estimated RBE,, values for fission neutrons compared with gamma rays

[N6]

Endpoint RBE,,

Cytogenetic studies, human lymphocytesin culture 34-53
Cédll transformation 3-80
Genetic endpointsin mammalian systems 5-70
Life shortening (mouse) 10-46
Tumour induction 16-59

43. Thereisuncertainty in the value of RBE,, for fission
neutrons. Thisuncertainty comes principally from how the
data for low-LET radiation, mainly for cancer induction
and life shortening in mammalss, are extrapolated to low
doses and low dose rates. The derivation of values for
RBE,, isillustrated in Figure Il. The graight line A of
dopeay representsthedose-responserel ationship for high-
LET radiation. The data points shown in the Figure are
representative of data for low-LET radiation and can be
extrapolated to low doses by the linear relationship B of
dope a4 or by curve C, based upon a linear-quadratic
dose-response relationship. Curve D represents the
extrapolated linear portion with slope o, of the low dose
response of curve C. The ratio of the slopes of curves A
(dope o) and D (slope oy, ) represents RBE,,..
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Figure Il. Typical dose-effect relationship for low- and
high-LET radiations [M18].

44. There are few datain whole animals that measure the
variation of RBE,, for specific tumour induction or life
shortening with neutron energy. Knowledge of the variation
of RBE,, with neutron energy is confined to cdlular sudies.
Chromosomal aberrationsin human lymphocytes[E12, E13]
indicate a monotonic decrease by a factor of about four from
1MeV to 14 MeV. Mutationsin ahuman hamster hybrid cell
line (A,) indicated [H29] a monotonic decrease by afactor of
about seven from 0.3 to 14 MeV. The oncogenic trans-
formation of C3H10TY2 cells showed a more erratic variation
with neutron energy [M15], but an overadl variation by a
factor of three from 230 keV to 14 MeV. The cdlular data
suggest a decrease in RBE,,, by a factor of about four from
100 keV with an increase of neutron energy. There are very
few experimental data a lower neutron energies. Some
cdlular data observing chromosome aberrations in human
lymphocytes [E14] suggest an RBE,, dose to that for fisson
neutrons, whereas similar data from Sevan’kaev et d. [S36]
suggest lower values.

(b) Alpha particles

45, Alpha particles have a very short range in tissue. For
the highest energy natural alpha particles from 2%Ra and its
decay products with an energy up to about 7.8 MeV, the
maximum range is about 80 pm; for 5 MeV apha particles
from 2Py, the rangeis about 40 pm. These dimensions may
be compared with the dimensions of the cell nudeus, which
range from about 5 to 10 um in diameter. The dose that a
single apha particle ddivers crossing the cdl nudeus,
considered to be the radiosenstive targdt, is highly variable.
It may range from very low doses for particles that graze the
nucleus, tomorethan 1 Gy for particlescrossing thediameter.
Thus the concept of average tissue dose is a consderable
simplification, and individual cellsin atissuewill receivevery
different doses. Furthermore, alpha-emitting radionuclides
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may be deposited on the surfaces of organs within the body;
this is the case, for example, for radon decay products
deposited in thelung and for plutonium isotopes accumul ated
by the skdeton. There can therefore be a very heterogeneous
digtribution of alpha particle dose within an organ (or tissue).
The specified dose dependson whether an average organ dose
or the mean dose to a particular localized tissue volume is
caculated. In practice, average organ dose is usudly
calculated.

46. When it comes to choosing an appropriate RBE to use
for egimating therisk of tumour induction in organs and

tissues, there are rather few data available The main
difficulty is that comparable patterns of exposure are nesded
for both the a pha-emitting and thereferenceradiation (x rays
or gamma rays). Although extensive data are available on
tumour induction for both of these radiations on their own,
their effects have been directly compared much less
frequently. Published data relevant to the estimation of RBE,,
are available for the induction of bone sarcomas and lung
tumours in experimental animals, from studies on cels in
culture and, to alimited extent, from epidemiological studies
on human populations. Reevant data are summarized in
Table 4.

Table 4
Estimated RBE,, values for alpha particle irradiation and for gamma rays
Endpoint RBE,, Ref.
Bone tumours
Dogs 26 [N6]
Mice 25 [N6]
Dogs 5.4 (4.0-5.8) [G16]
Lung tumours
Various species 30 (6-40) [15]
Dogs 10-18 [B41]
Rats 25 [H30]
Dogs 36 [H30]
Cell transformation (C3H10TY2) 10-25 [B42]
Cell mutation
Human lung cellsHF19 upto7.1? [C27]
Chinese hamgter cdllsV79 upto 18 [T16]
Chromosome aberrations 5-35 [E12, P20]
Germ cell mutations (chromosome fragments, chromosome trand ocations, dominant | ethal s) 22-24 [S37]

a Compared with x rays (from [M18]).

3. Influence of track structure

47. As described above, it is commonly observed that
high-LET radiations (neutrons and alpha particles) are
much moreeffective per unit dosethan low-LET (electrons
and photons), in producing celular effects such as
chromosome aberrations and mutations or for effects in
animals such as cancer and life shortening. Despite this,
the number of DNA breaks produced per gray is not very
different for high- and low-LET radiations. Yet it isthese
breaks that lead to chromosomal and mutation eventsin
cells and eventually to cancer. The explanation lies either
in the differencein the efficiency/fidelity of double-strand
break repair after high- and low-LET radiation, or in the
difference between the spatia distribution of the initial
physical events (ionizations and excitations) which lead,
via double-strand breaks, to aberrations and mutationsin
the cell. If the second explanation is true, there is some
biological relevance to the distribution of initial events of
energy deposition around tracksof charged particles, i.e. to
track structure.

48. Computer programmes based on Monte Carlo
techniques are now available to calculate on a scale of
nanometresor smaller the exact position of ionizationsand
excitations in the track of charged particles [N9].
Examples for a 500 eV eectron and a 4 MeV apha
particle are given in Figure |11 [G10Q]. Electrons meander
by scattering and may travel in any direction. In contrast,
heavy charged particles (from protons to much heavier
ions) essentially travel in straight lines on a well-defined
path. They pass their energy on to secondary electrons,
which wander from the path of theion. Generally, ions of
higher velocity produce higher energy electrons that can
travel further from the path of the ion. As an example,
Figure IV shows calculations of the fraction of energy
deposited within a distance, r, of a track for protons of
energy from 0.3 to 20 MeV. For 0.3 MeV protons, at least
99% of the energy is deposited within 30 nm of the centre
of thetrack. For a20 MeV proton, some 2% of the energy
is deposited more than 1 um away from the path of the
particle track.
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Figure lll. Simulated low-energy track (upper panel: initial energy 500 eV) and simulated short portion of an alpha-
particle track (lower panel: initial energy 4 MeV). A section of DNA is shown to give a perspective on dimensions [G10].

49. By choosing particletypeand energy, itispossibleto
select particles of the same LET but markedly different
track structures, and when such experiments aredonethen
different biological effectsare found [C24]. Clearly, track
structure isimportant for understanding how radiations of
different quality cause differences in RBE, although
opinions vary as to which particular features of track
structure and which objects and characteristic distancesin
the cedls relate to given biological endpoints. As an
example, Savage [S32] considers that for producing
chromosome aberrations, DNA breaks may exchange over
distances up to one or two hundred nanometers. Thus,
energy around a particletrack deposited within volumes of
the order of 100 nm may be important. Other dimensions
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Figure IV. Fraction of energy deposited at distances
from a proton track less than a specified value, r [E16].

may applyto other biological effects. Someanalytic models
employing volume sizes as fitted parameters have been
quite successful in representing quantitative relationships
between RBE and LET for biological endpointssuch ascell
survival or transformation in irradiated mammalian cell
cultures [C25, C29, K24, K28].

C. CELLULAR DAMAGE

50. A range of assays has been deveoped for evaluating
radiation damage to cdls ether in vitro or in vivo. These
include survival curves, cdl transformation, induction of
mutations, and chromosomeaberrations. Variousmode shave
been developed to describe these radiation-induced cdlular
effectsand their dependence on dose, doserate, and radiation
guality. Some of these modds have been summarized by
Goodhead [G6, G7]. The near-consensus view of the critical
damageto single cdlsthat has resulted from these studiesis
that single radiation tracks from ionizing radiations can lead
to cdlular damage. The various modds that have been
developed assumeinter alia that cdlular damage arises from
DNA double-strand breaks, either singly or in pairs; pairs of
DNA singlestrand bresks, localized clusters of radiation
damage in unspecified molecular targets or in DNA;
unspecified single or double lesions, probably in DNA, but
quditatively smilar and independent of radiation quality; or
damage to DNA and associated nudear membranes [U3].
Such moddsindicate that asingle track, even from low-LET
radiation, has afinite probability of producing one, or more
than one, double-strand break in DNA in a cdl nucleus.
Hence the cdlular consequences of a double-strand break, or
of interactions between them, should be possible even at the
lowest of doses or dose rates. Thiswould not, however, bethe
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outcome if cdlular repair processes for single or small
numbers of double-strand bresks were totally efficient, in
which case athreshold for the response might be anticipated.
Thereisnoevidencefor repair being 100% efficient, however,
athough experimental assays to test the hypothesis have
limited resolution.

51. The fdlowing Sections illudrate dose-response
relationships that have been obtained for chromosome
aberrations, for cdl transformation, and for mutagenesis in
somatic cdls. Emphasisis placed on assessing effects at low
doses. Other cdlular effects, including changes in gene
expression, are examined in Annex F, “DNA repair and
mutagenesis’ and noted in Chapter 1V of this Annex. In a
number of cdlular systems, an adaptive response has been
described in which a small initia radiation dose can modify
the effect of a subsequent larger dose. Some examples of
studies demongtrating this response are given below.

1. Chromosome aberrations

52. The scoring of chromosome aberrations in human
peripheral blood lymphocytes provides a sensitive method
for biological dosimetry. It also provides a valuable
approach to assess ng dose-responsere ationshi psfor chromo-
somemutations. By scoring dicentric aberrationsin thefull
genome of about 1,000 cells, average whole-body doses of
about 100 mGy from x rays or gagmmarays may be detected
and higher doses estimated. Calibration curves have been
prepared by a number of laboratories for a wide range of
radiations. All dose-effect curves for low-LET radiation
conform to equation (2) up to 5- 10 Gy. At higher doses,
saturation of the curve can occur when yields of dicentrics
approach five per cell [ES].

53. The difficulty of experimentally demonstrating the
presenceor absence of athreshold for singlecel lular events
can beillustrated by work on theinduction of chromosome
aberrationsin lymphocytesby x rays. In assessing radiation
exposure by the analysis of aberrations in blood lympho-
cytes, measurementsare normally made of theincidenceof
both dicentrics and total aberrations. These are unstable
aberrations, and they will slowly disappear from peripheral
blood. They are, however, more sensitive for the detection
of effects at low doses than are stable aberrations.

54. Thebackgroundincidence of dicentric aberrationsin
blood lymphocytes observed at metaphase is about 1 in
1,000 cells. As radiation-induced aberrations arise at the
rate of about 4 per 100 cells per gray, the ability to detect
adose of 100 MGy would require about 1,000 lymphocytes
to be scored, which would take about three man days.
Radiation damage at lower doses can be detected, but this
requires the assay of proportionately more cels.
Investigations at doses much less than 100 mGy require
very large numbers of cells to be assayed, which would be
likely to exceed the scoring capacity of any single
laboratory and cannot, as yet, be satisfactorily undertaken
onaroutinebasis, even with automated scoring techniques.

55. A number of invitro sudiesof chromosome aberrations
published in the 1970s and 1980s gave data that could be
fitted with alinear dose-response relationship, athough other
functions were aso reported. Thus, Luchnik and Sevan’ kaev
[L13] reported a plateau in the dicentric response to gamma
rays at doses between 100 and 300 mGy (low-LET), and
Kwerovaet d. [K9] produced dicentric datafor x rays, which
might haveindicated athreshold at about 150 mGy, athough
the authors interpreted the datawith alinear function. Lloyd
et a. [L9] found alinear responsein thelower doseregion for
X rays down to 50 mGy for both dicentrics and total aberra-
tions. Wagner et al. [W1] found a linear-quadratic response
using dosesin the range 50-500 mGy from 220 kVp x rays.
One study by Pohl-RUling et al. [P15] reported that 4 mGy of
200 kVp x rays produced a significant reduction in aberration
frequenciesbe ow the control valueuntil doses of 20 mGy and
abovewerereceived. Thiswas interpreted as evidence for the
simulation of repair mechanismsat doses below afew tensof
milligrays. It was only when repair processes were over-
whemed that aberration yields rose following a linear-
quadratic response. It was subsequently noted that if the
control aberrationyield from asimilar experiment designedto
examine the effect of D-T neutrons (and in which one of the
two controls was common to the x-ray study) [P23], then the
yield for 4 mGy of x rayswas no longer significant [E15].

56. To provide better data on the response at low doses, a
coordinated project was carried out by scentigts in six
laboratories They collaborated in a study to examinetheyield
of ungable aberrations induced in peripherd blood
lymphocytesin vitro by x rays[L8]. The study covered doses
of 0, 3, 5, 6, 10, 20, 30, 50, and 300 mGy. Cdls from 24
donors were examined, and a total of about 300,000
metaphases were scored. Aberration yields sgnificantly in
excess of control valueswere seen at doses down to 20 mGy,
and the dose-response data at |ow doses were consistent with
a linear extrapolation from higher doses. The overall dose
response up to 290 mGy was fitted with a linear-quadratic
dose-response relaionship of the form | = C + oD + BD?,
where| istheincidence of dicentrics, Cisacongtant equal to
the spontaneous dicentric yidd, and o and B are the
coefficientsfor thelinear and quadratic terms asafunction of
thedose D (in gray). Vduesof C=0.0012 £ 0.002, o= 0.027
+ 0.012, and p = 0.044 + 0.042 (¥* = 5.2 for 5 degrees of
freedom, df) were obtained as best fits to the data. At doses
below 20 mGy, the observed dicentric yields were generally
lower than background, but not sgnificantly so. Excess
acentric aberrationsand centricrings, in contrast, were higher
than controls, although the increase was not datistically
significant. A number of uncertainties associated with this
type of analyss were described in the paper, including
differencesin scoring by the participating laboratories, and it
was concluded that the satistical uncertaintieswere such that
itisunlikey that thistechniquewould ever alow theresponse
for aberrations to be directly measured a doses much below
20 mGy.

57. The complete set of dicentric data published in the
paper have been subject tofurther analysistodeterminethe
extent to which other modes could fit the dose-response
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information obtained in the study [E2]. A threshold-linear
dose response of theform | = C + a(D — D) has been used
for the analysisin which | istheincidence of dicentrics at
dose D, in gray, and D, is the threshold dose. With values
of C = 0.0013 and o = 0.040, the best estimate of the
threshold, Do, was 0.0097 + 0.0045 Gy (1 SE) (x*= 4.0
for 5 df). It may be concluded, therefore, that while the
datacan bereasonably fitted with asimplelinear-quadratic
function, the possibility of athreshold for doses up to about
10 mGy cannot be excluded.

58. It has been found that the yield of aberrations
following a given radiation dose can be influenced by an
earlier radiation exposure. Some of the earliest studies on
this so-called adaptive responsewere carried out in human
lymphocytes that had incorporated tritiated thymidine
[06]. The cdlls were exposed to chronic, low doses from
tritium in culture and were subsequently exposed at the
relatively high dose of 1.5 Gy from x rays. Approximately
half as many chromosome aberrations were induced in
cellsthat had incorporated thymidine as in those that had
not. This observation was repeatable, and subsequent
experiments showed that exposure to tritium need not be
chronic [W14] and that pre-exposure to 10 mGy of x rays
could al so cause the lymphocytesto becomeadapted [ S25].
Subsequent work showed that the response to low doses
took several hoursto fully manifest itself [S26] and that it
depended on synthesis of proteins (possibly an enzyme),
which was inhibited by the addition of cycloheximilidine
4- 6 hours after the 10 mGy priming dose of x rays[W15].
It has been postulated that stimulation of the synthesis of
enzymes responsible for DNA repair is the key factor in
this response [U2]. This type of an adaptive response has
been observed in other cellular systems, as for somatic
mutations, but it hasbeen most comprehensively studiedin
human lymphocytes [U2, W13]. Thisissue is considered
further in Chapter IV.

59. The measurement of unstable aberrations in blood
lymphocytes has its limitations as a biological dosimeter,
because the incidence of dicentrics, rings, and other
aberrations decreases with time. In recent years stable
chromosome aberrati ons have been extensively studied, as
they provide a method for assessing exposures that
occurred some years previoudy. Some data have been
published on dose-responserel ationshipsfor stable aberra-
tions using fluorescent in situ hybridization techniques.
However, these aberrations have a higher background
yield, which increasesand becomesmorevariablewith age
and lifestyle of the individual [R21]. Cumulative
background radiation exposure accounts for only a small
part of the increased frequency with age; clastogenic
physiological processes of normal ageing are more
important [H34, L50]. This higher and inherently more
variable background of stable translocations meansthat it
has not been possible to measure a significant increase in
response at doses below 200-300 mGy [G13, L38, N7].
Stable aberrations are, therefore, of little value at present
in obtaining information on the shape of the dose response
at low doses.

60. Recently chromosome aberrations have been used to
examine the effects of radiation in a high-background-
radiation area (HBRA) in Chinaand in acontrol area[J9].
The levd of radiation in the high-background-radiation
areawas 3 to 5 times higher than that in the control area.
Overall thecumulativedosesin 39 individual sranged from
31 to 360 mGy for high-background-radiation area and
6.0 to 59 Gy for the controls. The frequency of dicentrics
and ring chromosomes (unstable aberrations) increased in
proportion to the cumulative dose in the high-background-
radiation area group. Such a dose-response relationship
was not clear for thosein the control area. Theincreasein
thefrequency of these aberrationsat such an extremely low
dose rate suggested that there is no threshold dose for the
induction of chromosome aberrations. In contrast, in the
case of trandocations any effect of radiation, at up to 3
times control levels, could not be detected against the
background incidence [H33].

61. For high-LET radiation the dose response obtained
following exposure in vitro both to alpha particles and to
neutrons is generally well fitted with a linear response up
to doses of around 1.5 Gy [ES8] (Figure V). The lowest
dosesused in these studieswere about 50 mGy (high-LET).
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Figure V. Yield of dicentrics in human lymphocytes as
a function of dose for some photon and neutron
radiations [ES8].

2. Cell transformation

62. Cdl transformation sysems in vitro have been widdy
used to dudy the initial stages of oncogenesis. Cdl
transformation describesthe cdlular changes associated with
loss of norma homeodtatic control, particularly of cell
divison, which ultimately results in the devdopment of a
neoplastic phenatype. They are considered to bethe closest in
vitro modd for carcinogenesis. The only biological endpoint
generaly accepted as being definitive of oncogenic
transformation isthegrowth of malignant clonesin “nude’ or
immunologically suppressed host animas. As it is not
practicable to screen every transformed cdll in thisway, other
endpoints are normally used, such as enhanced growth rate;
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lack of contact inhibition and indefinite growth potential;
anchorage-independent growth; and the ahility togrowin less
nutritious media. The specific criteria used to define
oncogeni ¢ transformation depend on theparticular systemthat
is being used.

63. Themost common cell transformation systems such
as the BALB/c3T3 and the C3H10TY%2 mouse-embryo-
derived lines are based on cell lines derived from rodent
fibroblasts. There are disadvantages to using such models
for carcinogenesisin humans, and these were reviewed by
the Committeein the UNSCEAR 1993 Report [U3]. When
transformed C3H10T%% cells areinnoculated into suitable
hosts, they form fibrosarcomas. Thesearenot typical of the
tumour types that arise in humans after exposure to
radiation, which are mainly epithelial in origin. Ideally,
morerelevant cdl lines based on human epithelial tissues
are needed for studying the mechanisms of tumorigenesis
and dose-responserd ationships, but they have proven tobe
much more difficult to develop.

64. Both carcinogenesisand transformation aremulti-sage
processes, athoughtransformationinvitroisnormally sudied
in cdls that have already undergone one or more of the
possible steps involved, in particular, immortalization. Too
much rdiance on studies of rodent cdl lines can, however,
lead to errorsin interpretation, if directly applied to humans.
Thus, a corrdation between anchorage-independent growth
and thetumorigenic phenotype has been established in rodent
cdls [F10, O1, s8], which has permitted the sdection of
neopladtically transformed cells by growth in soft agar. This
does not, however, apply to cultured human cells, as norma
human fibroblasts are capable of anchorage-independent
growth when cultured in the presence of high concentrations
of bovine serum.

65. Degpitesuch limitations, a number of characteristics of
invitro cdl transformation have alowed their use as model
systems for studying the early stages of radiation carcino-
genesisin vivo. These have been summarized by Little [L4]
and incdude a high correation between animals and cell
transformation systemsfor carcinogenicity of many chemicals;
the response of transformed cdls to initiation and promation
smilar to two-stage carcinogenesis in the tissues of experi-
mental animals; and the provision of quantitativeinformation
on the converson of normal to tumour cdls. Cdl-based
transformation systems should be free of the influence of
hormonal and immunological factors, athough cdl-cdl
interactions are fill possible

66. Both BALB/c3T3 and C3H10TY% cdl lines have been
used to measure the oncogenic effects of ionizing radiation
(see, for example, [H1, H18, M3]) and chemical agents (see,
for example, [B25, R13]), as wdl as to screen for possble
carcinogenic agents (see, for example, [S9]). Dose-response
rdationships for cdl transformation following exposure to
low-LET radiation werereviewedin the UNSCEAR 1986 and
1993 Reports[U3, U5] and by Barendsen [B3]. The pattern of
responseisvery dependent on cell-cyclekinetics, neverthdess,
in carefully controlled experiments, the results from

transformation studies on dose and dose-rate effects agree
closdy with the results obtained with other cdlular effects.
There are, however, limitations to the sensitivity at low doses
and dose-response data for low-LET radiation are generaly
available down to doses of around 100 mGy (see, for example,
[M35, M36]). Above 3 Gy, cdl reproductive degth gtarts to
predominate over thetransformation frequency per plated cell
[B2, B3, H1].

67. For transformation by low-LET radiation, various dose-
response relationships have been reported. A linear dose
response has been described by a number of authors (see, for
example, [B33, H19, H27]), while linear-quadratic or
curvilinear relationships have been described by others (seg,
for example, [B30, H19, H24, M15]). Balcer-Kubiczek and
Harrison [B29] reported a linear dose response for the
induction frequency, IF, of cdl transformation in C3H10T%%
cdls exposed to single doses of x rays (4 Gy min™) between
250 mGy and 2 Gy (Figure V1), described by IF =250+ 0.11
10* Gy™. The overdl fits to the data were evaluated by
comparing 2 val ues. The addition of aquadratic function was
found not to be judified by least-squares fitting. For
continuous exposures over 1 hour or 3 hours, linear responses
were also obtained but with a reduced transformation
frequency described by 1.5 £ 0.03 10 * Gy * and 0.87 + 0.5
10* Gy %, respectively. In this study, no transformation was
observed in unirradiated cultures. Thelaboratory estimate for
transformation was less than 0.81 + 0.04 10°° transformants
per viable cdl; thusit is reasonable to assume that even the
lowest transformation frequency obtained at 250 mGy wasdue
to radiation exposure.
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A Continuous exposure over 3 hours
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FigureVI. Transformation frequency in C3H10T%zcells
following exposure to a single or protracted doses of
x rays [B29]. Lines are fits to the data with a linear dose-
response function.

68. Little [L4] compared results from BALB/c3T3 and
the C3H10T%2 cell lines. Following exposures between
100 mGy and 3 Gy, the dose response for the BALB/c3T3
cells was nearly linear but that for the C3H10TY% cells
could be represented by a linear-quadratic or quadratic
relationship (Figure VII).
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Figure VII. Transformation frequency in C3H10TY2
cells and BALB-3T3 cells following exposure to single
doses of x rays [L4].

69. Miller et al. [M35, M36] measured the effect on
C3H10T%2cellsof x-ray doses down to 100 mGy delivered
just 24 hours after seeding. They found a plateau in the
incidence of transformants per surviving cell between
about 300 mGy and 1 Gy, which may have reflected the
fact that the cellshad not achieved asynchronous growth at
the time of exposure.

70. Inamajor sudy, six European laboratories callaborated
in a study that was specifically designed to address the issue
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Figure VIII.

of the dose response at low doses of low-LET radiation
with the C3H10TY.2 transformation system [M14].
Considerable effort went into standardizing techniquesin
the different laboratories and carrying out extensive
intercomparison exercises. One laboratory carried out all
theirradiations, and carewastaken to ensurethat transport
conditionsdid not interferewith the assays. Dose-response
data were obtained for exposureto 250 kVp x rays at dose
intervals from 0.25 to 5 Gy, and a total of 51,000 petri
dishes (of 55 cm?) were scored. In total, 759 transformed
loci were obtained, far in excess of the numbersreportedin
any other study involving low-LET radiation and the
C3H10T%2 cell transformation system.

71. The combined data are shown graphicaly in
Figure Vllla A regression fit to the data on transformation
induction frequency, IF, between 250 mGy and 5 Gy gave a
lineer fit of theform IF = (0.83+ 0.08) 10* Gy *. A fit using
a linear-quadratic relationship resulted in a non-significant
value for the dose-squared term. The authors concluded that
the data supported alinear dose-responserel ationship for cell
transformation in vitro and that there was no evidence for a
threshold dose. A presentation of these data in terms of the
numbers of cels at risk might be more relevant. The data
from Figure Vllla are therefore replotted in Figure VIIIb,
showing the transformation frequency per cdl at risk. This
followsthe standard b l-shaped curvewith afall in frequency
at doses above about 2 Gy, reflecting the effect of cdll killing.
At the lower end of the curve the response is similar to that
shown in Figure Villa
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Transformation frequencies in C3H10T% cells

following exposure to 250 kVp x rays at 2 Gy min™* [M14].

72. These experiments were carried out under as near-
identical conditions as possible in the participating
laboratoriesand probably represent theoptimum conditions
that could be achieved for this type of experiment. The
results support alinear dose-response relationship for cell
transformation invitro at low dosesand do little to support
the concept of either a threshold dose or an enhanced
supralinear response. Nevertheless, the lowest dose at
which effects could be detected was 250 mGy, clearly
demonstrating the limitations of the technique for
assessi ng dose-responserel ationshipsat | ow doses. Because
of the large amount of scoring needed, it would not have

been practi cableto obtain information at appreciably |ower
doses.

73. An adaptive response to low doses of gamma radia-
tion that reduces the effectiveness of a subsequent challenge
dose in inducing spontaneous neoplagtic transformation has
been reported for C3H10T1/2 cells[A20]. In a subsequent
study the same group reported that doses of 1-100 mGy
from gamma radiation resulted in a suppression of the
transformation frequency of C3H10T 1/2 cdIstolevelsbelow
that seen for spontaneous transformation of unirradiated cells
[A21]. Smilar results have been obtained with HeLa x skin
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fibroblast human hybrid cells[R22]. In thelatter study the
frequency of transformation of unirradiated cultures was
compared with that of cultures irradiated with 10 mGy
from gamma radiation and either plated immediately or
held for afurther 24 hoursat 37°C prior to plating. Pooled
data from a number of studies indicated an adaptive
response in the case of post-irradiation holding, although
the results of four individual studies were quite variable.

74. Exposureto high-LET radiation results in a higher
transformation frequency than exposure to low-LET
radiation, with a general tendency towards a linear dose-
response relationship, but with a tendency to plateau and
then fall at high doses (see, for example, [H19, H25, M 15,
M16]). Thereisno tendency for the response per unit dose
to decrease at low doses or low dose rates, although a
number of studies have shown an enhanced effect. As
described in the UNSCEAR 1993 Report [U3], the main
evidence for this enhanced effect is restricted to 5.9 MeV
or fisson neutrons, and in more recent studies with
monoenergetic neutrons of various energies (see, for
example, [M37, M38]) the magnitude of this so-called
inverse dose-rate effect has been reduced from a factor of
around 9 to afactor of 2 or 3 and has been shown to be
radiation-quality dependent. A model has been devel oped
that can satisfactorily explain many experimental results
showing this enhanced dose-rate effect [B26, H20].

75. Recently, Miller et a. [M40] carried out a detailed
analyss of the effect of transformation of C3H10TY% cdls by
alpha particleirradiation using charged particle microbeams.
Cdlsin amonolayer in acdl culture dish wereirradiated in
turn under a highly collimated shuttered beam of alpha
particles. The technique permitted measurement of the
oncogenic potential of a single or a fixed number of apha
particles passing through anudeus. The nudeus of each cdl
was exposed to a predetermined exact number of alpha
particles with energy Smilar to that of radon decay progeny.
In paralld with these microbeam sudies, “broad beam” apha
particle exposures were also carried out such that cdl nucle
received different fluences of apha partides with mean
numbersof 0, 1, 2, 6, and 8. In this casethe actual number of
“hits’ of each cdll was determined by Poisson statigtics. Thus,
if the mean number of traversals of acdl is 1, then 37% are
not traversed a all, 37% once, and the remainder are
traversed by two or more alpha particles.

76. The authors reported that the measured oncogenicity
from exactly one apha particle was significantly less than
from a Poisson digtributed mean of one apha particle,
implying that cdlstraversed by multiple a pha particles were
more likely to be subject to transformation. Transformation
frequenciesfor an exact or mean number of onea phaparticle
per cdl were 1.2 104 and 3.1 10% respectively. The
incidence of transformationsin theexact sngle-traversal cdls
was not sgnificantly different from that in the zero-dose
(sham) irradiated cells (0.86 10°%). The result was taken to
imply that the magjority of the yied of transformed cells
following irradiation with a mean of one apha particle per
cdl must come from the minority of cells subject to multiple

traversals. While these results suggest a non-linear response
at low doses and that the risk is less than might be expected
for single-track traversals on the basis of a linear dose
response, these conclusion were based on only asingle result
for each exposure condition and need further replication
before any confidence can be placed in them. Nevertheless,
they have demongtrated a unique approach to examining the
carcinogenic potential of apha particles at low doses.

3. Mutagenesis in somatic cells

77. The principa mechaniam resulting in a neoplagtic
initiating event is induced damage to DNA, which
predisposestarget cdlsto subsequent malignant devel opment
(see Chapter 1V). There is dso srong evidence linking a
number of tumours to specific gene mutations. An
understanding of the dose-response relationships for this
initial mutational changeis relevant to an assessment of the
effect of low doses on tumour induction. The experimental
data have been reviewed by Thacker [T2] and are considered
in detail in Annex F, “DNA repair and mutageness’.
Cons dered hereisinformation on dose-responserel ationships
for somatic mutation induction resulting from exposure to
both low- and high-LET radiations.

78. A rangeof mutation systems have been described in the
literature, but only a few are sufficiently wel defined for
quantitative sudies. There are also anumber of difficultiesin
interpreting results from somatic cdl sysems. In particular,
the mutation frequency of a given gene is to some extent
modifiable, depending on the exact conditions of the
experiment. It may also bethat a period of timeis needed for
the mutation to manifest itsdf. Thus, the true mutation
frequency may be difficult to determine, and this can present
particular difficultiesin studiesof dose-responsereationships.
Several established cdl lines, derived from mouse, hamster, or
human tissue, have also been used to measure mutation
frequenciesat different dosesand doserates. Becausethecdls
linesused experimentally can havesengtivitiesthat depend on
the stage of the cdl cycdle, to ensure as consigent a response
as possible, it is preferable to use a Sationary culture in
plateau phasein which only alimited number of the cdlswill
be cydling in the confluent monolayer.

79. Themutation of asinglegeneisardativey rare event;
themajority of experimental sysemsarethereforedesignedto
sdect out cdls carrying mutations. Commonly used systems
employ theloss of function of a gene product (enzyme) that is
not essential for the survival of cdlsin culture. Thus, cdls
may be challenged with a drug that they would normally
metabolize with fatal consequences. If mutation renders the
gene product producing the specific enzyme ineffective, the
cell will survive, and thus the mutation frequency can be
obtained by measuring the survivors. Freguently used
examples of such a system are those employing the loss of
the enzyme hypoxanthine-guanine phosphoribosyl
transferase (HPRT), which renders cells resistant to the
drug 6-thioguanine (6-TG), and of the enzyme thymidine
kinase (TK), which gives resistance to trifluorothymidine
(TFT). HPRT activity is specified by an X-linked gene,
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hprt, while TK is specified by an autosomal gene tk and
therefore has to be used in the heterozygous state.

80. Mutation induction in a human lymphoblastoid cell
line (TK) after acute x ray and continuous low-dose-rate
gamma irradiation was investigated using the hprt and tk
mutation assays [K20]. The TK cells are radiosensitive,
and increases in mutation rate for both 6-TK and HPRT
were obtained at acute x-ray doses from 250 mGy to 1 Gy,
with aresponse that could be fitted with a linear function
down to zero dose. At high doses (1.5 and 2 Gy), mutation
dataweredifficult to obtain becauseof avery low surviving
fraction (1%-4%). Mutation frequency after continuous
gamma irradiation could also be fitted with a linear
response and with mutation rates at both 27 mGy h* and
2.7 mGy h™* that did not differ significantly from those for
acute exposure.

81l. Evans et al. [E7] examined the effect of dose and
dose rate on the mutation frequency at both thetk and hprt
loci in two variants (LY-S1 and LY-R16) of mouse
lymphoma L5178Y cells. Mutation at the tk locus,
resulting from x-ray exposure, was dose-rate-dependent in
theLY-R16 variant but notin the LY -S1 variant. Thiswas
thought to reflect the deficiency of DNA double-strand
break repair in LY-SL. In contrast, with the hprt locus,
mutation was dose-rate-independent in both strains. The
results suggested that mutation at the hprt locus is caused
by single lesions, with dose-rate-independent repair,
whereasfor thetk locus, interaction of DNA damaged sites
is important. In both cases, however, an increased
incidence of mutationswas obtained at dosesdown toabout
500 mGy, the lowest dose tested. The data could be fitted
with alinear dose response, with no threshold up to 3 Gy
for LY-R16 cellsand 2 Gy for LY-S1 céells.

82. Induction of mutation to 6-TG resistance was
examined in a radiation-sensitive mutant strain of mouse
leukaemia cells following gammairradiation at dose rates
of 30 Gy h't, 200 mGy h™*, and 6.2 mGy h™* [F14]. The
mutation frequency increased linearly with increasing dose
for all dose rates, with no significant difference between
the responses at any of the dose rates. The lowest dose
tested was 250 mGy.

83. A paticularly sendtive mutation assay has been
described using the pink-eyed ungtable (p*) mutation in the
mouse [S23]. This causes areduction in the pigment in coat
colour and eye colour as a result of a gene duplication and
revertsto wild type by deletion of one copy. Reversion events
are assayed as black spots on the grey coat. The reverson
frequency of p*" is at least five orders of magnitude greater
than that of other recessive mutationsat other coat colour loci.
Female mice, homozygous for the reversion, were irradiated
with various doses of x rays between 10 mGy and 1 Gy and
the frequency of reversons measured. Even a a dose of
10 mGy, the incidence of black melanosome stresks was
increased threefold. Therewasalinear doseresponseover the
dose range examined, with no indication of a threshold
(FgurelX).
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Figure IX. Doseresponse for x-ray induced reversion
of pink-eyed unstable mutations in mice [S23].

84. Albetini e a. [A10] compared the effects of *"Cs
gamma rays and alpha irradiation from 2?Rn on hprt
mutationsinduction in human T cellsinvitro. For gamma-ray
doses between 500 mGy and 4 Gy, the dose response could be
represented by either alinear or linear-quadratic relationship,
with a ggnificant increase in mutations at the lowest dose
Thedoubling dosefor mutation induction wascalculated tobe
about 0.8 Gy. For alphaparticleirradiation, alinear regresson
gave a best fit to the data for doses between about 0.25 and
0.9 Gy. In this case the doubling dose was calculated to be
about 0.2 Gy. This would suggest a relative biological
effectiveness (RBE) of about 4 for apha particle irradiation
compared with low-LET radiation.

85. Further comparative data on mutagenesis in human
lymphoblastoid cdls have been published by Amundson et al.
[All, A12]. Despite being derived from the same donor, two
cdl lines, WTK1 and TK6, have very different responsesto
radiation. Alpha particlesfrom aZ*Pu source produced about
four to five times more hprt mutants per gray in WTK1 cels
than did x rays. On the other hand, there was little difference
between the dose-response curves for the TK6 cdlls, athough
alpha particleswere somewhat more effective. In contrag, the
tk locus was only dightly more senstive to alpha particles
than to x rays, athough the WTK1 cdls were considerably
moresenstivethan theTK6 cdls. Theauthorsconsdered that
the results suggested that WTK1 cdls have an error-prone
repair pathway that is either missng or deficient in TK6, and
they further suggested that this pathway might beinvolved in
the processing of apha-particle-induced damage. In al these
studies the data could be fitted with a linear dose-response
function, with nothreshold, although thelowest exposuredose
used was about 200 mGy for a pha particle irradiation.

86. Dataon theresponse of TK6 cdls exposed to the alpha
emitter 22Bi have been reported by Metting et al. [M41]. The
radionuclide was added directly to the cdl suspension as a
chdate complex. The incidence of mutations was a Smple
linear function of the dose from 200 mGy up to 800 mGy.
Induced mutant frequencies were 2.5 10° Gy * a the hprt
locusand 3.75 10° Gy * at the tk locus.
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87. An adaptive response of the kind observed in blood
lymphocytes [W6, W15] has also been demondtrated to have
an influence on mutation induction. Thus, experiments with
the hprt locus in human lymphocytes have shown that
exposure to tritiated thymidine [S27] or 10 mGy from x rays
[K21] can markedly decrease the number of mutations
induced by subsequent high doses of radiation. The response
to low dosesfrom X raysdiminated about 70% of the effect of
achallenging dose of 3 Gy.

88. Similarly, when SR-1 mammary carcinoma cells were
irradiated with 10 mGy from x rays and subsequently
challenged 18 or 24 hours later with 3 Gy from x rays,
approximately one half as many mutations were induced as
when the cdls were irradiated only with 3 Gy [Z3].
Furthermore, therate of repair of DNA double-strand breaks,
which are the lesions responsible for chromosomal breaks,
increased in cdlsthat had been pre-exposed.

89. Wolff [W13] pointed out that the data on mutation
induction illustrate two aspects of adaptation that are
similar to that observed in blood lymphocytes. after the
initial dose it takes time for the induction to occur, and
onceinduced it disappearswith time. The SR-1 data show
that in this system the effect takes more than 6 hours to
become effective and it then disappearsif 48 hours elapse
between the two doses.

90. In addition to being studied in mammalian systems,
radiation-induced mutations have also been sudied in plant
cdls. Mutations can occur in stamen hairsin tradescantiathat
result in the normal dominant blue colour being replaced by
recessive pink. Thisisasengtive system for detecting effects
at low doses. Dose-response curves for pink mutations have
shown for 250 kV x rays alinear response between 2.5 mGy
and 50 mGy and for neutrons (0.43 MeV) a linear response
between 0.1 mGy and 80 mGy [S28]. In neither case was
evidence for athreshold obtained.

D. SUMMARY

91. Damageto DNA in the nucleusisconsdered to be the
main initiating event by which radiation causes damage to
cdlsthat resultsin the development of cancer and hereditary
disease. Information on the effects of radiation on individua
cdls can, therefore, provide insight into the fundamenta
damage that may ultimately give rise to cancer or hereditary
disease. It can a0 provide information on the consequences
of damage to other cdlular structures, such as the cdlular
membrane and the cytoplasm, athough damage hereis less
significant in terms of long-term health effects.

92. Double-strand breaksin DNA aregenerally regarded
asthemost likely candidatefor causing thecritical damage
to the nucleus that can subsequently manifest itself as a
mutation in somatic or germ cells. Single radiation tracks
havethe potential to cause double-strand breaksand in the
absence of 100% efficient repair could result in long-term
damage, even at the lowest doses.

93. Inexamining the effects of radiation at low dosesit has
been appropriate to consder how they should be defined. A
number of physical and biological approaches have been
examined for designating low doses and low dose rates.
Microdosimetric arguments suggest low doses will be less
than 1 mGy. However, radiobiological experimentson cdlsin
culture suggest that acute doses of about 20 mGy are low,
whileepidemiological studies suggest that alow doseisof the
order of 200 mGy, whatever the doserate. In addition, sudies
of tumour induction in experimental animalssuggest that dose
ratesof about 0.1 mGy min™* arelow, whatever thetotal dose.

94. A rangeof assaysisavailablefor evaluating radiation
damageto cells occurring either in vivo or invitro and the
form of the dose-response relationships. In the low-dose
region, damagefrom low-LET radiation can beconsidered
to be dueto single tracks acting independently, whereas at
higher doses multi-track effects can occur, causing non-
linearity in the dose response. In the case of high-LET
radiation, the doseresponseisgenerally found to belinear.

95. The results of studies of the induction by low-LET
radiation of chromosome aberrationsin blood lymphocytes, of
the transformation of cdlsin culture, and of somatic muta-
tionsin mammalian cdl systems at low doses all giveresults
that are somewhat variable. They depend on the experimental
design and the effort that went into assessing risks at doses of
less than about 1 Gy. In the most comprehensive studies the
results are consigent with an increasing incidence with
increasing dose at low to intermediate doses. Nevertheless,
even very extensve sudies, which have taken considerable
resources, have demonstrated that it is not practical to obtain
information on radiation effects at doses much below about
20 mGy for chromosome aberrations, 100 mGy for cdl
transformations, and 200 mGy for somatic mutations. The
exact form of the response for cdlular effects at low doses
must thereforeremain unclear. Oneexception isaparticularly
senditive system based on the assay of reverson eventsin a
gene mutation in pink-eyed unstable p*" mutations in the
mouse, which cause areduction in coat colour. A linear dose
response, with noindication of athreshold, was obtained over
the dose range for x rays from 10 mGy to 1 Gy. Similarly,
pink mutations have been induced in tradescantia Samen
hairs at doses down to 2.5 mGy from x rays and with alinear
response up to about 50 mGy.

96. For high-LET radiation the experimental data again
indicate alinear dose response down to the lowest doses that
have been tested. In the case of chromosome aberrations, the
lowest neutron dose used was about 50 mGy. For mutation
induction, little information is available from mammalian
cdlular sysems at doses much beow 200 mGy.

97. Therdative biological effectiveness (RBE) of high-
LET radiation compared with low-LET radiation varies
considerably depending on the biological damage and the
dose range. In the case of deterministic effects, caused by
cell killing, RBE values are generally less than 10. For
stochastic effects, values of RBE depend on the dose,
reflecting an essentially linear doseresponsefor high-LET
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radiation and a linear-quadratic response for low-LET
radiation. The maximum value, RBE,,, occurs at |ow doses.
For exposuresto both neutrons and a pha particleirradiation,
values of RBE,, depend on the biological endpoint but for
cytogenetic damage, cdl transformation, and tumour induc-
tion are generally greater than 10.

98. A so-caled adaptive response has been observed for a
number of indicators of cdlular damage: a small radiation
dose reduces the amount of cellular damage caused by alater
higher dose. For the induction of ungtable chromosome
aberrations and of mutation, it has been demongtrated that a

small priming dose of low-LET radiation of about 10 mGy
can reducethe effect caused by asubsequent higher dose. This
adaptive response seemsto take a few hoursto manifest itsdlf
and then lasts for up to about 40 hours. There are no
indications that this would modify the shape of the dose
response, although it could ater the magnitude of any effect.

99. Theinformation on thelowest doses at which effects
from low-LET radiation have been detected in cellular
systems are summarized in Table 5. These are principally
for endpoints arising from mutations.

Table 5

systems exposed to low-LET radiation

Lowest doses at which chromosome aberrations and mutations have been detected in experimental

System Endpoint Radiation Lowest dose ® Paragraph® Ref.
(MGy)
Human lymphocytes Ungtable chromosomal aberrations X rays 20 56 [L8]
Human lymphocytes Stable chromosomal aberrations gammarays 250 59 [L38]
C3H10T%cdls Cdlstransformation x and gammarays 100 66/69 [M35]
Mouse Pink-eye mutation X rays 10 83 [S23]
TK, cels hprt and tk mutation X rays 250 80 [K20]
Tradescantia Pink mutation X rays 25 90 [S28]

a Acute exposures (minutes).
b Text paragraph in which endpoints are further discussed.

Il. ANIMAL EXPERIMENTS

100. Studieswith experimental animalsareimportant for
predicting the long-term effects of radiation in humans.
Provided thelimitations of such studiesare acknowl edged,
considerable information can be obtained on both
radiation-induced cancer and hereditary disease. Themost
directly relevant data come from studies with mammalian
species, with the majority of work relevant to assessing
effectsat low doses and |ow doserates having been carried
out with rodents and beagle dogs.

101. Studies with experimental animals are valuable for
examining the biological and physical factors that may
influencetumour induction by radiation. They can be used
to examine the form of dose-response relationships over a
wide range of doses; the effect of spatial and temporal
distribution of dose; and the influence of factors such as
sengitivity of individual organs and tissues, age at exposure,
radiation quality, and doseprotraction or fractionation on the
tumour response. Animal models are also of increasing
value in understanding the molecular and cdlular
mechanisms underlying tumour response (Chapter V).
Quantitativerisk coefficientsfor radiation-induced cancer
in humans cannot, however, be based on the results of
animal studies because there are differences in radiation
sensitivity between different mammalian species.

102. Experimental studies of genetic damage in the off-
spring of irradiated animals, mainly mice, have been used
to assess the hereditary effects of radiation. In the absence
of any clear evidence from observationsin humans on the
risks of radiation-induced hereditary disease, animal
studiesprovideinformation on dose-responsere ationships
aswell as quantitative risk estimates. Studies of germ-cell
mutations are also relevant to understanding the dose-
response relationship for the initial damage to DNA that
could ultimately result in the devel opment of cancer.

A. CANCER

103. Data on radiation-induced tumours in experimental
animalswere extensively reviewed in the UNSCEAR 1977
and 1986 Reports [U5, U7], by NCRP [N1], by Upton
[U22], and in a comprehensive monograph on radiation
carcinogenesis [U23]. The effect of dose rate on tumour
response was examined by NCRP [N1] and in the
UNSCEAR 1993 Report [U3]. Asnoted in the UNSCEAR
1993 Report, the experimental animals used in many
studies are inbred strains with patterns of disease that can
be very different from those found in humans. Very many
studies have used rodents as the experimental animal.
Different grainsof miceand ratshavevarying susceptibilities
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to both spontaneous and radiation-induced tumours; further-
more, within a given drain, there are frequently differences
between the sexes and agesin theincidence and time of onset
of pecific tumour types. A number of tumour typesfor which
information is available are @ther not found in humans (e.g.
Harderian gland) or appesr to require subgtantia cdl killing
for their development and thus may exhihbit athreshold in the
dose response (e.g. ovarian tumour, thymic lymphoma). For
anumber of other tumoursthere may be ahuman counterpart
(e.g. mydoid leukaemia and tumours of the lung, bresdt,
pituitary, and thyroid), but even here there can be differences
in the cell types involved and in the devdopment of the
tumour. Although datafor larger animalsarenct asextensive,
broadly similar findings are found for tumour induction in
dogs or other species.

104. There are also subdantia variations in the rates of
turnover of cdls and in the lifespan of most experimental
animals compared with humans. Furthermore, the develop-
ment of tumoursin both humansand animalsis subject tothe
modifying influence of variousinterna and external environ-
mental factors, dl of which can potentialy influence dose-
responserdationships. Their deve opment will also depend on
the genetic background, the physological state, and the
environmental conditions of the animals. All these factors
makeit difficult to interpret the results of animal studiesand
to apply them to humans. Neverthdess, most tumours in
laboratory animals appear to ariseascdona  growths and to

develop, as do most human tumours, through stages of
initiation, promotion, and progression. They are therefore of
condderable value for helping to understand the form of the
dose response for tumour induction in humans and the
potentia for effects at very low doses.

105. While extensive data exist on tumour induction in
laboratory animals exposed either to external radiation or
to incorporated radionuclides, many of these studies were
carried out in the 1960s and 1970s. The ahility to detect
radiation-induced cancer at low doses depends, as with
epidemiological studies, on the number of animalsin the
study, the spontaneous incidence of the disease, and the
radiation sensitivity of the particular tumour type(s). This
isillustrated in Table 6. Thus, in the CBA strain of mouse
with a very low spontaneous incidence of acute myeloid
leukaemia (1 10 and a high sensitivity to induction by
radiation (about 1 10* Gy %), only 300 exposed animals
and asimilar number of controlswould be needed to detect
a significant increase (p=0.05) in tumour incidence at a
whole-body dose of 100 mGy (low-LET). It would also be
possibleto detect an effect of 10 mGy with groups of about
4,000 animals. In contrast, for the RFM mouse strain,
which has a much higher spontaneous rate of the disease
(7 1073 and a lower sensitivity (7 1072 Gy™), the number
of animals needed to detect a significant increase in acute
myeloid leukaemia at 100 mGy would be 1.2 10° an
impractically high number of animals.

Table 6

in tumour risk 2

Statistically determined sample sizes of irradiated and control mice needed to detect a significant increase

Spontaneous incidence 1.3 10 %; risk of 3 10 Gy™ assumed.
Spontaneous incidence 7 103; risk of 7 10 Gy™ assumed.
Spontaneousincidence 1 10 ; risk of 1 10" Gy™ assumed.

o0 oTw

106. At low radiation doses the number of animalsused and
ther sengtivity isthusimportant in determining the ahility to
detect any effect. Animal sudies do not generaly involve as
many individualsastherearein the more extensive epidemio-
logical studies. They do, however, have the advantage that
they are planned; the groups of animals exposed are, in
genera, gendicaly homogeneous, and the numbers of
animals allocated to various dose groups can be chosen to
maximize the information obtained. Laboratory animals are
exposed to sources of radiation under controlled conditions,
and there is much greater certainty associated with the
dosimetry. Information may also be available from studies of
animals exposed at different doserates. Dataon irradiation of
laboratory animals can thus give information for a range of
tumour types on the shape of dose-response relationshipsand

Sample size
Mouse strain Tumour
1000 mGy 100 mGy 10 mGy 1mGy
RFM Thymic lymphoma® 1300 1.210° 1.2107 1.210°
RFM Myeloid leukaemia ® 1700 1210° 12107 1.210°
CBA Myeloid leukaemia® 30 300 4000 1310°
p =0.05.

provide an estimate of the lowest dose at which a significant
effect on the induction of tumours from exposuretoionizing
radiation can be observed.

107. Despite a substantial number of research studies on
tumour induction in experimental animals potentialy
available for analyds, there are in practice only a limited
number that can help to define the dose-response re ationship
for cancer induction down to low doses. The range of dose
responserd ationshipsthat havebeen obtainedin experimental
animals and the effect of dose rate on tumour response were
reviewed in the UNSCEAR 1993 Report [U3]. Accordingly,
only illugtrative examples of dose-response rdationships are
given here for tumour induction following exposure to
external radiation and intakes of radionuclides.
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1. Dose-response relationships

108. Tumour induction has been demongtrated in laboratory
animals exposed to both low- and high-LET radiation.
Information on dose-response relationships was previoudy
examined in the UNSCEAR 1986 and 1993 Reports[U3, U5)].
In the UNSCEAR 1986 Report, the Committee limited its
analysis to those modes that appeared to be supported by
general knowledge of cdlular and subcdlular radiobiol ogy.
Because most readily induced human tumours, such asthose
of the breadt, thyroid, and lung, aswel as leukaemia, did not
indicate the existence of athreshold [U5, Annex B, paragraph
108], anayses were confined to the linear no-threshold, the
linear-quadrati c and thequadrati c dose-responserel ationships.
It was considered that these three dose-response re ationships
provided a genera envelope for observation of tumour
induction in experimental animals as wdl as in human
populations. In the UNSCEAR 1993 Report [U3], emphasis
was placed on examining the effect of dose rate on thetumour
response, although information was also given on the dose-
response relationships.

109. Dose-response functions other than those adopted in
1986 have also been proposed [E4, G1, U2]. Modds that
incorporate a threshold assumethat thereisno response up to
some level of exposure, and that theredfter the response
increases with dose. Some animas modds of tumour
induction show this type of response. Dose-response models
that incorporate an adaptive response have also aroused some
interest. These consider the possibility that stimulated repair
of radiation damage as a result of the effect of atoxic agent,
including radiation, at low doses would reduce the influence
of subsequent, higher doses. The evidence for such an
adaptive response was reviewed by the Committee in the
UNSCEAR 1994 Report [U2]. Much of the evidencefor such
aresponsethat is presently available comesfrom observations
of short-term effects in both plants and animals and from
sudies on cdls in culture (Chapter 1). Extensive data from
animal experimentson dose-responserdationshipsfor cancer
induction and limited human epidemiological data on low-
level exposureshave, however, provided no firm evidencethat
the adaptive response decreases the incidence of late effects
such ascancer induction after exposureto low radiation doses.
Molecular and cdlular studies have shown that DNA damage
intheform of double-strand breaksisrepairable but that some
degree of misrepair is to be expected (Chapter 1V). On this
basis, it may be concluded that the extent of damage caused by
ionization events resulting from exposure to low radiation
doses may be influenced by the simulation of DNA repair
mechanisms, but even so, such repair can only be partialy
effective and for many tumour types cannot entirely diminate
therisk of tumour devel opment following radiation exposure.

110. Published reports of doseresponse reationships
obtained with various anima species have described
responses for different tumour types or life shortening (as a
surrogate for tumour induction) usng a wide range of
functions. Although in many studies dose-effect relationships
can be defined by a linear, linear-quadratic, or quadratic
response, the data are generally not well defined, particularly

at low doses, and dternative fits to the data are also possble.
Someanimal moddsalsoindicate the presence of athreshold
for aresponse. Extensive data are available on a wide range
of tumour typesincluding leukaemiasand lymphomasarisng
in haematol ogic tissue aswd | astumours of solid tissues (e.g.
lung, liver, and bone). Examples of doseresponse
relationships for exposures to both external radiation and
internally incorporated radionuclides are given bdow. The
studies have been chosen to illugtrate the various patterns of
doseresponsethat have been obtained with some emphasison
those that give information at low doses.

(&) External radiation

111. Life shortening. Extensive studies in laboratory
animals have reported life shortening asaresult of whole-
body external irradiation. This is a precise biological
endpoint and reflects the early onset of |lethal diseases, an
increased incidence of early occurring diseases, or a
combination of thetwo. At radiation dosesup to afew gray
(low-LET), life shortening in experimental animals
appears to be mainly the result of an increase in tumour
incidence. Thereislittle suggestion that thereisa general
increase in other non-specific causes of death [G14, M39,
S38]. At higher doses, into thelethal range, a non-specific
component of life shortening becomes apparent owing to
cellular damage to the blood vasculature and other tissues.
It was concluded in the UNSCEAR 1993 Report [U3] that
life shortening at low to intermediate doses can be used as
a basis for examining the factors that influence dose-
response relationships for tumour induction.

112. The majority of comprehensve sudies that give
quantitative information on dose-response rdationships for
lifeshortening from exposureto low-LET radiation aswell as
on factors such as the effects of age, dose fractionation and
dose rate have used the mouse as the experimental animal.
Subgtantia differences in sendtivity have, however, been
noted between strains and between the sexes. A review of 10
sudies 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 thereview) were between
25 and 45 days Gy *, with an overall unweighted average of
35 days Gy * [G14]. In generd, in the range from about
0.5 Gy to acutely letha doses, the dose response was either
linear or curvilinear upwards. In male BALB/c mice exposed
to acute dosss of ¥Cs gamma rays (4 Gy min™), life
shortening was a linear function of dose between 0.25 and
6 Gy, with aloss of life expectancy of 46.2 + 4.3 days Gy *
[M39]. Smilar data have been reported on B6CF3 mice
irradiated at 17 daysbefore birth or at varioustimes up to 365
days dfter birth [S38], adthough the lowest dose used was
1.9 Gy. The effects of acute single doses on life shortening in
other species were summarized in the UNSCEAR 1982
Report [U6], athough they are not as comprehensive as the
data for mice.

113. The dffect of dose fractionation appears to be very
dependent on the strain of mouse and the spectrum of dis-
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eases contributing to the overdl degth rate. Overall no clear
trend in the effect of dose fractionation on life shortening
could be found [U3], and the results from a number of sudies
suggested that when compared with acute exposures, the
effects of dose fractionation are small and in some sudies
have given dther small increases or small decreases in life-
span. When the effectsin mice of acute exposurestolow-LET
radiation are compared with those of protracted irradiation
given more or less continuoudy, the effectiveness of the
radiation decreases with decreasing dose rate and increasing
time of exposure. With lifetime exposures there is some
difficulty assessing the total dose contributing to the loss of
lifespan. The results available suggest, however, that with
protracted exposures over afew monthsto ayear, the effect on
life shortening isreduced by factors of between about 2 and 5,
compared with exposures at high dose rates.

114. Theresults of anumber of studies on life shortening
as a result of exposure to high-LET radiation were
examined in the UNSCEAR 1993 Report [U3]. The data
were al reasonably consistent and suggest that the dose
response for life shortening is alinear function of dose, at
least for total doses up to about 0.5 Gy, and that neither
dose fractionation or dose protraction has much effect.

115. Tumour induction. In the late 1970s, Ullrich and
Storer published a series of studies on tumour inductionin
mice (see, for example, [U16, U17, U18]). The data have
provided comprehensiveinformation on the effects of dose
and dose rate on the induction of a range of neoplastic
diseases, including myeloid leukaemia and solid tumours
of the ovary, pituitary, lung, and thymus.

116. In alarge study in female RFM mice, animals were
exposed to acute dosesfrom ¥'Csgammarays (0.45 Gy min')

at 10 + 0.5 weeks of age[U16]. Groups of animalsreceived a
range of doses (0, 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, and 3.0 Gy),
were followed for their lifespan, autopsied at desth, and
diagnosed for various types of neoplagtic diseese. Dose-
response data were obtained for a range of tumour types. A
significant increase in the incidence, | (%), of acute myeoid
leukaemia was obtained at doses of 1.0 Gy and above A
linear dose response of theform | = 0.63 + 1.4D, whereD is
the dosein gray, adequatdly described the data, and the doses
were not high enough for a cdl-killing term to have become
apparent. A linear-quadratic modd, | = 0.69 + 0.86D +
0.00227D?, aso provided afit to the data, although the dose-
squared term was not significant. Ullrich and Storer [U18]
published further data on myeloid leukaemiain female RFM
mice exposed under Smilar conditions. The results were
smilar to those published earlier, but with fewer exposure
points (0, 0.5, and 2.0 Gy).

117. The information on myeloid leukaemia induction in
micefor thesetwo data setshasbeen combinedin Table 7. An
analysis of the combined data carried out for this Annex
indicatesthat theincidence of myedoid leukaemiaisincreased
over controls at doses of about 0.5 Gy and above. The data
have been fitted with linear, linear-quadratic, and threshold-
linear dose responses. All three models give a goad fit to the
data, andin the case of thethreshold-linear modd, athreshold
at about 0.22 Gy can be obtained (Figure X, Table 8). These
studies by Ullrich and Storer [U16, U18] involved a total of
nearly 18,000 mice, and yet the information at low dosesis
equivocal because of the small numbers of acute myeoid
leukaemias occurring. Few other animal sudies have been
carried out on such a scale, and this clearly illustrates the
limited ability of such animal sudies to provide detailed
information on the effects of whole-body radiation at low
doses.

Table 7
Myeloid leukaemia incidence in female RFM mice exposed to acute doses of gamma rays [U16, U18]
Dose (Gy) Number of animals Incidence
0 4763 0.72+0.10
0.1 2827 0.72+0.15
0.25 0.84 £0.30
0.5 1918 117+0.26
1 1100 1.60+0.41
15 1054 3.6+0.76
2 1099 3.22+043
3 4133 52+051
Total 17 859
Table 8
Model fits to data on myeloid leukaemia in mice exposed to ®°Co gamma rays
Function C a D, b DF
I=C+aD? 0.64 + 0.09 1.39+0.13 - 47 6
| =C+aD pD?? 0.69 + 0.09 0.87 +0.39 0.22+0.15 - 2.7 5
I=C+a(D-Dy°® 0.72+0.08 155+0.18 - 0.22+0.14 26 5

a Linear. b Linear-quadratic.

¢ Linear-threshold.
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Figure X. Dose-response relationships fitted to data on myeloid leukaemia in female RFM mice [U16, U18].

118. The induction of lung tumours has been compared in
female BALB/c mice given doses from ®Co gamma raysin
the range 0.5-2 Gy a two dose rates (0.4 Gy min* and
0.06 mGy min™*) [U18, U24]. Tumour induction was less at
low dose rates than at high dose rates. After high-dose-rate
expoure, the age-corrdated incidence, | (%), could be
represented by alinear function, [I(D) = 13.4 + 12D; p>0.5],
where D is the absorbed dose in gray. At low dose rates, a
linear function also gave a goad fit to the data [I(D) = 12.5 +
4.3D; p>0.8]. The data were adjusted for differences in the
digtribution of ages at death among the treatment groups, and
theauthorsindicated there were no changes with age over the
period of irradiation. The differences in dope were taken to
indicate variationsin effectivenessfor tumour induction at the
two dose rates. The data were subsequently extended to
provide additional information a the high dose rate
(0.4 Gy min™Y) in the dose range from 0.1 to 2 Gy [U14].
Although thetumour incidence data could again befitted with
alinear doseresponse[1(D) = 10.9 + 11D; p>0.70], alinear-
quadratic dose response [I(D) = 11.9 + 4D + 4D? p>0.70]
would also giveafit. In thisextended analyss, thelinear term
was very smilar to that obtained in the low-dose-rate study,
and it was concluded by the authors that the result was
consigent with alinear-quadratic responsein which thelinear
term is independent of dose rate, at leest for the dose rates
used in the studly.

119. One of the most extensively studied tumours in the
mouseisthat arisingin thethymus. Thedose responsefor the
induction of thymic lymphomas by acute whole-body
irradiation found in a number of studies has been of the
threshold type (Figure X1). Thus, Maisin et a. [M39] exposad
12-week-old malemiceto singleor fractionated dosesof *'Cs
gamma rays (4 Gy min™Y) in the dose range from 0.25 to
6 Gy. The dose-response curve was of a threshold type; the
incidence of thymic lymphomas rose above that in contrals
only following exposuresat 4 Gy and above. Similarly, Ullrich
and Storer [U18, U24] studied the dose-responserdationship
for thymic lymphoma in female RFM/Un mice. Exposures
were at 0.45 Gy min* and 0.06 mGy min™*. For the highest
doserate, theincidence of lymphomaup to 0.25 Gy increased
with the square of the dose, dthough a threshold for a
response up to about 0.1 Gy could not be excluded. Linesarity
was rgected over this limited dose range. From 0.5 to 3 Gy

theincrease in incidence with dose was nearly linear. At the
lower dose rate the response was best described by a linear-
quadratic dose response with a shallow (perhaps zero) initial
linear slope, again dlowing the possibility of a threshold at
low total doses.
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Figure XI. Incidence of thymic lymphoma as a func-

tion of dose for single or fractionated x rays [M39].

120. Theinduction of ovarian tumoursin mice exposed to
X rays or gamma radiation has also indicated the presence
of athreshold in the response for some strains, and thisis
reflected in apronounced effect of doseand doserate[U17,
Ui18, U21, U24]. Thus, in SPF/RFM mice exposed at
0.45 Gy min™*, asignificant increase in tumour incidence
was obtained at doses from 0.25 to 3 Gy [U18]. The data
could be fitted with alinear-quadratic dose response with
a negative linear component [I(D) = 2.3 + (-23)D + 1.8
D? p>0.25] or by athreshold plus quadratic model [I(D) =
2.2+ 2.3 (D-D*)? p>0.75], where the threshold dose, D",
was estimated to be 0.12 Gy. Linear and quadratic dose
responses were rgected. This pattern of response is con-
sidered to reflect the fact that ovarian tumour development in
the mouse seems to follow changes in hormonal status that
occur after substantial killing of oocytes. For low-dose-rate
exposures, cdl killing is less effective, and as a consequence
there is a substantial reduction, by a factor of about 6, of
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effectiveness in inducing tumours at low dose rates. The
results suggested the possibility of a threshold up to about
0.115 Gy.

121. A further subgtantial study in the mouse has
demongtrated that dose-response relationships for tumour
induction can vary in different organs and tissues [S39].
Groups of B6C3F, mice were exposed to various doses
between 0.48 and 5.7 Gy low-LET radiation from *Cs
gammarays. The dose-response curves for tumour induction
in the liver, pituitary, ovary, and lungs were convex upwards
in the dose region examined, with a sgnificant increase in
numbers of tumour a 048 Gy. The data suggested a
progressiveincreasewith doseuptoabout 1 Gy. A subsequent
gradual increase to the highest incidence obtained was seen
and then a declining incidence at doses above about 1.5 to
3 Gy, depending on the tumour type. The results could be
interpreted as showing an increasing risk with dose up to the
maximum incidence, athough the lack of data below
480 mGy limited the ahility to eucidate the dose response at
low doses. In contragt, the shape of the doseresponsefor bone
tumour induction was quite different from that for other solid
tumours. the initial dope was concave upwards, with the
highest incidence observed in the group given 3.8 Gy. Bone
tumour incidence up to about 3 Gy was a function of the
sguare of the dose, and the existence of athreshold could not
be excluded because the incidence of bone tumoursin groups
irradiated with doses beow 1.43 Gy was not significantly
increased.

122. Variaionsin sengtivity toradiation-induced mammary
cancersin different strains of mice and rats are wdl known,
although thereasons underlying these differencesarenot well
understood. Thus studies of mammary carcinogeness in
Sprague-Dawley, WAG/RIij, and BN/BiRij rats have shown
that only in WAG/RIj rats was an appreciable number of
carcinomas induced by radiation [V3]. Analysis of data on
radiation-induced mammary tumours gave a linear dose-
response function for fibroadenomas in Sprague-Dawley rats
and for both fibroadenomas and carcinomasin WAG/Rij rats
after irradiation with either 0.5MeV neutronsor x rays. Inthe
case of exposure to x rays, the lowest data point was at
200 mGy (Figure XII).

123. Studies of mammary tumoursin mice by Adams et al.
[A13] have demongrated that irradiation resulted in many
more transformed mammary cdls than are ultimately ex-
pressed as tumours. A later study by Ullrich et a. [U26]
examined possible reasons for differences in sengtivity in
sendtive BALB/c and resstant C57BL and B6CF1 hybrid
mice. They demongtrated that variationsin sengitivity could be
corrdlated with differencesbetween grainsin thesengtivity of
the mammary epithdia cdls to radiation-induced trans
formation. Differences in sengtivity could not, however, be
accounted for by differencesin the number of sensitivecd lsor
by systemic or cdlular influences on progression. This obser-
vation of inherent differences in senstivity to radiation-
induced tumour initiation may be one approach to under-
standing the mechanism by which radiation induces cancer in
these different mouse strains and may have more general
application.
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Figure XIl. Relative excess incidence of carcinomasin
WAG/RIj rats after irradiation with x rays and 0.5 MeV
neutrons [B34].

124. A unigueexperimental system has been described by
Tanooka and Ootsuyama [O8, T13] in mice. The backs of
female ICR mice were irradiated with beta particles from
95r-%Y three times a week throughout life. At radiation
doses per exposure between 1 Gy and 11.8 Gy (low-LET),
the tumour incidence was 100%. At 0.75 Gy per exposure,
however, no tumours occurred in 31 mice over a period of
790 days from the start of irradiation. One osteosarcoma
did arise at 791 days and one squamous cell carcinoma at
819 days. This was despite the fact that the cumulative dose
was extremdy high (305 Gy in 950 days). The appearance of
tumours in irradiated mice depended on a fractionated
regime: no tumours occurred following single exposures
with doses up to 30 Gy. At such doses depilation and
severe skin damage occurred. The authors proposed that at
thelower dosefractionation regimeefficient repair occurs,
resulting in an apparent threshold in the tumour response.
No histological information was reported, but it seems
likely that at these high doses deterministic damagewould
occur, resulting in the devel opment of a fibrotic response
preceding tumour devel opment.

125. Tumour induction in rats and mice exposed to high-
LET neutron irradiation was described in the UNSCEAR
1993 Report [U3] and has aso been summarized by Broerse
[B34] and Fry [F15]. In general the experimental results
reviewed indicated that there are differences between tissues
in their tumorigenic response following ether dose
fractionation or reductions in dose rate as compared with
acuteradiation exposures. Takentogether, however, theeffects
of dose rate and fractionation are small, and for the mgjority
of sudiesalinear dose response would give a good fit to the
dataup to about 1 Gy. Exceptions are tumour types for which
cdl killing seems to play a significant role in tumour
induction, as for thymic lymphomas, when a threshold dose
may be found. In many cases, however, information is not
available down to low levels of exposure. For life shortening
at low doses, which hasbeen shown to bethe result of tumour
induction, again little effect of fractionation or dose rate has
been found [F15, U3].
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(b) Internally incorporated radionuclides

126. In the case of intakes of radionuclides, many factorsin
addition to those for externd radiation exposure may
influence the dose response. For radionuclides such as®Sr or
2Py with along physical half-life and along biological half-
time in the body, radiation exposure after an intake will
generdly befor the remaining lifespan of the animal, making
it difficult to relate tumour incidence to radiation dose
Additional difficultiesininterpreting dose-responsedataarise
from the heterogeneous digtribution of dose between and
within body organsand tissuesaswell astemporal changesin
the distribution of radionuclides, and hence dose, within the
body. A key factor in the calculation of the radiation dose is
the identification of the sendtive “target” cdlsat risk. When
aradionudideisuniformly distributed throughout an organ or
tissue, as is the case for tritiated water or *¥Cs, then the
calculation of average tissue dose is sufficient to assess the
dosetothesecritical cdls. In other cases, however, aswith the
bone-seeking radionudlides Z°Pu and Am, the distribution
of dose may be very heterogeneous, and then the calculation
of dosetosengtivecdlsisessentid in assessing dose-response
relationships.

127. Stemcells. Thelnternational Commission on Radio-
logical Protection (ICRP) has developed a comprehensive
set of biokinetic and dosimetric models to enable the
caculation of organ doses from inhaled or ingested
radionuclides[B36, 19, 110]. These model s take account of
thedistribution and retention of radionuclidesinindividual
organs and the proportion of the energy of decay deposited
in different organs. For penetrating photon radiation, itis
necessary to take account of crossfire between organs, but
in these casesthe cal culation of average energy absorbedin
atissue is sufficient. For non-penetrating alpha and beta
radiations, energy istaken to be deposited in the organ in
which the radionuclide is retained. For these radiation
types it is necessary in some cases to take account of the
distribution of theradionuclidewithinthe organ relativeto
sengitive target cels. This consideration has been addressed
in models developed by ICRP for the respiratory and
gastrointestinal tracts, the skin, and the skeleton. In the
case of other tissues (for example the liver, kidneys, and
spleen), the average tissue dose is calculated on the
assumption that sensitive cells are uniformly distributed
throughout them. In relation to intakes of radionuclides,
only therespiratory tract, the gastrointestinal tract and the
skeleton are directly relevant. Radiation doses to the
sensitive cells in the skin are, however, important in the
case of radionuclides deposited on the surface of the bodly.

128. Respiratory tract. The ICRP modd for the human
respiratory tract [I11] takes account of the distribution of
sengtivecdlsfor cancer induction in the extrathoracic region
andthe bronchial and bronchiolar regions of the lung. For the
region of the lung in which gaseous exchange occurs, the
aveoli and terminal bronchioles, the dimensions of the
gructures are considered to be sufficiently small for dosesto
be calculated on the assumption that sendtive cdls are
uniformly distributed.

129. The extrathoracic region of the respiratory tract (the
nose, oropharynx, and larynx) arelined mainly with Stratified
sguamous epitheium. Excess nasal and laryngeal cancers
have been observed in luminizer workers and patients
receiving head and neck exposures [B37] but not in atomic
bomb survivors or patients trested for spondylitis [D12].
Sinonasal cancers were described in humans as a result of
systemic contamination with radium [E11, F13]. Radiation-
induced tumours were mainly carcinomas, including basda
cdl, sqguamouscell, and epidermoid carcinomas, for which the
cdlsat risk are assumed by ICRP[I11] to bethe basal cdls of
the epithelia layer with their nucle at average depths of
40-50 pm.

130. The traches, bronchi, and bronchioles are lined by a
pseudodtratified, ciliated, columnar epithelium separated from
the subepithdial connective tissue by a prominent basement
membrane. Radiation-induced lung cancers have been
documented in uranium miners, atomic bomb survivors, and
therapeutically irradiated patients [B38, 112, P16]. Lung
cancers occur predominantly in the bronchia region; thereis
no evidence that radiation inducestrachedl cancer. Thereare
four main dasses of tumour observed: squamous cell carcino-
ma (most frequent), small-cell carcinoma, adenocarcinoma,
and large-cdl carcinoma. It appears that these tumour types
share the same endodermic progenitors [M44, Y5]; the most
likely candidate cdlsfor tumour induction were considered by
ICRP to be secretory cdls [T15]. Basad cdls may aso be
involved, athough ther role may be limited [J7]. ICRP
therefore assumes for dosimetric purposes that the sensitive
cdlsinthebronchial region are secretory and basal cells, with
nucle at average depths of 10-40 pm and 35-50 um,
respectively[111]. Thesenstivecdlsinthebronchiolar region
aretaken to be secretory cdls, with nudle at an average depth
of 4-15 um.

131. Edimatesof doseto thelung from short-range emitters,
particularly alpha emitters, depend on the assumptions made
regarding the depth and thickness of the sengtivelayer in the
bronchi and bronchioles. For example, in a recent sengtivity
analysisof dosesfrom radon progeny, adoserangethat varied
by afactor of 2.6 resulted from consideration of sensitive cell
parameters[M45].

132. Gastrointestinal tract. The current dosmetric modd
of the gastrointestinal tract makes only a smple generdized
allowancefor the position of sengitivecdlsrdativetoingested
radionudlides [19]. Doses are caculated separately for the
mucosal layer of each region moddled: the somach, small
intestine, upper large intesting, and lower largeintestine. For
penetrating radiations, the average dose to the wall of each
region is used as a measure of the dose to the mucosal layer.
For non-penetrating radiations, the fraction absorbed by the
mucosal layer istaken to be equal to 0.5v/M, where M isthe
mass of the contents of that section of thegastrointestinal tract
andv isafactor (between 0 and 1) representing the proportion
of energy that reaches senstive cdls. The factor of 0.5 is
introduced because the dose at the surface of the contentswill
be approximatey haf that within the contents for non-
penetrating radiations. For beta particles, v is taken to be 1.
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For apha particles, v istaken to be 0.01. Thisvalueis based
on wesk experimental evidence from an acute toxicity study
in rats in which the LDy, for ingested 'Y was estimated at
about 12 Gy while a more than 100 times greater dosetothe
mucosal surface from °Pu had no effect [S33].

133. Thismodd is currently being revised. The new model
is expected to consder the location of sengtive cdls in al
regions of the aimentary tract, from the mouth to the large
intestine. Radiati on-induced cancer in human populationshas
been documented for the oesophagus, somach, and colon; the
smdl intestine is not a significant site for cancer induction
[B39]. Thesenstivecdlsin the oesophagus are assumed tobe
the basal layer of the dratified squamous epithdial lining.
This epitheium is quite thick (300-500 pm) and is protected
by a surface layer of mucus. At the gastro-oesophagesl junc-
tion, it isabruptly succeeded by asimple columnar epitheium
with gadtric pitsand glands. In the stomach, thesensitivecells
for cancer induction are assumed to be the epithdial stem
cdls, located within but towards the top of the gastric pits, at
a depth of about 75-100 um from the surface. In the small
intestine, sem cdls are located above the paneth cdls, to-
wards the base of the crypts. In the large intestine, stem cells
aresituated at thevery base of thecrypts. Theselocationshave
been deduced from a variety of cdl kinetic, mutationa, and
regeneration studies in mouse models [P17] and their posi-
tionsarelikey to be quditatively smilar in man. The number
of stem cdlls per colonic crypt in mice has been estimated to
bein therange 1- 8, and as colonic cryptsin man are around
six timesaslarge asin mice, it is possble that the number of
stem cells per crypt may be greater in man. The depth of the
gem cdls, measured in human tissue samples, is about
100- 150 pm in the smdl intestine and 200-400 pm in the
largeintestine [P18].

134. skin. Theskinisbroadly divishbleinto two component
layers: the outer epidermis and the underlying dermis. The
epidermisarisesfrom asingle basa layer of cdls, overlaid by
layers of cdlswith dead layers on the outer surface. Thebasal
layer is separated from the dermis by a basement membrane.
This boundary is not flat but undulates, with discrete points
known as rete pegs where the epidermis projects down into
the dermis. In addition, the basa layer extends around the
skin appendages, notably the shaft and base of the hair
fallicles, which project even deeper into the dermis. At some
sites on the body, over 50% of the basal layer sem cdlsare
asociated with the hair fallicles. Thus, the depth of the basal
layer ishighly variable. In most body areas it ranges from 20
to 100 um in the interfollicular Stes, but exceptionaly (e.g.
the finger tips), it can be over 150 um deep because of
increased outer cornification [L46]. The deeper projections
asociated with hair fdllicdles result in basal cdls being
situated more than 200 um deep.

135. Thereissubstantial evidencelinking theincidenceof
non-melanoma skin cancer (NMSC) with exposure to
ionizing radiation, including studiesonirradiated children
and atomic bomb survivors [L46]. The two main types of
non-melanoma skin cancer are squamous cell carcinoma
and basal cell carcinoma, with the sensitive cellsfor cancer

induction assumed to be the basal layer of cdlsin each case.
This assumption is supported by animal data[A15, H28].

136. In calculating dose to the skin, ICRP has recom-
mended that skin dose should be evaluated at an average
depth of 70 um [I12]. However, when assessing dose in
cases of non-uniform exposure, it may be necessary to use
skin thickness values appropriate to the area of interest.

137. Skeleton. Biokinetic and dosmetric modds for the
skeleton take account of the two main types of bone, cortical
and trabecular, and the behaviour of different bone-seeking
radionuclides as well asthelocation of senstive cdls for the
induction of bone sarcoma and leukaemia [19, 110]. Cortical
boneisthehard, dense bonethat formsthe outer wall of bones
and the whole of the shaft of long bones. Trabecular boneis
a soft, spongy bonewith alattice-work structurethat isfound
within flat bones and in the ends of the long bones. The
endostedl layer of cdls on the inner bone surfaces in cortical
and trabecular bone is taken to be the sensitive cdlls for bone
sarcoma and the red bone marrow is taken to be the sensitive
cdls for leukaemia. It is assumed that al haemopoietically
active red marrow is confined to the spacesin trabecular bone
in adults, with cortical bone containing inactive ydlow
marrow. In children, a proportion of corticad marrow is
assumed to be haemopoietically active and therefore a target
for leukaemiainduction. In its 1979 Report, ICRP classfied
bone-seeking radionuclides into two groups. bone-surface
seekers, incduding the actinide dements, and bone-volume
seekers, incduding the alkdine earth dements [19]. Thus,
radionuclideswereassumed to beretained either on endosted
bone surfaces or uniformly distributed throughout thevolume
of bone mineral. Absorbed fractions were calculated for the
proportions of aphaand beta energy emitted in each casethat
would be deposited in the sengtive regions of the endosteel
layer, taken to lie within 10 pm of bone surfaces and red
marrow. More redligic biokinetic modes have snce been
devel oped for the main bone-seeking radionudides, isotopes
of the actinides, alkaline earths and smilar eements, which
allow for initial deposition on bone surfaces, movement into
bone owing to bone remodeling and chemical exchange, and
loss from bone, principally owing to bone resorption [110].
For the actinides, transfer from bone to marrow is dso
included.

138. An increased incidence of bone sarcomas has been
observed in populations exposed to al pha-emitting radium
isotopes, particularly in painters of luminuous dials, but
also radium chemists and people treated with radium salts
for the supposed therapeutic effect [M18]. Although the
I CRP assumption [18] that the sensitive cells constitute a
10-um-thick layer on endosteal surfaces gives reasonable
dose estimates, it has been suggested that all bone surfaces
may not be equally sensitive [P19] and that the sensitive
region may include cellsat agreater depth into the marrow
[G15]. Priest [P19] argued that the observed differencein
toxicity between ?*Ra (half-life = 1,600 years) and ?*Ra
(3.6 days) in animals and humans cannot be explained
simply in termsof agreater wastage of a phadosefrom the
longer-lived Z*Ra within bone mineral. He suggeststhat a



100 ANNEX G: BIOLOGICAL EFFECTSAT LOW RADIATION DOSES

greater proportion of alpha dose from %2*Ramay be ddlivered
to active trabecular surfaces and that these regions have a
gregter than average sengtivity.

139. Gosner et d. [G15] have reviewed the histopathol ogy
of radiation-induced bone sarcomas, showing that thereare of
two main types, bone-producing osteosarcomas, and non-
bone-producing sarcomas of the fibrous-higtiocytic type. A
trendtoagreater proportion of fibrous-hi stiocytictumourswas
identified at lower dosesand shorter latency periods. Thedata
suggest that cdlsat risk are not only those committed to bone
formation on the bone surfaces but multipotent marrow
stromal cdlslocated a some distance from the bone surface.

140. Excessleukaemiahasbeen recordedin patients exposed
to the a pha-emitting contrast medium thorotrast and in the
atomic bomb survivors, but it is not a feature of exposure to
isotopes of radium [19, M46]. Comparison of leukaemia
induction by thorotrast and externa low-LET irradiation
suggests a low RBE for aphainduced leukaemia. The
inability of 2’Ratoinduce leukaemia[R16] may beexplained
by alow apha RBE, but the digtribution of sengitive cdlsin
the marrow may also be a contributory factor. While the
colloidal thorium oxide preparation thorotrast wasretained in
macrophages throughout the marrow, radium on bone
surfacesddiversadoseonly to peripheral marrow, and it may
be that sendtive cdls are concentrated more towards the
centre of marrow spaces. Some evidencefor thiswas provided
by studies using mice [L47]. It may be, therefore, that the
| CRP assumption that sensitive cdlls for leukaemiainduction
are uniformly distributed throughout red marrow [19] may
overestimate the risk of leukaemia from bone-seeking
radionuclides.

141. Tumour induction. A number of reviews and papers
have examined doseresponse rdationships for tumour
induction in animals exposed to either dpha emitters or
beta/gamma emitters (see, for example, [15, L27, M11, N6,
Y6]). Mogt information is available on the induction of bone
tumoursfollowing theentry of radionuclidesinto the blood or
lung tumours after inhalation of radioactive materias in
various chemical forms, although more limited data on other
organs and tissues are dlso available. A wide range of dose-
response relationships has been obtained. These encompass
data that can be fitted with smple linear modds up to
intermediate levels of dose and other responses with clear
evidence of a threshold. The results of studies on tumour
induction from intakes of radionuclidesareillustrated by data
on tumour induction in the lungs and skeleton.

142. Bone tumours. The incidence of bone tumours in
mice, rats, dogs, and pigs given graded doses of ®°Sr was
examined by Mays and Lloyd [M11]. Although limited data
were available at low doses, and the various species had
different senstivities to tumour induction, in al cases the
incidence of bone tumours at the lowest doses examined was
less than would have been predicted on the basis of a linear
dose response. Thus, in beagle dogs with average skdleta
dosesfrom ®Sr at 1 year before death of between 0.27 Gy and
111 Gy, no tumours were found in the three lowest dose

groups (1, 3.35, and 5.97 Gy), with an 8% incidence
occurring a 21.7 Gy [N6]. The numbers of dogs in each
group was, however, only about 12, and a small increese in
incidence could not have been detected. Similar data have
been reported for osteosarcoma induction by ®Sr in female
CF, mice. In groups of about 100 animals with average bone
dosesranging from 0.26 to 120 Gy, no significant increasein
tumour incidence was found in animals with average doses
below about 10 Gy (1.3, 4.5, and 8.9 Gy) [M11, N6].

143. An extensive series of studies has examined tumour
induction in animalsgiven variousal phaemitters. LIoyd et
al. [L27] examined the occurrence of skeletal tumoursin
young adult beagledogsgiven singleintravenousinjections
of monomeric Z°Pu citrate. The relationship between the
incidence of osteosarcoma and average doseto bone at the
presumed time of tumour initiation, taken to be at 1 year
before death, appeared to be linear below about 1.3 Gy
(26 Sv, assuming an RBE for apha radiation of 20)
(Figure XI111). The observed tumour incidence, | (%), could
be approximated by the expression | = 0.76 + 75D, where
D isthe average dose to bone in gray. Similar analyses of
datafrom dogs given “*Raalso gave alinear responsewith
theexpression | =0.76 + 4.7D (for dosesup to 20 Gy). The
ratio of the coefficients (75/4.7 = 16x5) showsthat ®°Puis
more effective in inducing osteosarcoma than 2*Ra. This
isthought to be dueto thetendency of plutoniumtoremain
longer on bone surfaces and to more effectively irradiate
the sensitive cells for tumour induction.
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Figure Xlll. Bone cancer incidence in beagle dogs
following a single injection of plutonium-239 or
radium-226 citrate at about one year of age [L14].

The ratio of plutonium to radium dose coefficients (75:4.7)
is 16.

144. Further dataon bonetumour induction in animalsgiven
aphaemitterswereanaysed by Maysand Lloyd [M17]. They
found that although the induction of bone tumours appeared
to increase linearly with dose in some cases, in others it
followed threshold or sgmoid relationships. In CF, female
miceinjected intravenoudy at 70 daysof agewith Z°Pu[F11],
no tumours were observed in groups of mice with average
bone doses of 0.01 Gy (N=99) and 0.22 Gy (N=96), whereas
alinear response would have predicted some 5.3 cases. The
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probability of observing zero cases, if 5.3 cases is the true
number, is only 5%. At 0.4 Gy and above, bone tumour
incidence increased linearly with dose.

145. A linear dose response was found for osteosarcoma
induction in female CF, mice given 2*Ra by intravenous
injection at 70 days of age. In 1,436 mice with average
bone doses below 3 Gy (high-LET), 115 cases of osteo-
sarcoma were observed, in good agreement with 92 cases
predicted using a linear dose response [F12, M17]. In
contrast, in beagle dogs given ?®Ra and *2Th, the dose-
responsedata suggested the presence of threshol dsat about
2 Gy and 0.5 Gy (high-LET), respectively [M17].

146. More complex models have also been developed to
interpret  dose-response reationships for bone tumour
induction. Raabe[R1] hasdescribed an examplefor predicting
risksassociated with protracted exposuretoionizing radiation
from internaly deposited radionudlides. For long-lived
radionudlides such as ®Sr, 2*Ra, or *°Pu, the radiation dose
will be delivered over the lifespan of the animal. Raabe et dl.
[R1, R14] have interpreted the data from various lifetime
studies with beagle dogs expased by injection, ingestion, and
inhalation to ether beta emitters or alpha emitters. The
cumulative absorbed dose required to give a specified leve of
cancer risk wasfound to beless at lower doseratesthan at the
higher doserates, and theinduction timerequired for tumours
to manifest themsd vestended to belonger at lower doserates
and could exceed the normd lifespan of the animal. The
authors interpreted the data to suggest that at the lowest dose
rates thereis an effective threshold for the induction of fatal
radiation-induced cancer.

147. For example, beagle dogs given eight fortnightly
injections of 2*Ra in amounts from 0.099 kBq kg™ to 46.3
kBq kg received average lifetime skeletal doses from 0.9 +
0.2 Gy to 167 + 44 Gy (1 SD). Degth in these dogs was
considered to be a function of three effects: (a) spontaneous
desth arising from causes associated with the natural lifespan,
(b) death associ ated with radiati on-induced bonetumours, and
(c) death from radiation-induced skeleta injury such as
radiation osteodystrophy and bone fractions occurring at high
doses (Figure X1V). Mathematical three-dimensional dose-
rate'time response modes with log-norma  probability
digtributions werefitted to the lifespan data for the dogs. The
dataplotsindicated that bone cancer predominates asa cause
of death at intermediate doses and is infrequent at low dose
rates (because of death associated with natural lifespan) and
at high dose rates (because of deaths from acute radiation
injury). The cumulative dose required to cause bone cancer is
smaller at the low dose rates, however at lower dose rates it
takes longer to reach any specified leve of risk, perhaps
longer than the natural lifespan of theanimal. Thisresultsin
a lifespan effective threshold for cancer induction similar to
the “practical” threshold described by Rowland [R17] at a
cumulative lifespan alpha dose of about 1 Gy in man (see
Chapter 111). In practice, thelack of asignificant effect during
the lifespan of the animals could also be taken to indicate a
risk of cancer with avery low probability of occurrenceat low
doses.
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Figure XIV. Deaths from non-neoplastic radiation

injury, bone cancer and other causes in beagle dogs
injected with ?**Ra. Initial intake occurred at 435 days
of age [R1].

148. Raabe et a. [R14] have also compared data on bone
tumour induction in humans and CF; mice with data
obtained in beagle dogs. When time was normalized with
respect to lifespan, the three species were found to have
bone cancer dose-rate/time risk functions that were almost
identical and could be represented by one median
regression line.

149. Lung tumours. Extensive data have also been pub-
lished on lung tumour induction in rodentsand beagledogs
exposed to internally incorporated alpha and beta/lgamma
emitters. Studies conducted in the 1960s and 1970s were
considered by a Task Group of Committee 1 of ICRP[I5].
Thedatareviewed werefrom | aboratoriesaround theworld
and from studies using a range of different protocols and
methodologies. One specific aim of the analyses was to
determine the relative effectiveness of alpha emitters and
beta/gamma emitters in causing lung damage, including
neoplastic devel opment.

150. The Task Group commented on some of the difficulties
in ascertaining the dose response for lung tumour induction.
In gudies with inhaled radionudides it is imposshle to
deposit the same amount of activity in the pulmonary region
of different animalsin a group. As a consequence, authors
have commonly shown dose rangesrather than asinglevalue.
Further, researchers do not agree on how to express dose to
thetypesof tissuefound in thelung. Cumulative dosesmay be
egimated for individual animals at death, at time of thefirst
tumour, or for the average lifespan of the group of animals.
Other variants have a so been used. In all cases considered by
the Task Group, average lung dose was cal cul ated.

151. Theanalyses of pooled data from studieswith different
species generally used a probit modd, as had commonly been
used in dose-response analyses, and the linear dose response,
which the Task Group considered to reflect conservatism.
Both linear and probit model s gave an adequate description of
the incidence data for apha emitters over the range of
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observed doses. For betalgamma emitters, however, neither
modd gaveagood fit to theincidence data, which wererather
variable for dmilar doses. The linear dose response
considerably overestimated incidence at |ow doses. In generd
the pooling of data from numerous species, athough it isa
comprehensive approach, does not readily permit detailed
comparison of any of the individual studies.

152. Theresultsof anumber of separate studies, mainly of
rodents exposed to both alpha and beta/gamma emitters
have been published. Sanders and Lundgren [S11]
compared lung cancer induction in F344 and Wistar rats
exposed to #Pu0,. In the F344 srain, significantly
increased lung tumour incidenceswerefound at lung doses
of both 0.98 Gy (20%) and 37 Gy (34%) compared with
1.7% in controls. There were insufficient data to define a
dose-response function, but there was no evidence for a
threshold in the response. In contrast for the Wistar rats,
therewas no significant increasein lung tumour incidence
in animals with an average lung dose of 0.75 Gy (0%)
compared with controls(0.1%), but for animalswith alung
dose of 34 Gy the incidence was 68%. These data
suggested the presence of a threshold at doses somewhat
above 0.75 Gy.

153. The data on Wistar rats [S11] were similar to those
found in a more comprehensive lifespan study [S12]. In
3,157 female Wistar rats that had inhaled Z°PuQO, only
three adenomas were found in 1,877 rats at lung doses
<1.5 Gy, for an incidence of 0.16%; tumour incidence
increased to 41% in 228 rats with lung doses >1.5 Gy.
Pulmonary squamous metaplasia was not seen in controls
and was first noted in exposed rats at lung doses >1 Gy.
All tumour types induced by inhaled Z°PuO, exhibited a
threshold at lung doses >1 Gy. It was concluded that for
lung tumoursin Wistar ratsresulting frominhal ed 2°Pu0,,
plutonium particle aggregation is required to cause
proliferation of initiated cellsand to promotethe formation
of premalignant and malignant lesions.

154. Similar results in Wistar rats were obtained by
Oghisoet al. [05], although the study was not asextensive
as that by Saunders et al. [S12]. Dose-response relation-
shipswerecompared among primary tumours, classified by
histological type, following asingleinhalation exposureto
ZPyQ,. In this study there were 130 controls and 310
animals, separated into seven groups, exposed to Z°Pu0,.
Initial lung contentsin thedifferent groupsvaried between
about 97 and 1,670 Bq, giving averagelung dosesfrom 0.7
t0 8.5 Gy. A differential tumour response was obtained. In
general, metaplasiaand benign adenomas wereinduced at
lower doses (<1 Gy), whereas malignant carcinomas were
induced at relatively high doses (>1.5 Gy) (Figure XV).
The peak incidence of adenomas occurred at a dose of
0.7 Gy, of adenocarcinomasat 2.9 Gy, and adenosquamous
and squamouscell carcinomasat 5.4- 8.5 Gy. Theseresults
were considered by the authors to indicate a differentia
dose response for pulmonary carcinogenesis, in which
metaplasia and benign adenomas were induced at lower
doses (<1 Gy) and malignant carcinomas were induced at

higher doses (>1.5 Gy). It was aso noteworthy that the
lifespan of the 0.7 Gy group (871 + 105 days, +1 SD) was
significantly longer than that of the control group (790 £
144 days, p<0.01). In the higher exposure dose groups,
lifespan was reduced.
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Figure XV. Benign and malignant lung tumours in rats
after inhalation of 2*Pu0, aerosols [O5].

155. This threshold type of response did not seem to be
found in Fisher 344 rats exposed to #Cm as the oxide.
Groups of 100-200 male and female rats received average
lung doses from 2#Cm,O; between 0.2 and 36 Gy [L28]. In
general the prevalence of benign and malignant lung
neoplasms increased with increasing average lung dose. For
lungtumours, alinear dose-responsefunction adequately fitted
thedata (I = 0.38 + 0.04 Gy %). Theresponsein rats exposed
t0%°Pu0, (1 = 0.70 = 0.07 Gy ™) was about twice theresponse
following exposure to 2Cm,0,.

156. Some information is available on tumour induction in
rats exposed to the betalgamma emitter **/Ce as the oxide
[L39]. A totdl of 1,059 F344/N male and female rats (about
12 weseks of age) were exposed to graded levels of **CeO,,
and afurther 1,064 rats were maintained as control s (exposed
to stable CeO,). Groups of rats received mean lung doses of
3.6, 12, and 37 Gy. The incidence, | (%), of lung tumours
increased with increasing lung dose and could be represented
by alinear function of theform | =0.13 + 0.51D Gy *, where
D isthedosein gray. Because the data are limited in extent,
more complex functions such as the linear-quadratic, expo-
nential linear-quadratic, and Weibull functionsalso described
the dose response adequately over the dose range of the study.

157. An extensive series of studies has been carried out in
rodents exposed to radon and its decay products. They have
demondtrated that exposures at high doses can give rise to
radiation-induced lung cancers. Experimental animal studies
have been valuable for understanding the consequences of
exposure at varying dose rates and the influence of other
environmental factors on the lung tumour response as the
animals can be exposed to a variety of agents under carefully
controlled conditions. Much of the information available on
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experimental animals was reviewed by Cross [C22]. In
animals, exposure to radon has resulted in respiratory tract
tumours (adenomas, bronchiolar carcinomasor adenocarcino-
mas, epidermoid carcinomas, adenosguamous carcinomeas,
and sarcomas). In addition, pulmonary fibrosis, pulmonary
emphysema, and life shortening have occurred at exposures
aboveabout 1,000 WLM™* (3.5 JIm%). Excessrespiratory tract
tumours have occurred in rats at exposure levels well beow
100 WLM™ (0.35 Jm™), even at levels comparable to those
found for typica lifespan exposures in homes. Further,
tumoursoccurred in animal s exposed to radon decay products
alone thus indicating that exposure to other environmental
agents (uranium oredust, cigarette smoke) isnot necessary for
carcinoma development. Most (~80%) radon-induced lung
tumoursin rats are consdered to originate peripherally and to
occur at the bronchiolar-alvedlar junction. The remaining
20% are centrally located in association with the bronchi, the
actual percent depending on exposure rate and possibly on

exposure level. [Note: Working level (WL) is defined as any
combination of short-lived radon decay productsin 1 litre of
air resulting in the ultimate emission of 1.3 10° MeV of
potential alpha energy (1 WL = 2.08 10° J m™®). Working-
level month: exposure equivalent to 170 hours at 1 WL
concentration (1 WLM = 35102 Jhm™3®).]

158. A notablefinding in these animal studies has been that
longer duration of exposure at alower doserateinduces more
lung cancersthan exposuresfor ashorter duration at ahigher
doserate. Table 9 comparesthe incidence of lung tumoursin
rats exposed a either 50 or 500 WLM per week. With
exposure levels between 320 and 5,120 WLM, in al except
the lowest exposure group there is a higher incidence of
tumours in the groups exposed at the lower dose rate. The
decrease in exposure rate not only increased the tumour
incidence but specificaly increased the incidence of
epidermoid carcinomas.

Table 9
Percentage incidence of primary and fatal lung tumours in rats exposed to radon and decay products *
[C22]
Exposure (WLM)
Cancer type
320 640 1280 2560 5120
At 500 WLM per week
Number of animals examined 131 70 38 38 41
Adenoma 5 3 0 3 2
Adenocarcinoma 8 7 26 24 44
Epidermoid carcinoma 1 0 0 3 2
Adenosguamous carcinoma 0 0 3 0 0
Sarcoma 0 0 0 3 2
Fatal lung tumours 2 1 5 11 15
Animalswith lung tumours (%) 15 10 29 32 49
At 50 WLM per week
Number of animals examined 127 32 32 32
Adenoma 5 (22) 9 (22)
Adenocarcinoma 5 (20) 41 41 53
Epidermoid carcinoma 1 (13) (47) (44)
Adenosguamous carcinoma 1 9 9) 3
Sarcoma 1 3 0 0
Fatal lung tumours 2 (22) (50) (44)
Animals with lung tumours (%) 10 (28) (66) (69) (75)

a 15mg m?® ore dust exposures accompanied radon and radon progeny exposures; datain parentheses at 50 WLM per week are significantly

(p<0.05) higher than corresponding data at 500 WLM per week.

159. A seriesof gudieshasalso been conducted in Franceon
the effects of radon exposure [G18, M48]. In these
experimentsmorethan 2,000 ratswere exposed to cumul ative
doses of up to 28,000 WLM of radon gas. There was an
excess of lung cancer at exposures down to 25 WLM
(80 mJh m3). These exposures were carried out at relatively
high concentrations of radon and its decay products (2 Jm®).
Above 6,000 WLM, rats suffered increasingly from life
shortening due to radiation-induced non-neoplagtic causes,
thus limiting tumour development. When the dose-response
data were adjusted for these competing causes of degth, the
hazard function for the excess risk of developing pulmonary
tumours was approximately linearly related to dose. This

suggests that the apparent reductions in tumour induction
found at high doses may have been chiefly the result of acute
damage. Later experiments, however, found that chronic
exposure protracted over 18 months at an apha energy of
2 WL (0.0042 mJ m®) resulted in fewer lung tumoursin rats
(0.6%, 3/500 animas, 95% CI: 0.32-2.33) than smilar
exposures at a potentia alpha energy of 200 WL (2 mJ m3)
protracted over 4 months (2.2%, 11/500 animas, CI:
0.91-3.49) or over 6 months (2.4%, 12/500, CI: 1.06-3.74).
The incidence of lung tumoursin controls was 0.6% (5/800,
Cl: 0.20-1.49) [M48]. The confidenceintervalsare, however,
wide, and thelonger period of exposure (18 months) wouldin
itself have been expected to result in fewer lung tumours.
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160. It hasbeen suggested by Moolgavkar et a. [M13, M29],
based on atwo-stageinitiation-progression model for carcino-
genes's, that extended duration of exposure alows time for
proliferation of initiated cdls and thus for a higher disease
incidence. Thefindingsarethat thefirs mutation rateisvery
strongly dependent on the rate of exposure to radon progeny
and consigtent with in vitro rates measured experimentally.
The second mutation rate is much less so, suggesting that the
nature of thetwo mutational eventsisdifferent. Furthermore,
by incorporating cdl killing into such amodd, Luebeck et al.
[L12] proposed that themode that gavethe best fit tothedata
indicated that the initial increase in the proliferation rate of
initiated cdls depended on a second promotional step, which
may be due principally to the presence of ore dust and naot to
radon decay products. The inverse exposure rate effect may
thus be reduced in the absence of ore dugt.

161. The main factors found to influence the tumorigenic
potential of radon exposure in laboratory rats incude
cumulative exposure to radon progeny, exposure rate,
unattached fraction, and associated cigarette smoke exposure.
Therespiratory tract cancer risk increaseswith theincreasein
cumulative exposure to radon progeny and in the magnitude
of the unattached fraction. The increased risk with a high
unattached fraction of radon progeny is particularly relevant
to indoor radon exposure, where the unattached levels are
generaly much higher than in mines. The influence of
cigarette smoke has been variable, depending in part on the
temporal sequence of radon and cigarette smoke exposure.

162. Overall, the data on lung cancer risk resulting from
exposure to radon and its decay products show an
increasing risk with increasing exposure, athough there
are strong indications of an inverse dose-rate effect that is
influenced by the presence of ore dust in the atmosphere.
Thedataarebroadly similar to those obtained from foll ow-
up studies on uranium miners (see Chapter 111).

2. Cancer risks at low doses

163. An essential input to the analysis of dose-response
relationshipsis not only the shape of the dose response but
the extent to which a datistically significant effect of
radiation can be detected at low doses. It isinformativeto
examine a number of studies that have been concerned
with assessing risks at low doses.

(&) Studies

164. Laboratory anima studies that are most suitable for
determining the lowest doses at which effects of radiation on
tumour induction can be detected have been carried out
predominantly with mice. Comprehensive dataare, however,
rather limited. Some of the more significant Sudiesare briefly
summarized below and analysed in the following Section.

165. Moleand Major [M3] and Moleet al. [M4] reported
myel oid leukaemiaincidencein male CBA-H miceacutely
exposed to x rays (0.5 Gy min™) and ®Co gamma rays
(0.25 Gy min™) and chronically exposed to gamma rays

over aperiod of 28 days (0.4-0.11 mGy min™). Thisstrain
of miceis exceptional, in that no case of myeloid leukae-
mia 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. Total acute
doseswerefrom 0.25t0 1.0 Gy for x raysand 1.5t0 3.0 Gy
for ggmmarays.

166. Upton et al. [U21] used RFM mice of both sexes. For
acute exposures of female mice, adoserate of 67 mGy mint
from ®Co gamma rays was used, giving doses between 0.25
and 4 Gy. For malemice, x raysat 800 mGy min™* were used,
with doses from 0.25 to 3 Gy. Male and female mice were
also exposed chronically. Dataare available on theinduction
of myeloid leukaemia, thymic lymphoma, and ovarian
tumours.

167. Ullrich [U14] and Ullrich et al. [U15, U16, U17, U18,
U19] carried out experiments similar to those of Upton et dl.
[U21] using RFM maleand fema emiceacutdy exposad (450
mGy min) to *¥'Cs gammarays. Data were reported on the
tumours examined by Upton et al. [U21], together with data
on Harderian gland and pituitary tumours.

168. Ullrich [U14], Ullrich and Storer [U16], and Ullrich
and Preston [U20] aso used BALB-C femae mice to obtain
further data on doseresponse reationships. Acute (450
mGy min™t) and chronic (0.06 mGy min™%) exposures from
¥7Cs were given. Acute doses were between 0.01 and 1 Gy,
and chronic doses were between 0.25 and 2 Gy. Tumours
showing a positive increase with dose were ovarian tumours
aswell as mammary and lung adenocarcinomas.

169. Coggle [C6] reported data on the induction of lung
adenocarcinomas in male and female SAS/4 mice acutely
exposed tox raysat 0.6 Gy min *. The doserange used was
0.25-3.0 Gy.

170. Covelli et al. [C7, C8] reported tumour induction in
male and female BC3F, mice. They observed varioustypes
of radiation-induced tumours following acute exposure of
113 mGy min™* (dose range males, 0.04- 2.5 Gy; females,
0.5-5.0 Gy). The authors gave age-adjusted incidences of
tumours and described tests showing which doses gave
significant increases in cancer yield.

(b) Analysis

171. To determine the lowest dose at which a significant
increase in tumour yied occurred in the various sudies, the
following method was used. The tumour yield in control
animalswastested againg theyield at thelowest doseusedin
the study. If the differencein tumour incidenceis satistically
significant, then that doseistaken asthelowest dose at which
asggnificant effect isfound. If the differenceisnot significant,
the data point with the next lowest dose is included and a
weighted linear regression performed, either by weighted | east
sguares or, where possible, by iteratively reweighted least
sguares. This process is continued at progressively higher
doses until the linear regression coefficient becomes signifi-
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cantly different from zero (p=0.05). The last dose added is
then taken to be the lowest dose to give a sgnificant effect.
When calculating gatigtical sgnificance, any lack of fit toa
graight lineistaken into account in computing uncertai nties.

172. Theexposurelevelsat which significant increasesin
risks of leukaemia and solid cancers could be observed are

given in Table 10. The lowest dose at which a significant
effect on tumour incidence could be determined is very
different from study to study. It depends on factors that
influence statistical power, such as the number of mice
used and the spontaneous cancer rate, the cancer type, the
level of radiation risk, the dose range used, and the period
of follow-up.

Table 10
Lowest acute doses at which significant increases in cancers have been observed in mice
Cancer Mouse strain Sex Irradiation Dose (Gy) Ref.
Myeoid leukaemia RFM Male X rays 0.25 [u21]
Male Gammarays 1 [ U16, U17, U20]
Female Gammarays 1 [U15, Ul6, U17, U18]
Female Gammarays 2 [U21]
CBA-H Male X rays 0.5 [M4]
BC3F, Male Gammarays 15 [M3]
Female X rays 1 [C7,C8]
Thymic lymphoma RFM Male Gammarays 1 [U16, U17, U20]
Male X rays 3 [U21]
Female Gammarays 1 [U15, Ul6, U17, U18]
Female 2 [u21]
Lung BALB-c Female Gammarays 0.5 [U16]
adenocarcinoma SAS/4 Both X rays 25 [C6]
Mammary BALB-c Female Gammarays 0.2 [U14]
adenocarcinoma
Ovarian tumour BC3F, Female X rays 0.16 [C7,C8]
BALB-c Female Gammarays 0.25 [U18]
RFM Female Gammarays 0.5 [u21]
Harderian gland RFM Male Gammarays 3 [U16, U17, U20]
tumour
All solid tumours BC3F, Female X rays 133°b [C7,C8]
4 [C7,C8

a Excluding ovarian tumour.
b p=0.05.

173. For leukaemia induction in mice there was little
evidencefor anincreasein risk below 1 Gy, although two
studies indicated statistically significant increases at
0.25Gy[U21] and 0.5 Gy [M3]. Most of the dose-response
data for acute exposures showed no significant departure
from linearity. An exception was the study by Mole and
Major [M3], which showed a reduced effectiveness of
radiation, per unit dose, a 1 Gy. There was also a
suggestion of a departure from linearity at high dosesin
the results reported by Ullrich et al. in RFM mice [U16,
uU17, U2Q].

174. For solid cancers the overal results (Table 10) are
similar to those for leukaemias, with significant increases
in tumour incidence occurring principally at acute doses of
1 Gy and above. Increasesin risk were, however, seen at
lower doses for ovarian tumours (0.16 and 0.25 Gy),
mammary adenocarcinomas (0.2 Gy), and lung adeno-
carcinomas (0.5 Gy). Although dataare not given here, the
useof alower doserate consistently resulted in alower risk
per unit of dose.

B. HEREDITARY DISEASE

175. In addition to inducing neoplagtic changes in somatic
tissues, ionizing radiation may produce transmissible
(heritable) effectsin irradiated popul ations by inducing muta-
tionsin the DNA of male or female germ cdlls. These muta-
tions, while having no direct consequences for the exposed
individual, may be expressed in subsequent generations as
genetic disorders of widdy differing types and severity.

176. Sudies of germ-cdl mutations in vivo are not only
rdevant for assessing doseresponse rdationships for
hereditary effectsbut they a so have valuefor ng effects
on theprimary lesion in DNA likely to beinvolved in tumour
initiation. As described in Chapter 1V, subsequent tumour
expression will depend on theinfluence of many other factors.

177. Theevaluation of genetic hazardsassociated with the
exposure of human populationsto ionizing radiation isan
important area in which the Committee has been active
sinceitsinception. To date, however, there hasbeen alack
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of direct datathat give quantitative information on genetic
effects|eading to disease statesin humans. The substantial
amount of data from other speciesindicatesthat radiation
can give rise to mutations in humans that will be
manifested as disease. So far there has been no alternative
but to use data from experimental animals as the main
basis for predicting quantitative effects in humans.

178. Inthe UNSCEAR 1988 Report [U4], the Committee
summarized the principal assumptions thought to be
necessary for extrapolating data on hereditary damage in
mice and other animals to humans. The main considera-
tions are the following:

(@ theamount of genetic damage induced by a given type
of radiation under a given set of conditionsisthe same
in human germ cdls and in those of the test species
used asamodd;

(b) the various biological and physical factors affect the
magnitude of the damage in smilar ways and to a
similar extent in the experimental species from which
extrapolations are made and in humans; and

() @ low doses and low dose rates of low-LET radiation
there is a linear rdationship between dose and the
frequency of genetic effects studied.

179. Studies in mice have provided the main bass for
assessing the risks of hereditary disease in humans. The
doubling dosefor hereditary disease that has been adopted by
most national and international organizations for chronic
exposure is 1 Gy (eg. [C1, M18, U4]). Reviews of experi-
mental datafrom micegenerally givevaluesin therangefrom
1to 4 Gy and would therefore suggest that the value of 1 Gy
adopted for humansis conservetive [M18, S13].

180. A s=riesof sudies have been reported on dose-response
relationshipsfor theinduction of germ-cdll mutationsin mice
The most comprehensive information comes from sudiesin
male mice in which specific locus mutations were measured.
Russl & al. [R5, R6], for example, presented data on dose-
response relationships for male mice exposed to 0.72-0.9
Gy min! for doses between 3 Gy and 6.7 Gy and
<8 mGy min*for doses between 0.38 and 8.61 Gy. In both
cases the data could be fitted by a linear dose-response
relationship over thewhole doserange examined. For chronic
exposure, | = (8.04 10°° + 1.19 10 + (7.34 10°® + 0.83
10°9)D; for acute exposure, | = (8.1210°+1.1910°%) + (2.19
10° + 0.19 10D, where | is the mutation frequency per
locusand D isthedosein gray. Thedifferencein dopefor the
two exposure conditions, by a factor of about 3, reflects the
difference in the dose rates and opportunity for repair of
damageat lower doserates (Figure X V1). It might beexpected
that if lower doses had been usad in the high-dose-rate study
(0.72-0.9 Gy min™%), the dope of the response at lower total
doseswould approach that found for |ow-dose-rate exposures.

181. It was notable that although the incidence of mutations
fdl by afactor of about 3 for a reduction in dose rate from
800-900 MGy min *to 8 mGy min™?, further reductioninthe
doserateto 0.007 mGy min* failed tofurther reducetheyield

of mutations. Thisindependence of doserate was shown over
a range of doses differing by rather more than a factor of
1,000, and it was concluded that it was unlikely that afurther
reduction in mutation frequency would be obtained at even
lower doserates[R6]. Thissuggeststhat asubstantial fraction
of the damage to DNA that results in the induction of
heritable mutations is not amenabl e to effective repair.

182. Similar resultsfor specific-locusmutationsinmalemice
were obtained in studies by Lyon & al. [L40]. For agamma
ray dosefrom ®Co of 6.3 Gy given in 60 equal daily fractions
at 0.17 Gy min ™%, themutation frequency (4.17 10> per locus)
wasvery smilar to that obtained in mice chronically exposed
at 0.08 mGy min™ to a total dose of 6.2 Gy (3.15 10 per
locus). The mutation rate with fractionation was, however,
about athird of that obtained for a single exposure to 6.4 Gy
at 0.17 Gy min'! (13.1 10°° per locus).
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Figure XVI. Specific locus mutations in mouse

spermatogonia following radiation exposure [R6].

183. Searle [S10] reviewed data from a number of
publications on specific-locus mutationsin spermatogonia of
mice after chronic exposureto gammarays. Data pointsfrom
a number of authors, including those by Russell e a. [R5,
R6], were obtained for doses in the range 0.38-8.6 Gy. A
linear relationship gave a good fit to the data on mutation
frequency: | = 834 10°® + 6.59 10°D (assuming 100
roentgens ~ 1 Gy). Thisfit does not differ sgnificantly from
that obtained by Russell and Kely [R6]. With acute exposures,
a peak in the incidence of mutations was obtained with a
declinein theincidence at doses between 6.7 and 10 Gy. The
reduction a high dose rates may be attributed to more
extensvekilling of spermatogonia at doses above 6.7 Gy and
toalower mutational responsein thosemoreres sant sperma:
togoniathat survive.

184. Searle [S10] also reviewed data on specific locus
mutations in mice both acutely and chronically exposed to
neutron irradiation with dose rates varying between
0.79 Gy min"*and 0.01 Gy min*. A linear function fitted
essentially all the data points between 0.5 Gy and 2.1 Gy,
with the exception of asingle value at 1.9 Gy. Thefit had
theform | =8.30107+ 1.2510™“D. Therewasno evidence
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of a dose-rate effect for neutrons. The ratio between the
slopesfor male mice chronically exposed to low-and high-
LET radiations gives an RBE of 19.

185. In female miceirradiated just before birth, thereisa
morepronounced dose-rate effect for mutational damageto
oocytes than in those irradiated later. Using the specific-
locus method, Selby et a. [S24] examined the effect of
doserate on mutation induction in mouse oocytes. Female
mice were given 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 measured in the offspring decreased from 8.7
10°° to 6 107 mutations per gray per locus (a factor of
about 14) between the high-dose-rate and |ow-dose-rate
exposure. In practice, the mutation rate at thelow doserate
(7.9 mGy min™) did not differ significantly from that in
controls, indicating very effective repair. Similar
calculations based on theresults of irradiating mature and
maturing oocytesat the samedoserates[R19, R20] suggest
an approximately fourfold drop in the induced mutation
frequencyintheadult. Theseresultssuggested that females
irradiated just before birth have a more pronounced dose-
rate effect, although the confidence limits of magnitude of
the dose-rate effect are too wide for firm conclusionsto be
drawn.

C. SUMMARY

186. The results of anima studies contribute to the
database of information available for assessing the
biological effects of low doses of ionizing radiation and
dose-response relationship. Because of differences in
radiosensitivity between animals and humans, the results
obtained from animal's cannot be used directly to obtain
guantitative estimates of cancer risks for human popula-
tions. Animal studies are, however, valuable for deter-
mining the shape of dose-responserelationshipsaswell as
for examining the biological and physical factorsthat may
influence radiation responses. They are also of use for
examining how factors such as age at exposure, radiation
quality, and doseprotraction or fractionation can influence
the tumour response. Laboratory animals have the
advantage that they are a homogeneous population with
minimal biological variability, and the influence of con-
founding factors can be eliminated. Although studieswith
laboratory animal sgenerally invol vefewer individual sthan
epidemiological studies, they have the advantage that they
are carried out under controlled conditions with good
estimates of the radiation dose and with a known spon-
taneous cancer rate. In the case of radiation-induced
hereditary disease animal studies provide the principal
source of quantitative information.

187. Dose-response relationships for many tumour typesin
various anima models following exposure to both low- or
high-LET radiation can be reasonably well represented by a
linear or linear-quadratic function for the dose ranges
analysed. In many cases, however, dternative fitsto the data
arealso possble. Other modd fits include the possibility of a
threshold dose bel ow which tumourswill not occur, aswdl as
more complex functionsin which the time for the tumour to
appear ismuch later at low doserates than at high dose rates
and thus can aso suggest the presence of a threshold for a
response. For some lung tumours it has been demondrated
that high local doses from alpha irradiation are required to
cause proliferation of initiated cdls and to promote the
development of malignant lesions.

188. Analyss of a series of studies in mice has shown that
the lowest dose at which a statigtically significant (p=0.05)
increase in tumour yidd is observed varies from study to
sudy. It depends on the number of animals used in each
experiment, the radiation senstivity of the species to specific
cancers, and the spontaneous cancer rate. It also depends on
the range of doses used. From the animal data reviewed, the
lowest single (acute) doseto give asgnificant (p=0.05) effect
on tumour yied is of the order of 100-200 mGy (low-LET).
The higher values obtained in other studies can be attributed
to lack of sengtivity, high control incidence, or to small
numbers of animals. Vaues for the lowest dose to give a
significant increase in risk following continuous (chronic)
irradigtion are generaly higher than those for acute
irradiation. It may be concluded that animal studies provide
quantitativeinformation on risksof radiation-induced tumour
induction at low to intermediate doses but do not, and
probably cannat, providedirect information at dosesmuchless
than about 100 mGy.

189. For radiation-induced hereditary disease, the most
comprehensive information comes from measurements of
specific-locus mutations in mouse spermatogonia. Data from
a number of laboratories have demonstrated a dose-response
relationship for low-dose exposures from low-LET radiation
that iswell fitted by alinear response. The lowest dose tested
in these studies was 380 mGy. Data from both male and
female mice indicate a sgnificant effect of dose rate. It was
notablethat although theincidence of mutationsin malemice
fdl by a factor of about 3 for a reduction in dose rate from
800-900 mGy min* to 8 mGy min™*, a further reduction in
the dose rate to 0.007 mGy min™* failed to further reducethe
yield of mutations. This independence of dose rate occurred
over arange of doses differing by rather more than afactor of
1,000, and it was concluded that it was unlikely that a further
reduction in mutation frequency would be obtained at even
lower dose rates. This suggedts that a substantia fraction of
the damage to DNA that resultsin the induction of heritable
mutations is not amenable to effective repair.
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lll. EPIDEMIOLOGY

190. The extent to which epidemiological studies can
provide information on the effect of ionizing radiation on
the induction of cancer at low dosesis considered in this
Chapter. Although therole of radiation in inducing cancer
was recognized soon after the discovery of x rays by
Réntgen in 1895, up to the early 1950s only high doses
causing acute tissue damage were considered to be
important. Thisview wasreflected in the early recommen-
dations of the International Commission on Radiological
Protection (ICRP) and by national organizations. By 1959,
however, the stated aim of ICRPin setting dose limitswas
to “prevent or minimize somatic injuries and to minimize
the deterioration of the genetic congtitution of the popula-
tion” [16]. These recommendationsreflected an increasing
awareness of the effect of radiation in inducing cancer,
particularly leukaemia, at low doses and was largely the
result of information becoming available from the foll ow-
up of the survivors of the atomic bombings and groups
exposed for medical reasons (see, for example, [L29]).

191. By the early 1970s it was known that radiation is
capable of causing tumours in many tissues of the body,
although thefrequency of appearancefollowing aunit dose
varied markedly from one organ or tissue to another.
Information on thedose-rel ated frequency of tumour induc-
tion by radiation had become available from a number of
epidemiological studies of persons exposed to external
radiation or internally incorporated radionuclides. In the
UNSCEAR 1972 Report [U8], the Committee gave pre-
liminary estimates of therisk of leukaemia and some solid
cancers based on the survivors of the atomic bombings and
other groups exposed at high doserates. It also pointed out
that animal studies suggested that risks per unit dose at
lower dose rates could be lower and that risk estimates
based on groups exposed at high dose rates would be over-
estimates for doses and dose rates received from
environmental sources.

192. The chief sources of information on the risks of
radiation-induced cancer were the survivors of the atomic
bombings exposed to whole-body irradiation at Hiroshima
and Nagasaki; patients with ankylosing spondylitis and
other patientswho were exposed to partial body irradiation
therapeutically, either from external radiation or from
internally incorporated radionuclides; and various
occupationally exposed populations, in particular uranium
miners and radium dial painters. Follow-up of these
populations had shown that thereis a minimum period of
timebetween irradiation and the appearance of aradiation-
induced tumour, although this“latency period” varieswith
age and from one tumour type to another. Some types of
leukaemia and bone cancer have latency periods of only a
few years, with most of the risk being expressed within
about 25 years of exposure. Many tumours of solid tissues
(e.g. liver or lung) have latency periods of 10 years or
more, and it was not clear whether their incidence passes
through a maximum and subsequently declines with time

following exposure or whether the risk levels out or even
increases indefinitely during the remainder of life.

193. To project the overall cancer risk for an exposed
population, it is therefore necessary to use empirical
models that extrapolate over time data based on only a
limited portion of the lives of the individuals. Two such
projection models have been generally considered:

(@) the additive (absolute) risk model, which postulates
that radiation will inducecancer independently of the
spontaneous rate after a period of latency and that
variationsin risk dueto gender and age at exposure
may occur; and

(b) the multiplicative (reative) risk modd, in which the
excess cancer risk (after latency) is given by a constant
factor applied to the age-dependent incidence of natural
cancersin the population.

Both models imply an increasing risk of cancer with
increasing radiation dose. In addition to thesetwo models,
aternative fits to the epidemiological data to assess life-
time risks have al so been used such asamode expressing
excess relative risk as a function of attained age [K27].
Further informationisgivenin Annex |, “Epidemiol ogical
evaluation of radiation-induced cancer”.

194. Most organizations assessing risks in the 1970s,
including UNSCEAR in its 1977 Report [U7], adopted the
additivemode for the assessment of cancer risks, although
the Committee on the Biol ogical Effectsof lonizing Radia-
tion (BEIRI) [C17] of theUnited States National Academy
of Sciences used both models for risk assessment. In a
major revision of its recommendationsin 1977, ICRP, in
its System of Dose Limitation, considered it necessary to
limit the incidence of radiation-induced fatal cancersand
severehereditary diseaseto alevel accepted by society [18].
Implicit in this approach for stochastic effects was the
necessity to use quantified risks of radiation-induced dis-
easein setting limits on exposure. Therisks of cancer and
hereditary disease adopted by ICRP were derived mainly
from reviews by UNSCEAR [U7]. Organ-specific risks
were given for the red bone marrow, the lungs, cells on
bone surfaces, and the thyroid and breast. No specific risks
were given for the other organs and tissues of the body,
which were pooled in a risk factor for all the “remain-
der” organs and tissues.

195. During the 1980s new information progressively
became available from the Life Span Study in Japan, and
this necessitated arevision of the earlier risk estimates by
UNSCEAR. The data available from the extended follow-
up of the survivors of the atomic bombings indicated that
amultiplicative risk model now gave a best fit to data for
most solid cancers [U4]. These new risk estimates, which
also alowed for improvements in dosimetry, were taken
into account by ICRP in its 1990 recommendations[12].
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196. Overal, thelifetime risks calculated in recent years by
various national and international organizations are not too
different (e.g. [CL, 12, M18, U4]). The etimates of risk have,
however, been obtained by direct extrgpolation from
epidemiological sudies. They are, therefore, appropriate for
popul ationsexposed at high dosesand doserates. Toallow for
a reduced effect of radiation in inducing cancer when
exposures are at low doses or low dose rates, most
organizationshaverecommended the use of areduction factor
to obtain risks for application in radiation protection. ICRP
[12] applied areduction factor of 2 (it called the factor adose
and dose-rate effectiveness factor (DDREF)) to give a risk
coefficient for radiation protection purposes. In the
UNSCEAR 1993 Report [U3], the Committee reviewed
epidemiological and experimental data relevant to the choice
of a reduction factor. It recommended that for tumour
induction, the DDREF adopted should, to be on the safe side,
“havealow value, probably no morethan 3”. Insufficient data
were avail able to make recommendations for specific tissues.

197. Epidemiologica studies were recently reviewed in the
UNSCEAR 1994 Report [U2], and further studies and results
arereviewed in an accompanying Annex |, “Epidemiol ogical
evaluation of radiation-induced cancer”. In this Chapter the
Satigtical difficulties associated with obtaining quantitative
edimates of the risk of radiation-induced cancer from
epidemiological sudiesat low doses are firgt examined. The
available data from groups exposed at high dose rates, from
which doseresponse reationships and quantitative risk
esimates are generally obtained, and from groups exposed at
low doses and dose rates are then reviewed. Also considered
isthechoice of an appropriatevalue of thereduction factor for
asessing risks at low doses and doses rates from studies of
groups exposed at high doses and high dose rates.

198. Thereare nohuman datasofar that can beappliedin
determining quantitative dose-response relationships or
risk estimates for hereditary disease. Risk factors for
hereditary disease have been considered in previous
UNSCEAR reports [U3, U4].

A. STATISTICAL CONSIDERATIONS

199. Making quantitative estimates of the risk of cancer
associated with low doses of ionizing radiation is compli-
cated. Small epidemiological studies often have insufficient
datigtical power to detect any increase in risks. If bias has
arisen in a sudy through, for example, failure to follow up a
large percentage of a cohort of persons or to alow for con-
founding factors, then spurious positive or negative findings
could occur. In low-dose studies where the excess risks are
predictedtobesmall, it isparticularly important toensurethat
the potential for bias and confounding is kept as low as
possible, asthis can create spurious results.,

200. It isnot, at present, possible to distinguish cancers
induced by ionizing radiation from those due to other
causes. A particular result of an epidemiological study is
normally considered to be “statistically significant” if, in

the absence of an effect, the probability of itsoccurrenceis
lessthan 1 in 20. If alarge number of disease outcomes
(eg. different cancer types) are examined, however,
possibly for each of several age groupsand time periods, it
isquitelikdy that a“statistically significant” finding will
arisesimply by chance. It isthereforeimportant to examine
the results of any epidemiological study in the context of
possi bledose-responserd ationships, other epidemiol ogical
studies, and supporting experimental evidence.

201. As with anima dudies, the satistical power of an
epidemiological study to detect an excessrisk associated with
ionizing radiation exposure depends on a number of factors.
InAnnex |, “Epidemiol ogical eval uation of radiation-induced
cancer”, a procedure is described for assessing the power of
astudy to detect an devated risk of adisease beforeagtudy is
conducted. The datistical precison of completed studies is
also examined. An example illugtrates how the power of a
cohort study to detect an eevated risk dependson thereative
szes of both the exposed and control populations, ther
absolute numbers, and thetotal numbers of cancers. These, in
turn, depend on the basdline cancer rates, thelength of follow-
up, the radiation dose, and the specific radiation sengtivity of
the organ(s) or tissue(s). Thus a Sudy based on a very large
cohort may not be particularly informativeif arare cancer is
under invegtigation and the follow-up is short. Conversdly, a
study based on afairly small cohort may be quite informative
if acommon cancer isbeing investigated and thefollow-up is
long. The digribution of the population and the number of
cancer cases between various exposure dose groups will also
influence the ahility of a study to define a dose-response
rdationship. More detailed information on datidtical
considerations is given in the above-mentioned Annex.

202. Thelimitationsof gatistical power and the possibility of
bias or confounding will congrain not only the ahility to
detect smdll increeses in the risk of cancer but aso the
determination of whether or not there is the potentia for a
dosethreshold for radiation carcinogenesisin specifictissues.
Some examples of dose-response relationships obtained from
epidemiological studies and the ability to detect risks at low
dose areillugtrated below.

B. HIGH-DOSE AND HIGH-DOSE-RATE
EXPOSURES

203. The primary bass for evaluating risks of cancer
associated with radiation exposure is the epidemiological
study of human hedlth in populations that include groups
exposed at high doses and generally at high dose rates. The
main features of the mgor high-dose-rate epidemiologica
studies were considered in the UNSCEAR 1994 Report [U2]
and arereviewed in Annex |, “Epidemiological evaluation of
radiation-induced cancer”. The Life Span Study of the
survivors of the atomic bombings at Hiroshimaand Nagasaki
by the Radiation Effects Research Foundation (RERF) is of
particular importancein risk estimation. Aswell asinvolving
a population of all ages and both sexes, the Life Span Study
is based on large numbers of persons with a wide range of
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whole-body doses. Consequently, it has high statistical power
to examine any variaion in cancer risk with dose. The
interpretation of the doseresponse data is, however,
complicated by thefact that exposure wasto both gammarays
and neutrons. An RBE of 10 has generaly been assumed
when fitting the dose-response data.

204. Other high-dose, high-dose-rateepidemiol ogical studies
are more limited in terms of the sex and age structure of the
exposed population or in terms of the organs irradiated.
However, they do provide additional information on risks for
particular organs or for exposures at particular ages.

205. Asdiscussed in Annex |, “Epidemiological evaluation
of radiation-induced cancer”, the datitica power of
epidemiological studies to assess risks depends on the range
of doses received by the study popul ation and the spontaneous
cancer rate. Analyses based on a redtricted sat of data for
exposures in the low-dose region would have much reduced
datistical power to detect risks. However, it may ill be
possble to detect raised risks in some circumstances.
Furthermore, analysis of the dose-response relationship over
the whole range of doses can be informative in making
inferences about risks at low doses, when interpreted in
conjunction with the mechanigtic and computationa
moddling approaches described in Chapters 1V and V.

1. Dose-response relationships

(&) Survivors of atomic bombings

206. Various analyses of the dose-response data for the Life
Span Study have been reported, and with increasing length of
follow-up the quality of the information available has
improved consderably. Pierce and Vaeth [P1] examined
mortality data from the follow-up of the Life Span Study to
1985, based on the most recent published DS86 dosmetry. In
their analyses, those personswith shid ded kerma estimatesin
excess of 4 Gy were excdluded, in view of an apparent
levdling-off in the dose response that may be associated with
errorsin the estimates of such high doses or with cdl killing.
The authors concluded that for al cancers other than
leukaemia the data could be well fitted by a linear dose-
response modd, although alinear-quadratic modd would not
be incons stent with the data

207. Shimizu et a. [S1] assessed the sopes of the dose-
response curves for the survivors of the atomic bombings
in various low-dose regions. Over the lowest dose range
(0-0.49 Gy) with astatistically significant trend (p<0.05),
thevalue of theexcessrelativerisk per gray for al cancers,
other than leukaemia, was0.38. Thisissimilar tothevalue
obtained for the whole dose range (0.41), in line with the
analysis by Pierce and Vaeth [P1], suggesting a linear
dose-response relationship.

208. For leukaemia mortality, the data up to 1985 on
survivors of the atomic bombings suggested that a linear
dose-response model did not provide a good fit and that a
linear-quadratic model would be preferred [P1]. In the
analysis of Shimizu et al. [S1], the excessrelative risk per

gray of leukaemia mortality in the dose region 0-0.49 Gy
was 2.40 (p<0.05), which isabout half of thevalue over the
whole dose region (0-6 Gy) of 5.21 (p<0.001). This
supported the conclusions of Pierce and Vaeth [P1] that a
linear-quadratic dose-response model better fits the data.

209. Errorsin the estimates of dosein the Life Span Study
can subgtantialy ater the shape of dose-response reation-
ships. The problem of random dos metry errorsfor the RERF
data on the Life Span Study has been investigated by a
number of authors [G2, J3, P1, P7]. Pierce and Vaeth [P1]
found that after adjustment for dosmetric errors there were
non-significant indications of upward curvature in the dose-
response function for mortality from all solid cancers, while
for leukaemiathe evidencefor curvilinearity became stronger.

210. The evidence for possible curvilinearity in the dose
response for leukaemia and for solid cancers in the most
recent cancer incidence data [P3] has been examined [L7,
M19]. A variety of relative risk models have been fitted to
the data, including those that allow for a possible dose
threshold. Errorsin estimates of doses were also allowed
for, as these can substantially alter the shape of the dose-
response relationship.

211. For solid cancerstaken together, avariety of models
provided little evidence for curvilinearity. A significant
positivedoseresponsewasfoundfor all survivorsreceiving
doses less than 0.5 Sv but not for doses less than 0.2 Sv
(assuming an RBE of 10 for neutrons). A threshold-linear
relative risk modd fitted to the data gives no support for a
threshold above about 0.2 Sv, and the data are consistent
with the absence of a threshold. For most solid cancerstaken
separately, the data on cancer incidence are aso consigtent
with a linear dose-response reationship [T4] (aso see
Annex |, “Epidemiological evaluation of radiation-induced
cancer”). Thesefindingsarein accord with previousanalyses
of the dose response for all solid cancers taken together.

212. In contrad, the latest data on non-meanoma skin
cancer incidenceindicate substantia curvilinearity, consstent
with a possible dose threshold of about 1 Sv to the skin or
with a dose response in which the excess rdative risk (ERR)
isproportiona tothefourth power of dose, with adecreasein
the response at high doses (>3 Sv) [L30] (Figure XVII).
Supporting epidemiological data on the shape of the dose
responsefor non-melanomaskin cancer are, however, limited.
For example, Ron et al. [R15] found no evidence for curvi-
linearity in the dose response in a group of children in Israd
who had been trested with large therapeutic doses of radiation
for tinea capitis (ringworm of the scalp). However, the doses
in this study were generally much higher than those received
by survivors of the atomic bombings. Thus there are no
patients with doses less than 5 Gy (low-LET) in the Isradi
data set. The only cther information on the shape of the dose
response for skin cancer comes from animal experiments.
Some evidence of a threshold has been obtained in studies
with mice and rats [A5, B23, O3, Pg], athough a linear-
exponentia form of induction curve was obtained for beta-
irradiated male SAS4 mice [W8].
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Observed incidence of non-melanoma skin cancer in survivors of atomic bombings (Cl: 90%)

compared with fourth-power exponential (solid line) and linear-exponential threshold (dotted line)
models of dose response [L30].
The diagram on the right shows the low-dose region in detail.

213. In contrast with solid cancers, the analysis by RERF
and other groups of the dose-response relationship for
leukaemia incidence in the Life Span Study cohort found
quite a marked upward quadratic component, i.e. signi-
ficant upward curvature [P2, P3], with the evidence for
non-linearity being strongest for acute myeloid leukaemia
[P3]. For the three main radiation-inducible leukaemia
subtypes analysed together (acute lymphatic leukaemia,
acutemyel oidleukaemia, and chronic myel oid leukaemia),
thereisa significant increase in therisk of leukaemia if
the dose responses for all survivors with doses less than
0.5 Sv are considered together [L7, M19]. This
significance vanishes, however, if doses less than 0.2 Sv
are considered.

214. Analysisof leukaemiaincidenceamong the Japanese
atomic bomb survivors by Little and Muirhead [L7]
showed that incorporation of a threshold in the linear-
guadratic dose response yielded an improvement in fit at
borderlinelevelsof statistical significance[best estimate of
threshold for a linear-quadratic-threshold model was
0.12 Sv (95% CI: 0.01-0.28; two-sided p=0.04)]. This
analysistakes account of random dosimetricerrors, but not
possible systematic errors in dose estimates. The fits of a
linear-quadratic-threshold dose response to the recently
released leukaemia mortality data [P2] and that takes
account of random dosi metricerrors, demonstrated that the
threshold was not significantly different from zero [best
estimate of threshold for a linear-quadratic-thresh-old
model was 0.09 Sv (95% Cl: <0.00-0.29; two-sided
p=0.16)] [L44]. Similar findings have been reported by
Hoel and Li [H26] in analysesthat do not take account of
dosimetric error. Comparison of the incidence and
mortality data by Little and Muirhead [L44] and Little
[L49] demonstrates the essential similarity of the
leukaemia incidence and mortality data. Little and
Muirhead [L44] concluded that the most probable reason
for thedifference between thefindingsin theincidenceand
mortality data setswasthefiner subdivision of dosegroups
in the mortality data set. (There are 14 dose groupsin the
mortality data sets in their publicly available form,
compared with 10 dose groupsin the incidence data sets.)

215. Recent analyses by Kellerer and Nekolla [K25] and
Little and Muirhead [L52] of the tumour incidence and
mortality data demonstrate that if account is taken of
possible systematic errorsin the Hiroshima DS86 neutron
dose estimates, then there is evidence of appreciable
upward curvaturein the dose response for solid tumoursin
the Life Span Study data. This is particularly marked if
analysisisrestricted to the 0- 2 Gy dose range rather than
the 0-4 Gy doserangethat hasbeen used for most analyses
of dose response in the Life Span Study. Over the 0-2 Gy
dose range, the low-dose extrapolation factor (LDEF) for
all solid tumour incidence is 1.43 (95% Cl: 0.97-2.72),
and so is comparable with the LDEF for leukaemia
incidence, 1.58 (95% CI: 0.90-10.58) [L52].

216. Recent data on the mortality of the atomic bomb
survivorswas reported by Pierceet al. [P2]. Thefollow-up
covers the period to 1990 and includes an extra 10,500
survivors for whom DS86 dose estimates have been
calculated. The total cohort comprises approximately
86,500 persons, 60% of whom received dosesin excess of
5 mSv. Of the total population, 44% had died by 1990,
including 8,827 who died of cancer. The shape of the dose-
response curve for all solid cancersis essentially linear up
to 3 Sv, beyond which thereisan apparent decreaseinrisk.
This may be attributed both to cel killing and to
imprecision in the estimates of high doses (Figure XVII1).

217. As discussed in Annex |, “Epidemiological
evaluation of radiation-induced cancer” , thedose-response
relationshipsfor mortality from many specifictumour types
(stomach, colon, lung) are consi stent with alinear response
although generally based upon the analysis of a restricted
number of cases. For leukaemia, thedoseresponse over the
range 0-3 Sv can be fitted with a linear-quadratic dose-
response relationship (Figure XVII1).

218. While the Life Span Study provides information on
cancer risks in a number of tissues, there are others for
which thereisether very littleor no evidencefor an effect.
These include, for example, the bone, cervix, prostate,
testes and rectum.
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Figure XVIIl. Dose response for mortality from solid cancer (males of 30 years of age at exposure)
and leukaemia in survivors of atomic bombings in Japan [P2].

(b) Other groups exposed to low-LET radiation

219. Additional data on doseresponse reationships for
groups exposed to low-LET radiation are available from a
number of other sudies. For Canadian tuberculosis patients
given fluoroscopies, Miller e a. [M2] showed that a linear
dose-response relationship gave a good fit to the data on
breast cancer among patients in Canadian provinces other
than Nova Scotia. For patients from Nova Scotia, who
generally received higher doses, thedose-responserd ationship
was also condstent with linearity, but it had a steeper dope
than for other Canadian provinces. Howe and McLaughlin
[H31] have given further results from an extended follow-up
of this population. The data on breast cancer mortality could
again be fitted with a linear dose-response rdationship. As
before, the dope of the dose trend was greater for patientsin
Nova Scotia than for patientsin other provinces.

220. Doseresponse analyses have aso been performed for
some other groups with medical exposures. Boice e a. [B6]
studied the relationship between the risk of breast cancer and
dose for women in Massachusetts (United States) given
multiple chest x-ray fluoroscopies. For this study, doses were
mogly in the range 0-3 Gy. A linear dose-response model
was found to provide as good afit to these data as a linear-
quadratic modd, whereas a purely quadratic mode did not fit
wdl. Among women given radiotherapy for cervical cancer,
the risk of leukaemia increased with dose up to 4 Gy, in a
manner consistent with linearity, although the data were also
consstent with a quadratic dose response; beyond 4 Gy the
risk decreased, probably as a result of cdl killing [B7]. At
lower doses, Ron et a. [R8] found that the risk of thyroid
cancer among childrenin lsrad irradiated for tineacapitiswas
cons stent with a linear dose-response relationship, based on
doses that were mostly lessthan 0.15 Gy.

(c) Groups exposed to high-LET radiation

221. Information on dose-response rel ationships that depart
from the conventional linear or linear-quadratic response has
been obtained for bone tumours arisng from apha particle
irradiation of bone following the deposition of isotopes of

radium. Extensiveepidemiologica informationisavailableon
groups of persons exposed, principally by ingestion, to *Ra
and ?®Ra in the 1920s and 1930s. The most comprehensive
datardatetofemaeradiumdia painters. Thedataon tumour
induction in this popul ation have been the subject of extensive
anayssover thelast 40years(eg. [EL, F13, H21, R4]). After
the radium programme at the Argonne National Laboratory
finished in the early 1990s, Rowland brought together all the
data collected in thislong-term study [R16]. His most recent
analysis considered dl femaleradium dial painterswith body
content measurements and who had entered the study prior to
1950, atotal of 1,530 women [R17]. Inthiscohort, 46 women
had bone sarcomas and 19 had head snus carcinomas, 3
women had both abone sarcoma and a head sinus carcinoma
Theanalysisincorporated revised etimatesof systemicintake,
which took into account the magnitude of the original intake.
This has been shown to influence the retention kinetics and
hence the cumulative doses [K15, R7]. The intakes by the
various members of the cohort covered severa orders of
magnitude. The 46 bone sarcomas had appearance times
ranging from 7 to 63 years. The lowest systemic intake asso-
ciated with a bone sarcoma was 3.7 MBq (100 pCi). This
malignancy, diagnosed in 1981 and resulting from an intake
in 1918, was thus detected 63 years | ater.

222. Variousformsof ageneral incidence- systemicintake
expression

| = (aSl +pSIY)e™™ 3

were fitted to the data and tested with a y? statistic. In the
equation, | istheincidence of bonetumours, a, f, andy are
constants, and Sl is the systemic intake. No acceptable fit
to the equation was found. However, when a constant, C,
was included in a general function of the form

| - CiksiP e @

inwhich k and B are constants, agood fit to the data could
be obtained with C=-1.4410% k =2.14 10, g = 3.15,
and y = 7.06 10°°. With theincidence | equal to zero, this
givesan intercept at 2,920 kBq. Thisfit to the data, shown
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inFigure X1X, givesgood evidencefor athreshold dosefor
the induction of bone tumours. The dose-response data
werefurther analysed by Thomas|[ T12], who suggested the
datawere consistent with athreshold for tumour induction
intherange3.9-6.2 Gy high-LET (average bonedose). He
proposed a rounded value of 10 Gy (average bone dose) as
a“practical threshold” below which there should belittle
cause for concern.
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Figure XIX. Bone sarcomaincidencein female radium
dial painters [R17].
Systemic intake is kBq #°Ra plus 2.5 x *®Ra activities.

223. Various forms of the generd dose-response expresson
were a o fitted to the data on head sinus carcinoma. In con-
trast to the data on bone sarcomas, linear, linear-exponential,
and dose-squared-exponentia functions al provided accept-
ablefits. Modd s that induded a threshold would also fit the
data, but the threshold value was not statigtically significant.

224, It was concluded that the tumour induction data for
osteosarcoma induction show a very steep dose response
[R16]. Whether this actualy demonsgtrated a threshold or
smply showed a very low probability of osteosarcoma
induction at intakes below about 3,000 kBq could not be
determined. For head snus carcinoma, the data did not
suggest the presence of a threshold, although various model
fits to the data were possible, reflecting the paucity of data,
which prevented discriminati on between aternativefunctions.

225. Further information on bone tumour pathology in
persons exposed to externa radiation or internally incorpor-
ated radionudlides may explain some of these observations. A
review of bonetumour pathol ogy in patientstreated with 2’Ra
revesal ed an unexpectedly high proportion of bonesarcomasof
the fibrous connective tissue type, including the first case of
malignant fibroushigtiocytoma (M FH) of bone described after
internal irradiation [G17]. Out of 46 bonetumoursin the?*Ra
patients, ostensarcomawasthemost common histol ogical type
(48% of cases), but 30% of these were fibrosarcoma-MFHs
and the remainder were chondrosarcomas, malignant lym-
phomas, myelomas, and malignant chordomas. The 30% of
fibrosarcoma-MFHSs substantially exceeds the usua preval-
ence of this disease, which is 8%- 11% in spontaneous bone

tumours. In afollow-up study, asmilar spectrum of tumours
was obtained in persons occupationally exposed to 2262%2Rg,
patientsgiven externa irradiation and other so-called second-
ary bone tumours arising at Stes of pre-existing bone lesions
as had been obtained in the 2*Ra patients [G17].

226. Theauthorsof thereview [G17] concluded that disturb-
anceof thelocal cdlular system caused by determinigticradia-
tion damage and repair resulted in the unexpectedly high
proportion of fibrosarcoma-MFHSs. It was considered that the
development of the tumours reflected the cell types involved
in a disurbed remoddling process in the skdeton. The
reactive proliferation of the predominantly fibroblagtic tissue
at the site of tissue damage could bethe presumptive origin of
this specia type of radiation-induced bone sarcoma. As a
fibrotic response would be likely to arise as a consequence of
determinidtic radiation damage, the fibrosarcoma-MFH type
of tumour might well arise only at doses above a limiting
threshold.

(d) Groups exposed to radon

227. Radon has been extensvdy gudied as a human
carcinogen. Epidemiological studiesarereviewed in Annex |,
“Epidemiological evaluation of radiation-induced cancer”
and are summarized here only briefly. The results of a series
of cohort studies of minersin countries throughout the world
have provided the basisfor estimates of therisk of lung cancer
asociated with exposure to radon and its decay products.
These data, athough subject to some uncertainties, have
allowed characterization of exposure response rel ationships
[L51]. The exposure response relationship in the various
sudies of radon exposed minersis consigent with linearity,
but the dope appears to be higher at lower exposure rates
(Figure XX). As discussed in Annex |, this apparent inverse
exposure-rate effect does not imply that low exposures carry
agreater risk than higher exposures; rather it suggeststhat for
a given total exposure, the risk is higher if the exposure is
received over along rather than ashorter period of time. This
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Figure XX. Relative risks of lung cancer from pooled
data for miners, restricted to <100 WLM exposure and
also to <50 WLM exposures [L53].
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could reflect some cell killing a high exposure rates. Case-
control studies of residential radon exposure and lung cancer
have also been conducted in various countries. Although these
have als0 been informative, the generally lower exposures of
people and methodological difficulties have meant the power
of these sudies is less than that of the occupational studies.
However, the estimates of lung cancer risk based upon a
recent meta-analysis of these eight studiesarein dose agree-
ment with therisk predicted on the basis of miner data[L53].

228. The Committee on Biologica Effects of lonizing
Radiations (BEIR VI) considered the data on 11 miner
cohorts exposed to radon previoudy analysed by Lubin et al.
[L48]. The most recent data available were used in
devel oping the Committee’s risk modds for radon exposure
[C26]. The Committee recognized that care is needed in
combining data from different cohorts of underground miners
around the world. The levels of exposure to radon and other
rdevant covariates, such as arsenic and tobacco smoke,
differed appreciably among groups of miners. The
completeness and quality of the data available on rdevant
exposures aso differed notably among the cohorts.
Information on tobacco consumption was availablefor only 6
of the 11 cohorts; of these 6, only 3 had information on
duration and intensity of exposureto tobacco smoke. Lifestyle
and genetic factors that influence susceptibility to cancer
might al so account for heterogeneity among cohorts.

229. Despitethosedifferences, the Committeeconcludedthat
the best possible estimate of lung cancer risk associated with
exposuretoradon and its decay productswould beobtained by
combining, in ajudicious manner, the available information
from all 11 cohorts. The Committee used statigtical methods
for combining datathat both allowed for heterogeneity among
cohortsand provided an overal summary estimate of thelung
cancer risk. Confidence limits for the overall estimate of risk
alowed for such heterogeneity.

230. The Committee’s risk models described the excess
rdaive rik as a smple linear function of cumulative
exposureto radon, allowing for differentia effectsof exposure
during the periods 5- 14 years, 15-24 years, and 25 years or
more before death from lung cancer. The most weight was
given to exposures occurring 5-14 years before death from
lung cancer. The Committee examined two types of risk
modesin which the excess relative risk was modified either
by attained age and duration of exposure or by attained age
and exposure rate. The excess rdative risk decreased with
both attained age and exposure rate and increased with
duration of exposure. For cumulative exposures bdow
0.175 J h m™ (50 WLM), a constant-relative-risk modd
without thesemodifying factorsappeared tofit the dataaswell
asthe two model s that allow for effect modification.

2. Minimum doses for a detectable increase
in cancer risk

231. Itisimportant to examinethelowest levels of dose at
which a significantly elevated level of radiation-induced
cancer has been observed in human populations. Relevant

information from epidemiol ogical studiesisavailablefrom
the follow-up of the atomic bomb survivors, from other
studies of thyroid cancer in infants, children, and adults,
and from studies of therisk of cancer in children following
radiation exposurein utero.

(&) Survivors of atomic bombings

232. The anayss by Pierce et al. [P2] of the atomic bomb
survivor mortality dataset findsastatistically sgnificant (two-
sided p<0.05) trend in mortdlity risksin the 0-50 mSv range
for al solid cancers combined, based upon foll ow-up to 1990
(assuming an RBE for neutrons of 10). Thisfinding is based
on thefitting of alinear relative risk modd to the 0-50 mSv
data, but usng fixed adjustments for sex and age at exposure
based on fits of amode to thefull data set. Ferce et d. [P2)
pointed out that without these adjustmentsfor sex and age, the
significance of the trend in dose in the 0-50 mSv group
would belost.

233. As discussed by Little [L11], this procedure is Seti-
dicaly problematic. Little[L11] and Ferce ¢ d. [P11] pro-
posed modified forms of the one-degree-of-freedom test for
trend in the low-dose region, usng nested modes that
incorporate sex and age adjustments but that do not rely on
fixed modifications fitted to the whole dose range. When
dther of these modified tests is used, the finding of a
significant increasing (two-sided p<0.05) trend with dosein
the low-dose region (0-50 mSv) remains valid [P11].

234. Notwithstanding these datistical considerations,
Pierceet a. [P2, P11] were cautiousin their interpretation
of this finding, which is at variance with the findingsin
the latest atomic bomb survivor solid tumour incidence
data in which a significant excess risk of solid cancersis
only seen down to doses of 200-500 mSv [T4]; they
indicated that the finding in the 0- 50 mSv group might be
artefactual, resulting fromthedifferential misclassification
of cause of death in the lowest dose groups. Further
information on recent datafrom theatomic bomb survivors
is given in Annex |, “Epidemiological evaluation of
radiation-induced cancer” .

(b) Thyroid cancer incidence

235. Information on the risks of radiation-induced thyroid
cancer isdescribed in Annex |, “Epidemiological evaluation
of radiation-induced cancer”. Studies of thyroid cancer
incidence fallowing radiation exposure were reviewed by
Shore [S6], and a combined analysis of seven studies was
performed by Ron et a. [R9]. Among various cohorts with
external low-LET exposures, theexcessrdative risk per gray
tendsto be higher for thyroid cancer than for most other solid
cancers. Furthermore, the excess rative risk is higher for
those irradiated at young ages than for adults. Studies of
cohorts with low-dose, external irradiation of the thyroid in
childhood are therefore of value for examining risks at low
doses. Therisks of thyroid cancer following exposure to ™!
ae less wel understood, as discussed in Annex |,
“Epidemiological evaluation of radiation-induced cancer”.
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236. A study of about 10,800 childrenin Israel given x-ray
treatment for tinea capitis was reported by Ron et al. [R8].
The total dose was given in five daily fractions to five
treatment fields on the scalp. While the dose to the scalp
was of the order of several gray, the average total thyroid
dosewas cal cul ated to be only about 100 mGy. An analysis
over the range 0- 0.5 Gy showed a statistically significant
trend of increasing risk of thyroid cancer with increasing
thyroid dose. In addition, thetrend in relativerisk per unit
dose was greater for those irradiated at ages under five
years than for those irradiated at older ages, in line with
the general observation of an increasing relativerisk with
decreasing age at exposure, aswell asbeing consistent with
a study of thyroid cancer in young persons irradiated for
enlarged tonsils[P4]. Among thetinea capitis patientsless
than five years old at exposure, the relative risk at about
0.1 Gy (100 mGy) was approximatedy 5 and was
significantly greater than 1. This finding was, however,
based on a fairly small number of cases, although it arose
among those personsfor whom therisk would be predicted
to be greatest.

237. Thyroid cancer in a cohort of 2,657 infants in New
York State given x-ray trestment for a purported enlarged
thymus gland and followed for an average of 37 years has
been reported by Shore et d. [S2]. Egtimated thyroid doses
ranged from 0.03 to more than 10 Gy, with 62% receiving
lessthan 0.5 Gy. The dose-response rdationship for thyroid
cancer wasfitted by a linear dose-response relationship, with
no evidence of a quadratic dose component. An analyss
redricted to the range 0-0.3 Gy showed a datidticaly
significant trend with dose (p=0.002), although based on just
four thyroid cancer caseswith non-zerodoses. The estimate of
absolute excess risk per unit dose over this dose range was
similar to that from the Isradi tinea capitis sudy [R8].

238. Ron et al. [R9] conducted a combined analysis of data
from seven sudiesof thyroid cancer after exposureto externa
radiation. Therange of dosesvaried considerably between the
different sudies. For exposure before age 15 years, linearity
was considered to best describe the dose response, even down
to 0.1 Gy. The estimated excess relative risk per gray of 7.7
(95% Cl: 2.1-28.7) isone of the highest values found for any
organ.

239. Thyroid cancer in a cohort of 4,404 children of whom
2,827 weregiven x-ray trestment for cancer in childhood and
followed for an average of 15 years has been reported by de
Vathaire [D14]. Estimated thyroid doses ranged from 0.001
to 75 Gy, with 41% receiving less than 0.5 Gy. The dose
response relationship for thyroid cancer was best fitted by a
linear doseresponse reationship, with no evidence for a
quadratic component. A standardized incidence ratio of 35
(90% Cl: 10-87, p<0.01) was found to be associated with a
dose of 0.5 Gy to the thyroid.

(c) Exposures in utero

240. A number of studies have been published that have
examined the risks of cancer in childhood following
exposures in utero. These studies have particular
advantages for detecting risks of cancer at low doses
because of the low spontaneous cancer rate in childhood.

241. Information on cancer risks following radiation
exposure in utero are available from studies of those with
prenatal diagnostic x-ray exposures, as wel as those
irradiated as a consegquence of the atomic bombings of
Hiroshima and Nagasaki. The largest study of childhood
cancer following prenatal x-ray exposure is the Oxford
Survey of Childhood Cancers (OSCC), which isanational
case-control study of childhood cancer mortality carried out
in the United Kingdom. Information isalso available from
other studies of prenatal x-ray exposure that have been
carried out in North America and elsewhere [B28].

242. TheOxford Survey of Childhood Cancerswasgartedin
the mid-1950s. Up to 1981, mothers of 15,276 cases and the
same number of matched controls had been interviewed
[K1Q]. During thelate 1950s, the study investigators reported
a doubling in the risk of childhood cancer associated with
prenatal x-ray exposure[S7]. Later analysscovering alonger
period indicated afalling risk with time and an averageraised
risk of about 40% (95% Cl: 31-50) [B8, K10].

243. Data on doses to the embryo and fetus are available
for the Oxford Survey of Childhood Cancers, although
there is some uncertainty in these values. Table 11 shows
themean number of filmsper x-ray examination inthe

Table 11

Doses from prenatal x rays in the Oxford Study of Childhood Cancers

Mean number Mean dose per filmaccording to reference (mGy)
Birth year of films
per examination [ug] [S21]
1943-1949 1.9 18 46
1950-1954 22 10 4.0
1955-1959 19 5 25
1960-1965 15 2 20

Survey according to calendar period, together with estimates
of the average dose per film made by the Committee in the
UNSCEAR 1972 Report [U8] and by Stewart and Knesle

[S21]. UNSCEAR edimated that the average dose per
examination was 10-20 mGy (low-LET) during the 1950s
and decreased over time. Stewart and Kneal€ s dose estimates
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were about half of the UNSCEAR values. Based on the
UNSCEAR dose egimates, Muirhead and Kneale [M8]
egtimated the alsol ute radiation-induced risk for theincidence
of all cancers up to age 15 years to be about 0.06 Gy * (low-
LET) (95% CI: 0.04-0.10). A smilar risk estimate was
calculated by Mole [M6] based on a national survey in the
United Kingdom of doses from obgtetric radiography
performed in 1958, for which the average dose was about
6 mGy.

244, There has been concern that owing to the retrospective
nature of the Oxford Survey of Childhood Cancers, which
relied at least partialy on mothers memories, some bias may
have been introduced. The results of the follow-up were
supported by a study in the United States [M9, M10] of
contemporary records of x-ray exposures of children born in
hospitalsin the north-eastern United States. In aninitial sudy
[M9] of 734,243 children born between 1947 and 1954, 556
children were identified as having died from cancer between
1947 and 1960. Prenatal x-ray exposure was associated with
an increased risk of cancer, with relative risks for leukaemia
of 1.58 and for solid cancers of 1.45. These increases were
very similar to thosein the Oxford Survey. In an extension of
the study, however, with a further 695,157 children born up
t0 1960 and having 786 additional cases of cancer, therdative
risk for leukaemiawas similar to thefirgt phase(1.48) but that
for solid cancers was appreciably lower (1.06). The overal
values of rdative risksfor leukaemia (1.52) and solid cancers
(1.27) do not differ sgnificantly when compared directly

(p=0.4).

245, Bithdll [B28] reviewed a number of studies that
examined the risk of childhood cancer following in utero
radiation exposure. None of the studies on their own had
the statistical power of the Oxford Survey of Childhood
Cancers, but a total of 12 studies, when taken together,
gave a weighted average of an increasein relative risk of
1.37(95% Cl: 1.26-1.49). Including the Oxford Survey of
Childhood Cancers data gave a relative risk of 1.39 (ClI:
1.33-1.45). While the individual study designs and
methodsof analysiswerevery different, theoverall finding
lends support to the results of Childhood Cancers.

246. Dall and Wekeford [D3] reviewed the evidence from
epidemiological studies on the risk of cancer in childhood
from exposure of thefetusin utero from diagnogtic radiol ogy.
They aso conddered the limited sudies in experimenta
animals. They concluded that while information is available
fromanumber of epidemiological studies, themost significant
comes from the Oxford Survey. It was concluded that thereis
strong evidencefor acausal reationship, with radiation doses
tothefetus of the order of 10- 20 mGy giving increasesin the
risk of childhood leukaemia and solid cancers of about 40%.
Because of thelow risk of cancer in childhood, the calculated
absolute risk coefficient was approximately 6% Gy *. The
analyss supports the view that small doses of radiation are
potentialy carcinogenic. The possihbility sill exists that there
may be some as yet unidentified confounding factor in the
Oxford Survey affecting both the probability of thefetusbeing
irradiated in utero and therisk of subsequent cancer. A feature

of the datafrom the Oxford Survey that remains unexplained
is that the increase in risk for both leukaemia and solid
cancers following exposure in utero is essentially the same,
with a reative risk of about 1.4. Mogt other human and
animal studies consigently indicate different sengtivities of
leukaemia and solid cancers [B45].

247. Several cohort studies of in utero exposures have not
shown evidence of excess risk. Those sudies, however, were
small in size. Among those exposed to atomic bomb radiation
in utero [J1], no childhood leukaemia cases have been
observed. For 1,263 children irradiated in utero and foll owed
from birth, two cases of cancer arose up to 15 years of age,
compared with 0.73 expected from Japanese national rates
[Y2]. The resulting upper limit on the 95% confidence
interva for theabsoluteradiation-induced riskis2.8 102 Gy
(low-LET). Continued follow-up showed an excess of adult
cancers among those exposed to atomic bomb radiation in
utero. Based on the follow-up to 1988, the reative risk at
1 Gy was egtimated to be 3.77 [Y 2], which issmilar to that
seen among survivorsof theatomicbombingsirradiatedinthe
first 10 years of life[S1]. Further follow-up to theend of 1989
suggested a subsequent decrease in the rdativerisk [Y1], in
linewith the pattern indicated by the earlier follow-up of those
exposed post-nataly at ages under 10 years.

248. More recently, Delongchamp et a. [D2] reported
cancer mortality datain atomic bomb survivors exposed in
utero for the period October 1950 to May 1992. Only 10
cancer deaths were reported among persons exposed in
utero. Although therewereonly twoleukaemiadeaths, this
was higher than in a control group (p=0.054). Mortality
from solid cancers at ages over 16 years was in excess of
expected (ERR= 2.4 Sv %, 90% CI: 0.3-6.7); all thedeaths
occurred in females.

249. Thus, athough thereissomecond stencyin case-contral
sudies in showing a raised risk of childhood cancer, the
absence of dear confirmation in cohort studies leaves some
uncertainty in establishing a risk estimate. For the Oxford
Survey of Childhood Cancers, however, an increase in
childhood cancer risk by about 40% is associated with doses
of about 10-20 mGy (low-LET). A number of other sudies,
taken together, support thisfinding.

3. Effect of dose and dose rate

250. Asexplainedabove, quantitativeinformation on therisk
of cancer in human popul ations comeslargely from epidemio-
logical studies of population groups exposed at intermediate
and high doses and dose rates. For the assessment of therisk
of cancer from environmental and occupational exposure to
radiation, a reduction factor, frequently termed a dose and
dose-rate effectiveness factor (DDREF), has normally been
used to assess risks at low doses and low dose rates. The
choice of reduction factors was reviewed most recently in the
UNSCEAR 1993 Report [U3] and has aso been reviewed by
ICRP [I12] and by a number of other internationa bodies. In
the UNSCEAR 1993 Report [U3], the Committee examined
cdlular studies, data from experimental animal studies, and
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information from epidemiological sudies that would alow
judgements to be made on an appropriate reduction factor.
The judgements made in that report remain valid and are
summarized here only briefly.

251. The dose-response information on cancer induction in
the survivors of the atomic bombings in Japan provided, for
solid tumours, no clear evidence for a reduction factor much
in excessof 1 for low-LET radiation. For leukaemia, the dose
response fits a linear-quadratic relationship, and a best
estimate of the reduction factor is about 2. Analysesby Little
and Muirhead [L52] of the latest cancer incidence data that
takeaccount of possiblerandom errorsand possiblesystematic
errors in DS86 dose estimates show that there is little
indication of upward curvaturein the dose response for solid
tumours over the 0-4 Gy dose range, athough over the
0-2 Gy dose range and after adjustment of Hiroshima DS86
neutron dose edtimates the upward curvature is more
pronounced. There is marked upward curvature in the dose
response for leukaemia over the 0-4 Gy dose range, which
becomes less pronounced if attention is restricted to those
receiving lessthan 2 Gy [L52]. If adjusmentsare madeto the
Hiroshima DS86 neutron dose edtimates, then over the
0-2 Gy dose range the LDEF for all solid tumours is 1.43
(95%Cl: 0.97-2.72), and soiscomparablewith the LDEF for
leukaemia, 1.58 (95% Cl: 0.90-10.58) [L52]. Thereisonly
limited support for the use of a reduction factor from other
epidemiological studies of groups exposed at high doserates,
athough for both thyroid cancer and female breast cancer
some data suggest a value of about 3 may be appropriate.

252. The results of studies in experimental animals con-
ducted over a dose range that was smilar to, athough
generally somewhat higher than, the dose range to which the
survivors of the atomic bombingsin Japan were exposed, and
at dose rates that varied by factors between about 100 and
1,000 or more, give reduction factors from about 1 to 10 or
more, with a central value of about 4. Some of the tumour
types for which information is available have a human
counterpart (e.g. myd oid leukaemiaand tumoursof thebreast
and lung) while others do not (eg. Harderian gland in the
mouse) or requirefor their devel opment substantial cdl killing
and/or changes in hormonal status (ovarian tumour, thymic
lymphoma). Similar results to those obtained with animal
tumour modelshave been obtained for somatic mutationsand
for transformation of cdlsin culture, although the reduction
factors obtained have not been as large. In a number of the
experimental sudies on tumour induction, linear functions
would give agood fit to both the high- and low-dose-rate data
in the range from low to intermediate doses. This indicates
that even if the cdlular response can, in principle, befitted by
a linear-quadratic dose response, in practiceit is not always
possible to resolve a common linear term for exposures at
different dose rates.

253. If human response is Similar to that in experimental
animals, then it can be envisaged that at lower doseratesthan
were experienced in Hiroshima and Nagasaki, a reduction
factor greater than the value of about 1.5 that is suggested by
analys sof the dose-response data coul d beobtai ned. However,

information from human populations exposed at low dose
rates suggestsrisk coefficientsthat arenot very different from
those obtained for the atomic bomb survivors, athough the
risk estimates have wide confidence intervals.

254. In the UNSCEAR 1993 Report [U3], the Committee
conduded that, when taken together, the avalable
epidemiological and experimental data suggested that for
tumour induction, the reduction factor adopted should, to be
on the safe Sde, have alow value, probably no more than 3.
I nsufficient datawere available to make recommendationsfor
specific tissues [U3]. For high-LET radiation, a reduction
factor of 1 wasindicated on the basis of experimental datathat
suggested little effect of dose rate or dose fractionation on
tumour response at low to intermediate doses. It was noted
that a value of somewhat less than 1 is suggested by some
studies, but the results are equivoca, and cdl killing may be
afactor in the tissue response [U3].

255. In the case of hereditary disease, the adoption of a
reduction factor of 3 was supported by experimental data
in male mice, although a somewhat higher value has been
found with one study of female mice.

C. LOW-DOSE-RATE EXPOSURES

256. Information from studies of groups exposed to low
dose rates is potentially of more direct relevance to risk
estimates. However, studies of low-dose-rate exposure
generally involve low doses and, because of the probably
low excess risks, are likely to be hampered by a lack of
statistical power and possibly also by confounding factors.
Examination of the results of low-dose-rate studies can,
however, provide a check on the risks derived by
extrapolation from high-dose-rate studies.

1. Occupational exposures

257. Several studieshavebeen conducted of nudlear industry
workers. In the United States, Gilbert et al. [G3] performed a
joint analysisof datafor about 36,000 workersat the Hanford,
Oak Ridge, and Rocky Flats weapons plants. Neither for the
grouping “al cancers’ nor for leukaemia was there any
indication of an increasing trend in risk with dose. However,
the upper limit of the 90% confidenceinterval for the excess
relative risk per unit dose was severa times greater than the
corresponding value for the survivors of the atomic bombings
in Japan in the case of dl cancers other than leukaemia and
dightly greater than the value from Japan in the case of
leukaemia.

258. Thefirst analysisof the National Registry for Radiation
Workers (NRRW) in the United Kingdom examined cancer
mortality in relaion to dose in a cohort of over 95,000
workers[K3]. Themean lifetimedosereceved was33.6 mSy;
however, over 8,000 workers had alifetime dosein excess of
100 mSv. For al malignant neoplasms, the trend in the
relative risk with dose was positive but was not Satitically
significant (p=0.10). Based on ardativerisk projection modd,
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the central etimate of the lifetime risk based on these data
was 10% Sv'?, which is 244 times the value of 4% Sv* cited
by ICRP[I12] for risksassociated with the exposure of workers
(based on applying a DDREF of 2 to the Japanese data). The
90% confidence interval for the NRRW-derived risk ranged
from a negative value up to about six times the ICRP vaue.
For leukaemia(excluding chroniclymphaticleukaemia which
does not appear to be radiation-inducible), the trend in risk
with dose was satisticaly significant (p=0.03). Based on a
projection modd asused by BEIRV [C1], thecentral etimate
of the corresponding lifetimeleukaemiarisk was 0.76% Sv %,
which is 1.9 times the ICRP [12] value for a working
population (0.4% Sv1), with 90% confidence limits ranging
from just above zero up to about six times the ICRP value.

259. A second analysis of the NRRW cohort was published
in 1999 [M47] and covered a total of 124,743 workers. For
leukaemia, excluding chroniclymphaticleukaemia, therewas
amarginally sgnificant increasing risk with dose. The central
edimate of excess reative risk per Severt, 2.55 (90% CI:
-0.03-7.16), is smilar to that estimated for the Japanese
atomic bomb survivors at low doses (2.15 Sv'?, 90% CI :
0.43-4.68); the corresponding 90% confidence limits were
tighter than in thefirst analysis, ranging from just under four
timestherisk estimated at low dosesfrom the Japaneseatomic
bomb survivorsto about zero. For all malignancies other than
leukaemia, the central estimate of the trend with dose,
0.09 Sv* (90% CI: 0.28-0.52), wasdoser to zero than in the
fird analyss and smaller than the Japanese atomic bomb
esimate of 0.24 Sv! (90% CI: 0.12-0.37) (without the
incorporation of a dose-rate reduction factor). Also, the 90%
confidenceinterval sweretighter than beforeandincludezero.
Overdl, the sscond NRRW analysis provides stronger
evidencethan thefirst on occupational radiation exposureand
cancer mortality; the 90% confidenceinterva for therisk per
unit dose now excludes val ues that are more than four times
those seen in the atomic bomb survivors, although they are
also consstent with there beéing norisk at all.

260. The NRRW therefore provides some evidence of an
devated risk of leukaemia associated with occupational
exposureto radiation and, like the combined study of workers
in the United States, is consstent with the risk estimates for
low-dose/l ow-dose-rate exposures derived by ICRP[12] from
the data on the survivors of the atomic bombingsin Japan.

261. A cohort study of occupational radiation exposure has
been conducted using the records of the National Dose
Regigtry of Canada [A17]. The cohort consisted of 206,620
individuals monitored for radiation exposure between 1951
and 1983, with mortality followed up to the end of 1987. A
total of 5,425 deaths were identified by computerized record
linkage with the Canadian Mortaity Database. A trend of
increasing mortality with increesng cumulative radiation
exposure was found for all causes of death in both malesand
females. In males, cancer mortality appeared to increase with
radiation exposure without any relationship to pecific types.
Unexplained trends of increasng mortality due to
cardiovascular diseases (males and females) and accidents
(males) werealso noted. Theexcessrdativerisk for radiation-

induced cancer was calculated to be 3.0% per 10 mSv (90%
Cl: 1.1-4.8) for all cancers combined and was significantly
higher than the comparable risk estimate for survivors of the
atomic bombings. However, the very low SMR for all-cause
mortality suggeststhat record linkage procedures between the
Canadian National DoseRegigtry and the Canadian Mortality
Database may have been imperfect and that there could have
been some confounding of the dose response.

262. Inthe UNSCEAR 1994 Report [U2] information was
given on the association of leukaemia and radiation exposure
among workers at the Mayak faclity in the Russan
Federation, some of whom received substantial exposures
severa decades ago [K26]. Risk coefficients for radiation-
induced leukaemia were smilar to those given by the ICRP
[12] for workers, although no confidence interva was
provided. Limitations in the study were that 15% of the
origina cohort had been logt to follow-up, and bone marrow
doses from plutonium remained to be evaluated.

263. Aninternational study of cancer risk among radiation
workers in the nuclear industry was coordinated by the
International Agency for Research on Cancer (IARC)
[C20, I11]. It consisted of a combined analysis of mortality
data for nearly 96,000 workers in Canada, the United
Kingdom, and the United States. The groups of workers
studied were the subject of individual analyses that had
been published in 1988 or earlier. The United Kingdom
component of this study was the Nuclear Industry
Combined Epidemiological Analysis(NICEA) [C3], based
on workers at BNFL Sdlafidd, the United Kingdom
Atomic Energy Establishment, and the Atomic Weapons
Establishment. The other groups studied were workers at
the three United States Department of Energy plants
referred to earlier (Hanford, Oak Ridge, and Rocky Flats)
[G3] and workers at Atomic Energy Canada Ltd. [G4].

264. Analyss of the combined cohort of radiation workers
showed a datidticaly dgnificant trend in the risk of
leukaemia (excluding chronic lymphatic leukaemia) with
external dose Thisfinding is similar to that reported in the
first analysis of the NRRW [K3], athough the results are not
independent, since many of the workers in the NRRW were
asoin the IARC study. The central estimate of risk per unit
dose corresponded to 0.59 timesthe val ue estimated from the
atomic bomb survivorsbased on alinear dose-responsemodd
and 1.59 times the value based on a linear-quadratic moddl
fitted to the atomic bomb survivor data; the corresponding
90% confidence interval ranged from about zero up to four
times the value from the linear-quadratic atomic bomb
survivor model. The evidence for a trend with dose was
particularly strong for chronic myeloid leukaemia, aswasa o
reported in thelarge study of workersin the United Kingdom
[M47], some of whom were included in the internationa

study.

265. For al cancers other than leukaemia, the centra
estimate of the trend in risks with dose was negative, but the
upper 90% confidence limit corresponded to about twice the
value arisng from a linear extrapolation to low doses of
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results for the survivors of the atomic bombingsin Japan, i.e.
about four times the estimate for low-dose-rate exposures
basad on a reduction factor of 2.

266. The authors of the IARC study concdluded that their
analyss provides little evidence that the risk estimates that
form the basis of current radiation protection sandards are
appreciably in error. Since mogt of the workers sudied are
dill aive, however, they recommended further follow-up of
these and other workers to increase the precison of risk
estimates. To further address the issue of effects at low doses,
IARC is now coordinating an enlarged International
Collaborative Study of Cancr Risk among Radiation
WorkersintheNudear Industry [C2]. Thisstudy will contain
additional workers from countries such as France and Japan,
and the combined cohort should number several hundred
thousand.

2. Environmental exposures

267. Studies of exposures to natural background radiation
(other than radon) or to environmental contamination from
man-made sources have generally involved examining geo-
graphical correlations in cancer rates. Such studies can be
difficult to interpret, owing to the effect of confounding
factors such as sociodemographic variables and other factors
that vary geographicaly, together with the lack of
information on doses.

268. Sources of natural background radiation include
terrestrial gamma rays and cosmic radiation, which vary
cong derably with geographical location. Many attemptshave
been made to corrdate radiation exposure with cancer
mortality or incidence in different populations. While this
would in principlegiveinformation on exposuresét rel atively
low radiation doses, such attempts are subject to consderable
difficulties, as was described in the UNSCEAR 1994 Report
[U2]. Interpreting thedataismadedifficult by uncertaintiesin
the doses actually received, geographica variation in the
accuracy of cancer diagnoses, and confounding with the
numerous other environmental factors. Furthermore, when
different geographical areas are compared, exact matching of
control groups or groups exposed at different levels can be
difficult. Asaconsequence, studiesthat havetried to compare
cancer risks from natural background radiation in different
geographical locations are subject to considerable uncertainty
and must beinterpreted with care [C1].

269. Darby[D10] has made some estimates of the proportion
of deaths from various cancers that might be caused by
exposure to natural background radiation based on models
developed by the BEIR V Committee [C1]. These modds
were based on the data from the survivors of the atomic
bombings in Japan. They predict that about 11% of degths
from leukaemia might be caused by post-natal exposure to
natural background sources, excluding radon. For other
cancers the estimate was 4% or less. The interval between
exposure and the development of the disease is shorter for
leukaemia than for most other tumours. There is a higher
rlative risk for leukaemia, and the influence of other

environmental factorson leukaemiarisk islessthan for many
other types of cancer. It might be expected, therefore, that any
effect of variations in natural background would be more
readily detectable for leukaemia than for other cancer types.
As described in the UNSCEAR 1994 Report [U2], however,
wdl designed studies conducted in anumber of countriesfind
no dgnificant association between natura  background
radiation and leukaemia (excdluding chronic lymphatic
leukaemia) (eg. [17, T10, U2, W11)).

270. Few of the studies examining cancer incidence in
relation to exposure to natura background radiation have
tried to obtain realigtic dose estimates that take into account
differences between indoor and outdoor exposure and the
effects of population movement. One exception is a Chinese
sudy [W12] that compares leukaemia mortality in two
ne ghbouring regionshaving quite different level sof exposure
as a reault of the high thorium content in monazite sands.
Yangjiang is a high-background-radiation area and Taishan/
Enping isa contral area. In both regions there was a highly
stable population, and considerable effort went into measur-
ing radiation exposure both indoors and outdoors. Inthehigh-
background area the radiation dose calcul ated to the red bone
marrow by age 50 years would have been about 60 mSv
greater than that for someone living in the low-background
area. During 1970- 1985, the age-adjusted mortdlity rates for
leukaemia in females were 2.21 and 3.56 10° PY ! in the
high- and low-background aress, repectively, whilein males
the rates were 3.32 and 3.82 10°° PY %, where PY stands for
person-years. Thedifferenceswerenot Sgnificant; if anything,
they suggested a lower risk in the more highly exposed
population [W12]. The study had low datistical power to
detect an effect, if one exigted, as the rdative risk expected
was about 1.2 in the highly exposed group, and effects of this
magnitude are very difficult to detect epidemiologically.

271. An extension to this study covering 1987 to 1990 has
alsobeen reported [ T9)]. Thelater study covered afixed cohort
with 78,614 persons in the high-background-radiation area
and 27,903 in the control area at the gart of 1987. Dose
esimates were obtained by measurements using environ-
mental gammarray dose-rate measurements and individual
TLDs. The cohort was added to that monitored previoudy to
give a total population of 64,070 subjects in the high-
background-radiation area and 24,876 in the control area at
the beginning of 1979. In total, the study covered 949,018
person-years (PY) during 1979-1990 (696,181 in the high-
background-radiation area and 252,837 in the control areq).
The relative risks (the high-background-radiation area
compared with the control ares) for al cancers and for all
cancers except leukaemiain each of three dose subgroups in
thehigh-background-radiation areadid not differ sgnificantly
from 1. Therdativerisksfor ste-specific cancersof thelungs,
liver, and stomach were generdly less than 1, while for
nasopharyngeal cancer and leukaemiathey were greater than
1. It is noteworthy that the result for leukaemia was the
reverse of that found in the earlier study [W12]. The authors
concluded that even for the combined datathe samplesizein
each group was not large enough to come to any definite
conclusions.
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272. A further extension to the study has also been
reported [T17] covering atotal of 125,079 subjects with
1,698,350 PY (10,415 cancer deaths) followed from 1979
to 1995. The population was separated into controls and
high, medium and low dose groups. Despite higher death
rates in the males than in the females no significant
difference was found between the persons from the high-
background-radiation area and the contrals; if anything,
the death ratesin the high-background-radiation areawere
lower.

273. It may be concluded from this and other studies
reviewed in the UNSCEAR 1994 Report [U2] that
comparative studies of groups exposed to differing levels of
natural background gamma radiation have not demonstrated
any sgnificant effects on cancer incidence.

274. Some studies of environmental exposures have
examined thetemporal trendsin cancer rates. For example,
Darby et al. [D1] examined temporal trends in childhood
leukaemia in the Nordic countries in relation to fallout
from atmospheric nuclear weapons testing during the
1950s and the 1960s. They concluded that there was some
evidence of a raised risk associated with the “high”
exposureperiod, when children would havereceived adose
from fallout of about 1.5 mSv, compared with the adjacent
“medium” exposure period, when the dose received would
have been about 0.5 mSv (relativerisk for ages0- 14 years
is 1.07; 95% CI: 1.00-1.14). These data are consistent
with a reative risk of 1.03 predicted with the BEIR V
leukaemia model [C1], although the central estimate from
thisstudyislarger than the BEIR V value, adifferencethat
may beexplained by thedifferent follow-up timeson which
the two values are based (0-7 years and 5-15 years,

respectively).

275. Studies have been reported of a population in the
East-Urals that was exposed to radioactive materials
following an accident at the Mayak reprocessing plant in
September 1957 [K29]. A total of 7,854 persons who
received radiation doses estimated to be between 40 and
500 mSv have been followed. No statistically significant
changes in causes of death, mortality or reproductive
function have been found compared with control values
from the province and USSR data. Although this study is
to be continued, it illustrated the difficultiesin conducting
carefully controlled epidemiol ogical studies, whichrequire
a defined control group and accurate dose estimates.

D. SUMMARY

276. Epidemiological studiesprovidedirect quantitetive data
on the risks of cancer in humans fdlowing radiation
exposure. The main source of information is the Life Span
Study of survivors of the atomic bombingsin Hiroshima and
Nagasaki in 1945. Subgtantial information is also available
from studies of people occupationally or medically exposed
dther to externa radiation or to internaly incorporated
radionuclides.

277. The Life Span Study is important, as it gives
information on the effects of whol e-body irradiation following
exposure at different ages. The interpretation of the dose-
response data is, however, complicated by the fact that
exposure was to both gamma rays and to neutrons. An RBE
of 10 has generaly been assumed when fitting the dose-
responsedata. Thedata show a pattern of increasing risk with
increasing dose for both leukaemia and mogt solid cancers.
Themost recent analyses of the data suggest that the numbers
of solid cancers induced in the population depends on the
spontaneous cancer rate, and that at least for those exposedin
adulthood the absolute levd of the radiation-induced risk
increaseswith age over the period of follow up. Thefallow-up
sudy indicates a dgnificant (p=0.05) increase in the risk of
radiation-induced fatal solid cancers over the dose range of
0-50 mSv (assuming an RBE for neutrons of 10). Caution is
needed in interpreting this finding, however, asan increased
incidence of solid cancers is seen only a doses down to
200-500 mSv, suggesting the possihility of bias at the lower
doserange.

278. Thedataon mortality from leukaemia are best fitted
by a linear-quadratic dose response, while for al solid
cancers taken together, alinear dose response provides a
best fit for dose-response data up to doses of about 3 Sv.
However, whilealinear dose response can also befitted to
the data for a number of individual tumour types, in the
case of non-melanoma skin cancer there is substantia
curvilinearity in the dose response, consistent with a
possible dose threshold of about 1 Sv or with a dose
responsein which the excessrelativerisk isproportional to
the fourth power of dose. It is notable that if analyses are
restricted to the dose range up to 2 Gy and account taken
of possible systematic errorsin the Hiroshima DS86 data,
then there is evidence of appreciable upward curvature of
the dose response for solid tumours. It has become clear
that further follow-up and improved information on the
doses received will be needed before the shape of the dose
response at low doses for both morbidity and mortality can
be determined with confidence at doses below about
100-200 mSv. While the Life Span Study has shown
elevated cancer risks in a number of tissues, there are
others for which there is either very little or no evidence
for an effect. Theseinclude, for example, the bone, cervix,
prostate, testes and rectum.

279. Information on cancer risksis also available from a
number of studies of patients irradiated for medical
reasons. Many of the patientsin thesestudiesreceived high
doses to particular organs, often 1 Gy or more, although
some received much lower doses. Patients were generally
given acute exposures, athough women treated with
fluoroscopy for tubercul osisweregiven highly fractionated
doses. As with solid cancers in the Life Span Study, the
dose-response data from many of these studies are
generally consistent with a linear doseresponse
relationship at low to intermediate doses. Results from
several studies have suggested a dtatistically significant
increase in the risk of thyroid cancer at doses of about
100-300 mGy received in childhood.
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280. In contrat, the best fit to the data on bone tumour
induction in radium dial painters exposed to 24?®Ra can be
obtained with amodel indicating a“practical threshald” for a
response at an average bone dose in the range 3.9-6.2 Gy
(high-LET). This observation might also reflect the extent of
the data available at low doses. For head sinus carcinomasin
theradium dia painters, linear, linear-exponentia, or dose-
squared exponentid functions al provided acceptable fits to
the data. Data are aso available on the risk of bone sarcomas
in patients given 2*Ra. Recent analysi's of the pathology of
these tumours has shown that a high proportion of them
(30%) are malignant fibrous higtiosarcomas, which is higher
than would have been expected in sarcomas occurring
spontaneoudy (8%-11%). It has been proposed that these
tumours can only be expected to arise in tissue with
determinigtic radiation damage and so would be expected to
appear only above athreshold dose. Similar conclusons have
been drawn for the bone tumours arisng in the radium
workers.

281. Extensive data are available on cohorts of miners
occupationally exposed to radon and its decay products.
These studies have provided information on the risk of
radiation-induced lung cancer. Themost recent analyses of
the data examined a range of risk moddls. However, for
cumulative exposures below 0.175 Jh m™ (50 WLM), a
constant-rel ative-risk model without any modifyingfactors,
such as attained age and exposure rate, appeared to fit the
data well.

282. A number of sudies have provided information on the
risk of childhood cancer following obstetric radiography. In
the Oxford Survey of Childhood Cancers, a datigticaly
significant 40% increase in the childhood leukaemiarate (up
to 15 years of age) has been seen following doses of
10-20mGy (low-LET). Similar resultshave been obtained in
a number of other, smaler studies of the effects of obstetric
radiography. Although there may be someincreasein sensiti-
vity to radiation at thisearly sage of development, thereis

no reason to bdieve the mechanisms involved in tumour
induction will befundamentally different from thosein adults.
The number of celsat risk would, however, be different. The
principal reasons for being able to determinethisincreasein
risk, which in absolute termsis small, isthe low background
incidence of leukaemiain childhood and greater sensitivity to
radiation. A feature of the data from the Oxford Survey that
remains unexplained is that the increase in risk for both
leukaemia and solid cancers following exposure in utero is
essentialy the same, with a reative risk of about 1.4. Most
other human and animal studiescons stently indicatedifferent
sengtivities of leukaemia and solid cancers.

283. Morerecently, direct information on the effects of low-
dose, chronic exposure has become available from studies of
radiation workers. The estimation of cancer risks associated
with exposure to low doses poses particular problems. The
predicted level of excess risk associated with such exposures
islower than that for high-dose exposures, and consequently
thesize of the study population required to detect araised risk
is usually much larger than that required for the high-dose
dudies. The information available to date is generdly
consistent with information on the risks of cancer obtained
from the high-doserate studies, athough having wide
confidence intervals, and would a so be consigtent with there
beingnorisk at al. A long period of follow-up and pooling of
data from different studies will be necessary if Satigtically
useful data are to be obtained.

284. A number of studies have been published that have
examined the risks of cancer in areas of high natura
background. Comparative studies on groups exposed to
different levels of natural background radiation do nat,
however, havethestatigtical power to detect significant effects
on cancer incidence. There aredifficultiesin interpreting the
dataasaresult of uncertaintiesin the doses actually received,
geographical variation in the accuracy of cancer diagnoses,
and confounding by other environmental factors.

IV. MECHANISMS AND UNCERTAINTIES IN MULTI-STAGE
TUMORIGENESIS

285. The development and application of modern
molecular methods has, in recent years, substantially
increased the understanding of the mechanisms of
tumorigenesis. At the same time, there has been an
equivalent increase in the understanding of the action of
radiation on cellular DNA, control of thereproductive cell
cycle, and the mechanisms of DNA repair and muta-
genesis.

286. Mechanisms of radiation oncogenesiswere reviewed
by the Committeein the UNSCEAR 1993 Report [U3] and

are considered further in Annex F, “DNA repair and
mutagenesis’; and Annex H, “Combined effects of
radiation and other agents’. Accordingly, the aim of this
Chapter isto provide an updated view of the mechanisms
of tumorigenesisin order to relate them to data on dose-
effect relationships. Emphasis will be placed on current
uncertainties surrounding the mechanisms of radiation
tumorigenesis, with a view to exploring their importance
for the development of biologically based computati onal
models that seek to describe radiation cancer risk at low
doses and low dose rates (Chapter V).
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A. MULTI-STAGE PROCESSES IN
TUMORIGENESIS

287. In accord with earlier proposals on spontaneoudy
arisng neoplasa[F1, F5, V1], UNSCEAR supports a multi-
dage modd as a conceptua framework for describing
radiation tumorigenesis [U3]. A generalized modd of this
form is illustrated in Figure XXI. In this modd, radiation
tumorigeness is imprecisdy subdivided into four phases
neopladtic initiation, promotion, conversion, and progression.
This operationa framework, while subject to considerable
uncertainty, may be used to illugtrate the critical cdlular and
molecular processes that direct neoplastic change.

Damage to chromosomal DNA
of a normal target cell

v

Failure to correct
DNA damage

v

Appearance of specific
neoplasia-initiating mutation

v !

Promotional growth
of pre-neoplasm

v

Conversion to overtly
malignant phenotype

v

Malignant progression
and tumour spread

Figure XXI. A simple generalized scheme for multi-
stage oncogenesis.

1. Initiation of neoplasia

288. Neopladgtic initiation may be broadly defined as
essentialy irreversible changes to appropriate target somatic
cdls, driven principaly by gene mutations that create the
potentia for neoplastic deveopment [C9, U3]. Such tumour
gene mutations can have profound effects on cdlular
behaviour and response, e.g. dysregulation of genesinvolved
in biochemical signalling pathwaysassoci ated with thecontrol
of cdl proliferation and/or disruption of the natural processes
of cdlular communi cation, development, and differentiation.
Although the full expresson of such neoplasiainitiating
mutations invariably requires interaction with other later-
arisng gene mutations and/or changes to the cdlular
environment, the initiating mutation creates the stable
potential for pre-neoplagtic cdlular development in cdlswith

proliferative capacity.

2. Promotion of neoplasia

289. Neoplagtic development is believed to be highly in-
fluenced by theintra- and extracd lular environment, with the

expression of theinitial mutation being dependent not only on
interaction with other endogenous mutations but also on
factors that may transiently change the patterns of specific
geneexpression, eg. cytokines, lipid metabolites, and certain
phorbol esters. As a consequence, there may be an enhance-
ment of cellular growth potential and/or an uncoupling of the
intercelular communication processes that act to restrict
cdlular autonomy and thereby coordinate tissue maintenance
and development [T5, U3]. In thisway, tumour-initiated cells
can receive a supranorma growth stimulus and begin to
proliferate in a semi-autonomous manner, allowing for the
clonal development of pre-neoplagtic lesions in tissues, eg.
benign papillomas, adenomas, or haemopoietic dysplasias.

3. Neoplastic conversion

290. Neoplastic converson of pre-neoplagtic cellsto a state
in which they are more committed to malignant devel opment
isbelieved to be driven by further gene mutations accumul at-
ing within the expanding pre-neopladtic cdll clone. Evidence
is accumulating that the dynamic cellular heterogeneity that
isafeature of malignant devel opment may in many instances
be a consequence of the early acquisition of gene-specific
mutationsthat destabilize the genome. Mutations of the TP53
gene or one of a set of DNA mismatch repair genes provide
examples of such destahilizing events in neoplasia [F3, H6,
H17, L10]. Thereis also evidence that mutations resulting in
enhanced chromosomal non-digunction may also contribute
to oncogenic change [L3].

291. Anéeevated mutation rateestablishedrelatively early
in tumour development may, therefore, provide for the
high-frequency generation of variant cells within a pre-
malignant cell population. Such variant cells having the
capacity to evade the constraints that act to restrict
proliferation of aberrant cells will tend to be selected
during tumorigenesis.

4. Progression of neoplasia

292. Theprogression of neoplastic disease may be dependent
on metagtatic changes that facilitate (a) the invasion of loca
normal tissues, (b) the entry and transit of neoplastic cdlsin
the blood and lymphatic sysems, and (c) the subsequent
establishment of secondary tumour growth at distant Sites[H4,
T1]. Itisthe metagtatic process and tumour spreading that are
mainly responsible for the lethal effects of many common
human tumours. Again, it isbeieved that in many cases gene
mutationsarethedriving forcefor tumour metastas's, withthe
devel opment of tumour vasculature an important eement in
disease progression [F4].

B. MUTATIONAL EVENTS MEDIATING
THE TUMORIGENESIS PROCESS

293. Although modessuch asthat shown in Figure XXI are
most useful in placing dinical, histopathological, and
cdlular/molecular experimental data in the context of a
generalized mechanism of tumour development, important
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uncertainties remain. Identification of these uncertainties
should help to guard againg over-interpretation of data
reating to radiation tumorigeness, particularly with respect
to biological moddling.

294. Thegene-specific determinants of theinitiation process
that is believed to operate to dlow entry of normal somatic
cdls into a given neoplagic pathway are incompletdy
understood, athough for some organs there are strong
associ ationswith specific tumour genemutations[U3, V1]. A
similar degree of uncertainty attachesto the molecular events
that determine the other cdlular trandtions noted in
Figure XX1. Whileit is accepted that, in general, target cdls
for tumorigenic initiation will resde in the stem cdl
compartment of most ti ssues, the specificidentity and location
of these cdlls is poorly understood. As noted earlier in the
Annex, thisrepresents asignificant uncertainty in someareas
of radiation tumorigenes's, particularly with respect to alpha
particle irradiation.

295. In general, the concept of stepwise interaction between
loss-of-function mutation of tumour-suppressor genes and
gain-of-function mutations of proto-oncogenes [U3] is ill
believed to apply. Further tumour-specific gene mutations
have been identified, and there is much new information on
thebiochemical interactions between tumour gene mutations,
which may destabilizethegenome, compromisecontrol of cdll
signaling, proliferation, and differentiation, andinterferewith
the normal interaction of cdlsin tissues (see [K1, S3]).

296. In the UNSCEAR 1993 Report [U3], the Committee
concluded that the somatic genetic changesto cellsthat inter-

mediate multi-stage tumour development potentially involve
sequential mutation of different classes of genes, i.e. proto-
0NCcogenes, tumour-suppressor genes, genesinvolved in cdl-
cycle regulation, and genes that play roles in maintaining
normal genomic stahility. It should be recognized, however,
that the above classification servesprincipaly asaframework
for discussion and that there is substantial functional overlap
between these classes.

1. Proto-oncogenes

297. Proto-oncogenes may be broadly defined as tumour-
asociated genesthat can sugtain productive gain-of-function
mutations that result in over-expresson or more subtle
functional abnormalitiesin awide range of cdlular proteins.
These proteins normally serve to contral or effect cdlular
sgnalling and the temporal maintenance of growth and
development [H9, L14, M20, W3]. Indeed, the known proto-
oncogene proteins perform an extraordinary range of pecific
cdlular functions, many of them interacting with each other
in biochemical signalling cascades that, for example, target
mitogenic processes, gpoptotic activity, cdl-to-cdl inter-
actions, and cytoskeetal functions. The capacity to effect
transcriptional or post-trandational activation of such path-
ways is a common theme for many such genes.

298. Thus, mutations resulting in atered proto-oncogene
activity/specificity can lead to profound and conditutively
expressed cdlular effects; the close linkage between many
cdlular sgnaling pathways means that these effects are
frequently ple otropic. Table 12 givesa convenient schemefor
classifying proto-oncogenes, along with afew examples.

Table 12
Classification scheme for proto-oncogene products

Designation Product Examples
Class1 Growth factors PDDGF-B chain (sis) and FGF-related growth factor (hst)
Class2 Receptor and non-receptor protein tyrosine kinases (RPTK and src (NRPTK) and erbB (RPTK); alsoret

NRPTK)
Class3 Receptors lacking protein kinase activity Angiotensin receptor (mas)
Class4 Membrane-associated G proteins Ras family
Class5 Cytoplasmic protein-serine kinases raf-1 and mos
Class6 Cytoplasmic regulators SH2/SH3 protein (crk)
Class7 Nuclear transcription factors myc, myb, jun, fos
Class8 Cdll survival factors bel-2
Class9 Cell cycle genes PRAD1 (cyclin D1)

299. Numerousand often multiple proto-oncogene activa-
tion events characterize different tumours; some of these
werediscussed in the UNSCEAR 1993 Report [U3]; others
arenoted in aseries of reviews [B9, L14, M20, M21, V1]
and are also mentioned later in this Annex.

300. In the context of this Annex, a very important issueis
the nature of the mutational events that characterize proto-
oncogene activation. Although therehasbeen alargegainin
thebiochemical understanding of proto-oncogeneaction, little
has changed since 1993 in respect of mutational activation
mechanisms[U3]. In essence, human proto-oncogenesmay be

activated by point mutation (eg. RAS), by geneamplification
(e.g. MYC), or by chromosoma rearrangement (e.g. ABL)
[Wa3].

301. There has, however, been a rapid increase in
knowl edgeof therangeof proto-oncogeneactivation events
via chromosomal rearrangement and their often early role
intumorigenesis. Theseadvanceshavebeenreviewed [R2],
and cytogeneticdatare evant to human tumorigenesishave
been subject to detailed analyses [M23].

302. In brief, an increasingly wide range of chromosomal
rearrangements associated with many subtypes of human
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lympho-haemopoietic neoplasms have been characterized at
the molecular and biochemical levels. More than 30 gene
activation events resulting from proto-oncogenejuxtaposition
with T-cdl receptors and immunoglobulin loci are known in
T- and B-cdl neoplasms, repectively. In the case of specific

gene fuson by chromosome trandocation/inversion, more
than 25 exampleshave been characterized, with mydoid neo-
plasmsthe predominant carriers. Table 13 providesexamples
of chromosometrand ocationsin human lympho-haemopoietic
neoplasms.

Table 13
Examples of human tumour-suppressor genes
Gene Chromosome Cancer type Product location Mode of action
map location
APC 5021 Colon carcinoma Cytoplasm Transcription regulator
DCC 18921 Colon carcinoma Membrane Cell adhesion/signalling
NF1 17921 Neurofibromas Cytoplasm GT Pase-activator
NF2 22q12 Schwannomas and meningiomas Inner membrane Links membrane to cytoskeleton?
p53 17p13 Multiple Nucleus Transcription factor
RB1 13q14 Multiple Nucleus Transcription factor
VHL 3p25 Kidney carcinoma Membrane Transcription factor
WT-1 11p13 Nephroblastoma Nucleus Transcription factor
pl6 9p21 Multiple Nucleus CDK inhibitor
BRCA-1 17921 Breast carcinoma Nucleus Transcription factor/DNA repair
PTCH 9q Skin (basal cell) ? Signalling protein
TSC2 16p13 Multiple ? ?

303. It has aso become apparent that although proto-
oncogenejuxtaposition/fusion ismost commonly observed
in lympho-haemopoietic tumours, such events are also
charac-terigtic of certain solid tumours. For example,
Ewing's sarcoma frequently carries a chromosomally
mediated FLI/EWSgenefusion [R2], andin some papillary
thyroid cancers the RET proto-oncogene can be activated
by a set of specific chromosome rearrangements [Z1].

304. Since the cytogenetics of solid tumours are often
complex and difficult to resolve accurately, it may be that
proto-oncogeneactivation viachromosomal rearrangement
is being underestimated. New methods of cytogenetic
analysis by FISH are now available to approach this
problem [S14].

2. Tumour-suppressor genes

305. Tumour-suppressor genes are defined as genesthat can
act as negative regulators of cdllular processes such assignal
transduction, gene transcription, mitogeness, and cel
development/ differentiation [H10, H11, L15, W3]. As noted
later, some genes that act to regulate cell-cyce progression,
apoptoss, and various agpects of DNA processing may alsobe
included in this category. Consequently, all cancer-associated
genes that act via a loss-of-function mechanism may be
described as tumour suppressors even though, universaly,
they may not have true tumour-suppressing activity [H11].
Thelossof function of tumour-suppressor genescharacterizes
abroad range of human neoplasms, some examples discussed
inthisAnnex areliged in Table 14.

Table 14
Examples of chromosome translocations in lympho-haemopoietic neoplasia
Chromosome translocation Disease Translocation Genesinvolved
Involving T-cell receptors T-cdll acute lymphatic leukaemia t(1;7)(p32;G34) TCRS-TCL5
t(1;14)(p32;q11) TCRS-TCL5
t(1;7)(p34;034) TCRS-LCK
(7:9)(q34,032) TCR5-TAL2
(7,9)(q34:034) TCR5-TAN1
Involving immunoglobulin Burkitts lymphoma/B-cell acute lymphatic leukaemia 1(8;14)(924,q32) IgH-MYC
1(2;8)(p11;024) 1gk-MYC
1(8;22)(924;911) Igl-MYC
B-cell chronic lymphatic leukaemia 1(2;14)(p13;932) IgH-REL
Pre-B-cell acute lymphoma 1(5;14)(g31;932) IgH-IL-3
Involving fusion gene sequences Pre-B-cell acute lymphoma 1(1;19)(923;p13) E2A-PBXoo
Acute myeloid leukaemia 1(6;9)(p23;034) DEK-CAN
1(9;9)(g34;934) SET-CAN
1(8;21)(g22;q22) AML1-ETO
Chronic myeloid leukaemia /B-cell acute lymphatic leukaemia 1(9;22)(g34;911) BCR-ABL
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306. Unlike activated proto-oncogenes, which are
functionally dominant, most tumour-suppressor genesrequire
mutation of both autosomal copies to occur, often via
intragenic point mutation of one copy and complete deletion
of the other [U3]. Thus, the genomic location of potentia
tumour-suppressor genesis often revealed by the presence of
cond stent, region-specific DNA lossesin agiven tumour type.
As noted in the UNSCEAR 1993 Report [U3], there are,
however, examples where the mutation of one copy of such a
gene can result in a change in cdlular phenotype via
intragenicmutati onsthat result in so-called dominant negative
effects. Thereareother exampleswhereit seemsthat onegene
copy ismutated conventionally and the other silenced by DNA
methylation; there are al so caseswhere effects from gene copy
number have been found [H11]. Changes in chromosome
complement (ploidy) are common during the devel opment of
many tumours, and it seems likely that some specific
numerical chromosome changesin neoplasardatetotheloss
of tumour-suppressor functions.

307. Overdll, theloss of function that is characterigtic of the
role of tumour-suppressor genes means that the responsible
mutational eventscan vary greetly, i.e. therecan beintragenic
point mutation/ddetion, interditial chromosome ssgment
ddetion, whole chromosome loss, or epigenetic slencing.
Much will depend on the capacity of thetarget cell to remain
viable, particularly with the ddetion of large segments of
DNA. Thisposition contrastswith proto-oncogene activation,
which demandsre atively high DNA sequence specificity with
respect to both intragenic point mutation and gene-specific
juxtaposition or fuson. Few such gain-of-function mutations
are expected to involve large DNA losses.

3. Genes involved in cell-cycle control and
genomic stability

308. Abrogation of norma contral of the cdl cycle and
maintenance of genomic stability is frequently observed in
neoplasa. These phenotypes are sometimes closdy linked,
and recent advances have led to the consensus view that
mutations leading to cdl-cycle defects and mutator pheno-
types can be critical for neoplastic devel opment [H12, L10].

309. An example of the effect of tumour-suppressor muta-
tionson cdl-cyclecontrol and genomic stability isprovided by
the TP53 gene, which is mutated in a high proportion of
tumoursof varioustypes[G8, L41]. Thep53 proteinisknown
to bind DNA and can act on atranscriptional regulator with
potential effectson cdl-cycleprogression, DNA repair/recom-
bination, and apoptosis [B43, H13, O1].

310. The haf-life of the p53 protein in cdls is short but
increases in response to cdlular gdress, incuding DNA
damage. Through mechanisms that remain uncertain, the
increase in p53 protein servesto check the cdl cyclein G/S
or sometimes in G,/M. It is believed that such cdl-cyde
checkpoints promote cellular recovery from stress, including
the facilitation of DNA repair [H6, H14].

311. According to these proposals, when TP53 is appro-
priatedly mutated, cell-cycle control and its checkpoints for

repair are compromised, and during subsequent cellular
development, errors of DNA replication and damage repair
accumulate. Failure to adequately effect apoptotic death in
damaged cdls is aso bdieved to be a feature of TP53-
deficiency that contributes to neoplagtic development [O1].
Other protein products of tumour-suppressor genes that
impinge on cdl-cycle contral include pRb, p16, p27, and p85,
and a complex saries of cascade interactions involving
tumour-suppressor and proto-oncogeneprotei ns, together with
cytokines, is believed to maintain close control of cdl
replication and apoptoss (see[K 11, M22, N2)). It can beseen
that many of the mutations that accumulate during neoplastic
development do so because of the need for cooperation in
order to fully compromise normal proliferative control.

312. In this context it has been argued for many years that
the accumulation of the series of gene-specific clonal muta
tions that are believed to drive tumorigenesis would be
improbableif normal genomic stability wasmaintained. Thus,
recent findings regarding the spontaneous devel opment of
genomic ingtability in tumours has comeasno great surprise.
In addition to the TP53-mediated effects noted above, other
agpects of somatically acquired genomic ingtability have been
debated widdy [H6, L10, L17]. The most important of these
istherole of defectsin DNA mismatch repair.

313. Mismatchesin DNA basepairing occur at arelatively
high spontaneous rate through replication errors (RER)
and spontaneous oxidative/hydrolytic damage; these mis-
matches are corrected at high fidelity by a repair system
that ishighly conserved across species[F3]. Following the
finding of a high frequency of replication errorsin short
microsatel lite repeat sequences (the RER' phenotype) in a
variety of tumours, some form of DNA mismatch repair
defect was suspected.

314. Subseguently, many RER" human tumours, particularly
those of the gastrointestinal (Gl) tract, were shown to harbour
mutationsin DNA mismatch repair genes, principally hMSH2
and hMLH1 [A2, F3, H17, S15]. It is clear, however, that
“ingtability” genesather than TP53 and those associated with
DNA mismatch repair are somatically mutated in human
tumours. For example, the onsat of aneuploidy is often a
feature of the trandtion from pre-neoplagtic to malignant
phenctype, but the genes participating in the contral of ploidy
remain poorly understood. Recently, however, a dominantly
expressing gene in this category has been revedled by a
combination of FISH cytogenetics and somatic cell fuson
techniques applied to apand of colorectal cdl lines[L3]; this
gene appears to be functionally independent of TP53 status.

315. Some progress is also being made with respect to
somatic tumour genesthat have a known or suspected role
in DNA damage recognition and processing. The 11g22-
encoded ATM gene of human ataxia-telangiectasia (A-T)
and its role in the cellular and biochemica response to
radiation damage are described in Annex F, “ DNA repair
and mutagenesis’. With the knowledge that ataxia-
telangiectasia patients are genetically predisposed to the
development of neoplasms of the T-lymphoid lineage, a
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search has been conducted for somatic ATM mutation in
sporadic T-prolymphocyticleukaemia(T-PLL) [S16]. This
investigation revealed that 11922 lossesand biallelic ATM
mutations were present in a high proportion of sporadic
T-PLL, suggesting a tumour-suppressor-like role for this
genein target T-cell precursors. It may be speculated that
thisisassociated with itsrolein controlling genomic stahility,
particularly with respect to T-cdl receptor sequences. Also
noted in Annex F, “DNA repair and mutagenesis’, is the
growing recognition that the breast cancer suppressor genes
BRCAL and BRCA2 play arole in the recognition/repair of
damage to cdlular DNA. Although the specific functions of
these genes with respect to genomic stability remain to be
resolved, their importance to heritable and sporadic breast
cancer iswell established.

4. Early events in multi-stage tumorigenesis

316. Inthe UNSCEAR 1993 Report [U3], the Committee
recogni zed the difficulties of identifying the specific genes
that, in mutant form, act at the initiation phase of tumori-
genesis. For some lympho-haemopoietic neoplasms,
specific chromosomally mediated proto-oncogene events
were suggested to occur early in neoplastic devel opment,
and the MII 1 gene data outlined | ater strengthen thisview.
Equally, however, many human myeloid neoplasms are
characterized by region-specific chromosome deletions
[M23], some of which are believed to arise early.

317. In the case of human solid tumours of certain tissues,
there is growing evidence that those genes that act early are
a0 represented as rare germ-line determinants of heritable
cancer; the principa examplesof thisassociation arethe RET
geneinthyroid cancer, the APC genein colorectal cancer, the
VHL genein renal cancer, the PTCH(patched) gene in basal
cdl carcinoma, and the RB1 gene in retinoblastoma/
osteosarcoma [H11, S17, W3).

318. Although the BRCA1 and BRCA2 genes of breast
cancer may be exceptions, a concept of early tumour
development is evolving from the above associations. The
concept requires a relatively tissue-specific “ gatekeeper”
gene to be mutated in order for stem-like cells to enter a
phase of inappropriate clonal expansion [K12, S17]; this
expansion then allows for the accumulation of further
mutations. According to the concept, the accumulation of
other mutationsin the neoplastic pathway in the absence of
gatekeeper defects will only infrequently result in the
clonal development of recognizable tissue lesions. In
essence, the temporal order of mutational eventsis likely
to beimportant for productive neoplastic growth with loss
of specific gatekeeper genes as critical early events.

319. Inthe UNSCEAR 1993 Report [U3], the Committee
drew heavily on evolving models of colorectal
carcinogenesi sto support itsviewson themechanismsthat
drivethegenesisof solid tumours. In the sameway, further
data relating to this tumour type, while not necessarily
fully representative of all solid cancers, may aso be used
to support the gatekeeper hypothesis.

320. A key dement in this hypothesis as it relates to
colorectal cancer is that the first consistent mutation in
tissue lesions should be monoclonal mutation of the APC
gatekeeper gene, which acts as a transcriptional regulator
[N4]. In the main, the data to be discussed later [K12]
support this, but a recent investigation of the temporal
sequence of genemutationsaddsconsiderableweight tothe
argument.

321. Usingtumour microdissection and alld otyping methods,
the sequence and tempo of alldic losses in a series of
colorectal cancers at different stages of development was
followed [B10]. Theprincipal |ossesthat weretracked were
those associated with deletion of APC (5021), TP53
(17p13), and DCC (180g21). In brief, loss of heterozygosity
(LOH) via allelic loss was not recorded in normal tissue
surrounding colorectal tumours. However, 5g but not 17p
losses arose abruptly and consistently at the transition from
normal tissue to benign adenoma; a proportion of adenomas
also showed 18q losses. Losses to 17p occurred equaly
abruptly and consigently at the adenoma to carcinoma
trangtion border, and in highly advanced and invasive
carcinomas, there was a high levd of dldic variation
indicative of donal heterogeneity due to genomic ingahility.

322. Thus, commencing with APC loss from cells in
normal tissue, the development of colonic tumours is
characterized by abrupt waves of clonal expansion, with
TP53 loss and chaotic allelic variation being critica
watersheds in the evolution of the fully malignant
phenotype. Considering these and other molecular genetic
observations with colorectal cancer, a temporal model of
neoplagtic initiation and malignant devel opment has been
proposed [B10]. Thisisillustrated in Figure XXII.

323. Although critica evidencein support of the gatekeeper
gene hypothesis remains to be gathered, the hypothesis does
account for many key observations made with respect to
tumour genetics. Assuming for the moment that the
hypothesis redlidically reflects the processes of tumour
initiation and subsequent development, then the spontaneous
or induced mutation of rate-limiting and tissue-specific genes
will becritical. Albet lessforcefully, thedatadiscussed in this
Chapter also imply that induced mutation of other genes in
the neoplastic pathway for agiven tissuewill tend to be of less
importance. This would be particularly true if a mutator
phenotype, as described earlier, were to arise rdatively early
in the development of a malignancy; evidence for such early
development of genomic instability is accumulating [S34].
With such mutator phenotypes, secondary mutationsmight be
expected to arise in a devdoping neoplastic clone a a
sufficiently eevated spontaneous rate for exogenous DNA-
damaging agents at low doses to have no great effect on
subsequent tumour development. Some caution is needed,
however, before concluding firmly that the mgority of
induced neoplasms will spontaneoudy acquire genomic
ingtability during malignant development. In this context it
has been argued that current models of tumorigenesis place
too much emphasison thedevation of mutation ratesand that
cdlular sdection of evolving donesis more critical [T8].
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Gradual accumulation of mutations (K-ras, p53)
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A model of the sequence of genetic events in neoplastic

development in the human colon [B10].
Initial mutations of loss of heterogeneity at the APC locus of a colonic epithelial cell is follbwed by adenoma

development involving k-ras mutation and DCC loss.

Loss of p53 from advanced adenoma marks the transition between benign and malignant disease characterized in
turn by the development of genomic instability, multiple gene losses and invasive behaviour/metastasis to regional

lymph nodes.

5. Non-mutational stable changes
in tumorigenesis

324. It has been recognized for some years that non-
mutational but stable changes to cdlular genomes can
contribute to neoplagtic development [C10, F2, U3]. In the
light of knowledge of the role of specific genesin the tumori-
genic process, the central questions are whether the activa-
tion/silencing of such genes can be identified in neoplasms
and what mechanisms are involved. Such non-mutational
mechanismsarebroadly termed epigeneticand are beieved to
involve DNA methylation, genomic imprinting, and changes
in DNA-nucleopratein gtructure. As will be seen, these
mechanisms are not mutually exclusive.

325. TheDNA methylation statusisbelieved to be one of the
principal determinants of gene expression, and numerous
studies have revealed widespread changesin the methylation
patterns of the genomes of neoplagtic cdls[B11]. According
to one theory, these changes contribute to the epigenetic
modulation of gene expression, while ancther theory states
that increased abundanceof 5-methylcytosineservestodevate
spontaneous mutation rates in affected genomic domains.
There is some evidence that both processes can occur, but
attention will be given here to gene expression effects.

326. The promotor regions of genes are often rich in
islands of CpG dinucleotides. These islands are normally
free of methylation, irrespective of the state of expression
of the genesin question [C10]. Studies with a wide range
of neoplastic cells have revealed that de novo methylation
of CpG idands is frequently acquired, e.g. [D4, J2, J3,
M24]. Such effects have been recorded, for example, in a
significant fraction of sporadic retinoblastoma and renal
tumoursfor theRB1 and VHL genes, respectively. Recently
thepl6 gene(various cancers) and oestrogen receptor gene
(colonic cancers) have been shown to be similarly

methylated, sometimes at an early stage of tumorigenesis
[13, 14, M1]. In essence, methylation-mediated epigenetic
changes in somatic gene expression appear to be an
alternativerouteto mutation for theinactivation of tumour-
SUPPressor genes.

327. Cytosne methylation of CpG dinucleotides is aso
known to be involved in the process of genomic imprinting,
whereby specific genes are marked during gametogenesisfor
subssquent differential somatic expresson [B12, C10]. These
imprints, which inactivate one gene copy of sets of autosomal
genes throughout the genome, are retained throughout
devel opment in spiteof awaveof genome-widedemethylation
during embryogeness. Since certain genes involved in
neoplagtic development are beieved to lie within imprinted
genomic regions, the remaining active copy will be exposed,
and a single somatic mutation can therefore result in the full
expresson of amutant cellular phenctype [F2, U3].

328. Evidence of the involvement of this gametic form of
imprinting on tumorigenesis was outlined in the
UNSCEAR 1993 Report [U3] and has been discussed in
depth dsewhere [F2]. Although the origina gene-
inactivating role ascribed to gametic imprinting with
respect tothe RB1, IGF2, and H19 genesmay be correct in
certain instances, an alternative process may also operate.
According to this second hypothesis, genomic imprinting
serves principally to repress the expression of one somatic
copy of growth-promoting genes. Loss of imprinting (LOI)
during tumorigeness acts to de-repress this normally slent
copy, thereby increasing gene dosage and contributing to the
deregulation of cdlular growth and development. The data
that support this second hypothesis include N-MYC gene
amplification in neuroblastoma, loss of imprinting in
colorectal cancer, and certain aspects of H19 gene activation
and BCR-ABL gene fusion, together with the overdl picture
of DNA demethylation in neoplasia [F2, R10, M31].
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329. However, a condderable degree of uncertainty attaches
to the contribution of genomic imprinting in tumorigenes's.
Overal it appears that classical region-specific genomic
imprinting established during gametogenesis may not play a
large role in the devdlopment of common tumours. On the
other hand, somatic changes in gene expression that do
involvechangesin themethylation statusof critical genesmay
be widespread in common tumours and contribute signifi-
cantly to their development.

330. The third stream of knowledge concerning epigenetic
changes in gene expression derives from rdativey recent
findingsin yeast concerning the nature of DNA-nucleoprotein
interactions and its relationship to chromatin structure. So-
called mating-type switches in yeast depend on the silencing
of HM mating loci by trans-acting factors[R11]. Theslencing
of HM loci has been shown to occur via the action of Slent
information regulator (Sir) proteins, these also act on silent
genesd oseto chromosometermini. Current evidencefavours
arolefor acomplex of Sir and other regulators in sequence-
specific binding to silent target genes, with the acetylation of
neighbouring histone proteins asa critical factor; CpG idand
methylation may aso be important.

331. Ovedl it seems that gene dlencing demands the
formation of tightly folded nucleopratein configurations in
chromatin (heterochromatization), with the Sir proteins
playing ardein establishing the necessary pattern of histone
deacetylation. In subsequent sudies, a mutant form of the
yeast gene SAS2 was found to enhance the loss of gene
slencing; the yeast and mammalian forms of this gene have
been shown to have sequence homology with several known
acatyltransferase genes. Again, a role in the formation of
heterochromatin sructureisimplied [R11]. These and other
mechaniams that link gene expresson with chromatin
gructure have been consdered in depth [E4]. Knowledge of
the biochemistry and genetics of Sir proteins also provides
evidencethat their diverse functionsinclude regulation of the
cdl cycleand repair of DNA double-strand breaks. It hasbeen
suggested that such regulation may involve the provision of
heterochromatic stes for the storage of DNA repair and
replication proteins [G19]. DNA strand bresk repair is
consdered in depth in Annex F, “DNA repair and
mutagenesis’.

332. An association between these gene-silencing
observations in yeast and tumorigenic processes in man
was established by the finding that MOZ, a human
homol ogue of yeast SAS?, was a partner in a fusion gene
(MOZ-CBP) generated by the primary t(8;16) chromosome
trandocation in human myedoid leukaemia [B13].
Although critical evidenceislacking, it seemsfeasiblethat
the fusion protein could act to redirect MOZ acetylation
function to an inappropriate set of genomic domains. In
thisway normal patternsof heterochromatization and gene
activation/silencing would be compromised. Further to
this, there is now evidence of a synergy between DNA
demethylation and inhibition of histone deacetylasein the
re-expression of genes silenced during tumorigenesis
[C18].

333. Thus it is becoming clearer that region-specific
changes in the heterochromatic state of chromosome
regions can have profound effects on gene expression.
Given the accepted role of gene expression changes in
neoplasia, it would be surprising if the acetylation-related
MOZ-CBP fusion noted above proved to be an isolated
example of oncoprotein involvement, and recent studies
point towardsamoregeneral rolein neoplasiaof thegenes
involved in modifying chromatin [K18].

6. Summary

334. Proto-oncogenes and tumour-suppressor genes
control acomplex array of biochemical pathwaysinvolved
in cdlular signalling andinteraction, growth, mitogenesis,
apoptosis, genomic stability, and differentiation. Mutation
of these genes can, in an often pleiotropic fashion, com-
promise these controls and contribute to the multi-stage
development of neoplasia. Mutant proto-oncogenesdisturb
celular homeostasis in a dominant gain-of-function
manner, whereas for tumour-suppressor genes sequential
loss-of-function mutation of both autosomal copies is
usualy, but not always, required. Thus, proto-oncogene
mutations are invariably subtle, while the mutations of
tumour-suppressor genes can range up to gross DNA
deletion.

335. On the basis of accumulating knowledge it is argued
that early proto-oncogene activation by chromosomal
trandocation is often associated with the development of
lympho-haemopoietic neoplasia. In contrast, for many solid
tumours there is a requirement that tissue-gpecific tumour-
suppressor genes that act as gatekeepers to the neoplagtic
pathway must undergo mutation; some of these mutations
directly or indirectly affect contral of the cdl cycle and
apoptods. On the bass that solid tumour initiation is most
frequently associated with tumour-suppressor gene mutation,
it has also been proposed that the subsequent onset of
spontaneous genomicingability viafurther clonal mutationis
a critical event in neoplagtic conversion from a benign to a
malignant phenotype. Lass of apoptotic contral isbeieved to
be an important festure of neoplastic devdopment and is
described in more detail later in this Annex. Apoptosis as a
response to radiation is also discussed in Annex F, “ DNA
repair and mutagenesis’ .

336. In spite of continuing gains in knowledge, it is
important to recognize that much of the information
availableon multi-stagetumorigenesi sremainsincompl ete,
thus limiting the predictive power of mechanistic models
that seek to describe these complex cellular processes.
Although the concept of sequential and interacting gene
mutations as the driving force is more firmly established,
there is a lack of understanding of the complex physio-
logical interplay between theseeventsand its consequences
for cellular behaviour and tissue homeostasis. It is also
important to stress that the concepts outlined in this
Section derivefrom detailed studiesin a somewhat limited
set of tumour types; thereisan inherent danger in applying
asingle mechanistic concept to all or many tumour types.
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337. Uncertainty also surrounds the degree to which non-
mutational (epigenetic) changesto the genomes of neoplastic
cdlscontributeto tumorigenesis. Increasesin themethylation
gtatus of critical tumour-suppressor genes is known to be an
aternativeto mutational inactivation in arangeof neoplasms,
and loss of methylation imprints may aso serve to increase
the activity of some growth-promoting genes. DNA methyla-
tion isalso believed to beinvalved in the genomic imprinting
processes occurring during gametogenesis, but these may not
make a mgjor contribution to tumorigenesis. New evidence
aso implicates hisone acetylation in genomic hetero-
chromatization and gene silencing. It is suggested that such
genesilencing may makea potentially important contribution
to epigenetic change.

338. An important feature of recent studies has been the
darification of the role of specific gene mutationsin tumours
that serve to destahilize the genome, thereby alowing for the
rapid spontaneous deveopment of clona heterogeneity and
tumour progression. Although critical evidenceis lacking, it
is posshle to envisage that after this transition point is
reached, tumour development may be reatively independent
of exogenoudy induced DNA damage.

C. CELLULAR AND MOLECULAR
TARGETS FOR TUMOUR INITIATION

339. In the UNSCEAR 1993 Report [U3], the Committee
reviewed data for appraisng the celular targets that are or
might be involved in tumour initiation. The critical question
posad was whether the mutation of single genes in a single
normal target cdl in tissue could, in principle, divert that
mutant cdll into a potentialy neoplagtic pathway. At thetime
of the UNSCEAR 1993 Report, theevidenceavailable broadly
supported thisview. Uncertai ntieson thisissuewere, however,
recognized, and since that time there have been further
devdopments, which are summarized in the following

paragraphs.
1. Monoclonal origin of tumours

340. Thecritical features of human and animal tumoursthat
lend support tothesingle-cell (monoclonal) origin of tumours
are that they exhibit (a) consistent and characterigtic
chromosomal and/or genemutationsin all neoplagtic cdlls, (b)
clonality with respect to the expression of X-chromosome-
encoded genes in tumours of females, and (c) characterigtic
monoclonal restriction enzyme polymorphism of known and
anonymous DNA sequences. It has adso been noted that
molecular analysis of human tumours associated with
exposure to chemica carcinogens and ultraviolet radiation,
together with that of tumours arisng in genetically pre-
disposed individuals, adds weight to the concept that the
majority of tumours are of sngle-cdl origin [U3].

341. It wasrecognized, however, that because such analyses
are performed on macroscopic neoplasms, monocl onality
might, in some circumstances, be dueto cdlular sdlection via
proliferative advantage, i.e. initialy neoplasms are pre-

dominantly polyclonal but become increasingly monoclonal
during early growth. Although this issue remains somewhat
problematical, a number of recent observations alow further
comment.

342. Thefirg observation concernstumoursthat arebelieved
to have ther origins in utero. Some leukaemias arisng in
monozygotic twin children have, in the past, been shown to
sharethe same primary chromasomal anomaly, implying, but
not proving, that they arasein a monoclonal fashion from an
early precursor cell population present when the two fetuses
shared acommon (in utero) blood supply. Thisinterpretation
has been grestly strengthened by the finding that such
leukaemiain monozygotictwins can haveidentical molecular
rearrangements of a proto-oncogene termed MII1 [F6].

343. The monoclonality of childhood solid cancers is dso
srongly supported by the finding that a specific tumour-
suppressor-gene-associated  chromosome  |oss/reduplication
event in early embryogeness can lead not only to mosaicism
in normal tissue but also to the development of monoclonal
Wilms' tumour [C11].

344. A sxcond line of evidence concerns further
developments in the understanding of multi-stage colon
carcinogenesis [U3]. Mutation/loss of the tumour-suppressor
gene APC has for some time been believed to be a critica
early event in the devel opment of human colon cancer. Up to
about 70% of early colonic adenomas show apparently
monoclonal structural/functional loss of thisgene[P5], and a
critical rolein tumour initiation seemslikely [B10].

345. With use of amouse (Min) modd of intestinal carcino-
genes's, this view of monoclona tumour initiation has been
drengthened. In essence, aberrant crypts, the earliest
intestinal lesions detectable microscopicaly, have been
microdissected from Min mice and shown to be monoclona
with respect to Apc loss[L18, L19] (but see also para. 284).
This and another mouse modd of myedoid leukaemia,
described below, have also been used to provide evidence of
early monoclonal events associated with radiation tumori-
genesis. Thereare also data describing early eventsin thymic
lymphomagenesis [M33].

346. Given the recent evidence outlined in this Annex and
that previoudy reviewed by the Committee [U3], it seems
likdy that the vast magjority of tumours in humans and
animalsarise from mutation of singletarget stem-likecdlsin
tissues. This view continues to find the support of most
commentatorsbut has been debated widdy [A3, F7, F8, R12].

347. The Committee also noted publications where tumour
monoclonality has been questioned [U3], and a striking
contribution to the debate was recently published [N3]. The
basic finding was that a large proportion of intesina
adenomas in the gastrointestina tracts of human familial
adenomatous polyposis patients, who were also XO/XY in
genotype and therefore mosaic for the Y-chromosome, was
apparently polycdonal. In this study polyc onality was judged
by the presence within single adenomas of a mixed
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population of cdls with respect to the Y-chromosome
seguence. By this measure, up to 76% of adenomas were
polyclonal. However, early Y-chromosome loss and fied
effects creating tumour clustering and collision [U3] might
contribute to this finding.

348. Tumour clugtering may aso explain new data on the
gpparent polyclonality of a proportion of spontaneoudy
arising intestina adenomas in Min mice as assessed by
genetic features other than Apc loss[D9]. Thus, polydonality
may be acquired during adenoma development rather than
arising de novo at thetime of initiation. For example, fuson
of independent Apc-deficient microclones may alow for
cooperativegrowth. Thesedataillustrate someof theproblems
that remain in resolving the early molecular events and
complex cdlular interactions of tumour development. In spite
of these uncertainties there remain experimental data on
intestinal tumorigenesis that forcibly support monoclonality
for induced neoplasms [G11].

2. Molecular targets for radiation
tumorigenesis

349. Followingitsreview of themechanismsof mutagenesis,
oncogeness and the data available on molecular targets, the
Committee suggested that loss of critical tumour-suppressor
genesviaDNA deletion might bethe principal mechanism by
which radiation damage might contribute to tumour develop-
ment [U3]. It wassuggested that proto-oncogeneactivationvia
point mutation or chromosomal rearrangement played aless
critica role overal but might be important for certain
tumours.

350. Direct human data relating to these issues remain,
however, fragmentary. As noted in Annex F, “DNA repair
and mutagenesis’, more data have emerged on TP53 gene
mutations in radiation-associated human tumours, particu-
larly lung tumours. Unfortunately the interpretation of these
data remains highly problematical, and at present it is not
possible to judge whether intragenic mutation of this geneis
an early radiation-associated event in any human tumour type.
TP53 gene mutations have a so been sudied in liver tumours
arising in excess in patients treated with the radiographic
contrast agent thorotrast, which contains alpha-emitting
thorium oxide [114]. These dudies comment more on
secondary TP53 mutation than on early radiation-associated
eventsin liver tumorigenesis.

351. In the case of human thyroid cancer, chromosomally
mediated rearrangement of the RET proto-oncogene is a
common but not invariate feasture; such eventsare believed to
occur early in the genesis of the papillary form of thistumour
[Z1]. RET prato-oncogenerearrangementshavebeen foundin
some cases of papillary childhood thyroid cancer arising in
aress contaminated by the Chernobyl accident. Since three
different forms of RET rearrangement are present, overal,
among spontaneoudy arising papillary thyroid cancer cases,
it is possible that in radiation-associated cases one particular
form will predominate. A recent commentary [W4] on one
data set suggeststhat the spectrum of theserearrangementsin

Chernobyl-rdated papillary thyroid cancer is unremarkable,
athough in other studies [B14, K13] one type (RET/PTC3)
appeared to be more frequent than expected. A causal
rdationship between RET rearrangement and radiation
remains, therefore, amatter of someuncertainty. Nevertheless,
the finding of RET rearrangement following experimental
high-dose irradiation of human thyroid cells [M25] suggests
that specific and rare RET proto-oncogene rearrangements
associ ated with the genesi s of thesetumours can beinduced by
radiation.

352. The study of second cancers after radiotherapy [C12,
C28] provides ancther direct approach to the problem.
Investigations of gene-specific mutations in such tumours
have yet to be particularly informative, and at this stage of
knowledge cytogenetic approaches may prove to be more
productive. Studies that include cytogenetic evaluation of
therapy-related sarcoma, meningioma, and rectal carcinoma
provide some evidence that chromosomally complex mono-
clona tumours having hypodiploid karyotypes with multiple
ddetions may be most common [C13, C28]. The number of
therapy-rlated tumours characterized in this way remains,
however, too small to make these findings conclusive.

353. With respect to target DNA regions and genes for
radiation tumorigenesis, more rapid progress is being made
through the use of experimental models of tumorigenesisin
rodents. Regarding as yet uncharacterized molecular targets,
some studies with breast and thyroid clonogens provide
evidence of an apparently high frequency of tumour-initiating
eventsthat, it isargued, may reflect the involvement of non-
mutational processes[C19, U3]. Uncertaintiesattachingtothe
satus of these events are discussed later in this Annex, and
here attention will focus on mouse modes that more
specifically suggest genomic targets for tumorigenesis. Three
examples of thiswork are given below.

354. In amouse genetic modd of germ-line p53-deficiency
(p537), quantitative studies of tumorigenesis (principally
lymphomas and sarcomas) showed thesemiceto beextremey
sengtive to tumour induction by an acute dose of 4 Gy from
gammarays[K2]. Of particular notewastheshortening of the
tumour latency period after irradiation. Molecular studies of
these tumours revedled that complete loss of wild type p53
was a consistent event; these data, together with those from
quantitative studies, provided good evidence that p53 and
surrounding sequences could act as a direct target for
radiation.

355. A somewhat unexpected finding was that in almost all
cases of p53 loss from induced tumours there had been
duplication of the mutant p53 gene. A likely reason for this
was provided by subsequent in vivo analyses of post-irradia-
tion cytogeneti c damagein thehaemaopoietic system of murine
p53 genotypes[B4]. These studies showed that although p53-
deficiency had only margina effects with respect to the
frequency of structural chromosomal rearrangements after
radiation, thereweresubstantial effectson wholechromosome
loss and gain (aneuploidy). This enhancement of radiation-
induced aneuploidy appeared to be driven by ap53-associated
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defect in aG,/M cell-cyclecheckpoint. Thus, it was suggested
that loss of wild type p53 occurred through loss of the whole
of the encoding chromosome (chromosome 11). For the
purposes of establishing genetic balance and viahility, there
was grong selection for those cdls that had duplicated the
remaining chromosome 11, which accountsfor theduplication
of mutant p53. On this basis it may be seen that in some
circumstances the molecular target for radiation oncogenesis
may be as large as awhole chromosome.

356. Somewhat smilar studies have been undertaken using
the Min mouse (Apc'’") modd of intestind carcinogenesis
[S18]. Using F1 hybrid mice carrying the Apc mutation, a
2 Gy whole-body dose from x rays has been shown to double
the spontaneous incidence of intestinal adenomas [E5]. In
hybrid genetic backgroundsit ispossibleto determinethrough
the use of polymorphic microsatellites whether spontaneous
and radiati on-associated adenomas arise through early loss of
wild type Apc and, if so, the typelextent of the mutation
involved. Published studies [H32, L20] revedl that complete
loss of wild type Apc is characterigtic of the mgjority of both
spontaneoudy arising and radiation-associated early adeno-
mas. These mutational events may involve whole chromo-
someloss or interdtitial deletions, but deetion events tend to
predominate in radiation-associated adenomas[H32]. Again,
therefore, atumour-suppressor gene appearsto be acting asa
direct target for radiation, with gene losses usually being
asociated with gross de etion events.

357. Thethird example of informative animal data concerns
theinduction by radiation of acute myeloid leukaemia (AML)
in certain grains of mice. It has been known for some years
that theseacute mye oid | eukaemi asare cond stently associ ated
with early arisng deletions from chromosome 2 [B15, H15).
More recently, however, cytogenetic studies of bone marrow
cdlsof irradiated mice[B16] haverevesled that characteristic
chromosome 2 del etions are apparent within thefirst few days
following invivo irradiation. Carrier cdls of gem-like origin
remain, however, rdativelyindolent in bonemarrow for many
months until unknown secondary events trigger them into
rapid cdona expansion prior to the development of overt
monoclonal acutemyel oid leukaemia. Theidentity of thegene
loss from mouse chromosome 2 that initiates acute mye oid
leukaemia development remains unknown, but the critical
chromosomal region encoding an acute myeloid leukaemia
suppressor genehasbeen narrowed toaround 1 cM (~10° base
pairs) [C5, $40]. Thus, data on the mechanisms of radiation-
induced murine acute myeloid leukaemia point to tumour-
initiating loss of gene function from sem-like cells in bone
marrow, followed by the accumulation of spontaneous
secondary events that trigger initiated cells into a pathway
leading to monoclonal leukaemia deve opment.

3. Summary

358. On the basis of alarge body of data it may be judged
that, in the main, tumours appear to have their origin in
gene/chromosomal mutationsaffecting sngletarget sem-like
cdls in tissues. It is recognized, however, that there are

circumstanceswhereearly phasesof tumour devel opment may
be hi- or even polyclonal and that monoc onal sdection occurs
later.

359. Direct evidence on the nature of radiation-associated
initiating events in human tumours is sparse, and rapid
progress in this area should not be anticipated. By contrast,
good progress is being made in resolving early events in
radiation-associated tumoursin mouse modds. In the case of
tumours induced in p53 and Apc heterozygoudy deficient
mice, radiation appears to target the remaining wild type
tumour-suppressor gene via gross chromosomal deletion.
Radiati on-induced de eti on of agpecificchromosomal segment
also appears to act as an initiating event for mouse acute
mye oid leukaemia. Thesemolecular observationslend further
support to the view expressed in the UNSCEAR 1993 Report
[U3] that radiation-induced tumorigenesi swill tend to proceed
via gene-specific losses from target stem cdls,

D. CELLULAR FACTORS THAT COUNTER
ONCOGENIC DEVELOPMENT

360. Somatic cells employ a series of measures to protect
against the development of abnorma and potentially
neoplastic phenotypes. In essence, a certain proportion of
these barriers has to be breached by the cell before it
becomes committed to malignant development. Thus, the
process of multi-stage oncogenesis may be viewed as the
stepwise acquisition of cellular properties that allow
evasion of these protective functions [U3].

1. Control of cellular proliferation
and genomic stability

361. The ordered replication of DNA during the
reproductive cdl cycle, the equal sharing of the replicated
genometo the daughter cells, and the dlose control of mitotic
activity isan essential ement of normal tissue devel opment
and maintenance[U3]. Under normal circumstancescdlscan
respond to specific mitogenic stimuli, continue proliferation
while that stimulus is maintained, and fall to a resting Sate
when it is removed. Such norma somatic cells are aso
believed to have afinite lifegpan, and as a consequence of an
internal genetic programme, after completing agiven seriesof
reproductive cycles, they cease proliferative activity and enter
a degenerative senescence phase. There is dso a strong
requirement for phase controls within the reproductive cycle
itsdf, such that DNA replication isappropriately initiated and
completed before genomic segregation to daughter cdls and
that in the event of non-optimal cellular conditions, the cell
cycle is checked until the problem is rectified. Cdl-cycle
checkpoints may be particularly sengtive to induced DNA
damage, and there is some evidence that the presence of very
few DNA double-gtrand breaks can lead to cdl-cycle arrest
[H23].

362. In recent years much has been learned of the control of
cdlular proliferation [N2], the process of cdlular senescence
[H3, H5, &4, and the importance of cell-cycle checkpoint
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control [H7] for maintenance of genomic gtability. As this
information accumulates, it has become evident that all of the
above normal controls are potentialy subject to mutationa
change during multi-stage oncogenesis and therefore require
some congderation in the modd ling of tumour devel oppment.

363. Theinformation discussed previoudy by the Committee
[U3] and in Section B of this Chapter includes a number of
exampl esof how gene/chromosomal mutationsand sometimes
epigenetic events in tumours can compromise contral of the
cdl cyde(eg. RB1, TP53, and p16) and/or decrease genomic
gability, eg. TP53, DNA mismatch repair genes, and ATM.
As noted earlier, the resulting abnormal patterns of cdlular
proliferation and the generation of clona heterogeneity are
sentind features of neoplagtic growth, representing the escape
from normal cdlular congraints. Thus, precise control of the
cdl cyde and high-fiddity DNA damage recognition/repair
are dearly important protective factors againg tumour
devel opment. Also associated with proliferative control and
genomic dability are the DNA sequences present at
chromosome termini (telomeres).

364. The characterigic hexamer repest Ssequences
(TTAGGG) at mammalian telomeres erode via incomplete
replication during each cdl cyde Since the mgority of
human somaticcdlslack expression of theenzymetd omerase
that adds these hexamer repests to tdomeres, it has been
suggested that the process of erosion acts as a “molecular
clock” (see[H16, K14]). In thisway the replication potential
of somatic cdlsislimited, and thereisdirect evidencethat the
senescence of human cdlsis, in some part, determined by the
absence of tdomerase [B35, H].

365. During the senescence process as measured in Vvitro,
there is a tendency for cdls to become chromosomally
ungtable, with many of theresulting aberrationsbeing centred
on chromosometermini [C14, K14]. Thus, tdomeric erosion
during senescence renders chromosomes prone to end-to-end
asociation and subsequent cycles of breakage and fusion.

366. It isbdieved that telomere-sequence-mediated cdlular
senescence is one of the means whereby cdls may be
eliminated from neoplagtic pathways. It follows, therefore, that
in human cdls the stabilization of tedomeres and the
generation of immortal or lifepan extended phenotypes is
likely to be a critical step in tumorigenesis [G9, K14]. In
accord with thisproposition many, but not all, human tumours
have been shown to carry stahilized td omeresviareactivation
of tdomeraseor utilization of aternative pathwaysof tel omere
maintenance (see [B17, K14]).

367. Although good progress continuesto bemadein this
whole area, a simple relationship between senescence,
immortalization, tel omerase, and tumorigenesisshould not
be inferred [B17, 4, L21].

2. Programmed cell death and gene expression

368. Programmed cell death, also termed apoptosis, plays
an important rolein restricting the growth of many normal

cell lineages and isan important e ement in the regulation
of organ deveopment and maintenance [R3]. Apoptotic
processes are believed to be contralled by the interaction of
intra- and extracd lular factors with the signalling machinery
of thecdl. These signals, or in some casesther absence, can
trigger the recipient cdl into a characterigtic biochemical
suicide pathway that usudly involves genomic degradation.
Importantly, apoptotic responses can aso accompany
exogenous insult, induced by ionizing radiation, genotoxic
chemicals, and other sources of dress; in some cellular
systems these responses have been asxociated with prior
perturbation of the cell cycle. The biochemistry and genetics
of apoptosis are becoming much better understood, and
advances in the whole area have been reviewed extensively
[C16, H22, K6] and have received comment with respect to
radiation protection [S22]. A detailed description of these
mechanisms is beyond the scope of this Annex, but a brief
outline is appropriate.

369. The process of cdlular apoptosis may be divided
conveniently into three phases. initiation, effector, and
degredation (nucleolytic and cdlular). The initiation phase
differs according to cell type and the source of stress, while
the effector and degradation phases, athough regulated, tend
to be more uniform [K7]. As noted in Section B, a range of
proto-oncogenes and tumour-suppressor genes participate in
the intracdlular signal cascades that can initiate apoptoss.
Here, information on two apoptosis-related genes, TP53 [E3]
and Bcl2 [K7], will be presented.

370. Biochemical studiesindicate that almost al productive
mutations of TP53 compromise the ability of the protein to
bind to gene-specific DNA sequences and to regulate tran-
scription; in generd, thecdlular consequences are alterations
in growth arrest or apoptosis. Although p53 protein response
isapparent under arange of stresses, recent sudies suggest a
common root. A seriesof findings (see[K5]) imply that intra-
cdlular oxidative sressisacritica trigger for p53-mediated
apoptoss. Together with p85 and perhaps Abl protein, pS3is
believed to regulate the redox gate of the cdl [K5, Y 3], and
it isthis tate that may beacommon determinant of apoptosis
or aurvival. Other aspects of p53-dependent and devel op-
mentally regulated apoptosis including the role of ceramide
arediscussed in Annex F, “ DNA repair and mutageness’ .

371. The second example concerns the genesin the Bcl2
family [K6, K7]. These include Bcl X, Bcl-w, and BIf-1
(death antagonists) and Bax, Bak, Bcl Xs, and Bad (death
promotors). The protein products of these genes participate
in a complex network of biochemical reactionsthat differ
between cell types. These pathways may be linked with
Raf, MEK, and Jun amino terminal kinase (JNK) protein
and also, via Ras protein, with the p85 pathway noted
above [K7, Pg].

372. In abroad sense it is believed that it is the balance
between pro- and anti-apoptoti cfactorsthat determinescell
fate [K7]. Thus, apoptotic signals via, for example, cell
surface receptors, redox changes, reactive oxygen species,
and Ca™ ion concentration (initiation phase) are sensed by
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the Bcl-2 regulatory complex, resulting in changes in
mitochondrial permeability (effector phase). According to
current proposals, the degredative and nucleol ytic phases
then proceed as a consequence of the release of directly
apopto-genicfactors, e.g. caspases, superoxideanions, and
endo-nucleasesfrom mitochondriaintothecellular cytosol

[K7].

373. Overadll, it may be seen that cdls possess a highly
devel oped system for detecting stress, €liciting biochemical
responses, and, in essence, deciding on the basis of bio-
chemical balance whether to surviveor to proceed towards
cell death.

374. Thepotentia of these stressrelated apoptatic pathways
to reduce tumorigenicrisk, although not formally established,

points of action of apoptosis during tumorigenesis. There is
evidencefor at least three stress-related pathwaysin cdlsthat
respond to genotoxic insult, induding that from ionizing
radiation, i.e. those pathways centred on Abl, INK, and p53
proteins [C4]; the p53 pathway has been judged to be the
“universal sensor” of damage in normal cdls. A variety of
other cdlular genes have also been shown to be up- or down-
regulated in response to radiation. While a comprehensive
review of such studies is beyond the scope of this Annex,
Table 15 provides, by way of example, asummary of the data
obtained after neutron or gammaray exposure of Syrian
hamster cdls [W10]. These results were obtained after
exposures of 0.21-2.0 Gy of neutrons or 0.96-3.0 Gy of
gamma rays a low and high dose rates. These data should
not, however, be taken as representative of mammalian cdls
in general, and cdl type dependency in induced gene

isgtrongly indicated. Thereappear tobeat least twoprincipa  expression should be expected.
Table 15
Radiation effects on gene expression in Syrian hamster cells
[W10]
Effect on expression *
Gene Function
Neutrons Gamma rays
Interleukin-1 Increase Increase Cytokine
B-actin Decrease Decrease Cytoskeleton
y-actin Increase Increase Cytoskeleton
B-PKC No change Increase Signal transduction
Rp-8 Increase No change Apoptosis
c-fos Decrease Increase Transcription factor
c-myc No change No change Nuclear protein
a-tubulin Increase Increase Cytoskeleton
fibronectin Decrease Increase Cdlular matrix
Interleukin-6 Increase - Cytokine
Proliferating cell nuclear Ag (PCNA) Increase Increase Transcription factor/repair
Superoxide dismutase - Increase Scavenger
cjun Increase Increase Transcription factor
Rb Decrease Increase Nuclear protein
H4-histone Decrease Increase Nuclear protein
p53 No change No change Nuclear protein

a  All changes evident within the first four hours following radiation exposure. Neutron dose rates; 1 mGy min * and 140 mGy min™*; gammaray

dose rates: 10 mGy min* and 120 mGy min™.

375. The devdopment of high-throughput screening
technologies promises to greetly increase the power of
resolution of studies on such radiation-associated changesin
gene expression in mammalian cdls. For example, using
these new techniquesalinear non-threshold doseresponsefor
the transcriptional induction of the stressrelated genes
CIP1/WAF1 and GADD45 hasbeen demonstrated for gagmma
ray dosesin therange 20- 500 mGy [A18]. The consequences
of such induced stress responses for low-dose tumorigenesis
remain amatter for speculation. Nevertheless, an association
between thein vitroinduction of PBP 74 genetranscription by
250 mGy radiation and human cell hypersenstivity to cell
inactivation might be explained by some form of damage
threshold for the enhancement of DNA repair [A18, $A41].
Onespeculationisthat if such ahypersensitivemechanismfor
cdl inactivation were to dominate at low doses (say, up to
around 100 mGy), mutation induction rates would be

depressad, leading to a non-linear and, perhaps, a threshold-
type relationship for radiation cancer risk [Jg]. If, however,
this increased sendtivity to cdl inactivation were to be
accompanied by increased cell mutation rates, no such
threshold would be expected. The dataavailable do not allow
these two possibilities to be ditinguished, athough some of
the data discussed in Annex F, “DNA repair and
mutageness’, suggest a direct doseeffect reationship
between cdl inactivation and gene mutation. Stress-related
cdlular responses are dso discussad in Annex F, “DNA
repair and mutagenesis’, which draws attention to new work
that associ ates the appearance of specific nove proteins with
cdlular stress.

376. In the absence of complete DNA repair fiddity, the
whole organism gains a large advantage by promoting the
death of damaged and potentially neoplagtic cdls. However,
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thetrue effectiveness of apoptatic pathwaysin removing such
aberrant cdlscannat bejudged at thistime. Themerefact that
the frequency of gene/chromosomal mutations increases in
cdl populations surviving genotoxic insult argues againg an
extremey high capacity for apoptatic survelllance of muta-
genic damage in all cdl types. In the context of ionizing
radiation, the shape of thelow dose response for theinduction
of apoptosisin different call typesremainsvery uncertain, and
equal uncertainty surrounds the influence of dose rate
Accordingly, for the purposes of moddling tumorigenic risk,
judgements on thebal ance between mutagenesisand apoptos's
a low doses cannot be made with confidence The
radiobiological factors that influence the induction of
apoptosis vary with cdl type, and there is dso some
dependency on the mechanisms involved [B27, S29]. In
general, doses greater than 0.5 Gy of low-LET are necessary
to obtain datistically significant increases in apoptotic rates,
a plateau in the dose response is frequently seen at doses
>5 Gy. In thewd |-studied human lymphocyte system thereis
evidencethat theinduction of apoptosisislargely independent
of LET and doserate, implying that in thesecdls, initial DNA
damageis moreimportant than itsrepair [V4]. DNA double-
strand lesions are bdieved to be one of the determinants of
apoptatic response, but some have suggested that damage to
plasma membranes may also act as an apoptotic signal [O4].
Thereisalso evidenceof linkage of the signalling of apoptosis
and cdll-cydearrest; for example, aprotein known assurvivin
has been implicated in the control of both apoptosis and a
mitotic spindle checkpoint [L37]. Additional aspects of
apoptatic response are discussed in Annex F, “ DNA repair
and mutagenesis’ .

377. Apoptosisis also believed to play an important role
in tumour cell survival during post-initiation clonal
expansion. At acritical point during clonal expansion, the
oxygen supply to the neoplasm begins to become limiting
[F4, U3]. It has been proposed that under these circum-
stances theredox stress placed on tumour cellstriggersan
apoptatic response, with cell death being most pronounced
in theregionsmost distant from vascular supply [K5, N5].
Thus, during thisphasein tumorigenesis, apoptosiswill be
playing a crucial role in limiting in situ growth and
invasive behaviour.

378. Given the scenarios noted above, it isnot surprising
that abroad array of tumour types carry avariety of mutant
genes that directly or indirectly uncouple stress response
and apoptosis. Resistance to apoptosis may be viewed as
themeanswhereby cell survival isfavoured over cell death,
and under conditions of in vivo stress, this phenotype will
tend tobestrongly selected. The p53 pathway appearstobe
the universal sensor of cellular stress, and it isthisfeature
that may make loss-of-function TP53 mutations so
prominent in human tumorigenesis.

379. Ovedll, it is judged that apoptatic suicide of cdls
providesan important protective mechanism againgt aberrant
cdl growth and neoplasa. However, via gene-specific
mutation, a number of potential bypasses or mechanisms of
tolerance are available.

3. Cellular differentiation and other
cellular interactions

380. The stepwise accumulation of genetic/epigenetic events
demands continuing growth potentia in cedls that have
sugtained aneoplas a-initiating event. Running counter tothis
is the normal process of terminal cdlular differentiation,
whereby uncommitted progenitor cells assume speciaized
functions in tissues and no longer retain proliferative
potential. Thus, adevel oping subpopul ation of cdlsmay carry
a tumour-initiating mutation that, for example, deregulates
cdlular proliferation but in the absence of further phenotypic
change will completea quasi-normal programme of terminal
differentiation mediated by cdlular interactions.

381. Inthisway neoplasia-initiated cdlswill, in the absence
of other changes, exit the pathway to malignancy. Thus, the
antiproliferative process of terminal differentiation will tend
to berate-limiting with respect to overt malignancy and may
be evidenced by the accumulation of benign lesionsin tissues.
There are numerous exampl es of associ ations between proto-
oncogene'tumour-suppressor  gene functions and cdlular
differentiation/devel opment [K1, L1, R2, S3]; hereit will be
aufficient to give only a few examples.

382. In the case of the lympho-haemaopoitic system, the
deveopment of the different cdll lineagesis known to depend
on a complex interplay between cdl-cdl interaction, cyto-
kines, and intracellular Sgnalling cascades [O2]. The genes
AML1 and tal/SCL have been implicated in haemopoietic
sem-cd| differentiation and, in mutant form, are known to
contribute to the genesis of certain types of leukaemia. Other
examplesof leukaemia/l ymphoma-associated geneswith roles
in normal differentiation processes incdude genes of the Hox
and Pax families, RBTN2, RARA, and MII1 [O2, R2]. As
noted in Section B, the functiona development of the T- and
B-haemaopoietic cdl lineages is highly dependent on the
recombination of immune gene sequences, and specific mis-
recombi nation of these sequences makesamajor contribution
to T- and B-cdl neoplasia. Recent evidence aso links
downstream signals from these recombinogenic processes
with subsequent clonal growth and differentiation; that is,
normal growth and differentiation of cells may be blocked
if recom-bination does not proceed normally [W5]. In
general, it may be concluded that many mutations in
lympho-haemopoietic neoplasia serve to compromise the
closely controlled process of cel-lineage-dependent
differentiation.

383. Similar evidence exists with respect to solid tumours
[L14]. For example, viaitsinteraction with Ras proteins,
the protein product of the NF1 tumour-suppressor gene
plays a role in regulating the norma growth and
differentiation of neural cells, andthe Ras/Raf/M APkinase
intracellular signalling pathway appears to play a more
general rolein theregulation of cellular differentiation. In
addition, there are data that support a role for tumour-
associated catenin/APC, Rbl, and DCC proteins in
transcriptional regulation/cellular signalling processesthat
control cell-lineage-dependent growth and differentiation.
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384. Thus many formsaf proto-oncogene/tumour-suppressor
gene mutations, often in combination and via perturbation of
cellular sgnalling, will have dua effects on cellular gronth
and differentiation. Themaintenanceof congtitutivegrowth of
sem-likecellshaving differentiation defectsmay beviewed as
an important dement in the early phases of tumour
development. In essence, the homeogtatic imbalance created
by these mutations will tend to promote the dlonal expansion
of cdls having limited potential for termina differentiation.
Alone, however, such dona growth may not be productive,
since the cdls will be potentially subject to senescence and
apoptoss, both of which serve to limit the opportunity to
accumulate the further mutations necessary for overtly
malignant devel opment. Nonetheless, asnoted earlier, each of
the processes of senescence and apoptosis may itsdf be
compromised by gene mutaion, eg. by tdomerase
deregulation and TP53 gene mutation, respectively. In
principle, therefore, extended clonal growth can be achieved.
Further to this, and in accord with previous discussion, the
early appearance of genome-destabilizing mutations may
dramatically accel erate neoplagtic devel opment.

385. Overdl, thefrequency with which thegenesinvolvedin
normal cdlular differentiation are mutated in tumours
testifies to the protective function offered by termina cdlular
differentiation to a non-proliferative date. It is judged,
however, that alone, such aberrant differentiation is usually
insufficient for full maignancy and that cooperating
mutationsthat further extend clonal lifespan and/or destabilize
the genome are likdly to be required.

386. Intercdlular transmission of biological signalsfollowed
by intracdlular biochemical cascades is believed to be an
integral component of the differentiation of cdls. Not sur-
prisingly, cdl-to-cdl communication hasal sobeen implicated
in the expression of neoplagti ¢ phenotypes, and morerecently,
cdllular communication hasbeen shown toinfluenceradiation

response.

387. The UNSCEAR 1993 Report [U3] reviewed the role of
cdlular communication via gap junctions in neoplagtic
devdopment. In summary, it is bdieved that the
establishment of such intercellular communication can lead to
the suppression of neopladti c festures by neighbouring normal
cels. During clonal evolution, however, many tumour cells
losethecapacity to communicatewith normal cdlsandinthis
way become less receptive to tissue regulation, i.e they
becomeincreasingly autonomous. Mechanidtic links between
gap junction processes, tumour promotion, and cel cycle
control were also discussed in the UNSCEAR 1993 Report
[U3]. In respect of radiation response, the term “bystander
effect” has been coined to describe a range of in vitro
responses occurring in unirradiated cdls that are dose
neighbours of othersreceiving agiven radiation dose, usualy
from single ionizing particles.

388. The effects seen in bystander cdlls include changes in
gene expression [A19], lehadity [M49], sger chromatid
exchange [D13], chromosome breskage [P21], and gene
mutation [N11]. The mechanisms involved are not well

understood but are believed to involve the transfer of factors
from irradiated cels via the extracdlular medium or via
intercellular communication [A19, M50]. Such effects have
yet to be demongrated in vivo, and their consequences for
tumour risk cannot be judged. In the context of this Annex,
the most important data set concerns apparent alpha-particle-
induced bystander effects on gene mutation [N11]. These
studies imply that at a low fluence of alpha particles, the
frequency of gene mutationsarising in bystander cellsexceeds
by up tofivefold that in cdlsintersected by single particles. At
higher particle fluences, the bystander contribution to
mutation ratesdecreases, and in thisway thedoseresponsefor
mutation induction is supralinear, with a steep rise at doses
below ~50 mGy. Assuming that thereisa direct relationship
between mutation rate and tumour risk, the data noted above
imply that per unit dose of dpha particles, tumour risk at
doses below ~50 mGy is substantialy greater than that at
higher doses. Whether these data represent an important
source of uncertainty in high-LET radiation risk estimates
must await replication of the study and the establishment of its
generdlity, particularly in thein vivo Situation. Other data on
radiation response implicate cdlular interactions in the
induction of genomic ingability [G20, M51] and in adaptive
responses [115]. Some sudiesin this genera areaadso imply
that cdlular DNA may not always be the principa target for
radiation effects, particularly those that may have transent
epigenetic components. Although it remains difficult to
integrate such dataintoamechanisticframework for ng
tumour risk at low doses, the findings noted above caution
againg a dogmatic view in the modelling of dose-response
data on the basis of DNA damage alone.

4. Cellular surveillance

389. Following review of epidemiological, animal, and
cdlular sudies, the Committee concluded that conventional
T- and B-lymphocyte-mediated immune response was not a
particularly effective protective mechanisn againgt the
development of most human tumours [U3]. Although these
immune responses appear to beableto target the specific non-
«df antigens presented by oncogenic viruses or ther
associ ated neoplasms, the common radiogenic tumours seem
unable to effectively initiate timely immune responses or are
capable of efficiently evading surveillance [B18, U3]. The
Committee did, however, recognize some uncertainty
surrounding the potentia protective role of certain classes of
cytotoxic T-lymphocytes(CTL), including naturd killer (NK)
cdls[U3]. A number of novel approaches have been used to
resolve some of these uncertainties.

390. Oneareaof recent study [L 23] has been to determine
whether the poor immunogenicity of most tumour typesis
due to the lack of signals for co-stimulation of full CTL
activity; this is believed to be mediated by specialized
antigen-presenting cells. A study with mice using an
antibody to block CTLA-4, a negative regulator of CTL
activation, showed that such a blockade resulted in the
rejection of transplanted and pre-existing human tumour
cells and also the development of resistance to a second
challenge. It seems, therefore, that with fully malignant
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cells, an effective anti-tumour response can be dicited
provided that specificimmuneregulatorsaremanipul ated.

391. Ancther approach to the problem has been to seek
mutational signatures in tumours indicative of evason of
immune surveillance. In one such study [B19], it was argued
that the RER" mutator phenctype of certain colorecta
carcinomacdl linesmight generateasufficiently diversearray
of mutant protein neo-antigens to dicit a srong CTL
response. If thisisthecase, inefficient antigen presentation via
the loss of beta-2-microglobulin ($2M) would be strongly
sdected in the resulting tumour cdl population. Such
correlation was observed in astudy of 37 cdl lines, wherethe
four mutator lines were the only examples in which f2M
expresson was log.

392. Beta-2-microglobulin associates with polymorphic
heavy-chain glycoproteins in cell membranes for the
purposes of antigen presentation by the resulting class |
major histocompatibility complex (MHC). Intracellular
antigens are believed to be transported to the MHC by
proteins of the TAP family [E6]. Not only do a substantial
fraction of human tumours lack expression of the class |
MHC, but there is some evidence of the involvement of
TAP genemutation in tumours. Other strategiesadopted by
tumour cellsin order to evadeimmunesurveillanceinclude
the expression of decoy receptors, the Fas-mediated
inactivation of CTL/NK cells at membrane surfaces, and
the secretion of factorsthat inhibit or inactivate CTL [V5].

393. In genera, these observations, while providing some
correlative support for the view that evasion of CTL-mediated
aurveillance may be of some importance in tumour
development, provide no information on the effectiveness of
this surveillance in reducing tumour risk. It is, however,
intriguing to note emerging evidence of a possible two-way
i nteraction between genomicingability in neoplasiaand CTL
response. On theone hand, the RER™ mutator phenotype may
servetogeneratesufficiently strong tumour antigen sgnal sfor
CTL response; on the other, it can provide an enhanced
mutational capacity to evadetheresulting T-cdll surveillance.
For potentially anti-tumorigenic CTL response, thereis also
some evidence to support amodel whereby normal cdlls that
engulf apoptatic tumour cdls can migrate to lymph nodes,
where, in principle, they can invoke a response to tumour
antigens [A8].

394. With respect to NK cdls, it is now well established
that this class of cytotoxic cells can, in principle, exert a
degree of anti-tumour activity via the release of factors
such as interferon vy, tumour necrosis factor, and Fas
ligand. There is also some evidence of an additional
antitumour mechanism involving NK attack on tumour
vasculature [B24, F9]. In spite of numerous studies, there
is, however, no convincing evidence of a correlation
between NK abundance/function in vivo and tumour
development or prognosis (see [F9]). In general, thisarea
of study remains most controversial, and with current
knowledge it is not possible to judge the extent to which
NK cells act to protect against non-viral human cancers.

395. Overdl, the rale of immune survelllancein protecting
againg common neoplasms has yet to be adequatdy
described, and some udies tend to argue againg this
proposition [B18, U3]. Gainsin fundamenta knowledgewill
probably contribute to the debate. For example, the comple-
ment protein system is an important determinant of humoral
immune survellance and is bdieved to target certain
malignant cdls. In accord with this, a novd stress-reated
protein has been revealed that appears to participate in the
discrimination of malignant cellsby homol ogous complement
[M26]. The recent observation that the proto-oncogene PML
of human mydoid leukaemia playsaraein the regulation of
antigen presentation in cdls also implies the need for some
devdoping haemopoietic neoplasms to evade cdlular
aurveillance [Z2]. Equally, however, the tumorigenic expres-
sion of Apc-deficiency in Min mice is not enhanced by a
defect (scid) in immunefunction [S18]. Thus, recent findings
can be usad to both support and question the true role of
cdlular survellance in tumour defence. Studies of low-dose
dimulation of immune functions, eg. [L58, M54] have
previoudy been reviewed by the Committee [U2] and a few
additional studies have been published (e.g. [H36, K30, $42,
SA3]) in more recent years. Doubts were expressed as to
whether the immune system plays a sgnificant role in any
cancer-related adaptive processes at low doses.

5. Summary

396. Through abetter understanding of the processesthat
mediate multi-stage tumorigenesis it has become evident
that neoplastic development is subject to a number of
cellular constraints. The main constraints are control of
celular proliferation/genomic stability, the induction of
programmed cell death, tumorigenic suppression by cell-
cell communication, and terminal differentiation to anon-
proliferative cellular state. In addition, for at least certain
tumour types there is evidence that immunosurveillance
mechanisms can recognize and restrict the growth of
neoplastic cells.

397. Theseprotective mechanismsarebelieved toprovide
a high level of protection against neoplastic growth and
development. In spite of this, there is growing evidence
that during the evolution of tumours, resistance to or
toleranceof all these countermeasures can bedevel oped via
gene-specific mutation. Thus a substantial proportion of
consistent mutations in tumours may be linked directly
with cdllular strategiesaimed at maintaining viability and
growth, avoiding termina differentiation and immune
recognition, and promoting genomic instability such that
a wide range of clonal variants are available for the full
development of malignancy. On the basis of current
molecular genetic knowledge, there seems no good reason
to suppose that different modes of in vivo constraint apply
to spontaneously arising and carcinogen-induced tumours.
Evidence is also accumulating in support of the view that
cellular communication can also influence early in vitro
radiation responses, with possible effects on cedlular
recovery, genomic stability, and mutation rates. The
present state of knowledge doesnot allow for extrapolation
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of thesefindings to tumorigenesisin vivo, but some recent
alpha-particle mutation data, if confirmed, may be of
importance.

E. DNA REPAIR AND TUMORIGENESIS

398. For the purposes of relating mechanismsof radiation
tumorigenesisto mechanismsthat are believed to apply to
spontaneously arising disease, it isimportant toconsider in
greater depth the evidence on the role of DNA repair and
the uncertainties that attach to this association.

1. DNA repair as a determinant of
oncogenic response

399. Data rdaing to the influence of DNA repair on
mutagenic and other cdlular radiation responses are dis-
cussed in Annex F, “ DNA repair and mutagenesis’ . Critical
to the role of DNA repair in radiation tumorigenesis is the
now unambiguous evidence that heritable human deficiency
ingenescontralling DNA repair and maintenanceof genomic
dability is frequently associated with an increased incidence
of spontaneoudy arising neoplasms.

400. Thus, such DNA processing functions in normal
somatic human cells must play a critical rolein protecting
agai nst spontaneous neopl asti ¢ devel opment. Asdiscussed
in the UNSCEAR 1993 Report [U3], these data also
provide important support for the mutational origin of
neoplasiaviafailuresin repair of DNA damage.

401. With respect to tumours associated with human
exposure to exogenous genotoxic agents, studies with two
categories of genetic disorders, xeroderma pigmentosum
(XP) [K8] and Li-Fraumeni syndrome (LFS) [H8], provide
evidence that defectsin DNA damage processing are also
important to oncogenic development after ultraviolet and
ionizing radiation, respectively.

402. In the case of xeroderma pigmentosum, there is
unambiguous evidence that the inherited deficiency in
repair of DNA photoproductsis associated with an excess
of cancer in regions of skin receiving significant solar
exposure [K8]. Unexposed skin of XP patients shows an
unremarkabl efrequency of these neoplasms, indicating the
critical importance of DNA photoproduct induction for
skin carcinogenesis and the high level of protection
afforded by high-fidelity DNA repair processes.

403. The cancer-prone genetic disorder Li-Fraumeni
syndrome (LFS) is frequently, although not always,
characterized by a deficiency in the TP53 tumour-
suppressor genethat normally playsarolein DNA damage
sensing, cell-cycle control, and apoptosis (see Sections
IV.B and IV.D). Although the data are less compelling
than thosefor ultraviol et radiation exposureof X P patients,
thereisevidencethat LFS and LFS-like patientsexhibit, in
childhood, an eevated risk of tumour induction after
radiotherapy [H8, S19]. Thus, inherited human defectsin

DNA damage processing can be reflected in an increased
risk of carcinogen-induced aswell asspontaneoudy arising
tumours.

404. In addition to these important human studies,
experimental animal data relating to the role of DNA
repair in radiation tumorigenesis are also beginning to
emerge, largely through studies of mice that have been
genetically manipulated to be deficient in specific genes
involved in DNA repair and genomic stability [W2].

405. These animal data are discussed in Section 1V.C. In
brief, studies with p53-deficient mice give evidence of
enhanced tumorigenic radiosensitivity associated with
abrogation of a G,/M cell-cycle checkpaint for chromo-
somal repair; radiation-induced p53 genelossviaincreased
sensitivity totheinduction of aneupl oi dy appeared to bethe
principal mechanism involved.

406. The ATM gene of human ataxia-telangiectasia is
discussed in Annex F, “DNA repair and mutagenesis’,
together with recent data relating to the radiosensitivity of
mice manipulated to be deficient in this critical DNA
damage response gene. In brief, Atm-deficient mice are
highly radiosensitive, and while radiation tumorigenesis
studies have yet to be reported, the animals, like their
human counterparts, are pronetothe spontaneous devel op-
ment of lymphoma and specific lymphoma-associated
chromosomal rearrangement in haemopoietic cells[B1]. It
may be anticipated that radiation tumorigenesis studies
with these and other relevant genetically manipulated
animals, e.g. those deficient in BRCA1, BRCA2, and
Rad51, will be informative on the further relationships
between DNA damage repair and tumorigenesis.

2. Implications and uncertainties

407. The Annex F, “DNA repair and mutagenesis’,
providesevidencethat certain formsof DNA double-strand
lesionsaretheprincipal biologically relevant event induced
by radiation in mammalian cells. Since current dataimply
that these lesions are usually repaired via a process of
illegitimate rather than homol ogous recombination, there
will be an inherent degree of error proneness in DNA
repair after radiation exposure. Such misrepair events may
berepresented by grosschromosomal abnormality (deletion
or rearrangement) or subchromosomal and intragenic
events. Judging from molecular analyses of radiation-
induced somatic cell mutants, these misrepair events take
the form of DNA base-pair substitutions, frameshift
mutations, or, more frequently, DNA deletions of varying
size. Some data are suggestive of changes in mutational
spectra with radiation dose rate and LET, but this issue
remains controversial.

408. Also noted in Annex F, “DNA repair and muta-
genesis’, is the growing evidence that DNA repair
functions are important determinants of dose, dose rate,
and radiation quality effectsin mammalian cells. In brief,
there is evidence that the extent and fidelity of repair



138 ANNEX G: BIOLOGICAL EFFECTSAT LOW RADIATION DOSES

strongly influence the initial and final slopes of low-LET
dose-effect relationships and the progressively steeper
dopes of these relationships with increasing LET. It is
concluded that RBE-LET effectsarelargely dependent on
therepairability of initial DNA damage. Towhat extent are
these in vitro data reflected in current knowledge of
radiation tumorigenesisin vivo?

409. The data discussed in the UNSCEAR 1993 Report
[U3] and in this Annex are broadly consistent with the
single-cdl mutational origin of most tumours. Loss-of-
function mutationsof critical gatekeeper genesappear tobe
early eventsin the genesis of many human solid tumours,
and gain-of-function chromosomal events occur early in
leukaemias and lymphomas (see Section B). There is
evidence from animal studies, described earlier, that
radiation-associated gene and chromosomal |oss/del etion
can act as an initiating event for tumorigenesis and that
DNA damage processing isa crucial protective factor for
in vivo radiation response. Given the obvious paralles
between in vitro and in vivo data, it becomes possible to
consider ageneral mechanistic framework within which to
model dose-effect/RBE-LET relationships for radiation
tumorigenesis and the protective functions that may
operate. Thesemodelling approacheswill bediscussed and
developed later in this Annex.

410. There are, however, aspects of the data discussed in
Annex F, “DNA repair and mutagenesis’, that caution
agai nst seeking oversimplistic correlationsbetweeninvitro
cellular response data and tumorigenesis in vivo. First is
the issue of novel mechanisms of genetic change in
mammalian cells. In addition to epigenetic changes such
as imprinting and gene silencing noted in this Annex, it
has al so been speculated that radiation may induce unknown
cdlular pathwaysthat promote untargeted mutation. In some
sudies the activity of these pathways has been shown to
persst for many post-irradiation cdl generations, leading to
an apparent devation of the gpontaneous mutation rate. As
discussed in Annex F, “ DNA repair and mutagenesis’, such
findings have been made with respect tolethal mutation, gene
mutation, and unstable chromosomal damage.

411. Given the emphasis in this Annex on the early
devel opment of genomicingtability in tumour deve opment, it
ispossibleto speculate that any persstent genomic instability
induced by radiation in target somatic cells in vivo might
makeas gnificant, late-expressing contribution totumorigenic
risk [L24]. The cdlular processes underlying this induced
ingtability remain uncertain, however, and no single
mechanism seems capable of explaining the various and
sometimesincond stent manifestationsreferredtoin Annex F,
“DNA repair and mutageness’ . A collection of recent papers
[M32] addresses various aspects of this developing fied; of
particular noteisthefinding of a possible genetic association
in mouse drains between the post-irradiation expression of
perssent chromosomal ingability and susceptibility to
radiation tumorigenesis [U25]. The authors were, however,
cautious about the implications of these initia findings. In
follow-up studies[O7], late-expressing chromosomal ingtabi-

lity in the mammary-tumour-susceptible BAL B/c mouse was
shown to be genetically associated with changesin expression
of repair-redated DNA PK protein as well as with reduced
DNA double-strand bresk repair. From these gudies it is
posshble to indirectly implicate late-expressing genomic
ingtability in radiation tumorigenesis in certain genetic
settings, but whether acausal relationship appliesisuncertain.

412. Overadl, agenera link between such induced instahility
and radiation tumour risk remains to be established. Indeed,
the cytogenetic findings of in vivo studies reating to
mechanisms of radiation-induced lymphomagenesis in p53-
deficient mice and myeloid leukaemogenesis in CBA mice
tend to argue againgt a significant contribution from induced
and persigtent genome-wide instability [B4, B20]. However,
a specific and persgent cdona feature of chromosomal
ingability that has been closdy associated with the
development of human neoplasia is the so-called segmental
jumping trandocation. These events are not uncommon in
spontaneous human lymphohaemopoietic tumours [U3] and
were reported recently in mydoid neoplasms arisng in
irradiated survivors of the atomic bombings [N8]. It may be
concluded that certain dements of radiation-associated
persgtent genomic ingability probably do play a role in
tumorigenic processes, but thereis much uncertainty astothe
overal importance of that role and therefore as to how it
might betaken into account in themoddling of radiation risk.

413. A second source of uncertainty discussed in the
UNSCEAR 1994 Report [U2] and in Annex F, “DNA
repair and mutagenesis’, is the cellular phenomenon of
adaptive response to DNA damage; the data describing
such responses were reviewed recently [W6]. In brief, in
certain experimental systems a small priming dose of
radiation (or of some other genotoxic agents) can resultin
the development of partial resistance to a challenge by a
second, higher dose. The radiobiological endpoint most
frequently employed in cellular and animal systems has
been cytogenetic damage, but there are al so somedatawith
respect to gene mutation and cell survival. In addition,
some mechanistic studies have been undertaken of the
possible role of activation/induction of novel proteins and
cell-cycleperturbation. In principle, inducible DNA repair
might underlie some manifestations of adaptive response,
but as noted in Annex F, “ DNA repair and mutagenesis’,
evidence for the up-regulation of relevant repair genesis
fragmentary. There is, however, growing evidence for
subtle post-irradiation modification of repair-related
protein complexes and the induction of stress-response
genes. More detailed information on adaptive responsesto
cytogenetic and lethal cellular damagein mammalian cells
areprovidedin Annex F, “ DNA repair and mutagenesis’ .

414. Thesestudieslend credibility to the true existence of
adaptive responses, but they also draw attention to the fact
that the response is transient, not usually robust, and
frequently lacking a clear mechanistic basis. For example,
at the cellular level, adaptive responses have rather
uncertain dose and dose-rate dependency and when
expressed lead to only a modest decrease in sensitivity to
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the subsequent radiation challenge. In addition, at the
cytogenetic level this response is not consistently
expressed, with cellsfrom somehumansand mouse strains
failing, for unknown reasons, to show adaptive responses.
Although some novel proteins have been detected in
“adapted” cdlls, cell-cycle-related changesarenot obvious,
and the relationships between cytogenetic adaptive
responsesand known stress-rel ated biochemical signalling
pathways remain to be clarified [W6].

415. Inthe UNSCEAR 1994 Report [U2], the Committee
reviewed animal studies of life-shortening and tumour
induction that wererel evant tothe possiblerol e of adaptive
responses, but these studies did not report convincing
evidence of such effects. Subsequently there have been
reports of possible adaptive effectsin relation to radiation
lymphomagenesis[B21] and life-shortening in mice[Y4].
Of particular noteisarecent report on a possible gamma-
ray-induced adaptive response in respect of acute myeloid
leukaemia (AML) induction in the mouse [M52]. This
study reported that a chronic priming dose of 100 MGy did
not influence the incidence of acute myeloid leukaemia
following achronic challenge dose of 1 Gy; thelifespan of
mice without acute myeloid leukaemia was similarly
unaffected. However, the animals receiving the priming
dose showed modestly increased latency for induced acute
myeloid leukaemia, implying that the later stages of the
leukaemogenic process had been modified. The
mechanistic basisof this unexpected result remains highly
uncertain, but the authors speculate that the increased
tumour latency might reflect the triggering of some form
of persistent stress response.

416. Although the relevance of adaptive responses to
human tumorigenesis should not be discounted, in the
absence of a consistent body of in vivo tumorigenesis data
and with current uncertainties on cellular mechanisms, it
would be most difficult to include adaptive response
parameters in mechanistic models of low-dose radiation
tumorigenesis.

417. Athirdareaof uncertainty surrounding DNA damage
and repair concernstherel ationshipsbetween spontaneous
and radiation-induced damage and their implications for
low-dosetumorigenicrisk. Debate on theseissueshasbeen
conducted for some years [A4, B22, C15, W7], and the
main areas of contention may be outlined as follows.

418. Ingpiteof itscritical information-carrying roleinthe
cell, genomic DNA has limited chemical stability. Via
hydrolysis, oxidative attack, and chemical methylation
processes, cellular DNA is constantly modified by its
endogenous environment irrespective of the influence of
exogenous agents such as dectrophilic chemicals,
ultraviolet radiation, and ionizing radiation [L25].

419. Endogenousdamageto the mammalian genome may
take the form of hydrolytic depurination and deamination
of DNA bases, oxidative attack on DNA bases and the
sugar-phosphate backbone, and non-enzymatic DNA

methylation of certain bases. For largely technical reasons,
estimates of the rate of accumulation and abundance of
such endogenous DNA lesions vary considerably [L25].

420. Less uncertainty surrounds the genera form that this
DNA damage takes [L25]. By ther very nature, hydrolytic,
oxidative, and methylation events are random and
unclugtered, affecting chemical moieties on one or the other
strands of the DNA duplex; examples are the formation of
abadi ¢ Stes dueto hydrolytic depurination, 8-hydroxyguanine
formation viahydroxyl radical attack, and uracil formationvia
deamination of 5-methylcytosine. DNA single-strand breaks
as a consequence of base loss, oxidative attack, and as repair
intermediates al o arise spontaneoudy.

421. The evidence concerning the type, abundance, and
repair of endogenoudy arising spontaneous DNA damage is
summarized in Annex F, “ DNA repair and mutageness’.
The Annex emphasizes the technica uncertainties sur-
rounding estimates of the abundance of such DNA damage.

422. The genera conclusion that may be reached from
these data is that while it is difficult to make precise
guantitativecomparisons, therearedifferencesbetweenthe
spectra of DNA damage types arising spontaneoudly and
those induced by radiation; there are also differences in
their repair characteristics (see also [C15, L25, WT]).

423. This view of endogenous damage and its conse-
guences may be set against the following theoretical
proposition: sincethecell isabletorepair avery high level
of endogenous DNA damage without frequent mutagenic
consequences, a further small increment of DNA damage
from low doses of radiation will not impose significant
risk; that risk only becomes significant at relatively high
doses, when, at a given level of genomic damage, DNA
repair capacity is exceeded.

424. Thefundamental scientific uncertainty surrounding
this proposition is that it assumes that the nature and
reparability of spontaneous and radiation-induced DNA
damage are essentially equivalent [C15, W7]. The data in
Annex F, “ DNA repair and mutagenesis’, provide evidence
that although there are some similarities between the DNA
lesion types arisng spontaneoudy and those induced by
radiation, DNA double-strand breaks almost certainly make
a subgtantially grester relative contribution after radiation
exposure. More important, however, is the evidence
accumulating on the chemical nature of radiation-induced
DNA double-gtrand breaks and other double-strand lesions.

425. Through a combination of cellular, biophysical,
biochemical, and molecular approaches, it has become
apparent that a high proportion of radiation-induced DNA
double-strand breaks and related lesions are chemically
complex and/or part of multiply damaged DNA sites. This
feature stems from the requirement for local clustering of
energy loss events from a given radiation track to effect
coincident damage to both sugar-phosphate backbones of
the DNA duplex [G5, G10]. This chemical complexity of
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DNA double-strand breaks is apparent after low-LET
radiation but will increase with LET.

426. Asnoted in Annex F, “ DNA repair and mutagenesis’,
thecorrect repair of such complex damageisdifficult because
of multiple and coincident damage to coding on both DNA
grands. In most instances such repair is believed to proceed
via illegitimate recombination, which is inherently error-
prone, and it is this reparability factor that will principally
distinguish spontaneous and radiation-induced DNA lesions.
Accordingly, excess dicentric chromosomes have been
recorded in human lymphocytesin vitro at low-LET doses of
around 20 mGy, while the spontaneous rate of generation of
these eventsis very low (~1 per 1,000 cdll generations) [L8].

427. Stated simply, therdativeabundance of complex and
poorly repairable DNA lesions after radiation exposureis
judged to be very much greater than that of lesions that
arisespontaneoudly. Therefore, itisthisfeaturerather than
lesion abundance overall that should guide judgementson
therole of DNA repair in low-dose response and radiation
quality effects. Accordingly, the proposition stated in
paragraph 423 runs counter to advances in fundamental
knowledge and therefore has no obvious role in the
modelling of tumorigenic risk.

3. Summary

428. A large body of information points to the crucia
importance of DNA repair and other damage-response
functionsin tumorigenesis. Not only do these DNA damage-
processing functionsinfluencetheappearancedf initial events
in the multi-stage process, but they also serve to reduce the
probability that a benign neoplasm will spontaneoudy acquire
the secondary mutations necessary for full malignant
development. Thus, mutations of DNA damage-response
genes in tumours play important roles in the spontaneous
devdopment of genomic ingahility. Various forms of
radiation-induced perdstent genomic ingtability have been
recorded in experimental cdlular sysems. With the possible
exception of ingtability at certain chromosomal trandocation
junctions, these phenomenaarenot wel understood, and their
asociation with in vivo tumorigenesis has yat to be
established.

429. With respect to radiation damage to DNA, it is
concdluded that therepair of sometimescomplex DNA double-
strand lesionsisinherently error-proneandismost likely tobe
an important determinant of dose, dose rate, and radiation
qudity effects for the induction of tumorigenic lesons.
Uncertainties remain on the significancefor tumorigenesis of
adaptive responsesto DNA damage; the mechanigtic basis of
such responses has yet to be darified. In contrast, recent
scientificadvancesprovideclear evidenceof thedifferencesin
complexity and reparability between spontaneoudy arising
and radiation-induced DNA lesions. In the moddling of
radiation tumorigenesis these data argue againg basing
judgements about low-dose response on uncritica
comparisons between overall leson abundance and repair
capacity. Overall, the general conceptslinking DNA damage

repair and tumorigenesisthat were summarized previoudy in
the UNSCEAR 1993 Report [U3] remain valid. However, the
data discussed here and in Annex F, “DNA repair and
mutagenes's’, provide afar morerobust scientific framework
to support these conceptsthan was availableto the Committee
in 1993.

F. BIOLOGICAL MODELLING OF
TUMORIGENIC RESPONSES

1. Implications of current data

430. Asknowledge of the fundamenta basis of multi-stage
tumorigeness continues to advance, it becomes possible to
identify critical festures of the process and the uncertainties
that may attach to the development of biological models to
describerisk at low doses.

431. The earliest phase of tumour development (initiation)
appears, in the main, to involve loss or gain-of-function
mutation of single genes in single target sem-like cdls in
tissue. In the case of solid tumours, a set of tissue-/cdl-type-
specific gatekeeper genes in the tumour-suppressor category
may be the principa loss-of-function gene targets. For
lympho-haemopoietic  tumours, both loss-of-function
mutations and gain-of-function chromosomal trandocations
arelikey to be important. In biological moddling, these two
types of tumorigenic event may require different forms of
treatment. Not only do mutational mechanisms differ but also
gain-of-function mutationsin leukaemia/lymphomacan have
more profound cdlular effects than loss of a Sngle tumour-
SUpPressor gene.

432. An important source of uncertainty is provided,
however, by the non-mutational (epigenetic) events that
can, for certain genes, substitute for gene mutation. The
overall contribution of, for example, gene silencing and
loss of imprinting to human tumorigenesis, although very
difficult to quantify, seems likely to be significant.

433. Some uncertainties about the probability of accumula
tion of multiple genetic events in tumorigenesis have been
reduced by the characterization of the spontaneous develop-
ment of genomic ingtability at a reatively early point in
neoplagtic development. Some of the mutator genes that
serveto drive tumorigenesis have been characterized, and
from amodelling standpoint it seems most appropriate to
view thedevel opment of themutator phenctypeasmarking
the transition between benign and malignant disease.
Although critical evidenceislacking, the early appearance
of astrongly expressing mutator phenotype with respect to
spontaneously arising DNA damage may mean that low
doses of exogenous carcinogens such as radiation will
make a relatively small contribution to later phases of
tumour devel opment compared with thosephasesoccurring
before the spontaneous onset of genomic instability. This
might serve as a mechanistic explanation for the
observation that radiation usually acts only weakly on
tumour promotion and progression [U3].
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434. BEvidence is growing, however, that in some
circumgtances, the expresson of radiation-induced DNA/
chromosomal damage in cdls may be a pesgent
phenomenon. Secondary chromosomal change centred on
primary exchange junctions, eg. jumping trandocations, is
not unexpected and has been recorded in cdllular sysemsand
human/animal lymphohaemopoietic neoplasms [B44, G21,
N8, U3]. The other cdlular festures of induced genomic
ingtability discussed in this Annex and in Annex F, “ DNA
repair and mutagenesis’ are more difficult to rdate directly
to tumorigenesis, so for this reason it may be premature to
attempt tointegrate them specifically intomechanisic modes
of tumour risk. Thesamegenera problem appliesto bystander
effects of radiation on cdl inactivation and mutagenesis,
although the aphapartide data [N11] discussed earlier
deserve some attention. That said, the Committee recognizes
recent signs of progress in resolving the mechanigtic
uncertainties associated with the role of dressrdated
processesin cellular responseto radiation and anticipates that
much better informed judgements will be possible within a
few years.

435. By contrast, many sources of data on tumorigenesis
point toward the crucially important protective role played
by high-fidelity DNA repair. In thelight of information on
DNA repair capacity in relation to the high flux of
spontaneous DNA damagein mammalian cells, it hasbeen
suggested by some that low doses of radiation would be
expected to contribute little to tumour risk. If true, this
would have important implications for biological moddling.
Uncertainties on this contentious i ssue have been reduced by
the growing evidence that an important fraction of the DNA
double-strand lesions induced by radiation is chemically
complex, extremdy difficult to repair correctly, and only very
rarely occurs spontaneoudy. In the context of biological
models of tumorigenesis, it is judged that overly smplistic
analysis of data on DNA lesion abundance and repair can be
most mideading. New data on the role of DNA repair in
cdlular dose and doserate effects and the associations
between DNA leson complexity and RBE-LET effects do,
however, have implications for mechanistic moddls.

436. Other important protective factors in tumorigenesis
include apoptotic cell death, cellular senescence, terminal
differentiation of cellsto a non-proliferating state, and the
elimination of neoplastic cells by immunosurveillance
mechanisms. Through their capacity to remove cellsfrom
neoplastic pathways, these processes collectively serve to
provide a high level of protection against tumours arising
spontaneously or induced by carcinogens. Critically, how-
ever, molecular genetic sudies have provided compelling
evidence of gene-specific neoplastic mutations that serve to
block these processes. Thus, agiven overtly malignant tumour
will have succeeded via mutation or epigenetic change in
evading or gaining tolerance to each of the protective
challengesiit has faced during deve opment.

437. There are few quantitative data on which to base
judgements on the relative magnitude or efficiency of the
protective factors noted above. Indeed, it seemslikely that

this relative magnitude will vary from one tumour typeto
another, and the differences between virally associated and
other tumour types with respect toimmunological protection
may be evidence of this. Thus, with limited knowledge, the
modelling of protective factorsin tumorigenesis can, at best,
be only empirical.

438. In spite of this a criticaly important question is
whether the extent or effectiveness of such protective factors
might be different for tumours arising spontaneoudy and
thoseinduced by radiation. As noted in the UNSCEAR 1993
Report [U3], exposure to high doses of radiation, where cell
killing becomes important, would be expected to influence
final tumour yield not only by initialy reducing target cdl
numbers but also by subsequently mobilizing quiescent stem
cdls for tissue repopulation. High-dose suppression of
immunefunctions might also beimportant for certain tumour
types, principally those associated with oncogenic viruses.

439. At low doses and dose rates, where cdl killing is not
significant, thereis, however, no specific reason to anticipate
profound and long-term effects of radiation on the function of
protective mechaniams. Transent changes in the activity of
these systems resulting from stress-related effects on cdlular
biochemical signalling might be anticipated, but with current
knowledge it is not possible to relate these to final tumour
yidds.

440. The possible exception to this are the adaptive
responsestoradiation notedin thisAnnex and discussed in
depth in the UNSCEAR 1994 Report [U2]. These would
include not only adaptive DNA damage responses but also
possible stimulating effects on immune system and other
potentially protective functions.

441. Stated smply, if low doses of radiation could be shown
to enhance profoundly, over an extended period, the anti-
tumour activities outlined in this Annex, then radiation-
induced tumours would be expected to be subject to greater
suppression than those arising spontaneoudy. Under these
theoretical circumstancestheshapeof the dose-effect relation-
ship for tumorigenesiswould not be expected tobesimpleand
might well depart from those for rdated radiobiological
endpoints in single cdls, i.e the induction of chromosome
aberrations, gene mutation, or cdl transformation.

442. Although current knowledge does not exclude the
possibility of this scenario, the data available on adaptive
responsesin cellsor animalsarejudged to beinsufficiently
well developed for the purposes of biological modelling.
Accordingly, the existence or otherwise of an adaptive
response for radiation tumorigenesisremainsacontinuing
source of debate.

2. Basic premises

443. Although much knowledge has been gained on the
cytogenetic, molecul ar, and biochemical processesinvol ved
in the development of neoplasia, considerable uncertainty
remains, particularly with respect to the quantitative
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aspectsof multi-stagetumour devel opment. For thisreason
any attempts to include such data in the modelling of
radiation tumorigenesis demands a set of simplifying
judgements.

444. |n full recognition of the uncertainties discussed in
earlier Sections of this Annex, the following premises,
based on the weight of current evidence, may be stated:

(& The principa role of radiation in tumour develop-
ment is to generate the DNA damage that can give
rise to gene-specific mutation in critical target cells.
Repair of that damage may be enhanced by cell-cycle
checkpoints and, possibly, adaptiverepair processes,
but there is no specific expectation of wholly error-
freerepair, even at low dosesand doserates. Equally,
theeimination of radiati on-damaged cel | sby apopto-
tic processesis very unlikely to be complete;

(b) Thevast mgjority of spontaneous and induced tumours
have ther origin in single specific mutationsin single
target cdlsin tissues. The probability of such amutated
cdl progressing to overt malignancy is, however, very
low because of the defences afforded by protective
processes such as apoptosis, termina differentiation,
senescence, and cdlular survellance, Further mutation
during pre-neoplagtic clonal development can serve to
bypass these defensive measures, and none are likely to
be wholly protective or to be consistently enhanced by
low doses of radiation;

()  Although both loss-of-function (tumour-suppressor) and
gain-of-function (proto-oncogene) gene mutations can
contribute to multi-sage tumorigeness, the DNA
del etion mechanism characteristic of radiation will tend
tomakel oss-of-function eventsthe predominant process
at all doses of radiation; and

(d) Radiation acts principally at the early stages of
tumorigenesis by inducing specific mutations in
normal stem-like cells. During protracted radiation
exposuresacontribution tothelater stages of tumour
development ispossible, but duringtheselater phases
the acquisition of a mutator phenotype and/or one
associated with epigenetic gene silencing/activation
may be the primary driving force for neoplastic
selection and progression.

445. Assuming these premisesto be correct, it would seem
that the dose-response parametersfor radiation tumorigenesis
at low doses are determined principally by factors that apply
to the induction of the specific gene/chromosomal mutations
in the target cellsin question; the abundance and kinetics of
these target cdls will also be important determinants of the
response. Stated smply, these radiation-induced mutations
would be adding in a dose-dependent manner to the in vivo
pool of tumour-initiating mutational events contributed by
spontaneous processes and other genotoxic  exposures.
Theresfter, it seems reasonableto assumethat all such events
will be subject to the same variable sats of cdlular and
humoral factors that serve to suppress or enhance malignant
development. On this bass, sgnificant departure from a
smple doseresponse rdationship would demand a dose-

dependent changein the kinetics of one or more of these post-
irradiation modifying processes. For example, if therewereto
be persgent pod-irradiation devation of error-free DNA
repair, apoptosis, terminal differentiation, cellular senescence,
or immunosurveillance, then the radiation cancer risk might
bedepressed. Conversdy, if post-irradiation mutation ratesare
persigtently high (as aform of induced genomic ingtahility),
tumour devel opment might be enhanced.

446. Although it is possible to speculate on therolesthat the
above processes might play in determining tumorigenic
responses, any such hypotheses currently lack critical
experimental support and plausible mechaniams that might
operate after low doses. It is not, however, difficult to
envisage substantial modification of cellular/tissue behaviour
during the long-term cellular repopulation required for tissue
regeneration after high doses; these processes may well have
consequences for local tumour devel opment.

447. At low doses, transient changes in biochemical
equilibria and cdl kinetics should be expected, but these
are probably part of the normal cellular damage response
pathways associated with the cell-cycle checkpoint, DNA
repair, and mutagenesi sfunctionsalready discussed. There
is, however, no reason to believe that induced transient
changes are uniqueto radiation.

448. Theoverall judgement that, on mechanistic grounds,
cancer risk at low doses will increase asa simple function
of dose is, however, subject to a number of important
caveats. Some of these have already been rehearsed in this
Annex, but two deserve additional attention.

3. Error-free DNA repair at low doses

449. Recombinational repair involving fully homol ogous
DNA sequences may be regarded as the sole source of
potentially error-free repair, particularly with respect to
DNA double-strand breaks/l esionsthat invol ve compl exity
of DNA damageat singlesites, so-called multiply damaged
sites. It has been argued that such homologous recom-
bination is not the predominant mode of repair after
ionizing radiation and that the majority of the relevant
double-strand lesions are processed via error-prone
pathways involving non-homol ogous recombination. The
data that underpin this judgement have, however, been
obtained largely through cellular and molecular studies
conducted after relatively high radiation doses. For
example, as discussed earlier, the formation of dicentric
chromosomeaberrationsprobably reflectssuch error-prone
repair processes, and for these aberrations, thelowest dose
at which an excess has been reproducibly obtained is
around 20 mGy (low-LET). Human epidemiological
studies, also outlined in this Annex, reveal evidence of
excess cancer risk at somewhat higher doses. Below these
doses there must be complete dependence on an
understanding of mechanistic processes and, critically, on
the contention that error-prone DNA repair processes
remain in placein cells down to single-track intersections
of DNA.
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450. Although there is no specific reason to depart from
this position, it remains possible that at low doses, bel ow,
say, 10mGy (low-LET), whereradiogenicDNA lesionsare
few, error-free homol ogous recombination predominates.
In this hypothetical situation, error-prone repair would be
asecondary responsethat applied only when the abundance
of DNA lesionsincreased above somecritical level. Under
these conditionstheform of the dose-responsereationship
for mutational/tumorigenic risk would be expected to have
athreshold-like component at very low doses.

451. Forma experimental approaches to this problem are
beyond the resolution of current quantitative techniques in
cdlular radiobiology. One particular st of observations
argues, however, againg the proposition of wholly error-free
repair at very low abundance of radiogenic DNA lesions.

452. As noted in this Annex and in Annex F, “DNA
repair and mutagenesis’, spontaneously arising DNA
double-strand breaks have a relatively low abundance in
mammalian cdls. In spite of this, dicentric chromosome
aberrations, amanifestation of DNA break misrepair, occur
at a reproducibly measurable spontaneous rate of about 1
per 1,000 cell generations[L8]. These observations argue
that such DNA misrepair processesare not solely aproduct
of a high incidence of DNA lesions and therefore that
error-free repair at low doses is unlikely. Although
somewhat less certain, a proportion of the DNA deletions/
rearrangements that characterize some spontaneously
arising gene mutationsin mammalian cells may also arise
asaconsequenceof DNA break misrepair mechanisms(see
Annex F, “ DNA repair and mutagenesis’).

453. Finally, dthough in a repair context homologous
recombination is potentially error-free, it may carry its own
risk in that it can serve to duplicate genes from the
undamaged homologous chromosome of a given target cdl.
Theserecombinational processesarewd |-recognized mechan-
ismsfor theunmasking of variant heterozygousgenesthat can
contribute to tumorigenic development, i.e. homologous
recombination as well as DNA deletion resultsin the loss of
heterozygosity in DNA that characterizes many human and
animal tumours[V2]. Thus, it may bethat thereisnorisk-free
way in which complex DNA double-strand lesions can be
processed in the cells of genetically heterozygous organisms
such as humans.

4. Epigenetic events in tumorigenesis

454. Stable epigendtic effects on gene activity such as gene
slencing via heterochromatization and gene activation via
lossof imprinting have been described in this Annex asbeing
involved in tumour devel opment. Whereasthereisaweslth of
information on dose-response relationships for the induction
of gene/chromosomal mutations, it remains most uncertain
whether radliation damage contributesdirectly totheestablish-
ment of these stable epigenetic events and whether there is
any form of dose response. In general, the implications for
low-dose cancer risk remain a matter of speculation, but a
number of issues may be raised.

455. First and most simply, in some instances the trans-
location of intact genetic material from one genomic
location to another can lead to changesin geneactivity, so-
called position effects (see [P12]). The dose response for
such effects should follow that of chromosomal exchange,
so there should be no major uncertainty. Cellular targets
for loss of imprinting and/or changesin the status of DNA
methylation and/or heterochromatinin situremain obscure,
however.

456. Second, some in vivo/in vitro studies with rodents
noted in the UNSCEAR 1993 Report [U3] and in this
Anneximply that therate of induction by radiation of early
tumour-associated events in clonogens of thyroid and
breast tissue is too high to be explained by conventional
mutational mechanisms. Theseobservations, together with
thosemadein certain cellular transformation systems, have
led to suggestions that induced epigenetic processes may
play an important rolein radiation tumorigenesis [C19].

457. Thecdlular and molecular basi sof thesehigh-frequency
events remains unresolved. Neverthdess, the finding of
induced frequencies for tumour-initiated clonogens of around
1072 cannot possibly be explained by a gene-specific deletion
mechanism such as that which applies to HPRT in cultured
cdls, where induced frequencies after low-LET irradiation
rarely exceed avalue of 10, As noted in Annex F, “DNA
repair and mutageness’, induced mutation frequency is,
however, influenced strongly by genetic context, with
toleranceof DNA lossan important factor; recent observations
concerning tumorigenic mechanismsin mice, outlined bel ow,
suggest that extreme forms of such tolerance may not be
unusua and may be mideading with respect to gene targets.

458. Instudiesof radiation tumorigenesisin p53-deficient
(+/-) mice, Kemp et a. [K2] noted thevery high frequency
at which tumour-initiating events appeared to be induced
and suggested that radiation-induced persistent genomic
instability with regpect to wild type p53 might be
responsible. Follow-up sudies[B4] suggest, however, that this
high frequency of initial events can be explained by a
mechanism involving whole chromosome gain and loss
(aneuploidy), where the target size for p53 gene loss from
critical cdlsmay be orders of magnitudegreater thanthegene
itsdf. In the sameway, loss of wild-type Apc during the early
development of intestinal neoplasiain Apc™/~ micefrequently
involves|oss of the whole of the encoding chromosome[L 20,
S18] and isaso likely to be amuch more frequent event than
single gene deetion. Thus, aone, frequency of tumour
initiation may not be a reiable indicator of epigenetic
involvement in radiation tumorigeness. In this respect the
extrapolation of mechanistic data from rodent experimental
systems to human tumorigenesis should be undertaken with
caution.

459. Nevertheless, these findingsindicate that in seeking
to modd multi-stage radiation tumorigenesis, it is not
always necessary to be constrained by conventional values
of induced mutation frequency that apply to single genesin
cellsirradiated invitro. Very large chromosomal deletions
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and specific forms of aneuploidy can be tolerated and
selected during in vivo tumour devel opment, and the rate
of many forms of gene/chromosoma mutation is often
enhanced following the spontaneous devel opment of mutator
phenotypes. In addition, the suppression of apoptosis during
tumorigenesis may alow the proliferation of genomicaly
aberrant cellsthat would otherwise have been iminated. In
effect, the loss of apoptotic processes can further enhancethe
rate at which viable mutant cells appear within evolving
neopladtic clones.

G. SUMMARY

460. Current evidence suggests that the hiological
modelling of radiation tumorigenesis might best proceed
on theinitial assumption that at low doses radiation acts
primarily as a mutational initiator of neoplasia. The
situation regarding protracted low-dose irradiation is
biologically more complex, and mechanistic studies have
yet to comment specifically upon the extent to which
radiation may influence the later stages of tumorigenesis.
The possible existence of error-free DNA repair in target
cells that might generate a low-dose threshold for tumour
inductionisrecognized but judged on fundamental grounds
to be unlikely. Other cellular and humoral factors would
need to be modulated in a dose-dependent fashion to
specifically changetheinitial slopeof thedose responsefor
tumour induction. At present, conclusiveevidencefor these
radiation-specific modulations operating at low doses is
lacking, but such effects would not be unexpected after
high-dose irradiation. An additional uncertainty is the
balance between mutational and epigenetic contributions
to induced neoplasia, particularly the role and possible
dose response for epigenetic effects. Epigenetic effects
following radiation could, in principle, impact al stages of
tumour devel opment. Trangent biochemical stress responses
and bystander effects are most likdy to influence the
mutagenic and apoptotic aspects of tumour initiation, while

induced and persistent genomic ingtability may be envisaged
to impact pre-neoplastic clonal evolution and malignant
devel opment. Although fundamental knowledgeisincreasing
rapidly, the extent to which such processes specifically
determine low-dose tumorigenic response remains largely a
matter of goeculation.

461. Overdl, evidence on the fundamental aspects of
radiation action and its reationship to tumour induction
provide no firm scientific reasons to believe that at low doses
the form of cdlular dose response is related in a complex
fashion to increasing dose. Employing the principle of
parsmony, it is therefore suggested that low-dose cdlular
mutagenic risk and, by implication, that for tumorigenesis
risesfrom the zero-dose basdine as a smplefunction of dose.
The linear form isthe smplest of these responses and is not
inconsgent with the magjority of the quantitative data
discussed in this Annex. Irrespective of future scientific
devel opments, however, it may well beimpossible to provide
formal scientific proof of linearity or any other form of low-
dose radiation response for tumorigenesisin vivo.

462. In addition, for a complex multifactorial response such
as in vivo tumorigenesis, the expresson of initial in vivo
cdlular events may in some circumstances be subject to high
dose modification. Accordingly, caution needsto be exercised
in interpreting dose-response data for in vivo tumorigenesis
that encompass wide dose ranges, say, 0-5 Gy low-LET.

463. The observation of apparently smple forms of in vivo
dose response over such a dose range can, in principle,
disguise competing dose-dependent eements in the tumori-
genic process. For example, at high doses, the suppressve
effects of initial inactivation of target cdls may compete with
subsequent tumour promotion in damaged normal tissue. For
the purposes of modd ling thebiological dementsof radiation
tumorigenesis, it is not possible at present to quantify such
competing effects, but as knowledge accumulates these
problems will demand increasing attention.

V. BIOLOGICALLY BASED MODELLING OF RADIATION CARCINOGENESIS

464. The principal aims of this Chapter are (a) to review
general aspects of the computational models that seek to
interpret epidemiological data on cancer risk, (b) to describe
the empirical and mechanigic modes that have been
developed, and (€) to illustrate and compare the predictive
features of empirical and mechanigtic models with emphasis
onrisk at low doses. Computational models of cancer risk can
also play ardlein describing the possibleinteractions between
radiation and other agents. Thiscomplex issueisexplored in
Annex H, “ Combined effects of radiation and other agents’ .

465. In Chapter 1V the review of fundamental data on
radiation tumorigenesisallowed proposal sto be made on how
evolving knowledge might guide the development of
mechanistic modds of radiation risk. At this early stage of

underganding, much of the guidance remains to be
implemented, but threemain principles can be considered: (a)
radiation will tend to act at the earliest stage of tumorigenesis
(initiation), (b) in genera, no low-dose threshold should be
expected, and (c) time-congant rdative risk is suggested on
the bads that radiation-induced and spontaneoudy arising
tumorigenic events will be subject to the same hogt and
environmental modifications athough this is recognized as
being somewhat smpligtic.

466. The biological uncertainties noted in earlier Chapters
suggest, however, that dose-dependent differences between
tumour types with respect to their induction and the
mechanisms involved should be expected. Accordingly,
general comment will be provided on the predictive value of
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biologically based mode swith respect tothe projection of risk
with time and dose response for radiation tumorigeness. At
the outset it is however important to stress that although a
number of valuable mathematical and datistical tools have
been deve oped, the outcome of cancer risk moddlingisoften
dependent on the initia biological assumptions made. Even
using the same data sets, different groups of workers can
arrive at different optimal mathematical/statistical solutions
depending on these assumptions. Thisis dearly asgnificant
source of uncertainty.

A. GENERAL ASPECTS OF THE PROBLEM

467. One of the principal uncertainties that surround the
calculation of cancer risks from epidemiological data results
from the fact that few radiation-exposed cohorts have been
followed up to extinction. For example, 50 years after the
atomic bombings of Hiroshima and Nagasaki, about half of
the survivors were ill aive [P2]. In attempting to calculate
lifetime population cancer risks it is therefore important to
predict how risks might vary as a function of time after
radiation exposure, in particular for that group for whom the
uncertainties in projection of risk to the end of life are most
uncertain, namely those who were exposed in childhood.

468. One way to modd the variaion in risk is to use
empirical modds incorporating adjustments for a number of
variables (e.g. age at exposure, time since exposure, sex) and
indeed this approach was used by the BEIR V Committee
[C1] in its andyses of data on the Japanese atomic bomb
survivorsand variousother irradiated groups. Recent analyses
of solid cancersfor these groupshavefound that theradiation-
induced excess risk can be described fairly well by a rdative
risk modd [12]. Thetime-constant rel ativerisk mode assumes
that if a dose of radiation is adminigtered to a population,
then, after some latent period, there is an increase in the
cancer rate, the excess rate being proportional to the
underlying cancer rate in an unirradiated population. For
leukaemia, this modd provides an unsatisfactory fit,
consequently a number of other models have been used for
thisgroup of malignancies, including onein which the excess
cancer rateresulting from exposure is assumed to be constant
i.e. the time-constant additive risk mode [U4].

469. It iswel known that for all cancer subtypes (including
leukaemia) the excess relative risk (ERR) diminishes with
increasing age at exposure [U2]. For those irradiated in
childhood there is evidence of a reduction in the excess
relative risk of solid cancer 25 or more years after exposure
[L6, L33, P2, T4]. For solid cancersin adulthood the excess
reative risk is more nearly congtant, or perhaps even
increasing over time [L32, L33], dthough there are some
indications to the contrary [W9]. Clearly then, even in the
case of solid cancers various factors have to be employed to
modify the excess rdative risk.

470. Asociated with the issue of projection of cancer risk
over time is that of projection of cancer risk between two
populations with differing underlying susceptibilities to

cancer. Analogous to the reative risk time projection model
onecan employ amultiplicative transfer of risks, in which the
ratio of the radiation-induced excess cancer rates to the
underlying cancer rates in the two populations might be
assumed to be identical. Similarly, akin to the additive risk
time projection model one can use an additive transfer of
risks, inwhich theradiati on-induced excesscancer ratesinthe
two populations might be assumed to be identical. The data
that are available suggests that thereis no Smple solution to
the problem [U2]. For example, there are weak indications
that the relative risks of somach cancer following radiation
exposure may be more comparable than the absolute excess
risksin populationswith different background stomach cancer
rates [U2]. The breast cancer relative risks observed in the
mogt recent analysis of the Japanese atomic bomb survivor
incidence data [T4] are rather higher than those seen in
various other data sets, particularly for older ages at exposure
[B6, M2, S20]. The observation that sex differencesin solid
tumour excess relativerisk are generaly offset by differences
in sex-specific background cancer rates [U2] might suggest
that absolute excess risks are more aike than excess rdative
risks. Taken together, these condderations suggest that in
various circumgtances relative or absolute transfers of risk
between populations may be advocated, or indeed, the use of
some sort of hybrid approach such as that which has been
employed by Muirhead and Darby [M12] and Little ¢ al.
[L56].

471. The exposed populations that are often used for deriv-
ing cancer riskse.g. the Japaneseatomic bomb survivors, were
exposad to ionizing radiation at high doses and high dose
rates. However, it is the possible risks arising from low dose
and low dose-rate exposure to ionizing radiation which are
central tothe satting of standards for radio-logical protection.
The ICRP [12] recommended application of a dose and dose-
rate effectiveness factor of 2 to scale cancer risks from high
dose and high dose-rate exposure to low dose and low dose-
rate exposure on the basis of animal data, the shape of the
cancer dose response in the bomb survivor data and other
epidemiological data. Although the linear-quadratic dose-
response moded (with upward curvature) found for leukaemia
is perhaps the mogt often employed departure from linearity
in analyses of cancer in radiation-exposed groups [P1, PZ],
other shapes are possible for the dose-response curve [U3].
While for most tumour types in the Japanese data linear-
quadratic curvatureadequatey describesthe shape of thedose-
response curve, for non-mdanomaskin cancer (NMSC) there
is evidence for departures from linear-quadratic curvature.
Thenon-mdanomaskin cancer dose responsein the Japanese
cohort iscongstent with adosethreshold of 1 Sv[L7, L30] or
with an induction term proportional to the fourth power of
dose, with, in each case, an exponentia cdl Serilization term
to reduce non-mdanoma skin cancer risk at high doses
(>3 Sv).

472. Arguably, modd s which take account of the biological
processes |eading to the development of cancer can provide
ingght into these related issues of projection of cancer risk
over time, transfer of risk across population and extrapolation
of risksfrom high doses and dose-ratesto low dosesand dose-
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rates. For example, Little and Charles [L32] have demon-
drated that avariety of mechanistic modds of carcinogenesis
predict an excessrelative risk which reduces with increasing
time after exposure for those exposed in childhood, while for
those exposed in adulthood the excess relative risk might be
approximately constant over time. Mechanistic condderations
also imply that the interactions between radiation and the
various other factors that modulate the process of carcino-
genesis may be complex [L2], so that in genera one would
not expect either reative or absolute risks to be invariant
across popul ations. Someof thegeneral featuresof interaction
between radiation and other factorsare described in Annex H,
“ Combined effects of radiation and other agents” .

B. EMPIRICAL AND MECHANISTIC
MODELS

1. Armitage-Doll multi-stage model

473. Mechanistic models of carcinogenesis were originally
developed to explain phenomena other than the effects of
ionizing radiation. One of the more commonly observed
patterns in the age-incidence curves for epithelia cancersis
that the cancer incidence rate varies approximately as Ct* for
aget and some congtants C and 8. At least for most epithdia
cancers in adulthood, the exponent  of age seems to lie
between 4 and 6 [D5]. The so-called multi-sage mode of
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carcinogenesis of Armitage and Doll [A1] was developed in
part as a way of accounting for this approximately log-log
variation of cancer incidence with age. The mode supposes
that at aget an individual hasapopulation of X(t) completely
normal (stem) cellsand that these cdls acquire one mutation
at arateM(0)(t). Thecdlswith one mutation acquire asecond
mutation at a rate M(1)(t), and so on until at the (k - 1th

Death/differentiation

DE)(t)

Cell division

Death/differentiation

Mutation
M(2)(®)

Mutation

e (&)

M(k-1)(1)

Cell divison

Empirical/mechanistic models of multi-stage carcinogenesis.
SC;: Stem cell of stage i
G(i)(t): Stem cell rate
at stage i and age t

SC,,: Malignant stem cell
D(i)(t): Death/differentiation rate
at stage i and age t

sagethe cdlswith (k - 1) mutations proceed at arate M (k -
1)(t) to become fully malignant. The modd is illusrated
schematicallyin Figure X XII1. It can be shown that when X(t)
and M(i)(t) are congtant, a model with k stages predicts a
cancer incidence rate that is approximatdy given by the
expression Ct“ %, with C=M(0) M(1)..M(k - 1)/(1x 2... (k
- 1)) [AL, M27].
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474. In developing their model, Armitage and Dadll [Al]
were driven largely by epidemiological findings and, in
particular, by the age digtribution of epithdia cancers. In the
intervening 30 years, substantial biological evidencehas been
gathered that cancer is a multi-step process involving the
accumulation of a number of genetic and epigenetic changes
inadonal population of cdls. Thisevidence wasreviewed in
the UNSCEAR 1993 Report [U3], and subsequent data and
concepts are outlined in Chapter IV of this Annex. However,
there are certain problems with the modd proposed by
Armitage and Dall [Al] associated with the fact that to
account for the observed age-incidence curve Ct* with B
between 4 and 6, between five and seven stages are needed.
For colon cancer there is evidence that six stages might be
required [F1, U3]. However, for other cancers there is, at
present, insufficient evidence to conclude that there are as
many rate-limiting stages as this. BEIR V [C1] surveyed
evidence for all cancers and found that two or three stages
might be jugtifiable, but not a much larger number. To this
extent, the large number of stages predicted by the Armitage-
Dall modd appearsto beverging on thebiologically unlikely.
Rdated to the large number of stages required by the
Armitage-Dall multi-stage modd arethe high mutation rates
predicted by themodd . Mool gavkar and Luebeck [M28] fitted
the Armitage-Doll multi-stage modd to data sats describing
the incidence of colon cancer in agenera population and in
patientswith familia adenomatouspolyposis. Moolgavkar and
Luebeck [M28] found that Armitage-Dall modd swith fiveor
six stages gave good fits to these data sets, but that both of
these models implied mutation rates that were too high by at
least two orders of magnitude. The discrepancy between the
predicted and experimentally measured mutation rates might
be diminated, or at least Sgnificantly reduced, if account is
taken of the fact that the experimental mutation rates are
locus-specific. A “mutation” inthe sensein which itisdefined
in this mode might result from the "failure’ of any one of a
number of independent loci, sothat the mutation” ratewould
be the sum of the failure rates at each individua locus.

475. Notwithstanding these problems, much use has been
made of the Armitage-Doll multi-stage modd asaframework
for underganding the time course of carcinogeness,
particularly for theinteraction of different carcinogens[P10].
Thomas[ T3] hasfitted theArmitage-Doll modd with oneand
two radiation-affected stages to the solid cancer data in the
Japanese Life Span Study 11 cohort of bomb survivors.
Thomas[T3] found that amodd with atotal of five stages, of
which ether sages one and three or stages two and four were
radiation-affected, fitted significantly better than moddswith
a gngle radiation-affected stage. Little et a. [L5, L35] dso
fitted the Armitage-Doll modd with up to two radiation-
affected stagestothe Japanese Life Span Study 11 dataset and
also to data on various medically exposed groups, using a
dightly different techniqueto that of Thomas[T3]. Littleetal.
[L5, L35] found that the optimal solid cancer modd for the
Japanese data had three dages, the first of which was
radiation affected, while for the Japanese leukaemia data the
best fitting model had three stages, the first and second of
which wereradiation affected. A version of the Armitage-Dall
has also been fitted to the Life Span Study solid tumour

incidence data by Pierce and Menddsohn [P22], who found
that a mode with five or Sx stages gave the best fit to this
data.

476. Both the paper of Thomas[T3] and those of Littleet al.
[L5, L35] assumed theith and the jth stlages or mutation rates
[M(@ -1), M( - 1)] ( > i) in amodd with k stages to be
(linearly) affected by radiation and the transfer coefficients
(other than M(i -1) and M(j -1)) to be congtant, asis the
sem-cdl population X(t). In these circumstances, it can be
shown [L5] that if an ingtantaneoudy administered dose of
radiation d is given at age a, then at aget (>a) the cancer rate
is approximately as follows:

I..ltk_l + adai_ltk_i_l + (5)
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for some positive constants p, a and B, and where vy is
given by
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and I'(i) isthe gamma function [A6].

477. Thefirstterm (ut“?) in expression (5) correspondsto
the cancer rate that would be observed in the absence of
radiation, whilethe second term (ada *t* %) and the third
term (Bdat*7-%) represent the separate effects of radiation
on the ith and jth stages, respectively. The fourth term
(yd?dt“I-1), which is quadratic in dose, d, represents the
consequences of interaction between theeffectsof radiation
on theith and the jth stages and is only non-zero when the
two radiation-affected stages are adjacent (j =i + 1). Thus
if the two affected stages are adjacent, a quadratic (dose
plus dose-squared) relationship will occur, whereas the
relationship will beapproximately linear if thetwo affected
stages have at least one intervening stage. Another way of
considering the joint effects of radiation on two stagesis
that for a brief exposure, unless the two radiation-affected
stages are adjacent, there will be insignificant interaction
between the cdlls affected by radiation in the earlier and
later of thetwo radiation-affected cell compartments. This
issimply because very few cellswill move between thetwo
compartments in the course of the radiation exposure. If
the ith and the jth stages are radiation-affected, the result
of a brief dose of radiation will be to cause some of the
cells that have aready accumulated (i -1) mutations to
acquire an extra mutation and move from the (i - 1)th to
the ith compartment. Similarly, it will cause some of the
cellsthat have already acquired (j - 1) mutationsto acquire
an extra mutation and so move from the (j - 1)th to thejth
compartment. It should be noted that the model does not
require that the same cellsbe hit by the radiation at theith
and jth stages, and in practice for low total doses, or
whenever thetworadi ati on-affected stages are separated by
an additional unaffected stage or stages, an insignificant
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proportion of the same cells will be hit (and mutated) by
the radiation at both theith and the jth stages. The result
isthat unlesstheradiation-affected stages are adjacent, for
a brief exposure the tota effect on cancer rate is
approximately the sum of the effects, assuming radiation acts
on each of theradiation-affected tages al one. Oneinteresting
implication of modds with two or more radiation-affected
sagesisthat asaresult of interaction between the effects of
radiation at thevarious stages, protraction of dose, in general,
resultsin an increase in cancer rate, i.e. an inverse dose-rate
effect [L5]. However, it can be shown that in practice the
resulting increase in cancer risk islikely to be small [L5].

478. Thevariant of the Armitage-Doll modd fitted by Pierce
and Mendelsohn [P22] is unusual in that it assumes that
radiation equally affects all k mutation rates in the modd
except thelagt. (In the last stage, radiation is not assumed to
have any effect.) This assumption digtinguishes their use of
thismode from theapproachesof Littleet al. [L5] or Thomas
[T3], both of which assumed that radiation affected at most
two of the mutation rates (and neither of which constrained
the effects of radiation to be equal in these sages). There are
some technica problems with the paper of Fierce and
Mendd sohn [P22] arisng from the authors failure to take
account of interactions between the effects of radiation on the
(k - 2) pairsof adjacent sages. These interactions contribute
significantly by adding a quadratic term in the dose response
and cannot be ignored, even to a firgt-order approximation.
The fact that in genera there is little evidence for upward
curvature in the solid cancer dose response in the Life Span
Study [P1, L7, L44] argues that if proper account had been
taken of these interaction terms, the modd of Fierce and
Mendd sohn [P22] would net fit the datawel. Moreover, one
implication of the mode of Pierce and Menddsohn [P22] is
that the excessrelativerisk will be proportional to 1/a, i.e. the
inverse of attained age. However, thisis known to provide a
poor description of the excess rdative risk of solid cancer,
even within the Life Span Study cohort [L56, L57].

479. Theoptimal leukaemiamodd found by Littleet al. [L5,
L35], having adjacent radiation-affected stages, predicts a
linear-quadratic dose response, in accordance with the
significant upward curvature which has been observed in the
Japanese data st [P1, P2, P3]. This leukaemia model, and
also that for solid cancer, predicts the pronounced reduction
of excess relative risk with increasing age at exposure which
has been seen in the Japanese atomic bomb survivors and
other data sets [U2]. The optima Armitage-Dall leukaemia
model predicts a reduction of excess reative risk with
increasing time after exposure for leukaemia. At least for
those expased in childhood, the optimal Armitage-Doll solid
cancer modd also predicts a reduction in excess reative risk
with timefor solid cancers. These observations are cons stent
with the observed pattern of risk in the Japanese and other
data sts [L33, U2]. Neverthdess, there are indications that
the Armitage-Doll model may not provide an adequate fit to
the Japanese data [L6]. For this reason, and because of the
other problems with the Armitage-Doll modd discussed
above, a dightly different cdass of modds need to be
considered.

2. Two-mutation models

480. In order to reduce the biologically implausible number
of stages required by their firs modd, Armitage and Dall
[A7] devdoped a further modd of carcinogenesis, which
postulated a two-stage probabilistic process whereby a cell
following an initia transformation into a pre-neoplastic Sate
(initiation) was subject toaperiod of accd erated (exponential)
growth. At some point in this exponential growth acdl from
this expanding population might undergo a second
transformation  (promation) leading directly to the
devdopment of a neoplasm. Like their previous modd, it
satisfactorily explained the incidence of cancer in adults, but
was less successful in describing the pattern of certain
childhood cancers.

481. Thetwo-mutation model developed by Knudson [K16]
to explain the incidence of retinoblastoma in children took
account of the process of growth and differentiation in normal
tissues. Subsequently, the stochasti ¢ two-mutation model of
Moolgavkar and Venzon [M7] generalized Knudson's
model, by taking account of cell mortality at all stages as
well as allowing for differential growth of intermediate
cells. The two-stage model developed by Tucker [T7] is
very similar to the model of Moolgavkar and Venzon but
does not take account of the differential growth of inter-
mediate cdls. The two-mutation modd of Moolgavkar,
Venzon, and Knudson (MVK) supposesthat at aget there
are X(t) susceptible stem cells, each subject to mutation to
an intermediate type of cel at a rate M(0)(t). The
intermediate cellsdivide at arate G(1)(t); at arate D(1)(t)
they die or differentiate; at a rate M(1)(t) they are
transformed into malignant cells. The model isillustrated
schematically in Figure XXII1. In contrast to the case of
the (first) Armitage-Doll model, there is a considerable
body of experimental biological data supporting this
initiation-promotion type of modd (see, eg. [M5, T6]).
The model has been developed to allow for time-varying
parameters at the first stage of mutation [M30]. An
additional generalization of this model (to account for
time-varying parameters at the second stage of mutation)
was presented by Little and Charles [L32], who also
demongtrated that the excess rdative risk predicted by the
model when the fird mutation rate was subject to
ingtantaneous perturbation decayed at least exponentially for
aaufficiently long time after the perturbation. Moolgavkar et
a.[M29] and Luebeck et d. [L12] and Heidenreich et al. [H2]
used thetwo-mutation mode to describetheincidence of lung
cancer in rats exposed to radon, and in particular to describe
the inverse dose-rate effect that has been observed in these
data. Other groups have also modelled lung tumour risk in
rats exposed to radon [H35, L2], and in this experimental
system the modelling suggests effects of radiation on the
later stages of tumorigenesis. Moolgavkar et al. [M13] and
Luebeck et al. [L16] also applied the modd to describethe
interaction of smoking and radiation as causes of lung
cancer in the Colorado Plateau uranium miner cohort.
Morerecently the two-mutation model has been utilized to
model lung, stomach, and colon cancer in the atomic bomb
survivor incidence data [K17].
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482. Moolgavkar and Luebeck [M28] have used models
with two or three mutations to describe the incidence of
colon cancer in ageneral population and in patients with
familial adenomatous polyposis. They found that both
model s gave good fits to both data sets, but that the model
with two mutations implied biologically implausibly low
mutation rates. Thethree-mutation model, which predicted
mutation rates more in line with biological data, was
thereforesomewnhat preferable. Theproblem of implausibly
low mutation rates implied by the two-mutation model is
not specific to the case of colon cancer, and is discussed at
greater length by Den Otter et al. [D6] and Derkinderen et
al. [D7], who arguethat for most cancer sitesamodd with
more than two stagesis required.

3. Generalized Moolgavkar-Venzon-Knudson
(MVK) multi-stage models

483. A number of generalizations of the Armitage-Doll
and two- and three-mutation model s have been devel oped
[L31, T6]. In particular, two closdly related models have
been devel oped, whose properties have been described by
Little[L31]. Thefirst model isageneralization of thetwo-
mutation model of Moolgavkar, Venzon, and Knudson and
sowill betermed the generalized MVK model. The second
model generalizes the multi-stage model of Armitage and
Doll and will betermed the generalized multi-stage model.
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Figure XXIV.

For the generalized MVK model it may be supposed that at
aget there are X(t) susceptible stem cells, each subject to
mutation to atype of cell carrying an irreversible mutation
at arate of M(0)(t). The cells with one mutation divide at
arate G(1)(t); at a rate D(1)(t) they die or differentiate.
Each cdl with one mutation can also divide into an
equivalent daughter cell and another cell with a second
irreversible mutation at a rate M(2)(t). For the cells with
two mutations there are also assumed to be competing
processes of cell growth, differentiation, and mutation
taking place at rates G(2)(t), D(2)(t), and M(2)(1),
respectively, and so on until at the (k - 1)th stagethecells
that have accumulated (k - 1) mutations proceed at arate
M(k - 1)(t) to acquire another mutation and become
malignant. Themode isillustrated schematicallyin Figure
XXII. The two-mutation model of Moolgavkar, Venzon,
and Knudson corresponds to the case k = 2. The
generalized multi-stagemodel differsfromthegeneralized
MVK model only in that the process whereby a cedl is
assumed to split into an identical daughter cell and a cell
carrying an additional mutation is replaced by the process
in which only the cell with an additional mutation results,
i.e. anidentical daughter cell isnot produced. Theclassical
Armitage-Doll multi-stage model corresponds to the case
in which the intermediate cell proliferation rates G(1)(t)
and the cdll differentiation rates D(i)(t) are all zero.
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484. 1t can beshown [L31] that the excessrelativerisk for
either model following a perturbation of the parameters
will tend to zero as the attained age tends to infinity. One
can also demongtrate that perturbation of the parameters
M(k - 2), M(k - 1), G(k - 1), and D(k - 1) will result in
an almost instantaneous change in the cancer rate [L31].

485. Generdlized MVK modes have been fitted to the
atomic bomb survivor mortality data [L36]. For both
leukaemia and solid cancers, the only models with a single
rediation-affected parameter that give even dightly
satisfactory fits are those in which radiation is assumed to
affect M(0) [L36]. For both leukaemia and solid cancer,
generalized two- and three-mutation MV K mode sfit equally
well. For leukaemia, the three-mutation model provides a
satisfactory fit only when M(0) and M (1) are assumed affected
by radiation. For solid cancer and leukaemia there are
indicationsof lack of fit tothe youngest age-at-exposure group
for the three-mutation mode!; thereis also some lack of fit of
the optimal solid cancer three-mutation mode to this age-at-
exposure group (Figure XX1V).

486. For solid cancer, only M(0) is (linearly) affected by
radiation for two- or threemutation generalized MVK
modds. In contrast to the solid cancer models, both leukae
miamode sassumealinear-quadrati c dose dependence of the
M(i). The non-linearity found in the leukaemia M(i) dose
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response reflects known curvature in the leukaemia dose
response in the atomic bomb survivor data[C1, P1]. Thereis
some evidence, eg. for chromosome aberrations, that the
mutation induction curveis linear-quadratic at least for low-
LET radiation, although linearity is generally observed for
high-LET radiation [L34].

487. Despitetheindicationsof lack of fit discussed above, the
variation of excess reative risk with time since exposure and
age at exposure predicted by the optima two- and three-
mutation modes for solid cancer (Figure XXIV) is in
quditative agreement with the variation seen in the Japanese
bomb survivors and in other irradiated groups [U2]. In
particular the optimal modds demondrate the progressive
reduction in excess rdative risk with incressing age at
exposure seen in many data sets [UZ], together with the
marked reduction in excessrdative risk with increasing time
since exposure observed in various groups exposed in
childhood [L42, P2].

488. Figure XXV renforcesthetheoretical predictionsof an
earlier paper by Little[L31] and showsthat immediatdly after
perturbing M(0) in the two-mutation modd, the excess
relativerisk for solid cancersand leukaemiaquickly increases.
However, there are no datain the first five years of follow-up
in the survivor cohort [P2], so that it is difficult to test the
predictions [L31] in respect of the variation in risk shortly
after exposure using that data set.
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Figure XXV. Excess relative risk (Cl: 90%) of solid cancers and leukaemia in Ankylosing Spondylitis Study in
United Kingdom and the International Study of Cervical Cancer [B5, D8].
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489. Thereis a suggestive increase in the excess relative
risk of cancers other than leukaemia and colon cancer in
the UK ankylosing spondylitis patients <5 years after first
treatment (the first two datapoints in the top-left panel of
Figure XXV), but the authors caution against interpreting
this as the effect of the x-irradiation [D8]. There are no
strong indications of an elevation in risk in the first five
years after radiotherapy for cancers other than leukaemia
and of the reproductive organs in a study of women
followed up for second cancer after radiotherapy for
cervical cancer [B5]. This corresponds to the first two
datapoints in the bottom panel of Figure XXV. (Lung
cancersareal so excluded from the International Radiation
Study of Cervical Cancer (IRSCC) data shown inthelower
left panel of Figure XXV because of indications of above-
averagesmoking ratesin thiscohort [B5].) In general there
are no strong indications of an elevation in solid cancer
risk soon after irradiation in other exposed groups[U2]. To
this extent there are indications of inconsistency for solid
cancers between the predictions of thetwo-mutation model
and the observed variation in risks shortly after exposure.

490. In their analysis of the Colorado uranium miners
data, Moolgavkar et al. [M13] partially overcame the
problem posed by thisinstantaneousrisein thehazard after
perturbation of the two-mutation model parameters by
assuming afixed period (3.5 years) between theappearance
of the first malignant cell and the clinical detection of
malignancy. However, the use of such a fixed latency
period only trandl atesafew yearsinto thefuturethe sudden
step-changein thehazard. To achievethe observed gradual
increase in excess relative risk shortly after exposure, a
stochastic process must be used to model the transition
from the first malignant cell to detectable cancer; such a
process is provided by the final stage(s) in the three- or
four-mutation generalized MVK models used in the
analysis of Little [L36]. In particular, an exponentially
growing population of malignant cells could be modelled
by apenultimate stagewith G(k - 1) >0and D(k - 1) =0,
the probability of detection of the clone being determined
by M(k - 1). Intheir analysis of lung, stomach, and colon
cancer in the atomic bomb survivor incidence data, Kai et
al. [K17] did not assume any such period of latency,
perhaps because of the long time after the bombings (12.4
years) before solid cancer incidencefollow-up beganin the
Life Span Study.

491. The evidence with respect to the variation in excess
relativerisk shortly after exposurefor leukaemiasisrather
different from that for solid cancers. In the United
Kingdom ankylosing spondylitis patients [D8] there is
significant excess risk even in the period <2.5 years after
first treatment (first datapoint in top-right pand of Figure
XXV). The IRSCC data [B5] shows a significant excess
risk for acutenon-lymphocyticleukaemiaintheperiod 1-4
years after first treatment (the second datapoint in the
lower-right panel of Figure XXV), and this pattern is
observed in many other groups [U2]. More detailed
analysis of UK leukaemiaincidence data indicate that the
age-incidence curves for all subtypes of lymphocytic

leukaemia can be adequately modelled by two- and three-
mutation generalized MVK models [L26, L36]. However,
the two-mutation modelsfor acute lymphocytic leukaemia
(ALL) imply avery small number of stem cells(<10* cells)
if the model isnot to yield implausibly low mutation rates
[L26].

492. Little[L55] fitted various generalized MVK models
to the three main radiogenic |eukaemia subtypes, namely
acute myeloid leukaemia (AML), chronic myeoid
leukaemia (CML) and acutelymphocyticleukaemia(ALL)
in two incidence data sets, one relating to a subset of the
population of the United Kingdom recently assembled by
the LeukaemiaResearch Fund (LRF) [C21] and thesecond
the Japanese atomic bomb survivors [P3]. The results of
this modedl fitting are illustrated by Figures XXVI and
XXVII. Figure XXV showsthat the optimal two-mutation
model sadequately describethebackgroundincidenceof all
three leukaemia subtypes in the United Kingdom
Leukaemia Research Fund data [L55]. The optimal two-
mutation model for AML assumes a step change in the
numbers of susceptible stem cells and a simultaneous
change in the intermediate cell proliferation parameters,
G(2)(t) and D(1)(t). The optimal two-mutation model for
CML assumes a step changein the numbers of susceptible
stem cells and a simultaneous change in the number of
susceptible stem cells and a simultaneous change in the
intermediate cell growth parameter, G(1)(t), although the
cell death or differentiation rate, D(1)(t), is constant. The
optimal two-mutation modd for ALL assumesasusceptible
stem cell population of the form X = X, exp [X; t + 1.
X.,] and astep changein theintermediatecell proliferation
parameters, G(1)(t) and D(1)(t). As can be seen from
Figure XXVI, threeemutation models provide a rather
worse fit for all leukaemia subtypes, particularly for ALL
[L55]. For ALL, two-mutation models which assumed
ionizing radiation acts to elevate mutation rates for life
fitted the Japanese atomic bomb survivor incidence data
rather worse than models which assumed ionizing
radiation acts to elevate the first mutation rate
instantaneoudy [L55] (see Figure XXVII, lower pand).
For CML, two-mutation mode s which assumed ionizing
radiation acts to elevate mutation rates for life fitted the
Japanese atomic bomb survivor incidencedatarather better
than modes which assumed ionizing radiation acts to
elevate the first mutation rate instantaneoudy [L55] (see
Figure XXVII, center pand). For AML (Figure XXVII,
upper pandl), both sorts of two-mutation modes fitted
equivaently well [L55].

4. Multiple pathway models

493. Littleet al. [L6] fitted agenerdization of the Armitage-
Dall modd to the Japanese atomic bomb survivor and IRSCC
leukaemia data which alowed for two cell populations at
birth, one condsing of norma stem cdls carrying no
mutations, the second a population of cdlls each of which has
been subject to a single mutation. The leukaemia risk
predicted by such amodd is equivaent tothat resulting from
a modd with two pathways between the norma stem cdll
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Figure XXVI. Fit of optimal two-stage and three-stage generalized MVK models
to Leukeamia Research Fund data for acute myeloid leukaemia (AML), chronic myeloid leukaemia (CML),
and acute lymphocytic leukaemia (ALL) [L55].
Observed risks are shown with 95% CI.
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compartment and the final compartment of malignant cells,
thesecond pathway having onefewer stagethan thefirgt. This
modd fitted the Japanese and IRSCC leukaemia data sets
significantly better, abet with biodlogicaly implausble
parameters, than a moded which assumed just a single
pathway [L6]. The findings of Kadhim e a. [K4], namdy
that the exposure of mammalian haemopoietic tem cdlsto
alpha partides could generally elevate mutation ratesto very
much higher than normal levds, imply (if they are at al
rdevant to tumorigenesis) that there might be multiple
pathways in the progresson from normal stem cdls to
malignant cdlls(discussed in Chapter 1V). The mutation rates
and indeed the number of ratelimiting stages might be
substantidly different in these two or more pathways. A
number of such modes are described by Tan [T6], who also

Two-stage model =—=—=—=—Three-stage model

discusses at some length the biological and epidemiological
evidence for such models.

C. DOSE-RESPONSE RELATIONSHIPS

494. The shape of the cancer dose responseislargely driven
by assumptions made about the shape of the dose-response
curve for the initiating leson or lesons. In particular, if a
leson induced by asingleacutely delivered dose D of ionizing
radiation at age o has a dose response given by the function
F(D,a and this is assumed to act on a single stage (not
necessarily the firg) in the multi-stage process of carcino-
genesis and assuming aso that the dose is low enough to
avoid saturation effects, then it can be shown [L5, L31] that
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Figure XXVII. Fit of optimal two-stage MVK models
to Japanese data for acute myeloid leukaemia (AML), chronic myeloid leukaemia (CML),
and acute lymphocytic leukaemia (ALL) [L55].
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the dose-response curve for carcinogeness i years after
exposure is given by w, (1,8 + F(D,d - w,(t,a for some
functionsw(t,a) and w;(t,a). In other words, thedoseresponse
for cancer has the same shape as the dose response for initia
lesion production. In particular, if theinitial leson production
is alinear-quadratic function of dose D, F(D) =6, + 6, - D
+ o, - D? then the cancer dose response will also be linear-
quadratic, with the same ratio of quadratic to linear
coefficients.

495. Itisacrucia assumption underlying thisinvariancein
“shape’ of the dose-response curves for the production of

MVK exposed, M(0) elevated instantaneously
MVK exposed, M(i) elevated lifetime

initial lesionsand cancer that theradi ation-induced les onsact
only a a single “stage’ in the carcinogenic process. If, for
example, there is a quadratic term in the dose response
resulting from interactions between the (linear) effects of
radiation on different “stages’ (eg. adjacent “stages’ in the
cassical multistage modd of carcinogenesis) then theratio of
the quadratic to the linear coefficients for the cancer dose
response would change with time after exposure [L5)]. It has
been hypothesi zed that the quadrati cterminthedose-response
curve for chromosome aberrations results from interactions
between the effects of two radiation tracks through the cell
nucleus[E10, M42].
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496. Comparison of the shape of dose-response rel ationships
for tumour induction with that of in vitro celular endpoints
such as chromosome aberration induction is not
sraightforward. Chapter |V provides evidence of the cdlular
complexity of multistage tumour development, and some
digortion of doseresponse parameters for initial events in
single cells seems likely. Accordingly, such dose-response
comparisons need to be made with some caution.

497. Neverthdess, the assumption made here is that
tumorigenic dose response is determined largdy by the dose
responsefor the production of initial lesions. The shapeof the
dose response for the various candidate lesions that might be
associated with cancer has been discussed in earlier Chapters
of thisAnnex. Thereis someinformation on thisquestion that
can be obtained from the epidemiological data, although this
isgenerally obtained from moderately high dosestudies (with
total dose up to 5 Gy). Thereis very little reliable epidemio-
logical datareating to total doses lessthan 20 mGy. In most
analysesof epidemiological data, linear dose-responsemodd's
areused, and give satisfactory fit. In particular thisisthe case
for most solid tumoursin the Japanese atomic bomb survivors
[P2, T4] and in many other radiation-exposed groups [UZ].
The linear-quadratic dose response (with upward curvature)
that is found for leukaemia is perhaps the most often
employed departure from linearity. However, in analyses of
the shape of the cancer dose-response curve in radiation-
exposed groups [PL, S1], there are various other possible
shapes to the dose-response curve [U3]. For the class of
determinigtic effects defined by the ICRP[12], it is assumed
that thereisathreshold dose, below which there is no effect
[E9]. Such aform of dose response has also been employed in
analyses of brain damage among those exposed in uterotothe
atomic bombings in Hiroshima and Nagasaki [09, O10].
Arguments have been put forward that sufficiently small
doses of radiation induceeither noincreasein cancer risk (i.e.
adosethreshold), or areduction in cancer risk (i.e. hormess)
[L45, K19, K22, P9], although theseinterpretationshavebeen
challenged [C15, U3].

498. Recently there have appeared a number of assessments
of possble threshold-type departures from linear-quadratic
curvature in the cancer dose-response curve in the Japanese
atomic bomb survivor tumour incidence and mortality data.
These data are noted earlier in the Annex and are discussed
in detail below.

499. Analyssby Littleand Muirhead [L7, L43] and by Hodl
and Li [H26] of the Japanese atomic bomb survivor incidence
data demongtrated a significant improvement in fit to the
leukaemiaincidence datawhen athreshold isincorporated in
a linear-quadratic rdative risk modd, adbet at borderline
levds of gatistical sgnificance (two-sided p=0.04). Littleand
Muirhead [L 7, L43] examined thethreeradiogenicleukaemia
subtypes (AML, ALL, CML), as well asthe principa solid
cancer Stesin the incidence data, and found that, apart from
leukaemia, only for non-melanoma skin cancer was there
evidence of athreshold (at about 1 Sv); thislast finding was
reinforced by a more detailed examination of this cancer type
[L30]. The evidence for there being a Sgnificant excess risk

of non-medanoma skin cancer at relatively low doses (<1 Gy)
in other (Caucasian) populations [S31] may indicate the
limited relevance of these findings in the Japanese data to
Western populations with repect to this cancer type
Parallding the analysis of Little and Muirhead [L7, L43].
Hod and Li [H26] dso examined the fit of linear-threshold
modelsto a number of solid cancer sitesin both the Japanese
incidence and mortality data and found that for none of the
cancer Stes was there evidence that incorporation of a
threshold significantly improved thefit.

500. It iswell recognized that errors in the estimates of
dose can substantially alter the shape of the dose-response
relationship and hence the evidence both for a dose
response and also for any possible curvature in that dose
response. The problem of random dosimetric errorsfor the
Radiation Effects Research Foundation (RERF) data has
been previousdly investigated by Jablon [J5], Gilbert [G2],
Pierceet a. [P7] and Pierce and Vaeth [P1]. Such random
errorsin doses were taken into account in the analysis of
the tumour incidence and mortality data by Little and
Muirhead [L7, L32, L44], but not by Hoel and Li [H26].
The issue of dosimetric errors in epidemiological datais
considered in Annex |, “ Epidemiological evaluation of
radiation-induced cancer” .

501. Therearecertain technical problems associated with
use of threshold models. In general, the asymptotic (32
distribution of the deviance difference statistic used for
significance tests is not guaranteed, because of a lack of
sufficient smoothnessin thelikelihood as afunction of the
dose threshold parameter [S30]. This problem is circum-
vented by thelikelihood-averaging techniques used to take
account of dosimetric errorsin the analysis by Little and
Muirhead [L7, L43, L44]; thisproblem isnot addressedin
the analyses of Hoel and Li [H26].

502. Other subtle problems affect theinterpretation of the
results of both Hoel and Li [H26] and Littleand Muirhead
[L7,L43, L44]. These problemsare connected with the use
of the grouped form of the data, and in particular the
grouped dose categories, in the publicly available forms of
both the Japanese incidence and mortality data sets. A
likdihood-averaging technique used to take account of
dosmetric errors[L7, L43, L44] is one possible way around
this problem. Little and Muirhead [L7, L43, L44], following
the methodology of Pierce et a. [P7], evaluated the average,
for a given “nomina” dose, d, of the rdative rik, RR(i,D),
evaluated at the“true’ dose D: Avg[RR(i,D)|d]. The data set
used was in grouped form, the strata being defined in each
case by the variables city, sex, age at exposure, time since
exposure, and dose. (In the mortality data set [P2], there is
additional dratification by attained age) For each such
dratum, i, the average “nomina” dose was available for the
personsin that stratum Avg[d]. Ideally one should calculate
for each drata Avg[Avg[RR(i,D)|d]], i.e. the average of
AvVg[RR(i,D)|.] over dl individualsin thestratumi. It wasnot
possible to cal culate this quantity using the grouped data that
were publicly available, so that in the analyses of Little and
Muirhead [L7, L43, L44] the quantity Avg[RR(i,D)|Avg[d]]
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Table 16
Leukaemia cases and deaths in various dose groups in the Japanese atomic bomb survivor incidence and
mortality data
Number of cases
Bone marrow dose group #
Incidence® [P3] Deaths®[P2]

0001 128 125

0102 8 11

02-05 27 24

0510 24 2

1015 19 16

1520 8 9

2030 17 18

3040 2 7

>40 4 4

Tota 237 236

In the incidence data a neutron relative biological effectiveness (RBE) of 1 is used to calculate the neutron component of bone marrow dose

(in Gy), for the mortality data a neutron RBE of 10 is used to calculate dose (in Sv).

All leukaemia cases over the years 1950-1987.
All leukaemia deaths over the years 1950-1987.

was evaluated, i.e. the value of Avg[RR(i,D)|.] evaluated at
the average “nominal’ dose (Avg[d]) within sratum i. Even
for linear doseresponse modds there can be differences
between Avg[RR(i,D)| Avg[d]] and Avg[Avg[RR(i,D)|d]]. As
shown by Little and Muirhead [L43], a least when 35%
dosmetric errors were assumed, this approximation did not
introduce appreciable errors for the optimal linear-quadratic-
threshold modd for leukaemia; errorswereat most 5% [L43].

503. Althoughtheerrorsintroduced by thisapproximation
were small, nevertheless they may be sufficiently great to
guestion theanalysesof Littleand Muirhead [L7, L43] and
Hod and Li [H26]. As discussed previoudy, one of the
main findings of the analysis of leukaemia incidence
among the Japanese atomic bomb survivors by Little and
Muirhead [L7] wasthat incorporation of athreshold in the
linear-quadratic model yielded an improvement in fit at
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Figure XXVIII.

borderlinelevelsof statistical significance(best estimate of
threshold for alinear-quadratic-threshold model was 0.12
Sv, 95% CI: 0.01- 0.28; two-sided p=0.04). In contrast, the
fits of alinear-quadratic-threshold model to the mortality
data by the same authors demonstrated that the threshold
was not significantly different from zero (best estimate of
threshold for alinear-quadratic-threshold model was 0.09
Sv, 95% CI: <0.00-0.29; two-sided p=0.16) [L44].
Comparison of theleukaemiaincidenceand mortality data
in Figure XXVIIl and Table 16 demonstrates ther
similarity. Little and Muirhead [L44] concluded that the
most probable reason for the difference between the
reported findings in the incidence and mortality data sets
was the finer subdivision of dose groups in the mortality
data set. (There are 14 dose groups in the mortality data
setsin a publicly available form, compared with 10 dose
groups in the incidence data sets.)
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Relative risk of leukaemia in survivors of the atomic bombings [L44].

The diagram on the right shows the low-dose region in detail.

504. Substantial low-dosecurvilinearity in doseresponsehas
been observed for skin cancer in some human populations
[L30] (athough notin al [S31, R15]) and in CBA/CaH mice
[P8], which is consstent either with a threshold or with a

power of dose substantially grester than 2. Low-dose curva-
ture, consstent with a quadratic-exponential dose response,
has also been observed for myeloid leukaemiain CBA mice
[M4, D11]. For aspecific endpoint athreshold dose response,
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or something approximating to it (eg. a dose response
proportional to some high power (>2) of dosg), might be
expected if radiation must hit a large number of targets
relevant to that endpoint, for examplein order toinactivate a
criticl number of cdls in a particular tissue [E9]. In
particular, there are grounds for beieving that this might be
the case for induction of cataract, Serility, in utero severe
mental retardation and various other determinigtic effects
[E9]. There is substantia evidence that oncogenesis arises
from damageto asingle cdl, and in particular from damage
to the genetic materia in a cdl, as reviewed by UNSCEAR
[U3], in Chapter IV of the present Annex and discussed by
Little and Muirhead [L7]. Given the evidence that single
tracks of all typesof ionizing radiation can induceavariety of
damage, including DNA double-strand breaks [C15, G10,
G12], a dose threshald for cancer induction is judged to be
unlikely but cannat be excluded formally. These mechanitic
issues have been discussed in depth in Chapter IV. The
finding of a sgnificant excess leukaemia risk in various
occupationally exposed groups [C20], in which total doses
generaly are administered in an episodic manner, and also
among those exposed to smdl doses (<0.02 Sv) of
x-irradiation in utero [K23], provide further evidence that
argues againg a low dose threshald in the leukaemia dose
response.

505. In concluson, although thereis evidence at borderline
levds of gatistical significancefor threshold departures from
linear-quadratic curvature for leukaemia incidence in the
Japanese atomicbomb survivor data, thegrouped nature of the
Japanese data make inferences on a possible dose threshold
problematic. Based on the mogt current analyss of the
mortality data [L44], there is no evidence for a threshold
departurefrom linear-quadratic curvaturefor leukaemiainthe
Japanese atomic bomb survivor data, nor istherefor any other
cancer type, with the possible exception of non-mdanoma
skin cancer. In arriving at these conclusons the Committee
recogni zes the uncertainties that attach to current modelling
approachesto cancer risk and the shape of the dose-response
relationship.

D. SUMMARY

506. The dasscal multi-stage modd of Armitage and Dall
and the two-mutation model of Moolgavkar, Venzon, and
Knudson, and various generalizations of them aso, are
capable of describing, at least qudlitatively, many of the
observed patterns of excess cancer risk following ionizing
radiation exposure. However, therearecertain inconsstencies

with the biological and epidemiological data for both the
multi-stage and two-mutation models. In particular, thereare
indications that the two-mutation mode isnot totally suitable
for describing the pattern of excessrisk for solid cancersthat
is often seen after exposure to ionizing radiation, although
leukaemia may be better fitted by this type of modd.
Generalized MVK modd swhich requirethree or more muta-
tions are easer to reconcile with biologica and epidemio-
logical datardating to solid cancers. Firm statements on the
relative validity of different biologicaly based modes of
radiation tumorigenesis must await further developments. In
general, however, it appears that those modds retaining
biologically realistic parameters while providing satisfactory
fits to the data tend to require radiation action at the early
gage of tumorigenesis. This feature is consstent with the
conclusions reached in Chapter IV fdlowing review of
mechanidic data. At the sametime it is recognized that the
optimal solutions in such modelling can often depend on
initial assumptions made on the role of radiation-induced
damage in complex multi-stage tumorigenic processes. Some
influence of radiation on the later stages of tumorigenesis
should be anticipated, particularly perhaps with respect to
protracted exposures.

507. Although there is evidence at borderline leves of
satistical significance for threshold departures from linear-
quadratic curvature for leukaemia incidence data in the
Japanese atomic bombings, the grouped nature of the
Japanese data make inferences on a possible dose threshold
problematic. Based on the most current analyss of the
mortality data, thereis no evidence for a threshold departure
from linear-quadratic curvaturefor leukaemiain the Japanese
atomic bomb survivor data, nor isthere for any other cancer
type, with the possible exception of non-meanoma skin
cancer. Thus, asisthe casefor datafrom animal, cellular and
molecular dudies, evidence from the moddling of
epidemiological datatendsto favour theview that, in general,
cancer risk at low doses rises as a smple function of dose. It
is recognized, however, that, at present, the descriptions of
dose-effect rdationships that have been published are
principaly qualitative in nature and the choice of modds for
the quantitative estimation of risk remainsto be satisfactorily
resolved. Substantial uncertainties attach to the true form of
these dose-response rel ati onshi ps and theextent towhi ch they
are determined by biological assumptions. The Committeeis
supportive of further work aimed at the further development
and validation of these biologically-based modds, it is
beieved that they will have an important role in the future
work of the Committee.
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SUMMARY AND CONCLUSIONS

508. A number of congderations areimportant in determin-
ing the risks of exposures to radiation at low doses and low
doserates. These include (8) analyss of epidemiological and
experimental studies to determine the lowest doses at which,
for statigtical and methodol ogical reasons, radiation effectsare
directly observable; (b) examination of the shape of the dose-
response rlationshipsin the low-dose region using available
epidemiological and experimental data; and (C) assessment of
thepossihilitiesfor extrapolation to lower levels of dose based
on an understanding of the mechanismsinvolved in radiation
reponse. The am of this Annex has been to provide an
overview of the data available on the rdationship between
radiation exposureand theinduction of cancer and hereditary
disease, with emphasis on the limits of detection of effects at
low doses of low-LET radiation and the associated uncer-
tainties. Thisinformation, coupled with the understanding to
date of mechanisms of damage to cdls and tissues, provides
a basis for reasoned judgements to be made about the likely
form of the dose response at exposures below those at which
direct information is available.

509. DNA damage. It isgeneraly recognized that damage
to DNA in the nudeus isthe main initiating event by which
radiation causes long-term damage to organs and tissues of
the body. Doublestrand bresks in DNA are generaly
regarded as the mogt likely candidate for causing the critical
damage. Single radiation tracks have the potential to cause
double-strand bresks and in the absence of 100% efficient
repair could result in long-term damage, even at the lowest
doses, athough with a low probability. Damage to other
cdlular components (epigenetic changes) may influence the
functioning of the cell and progression to themalignant sate.

510. Direct observations. Studies of cdlular sysems, ani-
mal experiments and human epidemiological investigations
provide direct and relatively consistent evidence of linear or
linear-quadratic dose-response reationships at high to
intermediate levels of dose and dose rate. However, al such
studies are hampered by datistical limitations in providing
clear indicationsof effects at acute doses much lessthan about
100mGy (low-LET). Epidemiological studiesat |ow dosesare
also subject to uncertainties due to methodological issues
related to bias and confounding that can limit interpretation
of the data. Some exceptions are the induction of cancer
following irradiation inuterofor which anincreasein risk has
been observed at doses of about 10-20 mGy, experimental
data on mouse hair mutations a 10 mGy, and unstable
chromosomal aberrationsat 20 mGy. In thecaseof high-LET
radiation, the experimental dataon cdllular damage generally
indicate a linear dose-response relationship.

511. For theinduction of unstable chromosome aberrations
and mutations, asmall primingdoseof low-LET radiation can
sometimes reduce the effect caused by a subsequent higher
dose. This adaptive response seems to be a consequence of
stimulating the expression/production of genes/proteins in
cdlsinvolvedin DNA damageresponseand takesafew hours

to become effective. Such adaptive responses appear to be
transent and have al so been observed for cdll transformation.

512. Animal studiesare valuable for determining the shapes
of doseresponse rdationships and examining how the
biological and physical conditions of exposure may influence
radiation responses. For many tumour types, thedoseresponse
following exposureto both low- or high-LET radiation can be
reasonably well represented by a linear or linear-quadratic
function. In many cases, however, adternative fitsto the data
arealso possible. Other modd fitsinclude the possibility of a
threshold dase bel ow which tumours do not occur, aswell as
more complex functions in which the time for the tumour to
appear ismuch later at low doserates, which can also suggest
the presence of a threshold for reponse. Anima studies do
not, and probably cannot, provide direct information at acute
doses much less than about 100 mGy. Values for the lowest
dosesto give a ggnificant increasein tumour yield following
chronic irradiation are generally higher than those for acute
irradiation.

513. For radiation-induced hereditary disease, the most
comprehensive information comes from measurements of
specific locus mutations in mouse spermatogonia. The
dose-response relationship for low-dose exposures from
low-LET radiation iswdll fitted by alinear response. The
lowest dose tested in these studies was 380 mGy (low-
LET). Theincidence of mutationsin male mice fallsby a
factor of about three for a reduction in dose rate from
800-900 mGy min* to 0.007 mGy min™*. This suggests
that a substantial fraction of the damage to DNA that
results in the induction of heritable mutations is not
amenable to effective repair.

514. Epidemiological studiesprovideasubstantial amount of
direct quantitative data on the risks of cancer in humans
following radiation exposure. Themain source of information
is the Japanee Life Span Study (LSS), which gives
information on the effects of whole-body irradiation following
exposure at different ages. The follow-up study indicates a
significant (p=0.05) increase in the risk of radiation-induced
fatal solid cancersin the 0-50 mSv dose range.

515. The doseresponse reationship for mortality from
leukaemiahasbeen fitted by alinear-quadratic function, while
for @l solid cancers taken together, a linear dose response
provides a best fit for the data for doses up to about 3 Sv. A
linear dose response can a so befitted to the datafor anumber
of individual tumour types. Thereareanumber of cancersthat
have not been significantly increased, including those of the
rectum, bone, prostateand testes. Further follow-up and better
information on the doses received will be needed before the
shape of the dose response for both morbidity and mortality
can be determined with confidence at doses below about
100 mSv.

516. Doseresponse data from a number of other
epidemiological studies can aso be fitted with a linear or
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linear-quadratic dose response at doses up to a few gray, but
aternative rdationships have aso been obtained. Thus, in
radiumdial paintersexposed totheal phaemitters?¥?®Ra, the
best fit to the data on bone tumour induction can be obtained
with amode indicating a“practical threshold”. Dataareaso
available on an increased risk of bone sarcomas in patients
given 2'Ra. It has been proposed that some of these tumours
would be expected to arise only in tissue with determinigtic
radiation damage and only above a threshold dose. Smilar
conclusions have been drawn for the bone tumoursarising in
the radium dial painters. For exposureto radon and its decay
productsacongtant-re ative-risk mode without any modifying
factors, such as attained age and exposurerate, appear to give
agood fit to the data at low doses.

517. Data on patients irradiated for medica reasons are
generally consigtent with alinear dose-response relationship
at dosss below a few gray. Results suggest a Satigticaly
significant increase in the risk of thyroid cancer at external
radiation doses above about 100 mGy received in childhood.

518. A number of studies provideinformation on therisk of
childhood cancer following obstetric radiography a low
doses. A gatidticaly significant, 40% increase in the rdative
risk of leukaemiaand other childhood cancers (up to 15 years
of age) hasbeen seen following dosesin the 10- 20 MGy (low-
LET) range. The principal reason for being ableto determine
thisincreasein risk, which in absolute termsis modest, isthe
low background incidence of cancer in childhood.

519. Data on the effects of low-dose, chronic exposure in
radiation workers are generaly consgent with results
obtained from the high-doserate studies on leukaemia
induction, although having wide gtatistical uncertainties. A
longer period of follow-up and pooling of data from different
studieswill, however, be necessary if information on thed ope
of the dose-response rd ationship is to be obtained.

520. Some data are available on therisks of cancer in arees
of high natural background. Comparative studies of groups
exposed to different levels of natural background radiation do
not have the satistical power to detect predicted effects on
cancer incidence. Generaly, there are subgtantial difficulties
in interpreting the data because of uncertainties in the doses
actually received, geographica variation in the accuracy of
cancer diagnoses, and confounding by environmental factors.

521. Mechanigtic considerations. Proto-oncogenes and
tumour-suppressor genes control a complex array of bio-
chemical pathways involved in cdlular sgnalling and inter-
action, growth, mitogenesis, apoptosis, genomic stability, and
differentiation. Mutation of these genes can, in an often
pleiotropic fashion, compromisethese controlsand contribute
to the multi-stage devel opment of neoplasia.

522. On the bass of accumulating knowledge it is argued
that early gain-of-function proto-oncogene activation by
chromosomal trandocation is often associated with the
development of human lympho-haemopoietic neoplasia,
athough genelossis not infrequent. For many solid tumours

thereis a requirement for loss of function mutation of tissue-
specific tumour-suppressor genes that act as cdlular
gatekeepers. It has aso been proposed that the subsequent
onset of goontaneous genomic ingability via further clonal
mutation is a critical event in neoplagtic conversion from a
benign to a malignant phenotype. Loss of apoptotic contral is
a0 beieved to be an important feature throughout neoplagtic
development.

523. Much information on multi-stage tumorigenesis ill
remainsto belearned. Although the concept of sequential and
interacting gene mutations as the driving force for neoplasia
ismorefirmly established, thereisinsufficient understanding
of the complex physiological interplay between these events
and the consequences for cdlular behaviour and tissue
homeodtasis.

524. Uncertainty also surrounds the degree to which non-
mutational (epigenetic) changes to the genomes of
neoplastic cells contribute to tumorigenesis. Increases in
the methylation status of critical tumour-suppressor genes
isknown to be an alternative to mutational inactivation in
a range of neoplasms, and loss of methylation imprints
may also serve to increase the activity of some growth-
promoting genes. DNA methylation is also believed to be
involved in genomic imprinting processes. Loss of such
imprinting may beimportant in anumber of tumour types.
New evidence also implicates histone acetylation in
genomic heterochromatization and gene silencing; this
process is suggested to be a potentially important contri-
butor to epigenetic change. Epigenetic processes (by-
stander effectsand induced genomicinstability) have been
shown to influence certain aspects of cellular response in
vitro. The relevance of these poorly understood processes
to in vivo tumour induction at low doses of radiation
remains to be established.

525. Studies have clarified the role of specific gene
mutations in tumours that serve to destabilize the genome,
thereby allowing for the accd erated spontaneous deve opment
of clona heterogeneity and tumour progression. Although
critical evidenceislacking, it ispossibleto envisagethat after
thistransition point is reached, tumour development may be
relatively independent of exogenoudy induced DNA damage.
Cdlular sdlection during neoplastic development isjudged to
be of crucid importance at dl sages of tumorigenesis.
Overdl it isjudged that most tumours have their origin in
gene/chromosomal mutations affecting singletarget stem-like
cdlsin tisues.

526. Direct evidenceon the nature of radiation-associated
initiating events in human tumours is sparse, and rapid
progressin thisarea should not be anticipated. By contrast,
good progress is being made in resolving early eventsin
radiation-associated tumours in mouse models. These
molecular observations strengthen the view expressed in
the UNSCEAR 1993 Report [U3] that radiation-induced
tumorigenesiswill tend to proceed viagene-specificlosses,
acontribution from early arising epigenetic events should
not, however, be discounted.
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527. Neoplastic development is subject to a large number of
cdlular congraints, which provide a high level of protection
againgt neoplastic growth and devel opment. Principal of these
are control of cdlular proliferation/genomic sahility, the
induction of apoptos's, and terminal differentiation to anon-
proliferative cellular state. For at least certain tumour types
there is evidence that immunosurveillance mechanisms can
recognize and restrict the growth of neopladtic cdls. In spite
of these condraints, resistance to or tolerance of al these
countermeasures can bedeve oped viagene-specific mutation.
Onthebasisof current molecular genetic knowledge, different
modes of in vivo condraint are unlikey to apply to
spontaneoudy arising and radiation-induced tumours.

528. Much information pointstothecrucial importance of
DNA repair and other damage-response functions in
tumorigenesis. DNA damage response functionsinfluence
the appearance of initial eventsin the multi-stage process,
and reduce the probability that a benign neoplasm will
spontaneoudly acquire the secondary mutations necessary
for full malignant devel opment. Thus, mutations of DNA
damage-response genesin tumours play an important role
in the spontaneous development of genomic instability.

529. The repair of sometimes complex DNA double-strand
lesons is largdy eror-prone, and is an important
determinant of dose, doserate, and radiation quality effectsin
cdls. Uncertainties continue to surround the significance to
tumorigenesis of adaptive responses to DNA damage; the
mechanigic basis of such responses has yet to be well
characterized athough associations with the induction of
biochemical stress responses seems likely. Recent scientific
advances highlight the differences in complexity and
reparability between spontaneoudy arising and radiation-
induced DNA lesons. These data argue againg basing
judgements concerning low-dose response on comparisons of
overall lesion abundance rather than their nature.

530. Biological uncertaintiesand dose-response models.
Evidence suggesting the predominance of error-prone repair
of radiation damageto cdlular DNA hasgrown, implying that
mutational/ tumorigenic risk should be expected at low doses.
Important uncertainties remain, however, on whether error-
free DNA repair might apply at very low doses, although there
are some arguments againgt it.

531. There are also uncertainties about whether radiation-
induced non-mutational (epigenetic) events, such as induced
genomic ingtability, contribute significantly to tumour risk.
The dose-response characterigtics of such events are obscure,
and there is no way to judge the ensuing risk at low doses, if
indeed it exigts. Theinvolvement of such processes cannct be
inferred soldly on the basis of the frequency of phenotypic
effects after radiation.

532. Since tumorigenic processes are highly complex,
attention is drawn to the problems of judging the shape of the
low-dose response on data sets that are over-reliant on high-
dose estimates of effect. Apparently smple dose-response
rdationships may disguise competing processes that have
different dose dependencies.

533. In spite of these uncertainties the weight of evidence
from fundamental studies favours the mutagenic action of
radiation acting primarily a a very ealy sage of
tumorigeness (initiation), with risk rising as a function of
dose. Thustherisk of deveoping malignant tumours should
follow the dose response for initiating lesions unlessthere are
dose-dependent effects on the later phases of tumorigenesis.

534. Computational modelling of tumorigenesis. The
different characterigtics of empirical and biologically based
models of radiation tumorigenesis have been considered by
the Committee. The classical multi-stage modd of Armitage
and Dol and the two-mutation mode of Moolgavkar,
Venzon, and Knudson, and various generalizations of both,
are capable of describing, at least qualitatively, many of the
observed patterns of excess cancer risk following ionizing
radiation exposure. However, different solutions have been
obtained by different investigators and there are certain
incons stencies with the biological and epidemiologica data
for both the multi-gage and two-mutation modds.
Gengalized MVK modds that require three or more
mutations are easier to reconcile with biological and
epidemiological data rdating to solid cancers.

535. Although there is evidence at borderline levels of
datistical significance for threshold departures from linear-
quadratic curvature for leukaemia incidence in the Japanese
atomicbomb survivor data, the grouped nature of the Japanese
data make inferences on a possble dose threshold
problematic. The most current analysis of the mortality data
provides no evidence for a threshold departure from linear-
quadratic curvature for leukaemia in the Japanese atomic
bomb survivor data, nor isthere evidence of thisfor any other
cancer type, with the possible exception of non-melanoma
skin cancer.

536. Conclusions. DNA is the principa target for the
initiation of radiation-induced cancer and for radiation-
induced hereditary disease. Experimental studiesof theeffects
of ionizing radiation on cdlular systems, including the
induction of chromosomeaberrations, cdl transformation and
somatic mutations are of value for providing information on
damage to DNA. The data obtained have been generaly
condstent with a linear or linear-quadratic dose response at
exposures bdow those at which cdl killing becomes
significant (a few gray). In general, sgnificant radiation
effects can be detected at doses of about 100 mGy (low-LET)
and above, athough there are some experimental systems for
which effects at lower doses have been observed. In the case
of high-LET radiation, the experimenta data generaly
indicate alinear dose-response relationship in the absence of
cdl killing.

537. For most tumour typesin experimental animalsand in
man a sgnificant increasein risk is only detectable at doses
above about 100 mGy. An exception isfor human exposures
in utero when a significant increase in tumour induction in
children has been found for doses in the 10-20 mGy range
(low-LET). No such excess was observed in the studies of
Japanese atomic bomb survivorsirradiated in utero.
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538. In both experimental animals and in humansthe dose-
response datafor tumour induction can be frequently fitted by
alinear or linear-quadratic doseresponse at dosesbelow afew
gray. Thereisevidencethough that for some cancer typesthis
form of response does not apply and there may be a practica
threshold for a response. Other forms of dose response can
also be fitted for the induction of some tumour types.

539. With respect to direct observations of radiation effects,
which al carry gatigtica and/or methodological uncertainty,
there are no circumstances where it is scientifically valid to
equate the absence of an observable biological effect with the
absence of risk.

540. Although mechanistic uncertainty remains, studies on
DNA repair and the cdllular/molecular processes of radiation
tumorigenesis provide no good reason to assume that there
will be alow-dose threshold for the induction of tumoursin
general. However, curvilinearity of the dose response in the
low-dose region, perhaps associated with biochemical stress
responsesand/or changing DNA repair characterigtics, cannot
be excluded as a genera feature. The mechanistic modelling
of radiation tumorigenesis is a a rdatively early stage of
development, but the data available tend to argue againg a
dose threshold for most tumour types.

541. Until the above uncertainties on low-dose response are
resolved, the Committee believes that an increase in the risk
of tumour induction proportionate to the radiation dose is
congstent with developing knowledge and that it remains,
accordingly, the most scientifically defensible approximation
of low-doseresponse. However, adtrictly linear doseresponse
should not be expected in al circumstances.

542. The dose responsefor theinduction of heritable disease
carries fewer low-dose biological uncertainties than that of
multi-stage tumorigeness, but the same uncertainties
surrounding DNA damage responseremain; anincreasein

therisk of germ-cell mutation that is proportionate to radia
tion doseisjudged to beascientifically reasonableapproxima:
tion for the induction of heritable effects at low doses.

543. The Committee recognizes that ongoing and future
studiesin epidemiology and animal sciences, whileremaining
of great importance for quantitative risk assessment, will not
resolve the uncertainties surrounding the effectsin humans of
low-dose radiation. Accordingly, there will be an increasing
need for weight-of-evidence judgements based on largdy
quditative data from cdlular/molecular gudies of the
biological mechanisms that underlie hedth effects, the
provison of such judgements demands strong support from
biologically validated computational models of risk. With
ever-improving experimental  technology, fundamental
knowledge will continue to grow. On this bads, the
Committee emphasizes the need for further work on the
mechanisms of DNA damage response/cdlular stress and
studies of the consequences of these responses for neoplastic
development. Current uncertainties on the role of epigenetic
factors, such as bystander effects and induced genomic
instability, are expected to be reduced, but it may remain
difficult toestimatetheir overall contribution torisk. However,
the devdopment of mechanistic modds of radiation risk
demands more than a smple improvement in the under-
standing of cellular/molecular processes. | ssuessuch astarget-
cdl identity/multiplicity; the kinetics of pre-neoplagtic clona
devel opment; and rates of cdl mutation, clond proliferation,
differentiation, and apoptosis, aswell asthe pattern of energy
deposition in critical cdlular targets, al need to be better
understood in order to define biological parametersfor usein
the biological modelling of tumorigenesis. These aredifficult
aress of research, and it is not easy to anticipate the rate of
progress. In spite of such experimental difficulties, the
Committeebdlievesthat advancesin computationa modeling
of the physica and biologicadl aspects of radiation
tumorigenesis will provide an essentid tool for estimating
radiation risk at low doses and low dose rates.
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