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ABSTRACT

A study was undertakenby five radiationscientists--acytogeneticist,a
cell biologist, a health physicist, a mammalian biologist, and a molecular
biologist--to examine the feasibility of reducing the uncertainties in the
estimationof risk due to protractedlow doses of ionizingradiation. The idea
that such a study would be timely was derived from the discoveryof oncogenes,
the development in the past 15 years of the techniques of recombinantDNA
molecular biology, and the evidentand significantprogress that has been made
in the characterizationof certainhuman cancers in genetic terms.

In addressingthe questionof feasibility,a review was made by the study
group: of the cellular, molecular, and mammalian radiation data that are
available;of the way in which alteredoncogenepropertiescould be involvedin
the loss of growth controlthatculminatesin tumorigenesis;and of the progress
that had been made in the geneticcharacterizationsof severalhuman and animal
neoplasms. On the basis of this analysis,the studygroup concludedthat, at the
presenttime, it is feasibleto mount a programof radiationresearch directed
at the mechanism(s)of radiation-inducedcancer with special referenceto risk
of neoplasiadue to protracted,low doses of sparsely ionizing radiation.

To implementa programof research,a review was made by the study group
of the methods, techniques,and instrumentsthat would be needed. This review
was followed by a surveyof the laboratoriesand institutionswhere scientific
personneland facilitiessufficientto participatein a significantpart of the
program are known to be available, lt was noted that this survey was not
exhaustivenor was it intendedto precludethe participationin the programof
additional research groups that may be capable of effectively doing so. A
research agenda of the principal and broad objectivesof the program is also
discussed.
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EXECUTIVESUHI_RY

Although it is generallyacknowledgedthat cancer is the major hazard to
health from low doses of ionizing radiation,appreciableuncertaintyexists on
the degree of hazard particularlyfor protractedexposures. This uncertainty
reflectsthe complexityof the varietyof patho-biologicalstatesthat constitute
differentcancers,but,more importantly,a lack of an adequateunderstandingof
the molecularmechanism(s)of cancer inductionparticularlyby radiation.

However,the discoveryof oncogenes,and the developmentof the techniques
of recombinantDNA that contributedto it, are leading to an understandingof
human cancer in fundamental,molecularterms. These advances hold out promise
that, in the near term, major advances can be made in the molecular
characterizationof the abnormalgrowthstates of specificneoplasms. It is not
known how radiationinducestransitionsto and betweensuch states. Still, for
the first time, the possibilityexists that the essential steps in radiation-
inducedcancer can be unravelled.

lt does not necessarilyfollowthat the successof a programof radiation
researchon oncogenicmechanismswill automaticallyresult in a narrowingof the
uncertainties of cancer induction by protracted, low doses of radiation.
However, as a result of this study, it is the belief of the study group that
reductionsare not possible without such an understandingbut are likely when
oncogenic/molecularmechanisms becomemore fully understood.

The work of the study group was dividedinto six parts each containingits
own summary,and a set of illustrations,tables,and references,as appropriate.
A glossary is includedat the end of the report. Synopsesof each part follow.

Task 1: Radiation-Induced Hutagenesis and O,ncogenests In Vivo

In either humans or animals,it is not possible to distinguishbetween a
neoplasm that is caused by ionizing radiation and one that occurs
"spontaneously,"that is, from someunknowncause. Inessence,radiation-induced
neoplasmscan be recognizedin any populationby statisticalmeans only, by the
identificationof an excess frequency above the natural incidence (BEIR III
Report, 1980; UNSCEAR Report, 1988; BEIR V Report, 1990). Neoplasms can be
ind_ucedin virtually any tissue or organ, however. Some tissues are more
sensitiveto radiation-inducedneoplasia,in both animalsand humans and include
bonemarrow,breast,lung, and thyroidglandtissues (seeTable ].1). To improve
an understandingof the risks due to low doses at low dose rates, it is logical
that research shouldconcentrateon these tissues.

Neoplasiadevelopsas a multistageprocessthat proceeds,operationallyat
_east, from normal to neopiastic cells (see Figure 1.1). The first step,
initiation,reflectsa genomicchangewhich producesa transformedcell, that is,
one that has altered phenotypic characteristics and frequently can be
differentiallystimulatedto form a focal proliferationof cells. The second
step,promotion,enhancesthe formationof a neoplasm in an initiatedcell(s)by
encouraging proliferation and clonal expansion, that is, the selective
acceleratedgrowth of transformedcells. Furthersteps, included in a process
called progression, confer new properties on promoted cells and lead to



sequential phenotypic changes. The latter are thought to involve additional
genetic changes and progressive increases in degrees of malignancy.

A number of biological characteristics can affect radiation oncogenesis.
In both people and animals, age at exposure is a major determining factor. The
general rule is that exposures at earlier ages increase lifetime risks of many
types of neoplasia including leukemias, thyroid neoplasia, and mammary neoplasia
(UNSCEAR Report, 1988; BEIR V Report, 1990). Sex of tileexposed individual also
is a major factor for some types of radiation-induced neoplasms reflecting, at
least to some degree, hormonal influences. Associations between increased levels
of the mammary gland hormone prolactin and increased risk of breast cancer, and
between increased levels of thyroid-stimulating hormone and increased risk of
thyroid cancer, are well documented. In some species, hormonal makeup can
influence leukemia induction by radiation, as weil.

With respect to low-dose radiation tumorigenesis, the same problems of
interpretation and significan,e exist for animal data as for human data. That
is, most studies have been performed with either high doses of a low-LET
radiation, or with lower doses of a high-LET radiation because of its greater
biological effectiveness. There are relatively few data on low-dose, low-LET
tumor induction. Even for only low-LET exposures, one particular shape of dose-
response curve does not fit all of the data for the induction of different types
of I tumors. lhe effecziveness per unit dose general,y increases with LET.
Decreasing the dose rate decreases the effectiveness for low--, but usually not
For high-LEl radiations.

Task 1' Appendix A

lhere have been few large epidemiological studies of the risks
of rad i.ltion neoplasia in human populations which have followed the
exposed populations until the end of life. As a result., there are
substantial uncertainties in both the shape of the dose--response
curves and lifetime risks, The uncertainties relative to low--dose,
low--dose-rate exposures are large because the only populations for
whi,,h statist, ically meaningful results have been demonstrated are
t,ho:-e which were exposed tc)relative)y large doses and usually at
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Task 2" Mutation, Neoplastic Transformation, and Tumor Formation
Mo lecuIar Mechanisms

In the past 10-15 years, significant technical innovations have been
introduced into the study of the cellular and molecular properties of mammalian
cells including human cells. To methods for the growth of mammalian cells in
culture, which were first applied some 15 years earlier, genetic engineering/DNA
recombination technology were added. As a result, it has become feasible to
address fundamental questions in biology at a molecular level not achievable in
the past. One such question has been the molecular/genetic b_sisof uncontrolled
cellular growth, cancer.

In operational terms, neoplasms are thought to be the result of the three
principal steps as noted--initiation, promotion, and progression. These steps
are described in terms of the basic molecular and ce31ular processes that are
believed to be responsible for them. Because a tumor results from one or more
heritable changes in the progenitor cells of the tissue of origin, the mutation
of genes called oncogenes is id;.ntifiedas a driving force in the development of
cancer. Radiation, like other genotoxic agents, is known to damage DNA and is
recognized as a mutagen/carcinogen However, cells have the ability to modify
genetic damage and, consequently, repair/misrepair processes are important in the
expression of the changes that are induced.

Because un_ontr'olledcellular growth is the feature that unifies neoplasms,
a number of different genetic changes have been idenLified for their ability to
play a role in the process. These changes occur in a set of normal genes, called
proto-oncogenes some of which have dominant and others recessive action. The
identification of these genes with neoplastic growth was first made because of
their involvement with the tumorigenic and molecular properties of certain RNA-
containing viruses called retroviruses. The constitutive forms of the some 50

nroto-oncogenes that have been identified have normal roles to play in cells.
But when they are altered, as in the instance of a mutated form incorporated into
the genome of a cell via a retrovirus, they can lead to uncontrolled cellular
growt.h_ or to a lack of conLrol of dif:ferentiation, such that a rleoplasm is the
result_ Radiat. ion, and other physic,.,_l and chemical agents, are also able Lo
mLItate oncogenes, and Lhus to give rise t.o Lhe chain of events t.ha[, culminate in
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of oncogenes are also known to influence the communication between adjacent cells
changing thereby the societal properties of a cell.

Oncogene changes are also thought to be involved in the steps of promotion
and progression. Promotion involves the c]ona] expansion of a transformed cell,
and progression is associated with the ability of transformed cells to invade
other tissues and to metastasize. Because radiation-induced neoplasms are
indistinguishable from those that arise spontaneously, or are induced by some
other etiological agent, and because of the mutagenic properties of radiation,
it is likely that radiation can affect all oi the steps in neoplasia. It is also
possible, therefore, that the effects of radiation may interact with those of
other environmental agents.

Task 3: Elements of a Radiation Research Progrm,
Cellular/#olecular Mechanisms in Cancer Induction

This Task has four essentialparts. The first is a criticalreviewof the
informationthat is available,primarilyfrom cell and animal studies,that is
connectedwith the mechanismof radiation-inducedoncogenesis. The @econ_ is a
reviewof what has been discoveredof the roles of genes,particularlyoncogenes,
in radiation-inducedendpoints. The third is an analysisof what is known about
the role of oncogenesin human neoplasiao And the fourth is a prospectusof the
scope of a radiationresearchprogramto reduce the uncertaintiesof the risks
of cancer from low doses of radiation. In addition,gaps in our knowledgeare
identifiedin referenceto the topicsthat are importantto the understandingof
radiation-inducedcancer.

CellularNeoplasticTransformationand Tumoriqenesisin ExperimentalSystems

Althoughthe kinds of cells that have been availablefor experimentalwork
have been limited,significantinsightshave emergedconnectingthe radiobiology
of neoplastictransformationin vitro and tumorigenesisin vivo as follows:

1) The dose dependenceof tumor inductionruflects a competitionbetweenthe
transformationevents and the lethalevents in the targetcells of a given
tissue (Fig.3.1 and 3.2). To be the progenitorof a populationof cells
that constitutea neoplasm,an irradiatedcell must survive. In a number
of instances,the net effectof these two processesis a bell-shapedcurve
of the dependenceof tumor inductionon dose (Fig. 3.2).

2) As for other endpoints,the efficiencyof the neoplastictransformationof
cells, and the inductionof tumors, increaseswith LET. In general, a
high-LETradiationproduceslarger frequenciesper unit dose than does a
low-LET radiation. However, because cells are generally killed more
efficientlywith a high- vs. a low-LETradiation,cell killingcan have a
more pronouncedeffect with the former. Thus, the bell-shapedcurve of
tumor induction with a high-LET radiation is generally shifted toward
lower doses compared to that with a low-LET radiation(Fig. 3.2).

3) In addition to the influence of repair rel_.tiveto cell killing,
repair/misrepaircan significantlyalter the radiation-inductionprocess.
In the low dose region,where cell killing is minimal,reducing the rate
of exposureto a low-LETradiationgenerallyresultsin a reductionin the
initial slope of the cell transformationor the tumor inductioncurve.
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With low dose rates of a high-LET radiation, such as fission-spectrum
neutrons,the situationis less general. In some instances,protracting
the dose has increasedyields of transformed cells or tumors, and in
others it has not or it has reducedthem. A generalizationin respect to
the influenceof dose protractionof high-LET radiationsis not possible
at the presenttime.

4) Although the initial yield of neoplastically transformed cells is
significantlyreduced at reduced rates of a low-LET exposure, the net
yield of transformantscan be appreciablyincreased by the action of a
compound know as a promoter, e.g., a phorbol ester, applied after the
irradiation. Hence, the possibilityexists that other agents in the
environment may interact with radiation effects to alter the yield of
transformed cells and therefore tumors due to a given radiation
experience.

The analysisof in vitro/invivo dat_ made evident a numberof gaps in our
knowledgeand the principaldeficiencieswere discussed.

Genes and Oncogenes in RadiationEndpoints

The power of the geneticmethodsthat has emerged from the applicationof
DNA recombinanttechniquesin other areas of researchled quite naturallyto the
applicationof these methods in radiobiology. Some progress has been made, but
the amount of informationavailablethus far is limited. The currentsituation
is evidentfrom the following.

I) The survivalof culturedcells can be influencedby the ras oncogene,but
the basis for this effect has not been worked out. Similarly,it appears
that the applicationof a growth factor,like epidermalgrowth factor,can
alter the survivalresponse of certaincells.

2) Radiation is an effective mutagen. However, in contrast to chemical
mutagens,the heritablechanges that are produced by radiationgenerally
are due more to chromosomal breakage-rearrangementevents, extragenic
mutations,than to point effects, intragenicmutations.

3) Although specificgenes appear to be inducedby radiation in transformed
cultured cells, they do not appear to be among the known oncogenes.

4) Progresshas been made on the rolesof some oncogenesin tumors inducedin
experimentalanimalsparticularlyin respectto acute myeloid leukemia in
the mouse. [he need for the activatio1_,in some instances,of at least
two oncogeneshas also been noted.

In reference to the endpoints discussed above, a number of gaps were
evident and these were discussedas subjectsfor additionalresearch.

Growth State Charact.eri_ationsof Human Neoplasms

The fruitfulapplicationof the methodsof contemporarymolec,,larbiology
are no more evidentthan in the study of oncogenesin human cancer. _ignificant
advances have been made in characterizing,in specific types of tub_ors,the
mechanismof actionof those oncogenesthat appearto be activatedas well as in
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locating them in the chromosomes of human somaticcells (see Tables 2.1, 2.3, and
Fig. 2.3). The following points were brought out"

I) Chromosomal rearrangements and/or deletions,,as well as the activation of
particular oncogenes, are involved in specific spontaneous neoplasms. The
oncogene/chromosomal data support the hypothesis that human tumors are
clonal in origin.

2) A correlation appears to exist between the number of genetic/chromosomal
alterations in a given type of neoplasm and the latency period for its
appearance; tumors that have few changes appear earlier after induction
than those that have many.

3) In some instances, genetic/chromosomal characterizationshave been
sufficiently worked out to facilitate an association between specific
histological states with specific characterizations, e.g., Burkitt's
lymphoma, chronic myeloid leukemia, and colorectal carcinoma.

4) Some human tumors are believed to require a number of essential changes.
As a consequence, it is not clear what is cause and what is effect and,
therefore, which changes are independent and which dependent.

Although the progress in characterizing spontaneous human neoplasms is
significant and its rate is accelerating, what has been accomplished thus far in
most instances is to describe rather than to explain. Thus, the oncogenic/
chromosomal descriptions are a kind of taxonomy. In addition to the need for
similar characterizations of all r_diogenic human tumors, a number of fundamental
questions are evident. Principal among these is if, and how, the transitions
between successive growth states are produced by radiation. This gap and others
are identified.

A Radiation Resear'ch Proqram

Numerous factors, in addition t.o those that are radiobiological, are known,
or' suspected, to play a role in influencing radiation oncogenesis. In sum, these
can be expected to underlie the uncertainties in the epidemiology of cancer
including radiation., induced cancer. The recently issued BEIR V Report (]990),
irl whi(:h estimates of some radiation risks were significantly irlcreased,.
ill ust,, dtes ne.... -_ thE; ed to modify earlier estimates partly because of the lack of

c_ oF how can(:er is induced by varloud: ' etiological agentsa coherent _(, '"s:;t, of i:l(._a:,
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3) The assumption that the molecular biology of the radiation-induced
transitions between growth states will become understood.

In addition, to accomplish a significantly improved understanding of
radiation oncogenesis, so that the uncertainties in radiation risks may be
reduced, three further objectives are identified"

First, a mechanistic framework is needed to relate the oncogenic bases of
radiation-induced cancers with those of spontaneous cancers;

Second, growth-state characterizations, and the radiobiology of
transitions between them, will have to be worked out for animal tumors
just as is being done for human neoplasms; and

Third, strategies must be validated that w_ll enable extrapolation of
experimental data on tumorigenesis to people.

Although differences are anticipated between the oncogenic changes in cells
that culminate in human as opposed to animal cancer, it is quite likely that
essential similarities exist. Fcr example, the oncogenic basis for the
uncontrolled growth of animal and human myeloid cells, which becomes manifest as
leukemia, is expected to result from mechanisms that are similar in essence.
Hence, an understanding of mouse leukemia should facilitate the understanding of
human leukemia.

Task 4' Methods, "Techniques,and 11struments for Mechanistic Studies

Although many technical innovations for the study of cellular and molecular
biology have been introduced in the past 10 to 15 years, effectively to mount a
research program in radiation ancogenesis further developments are needed. These
_nclude improvements in"

1) The measurement of the various types of lesions in genomic DNA
particularly in reference to their production, repair, and misrepair;

2) '[hetechniques for the cultivation of human and animal cells in vitro so
that the properties of the types of cells of int,erest can be
quantitatively studied in reference to mutation and neoplastic
transformation;

3) [he improvemen.t and application of rapid methods of image analysis for the
•_-;t_dy of chr'omosome aberrations; and

4_ [he expanded use of cell .at_imal systems, including the use of transgenic.
animaJs, so that, the experiment:al facility of cells in culture can be
effec.tive-ly coupled t.o the in vivo influences that, are relevant to
tumorigenesis.

Efforts to i,ll::,rove the mat.L_rials and methods that are currer_!.:.ly available
al so should include t.h(.#need to me.asure changes induc:E;d by lOW doses,, and after
proLracLe(I exposures as weil. Although studies o{ the mechanisms of radiation
oncogerlesis do not have t..o be exclusively pursued in t.he conl.ext of "weak
signaIs," critica_ issues, like the presence or absence of thresholds, may have
Lo be examined in the dose region of primary inLerest. Hence, the techrliques for
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the measurement of molecular and cellular changes should be improved to permit
the sensitivity and resolution that would be required.

In the last analysis, radiation-induced neoplasms can only be demonstrated
in vivo. For this reason, tumor formation in experimental animal systems has to
be anticipated as an essential endpoint in a radiation research program. It is
not recommended,however, that large-scale experiments, simply to measure the
dose dependence of tumorigenesis, should be undertaken. Animal measurements,
including the use of xenographs to measure neoplastic properties induced in human
cells, should be undertaken only when they are designed to address relevant
cellular/molecular questions.

Task 5: Facilities for a Radiation Research Program

As in any area of science, the success of a program of radiation research
will be dependent, in the first instance, upon the availability of qualified
investigators. In addition, a range of facilities are required. Not only the
laboratories and equipment typical of wh_t has been available from the 1950's are
required, but also the facilities and instruments that have emerged during the
past 15 years as concomitants of newdevelopments in cell and molecular biology.
Principal among the latter have been those that enable the determination of
changes produced in the genetic code of a ce!!.

In this Task, the major types of experimental procedures in a program of
research are noted and categorized, the kinds of laboratories in which these
procedures could be undertaken are described, and the operating units that are
generally recognized to have the facilities, as well as the personnel,
effectively to pursue one or mere parts of an integrated program are listed. In
the latter connection, it is important to recognize that the list is not intended
to be exhaustive nor to suggest that scientists at other laboratories could not
make effect contributions to the program.

Task 6: Agenda for a Radiation Research Program,
Topics, Nethods, and Facilities

In Task 6, the broad and principal objectives of an agenda for ,a radiation
researchprogramare identified. These were derived from the progress that has
already been made in describing the oncogenic basis of human cancer plus the
innovationsin DNA technology that gave rise to them. The need for further
informationto characterize,in terms of oncogenes, the growth states of human
neoplasmsis discussed,and the furtherrequirementof an understandingof how
radiationcausestransitionsbetweensuccessivegrowth statesis emphasized. The
relevanceto radiationissuesof other biologically-activeenviron_.cntc!agonts
is pointed out, and the need for a rational basis for extrapolatingcell and
animaldata to people is noted. Lastly,in additionto programobjectives,the
potentialusefulnessof improvementsinmethodsand instrumentsthatcould enable
the rapid screeningof biologicalmaterial is discussed.

A programof radiationresearchwould play an effectiverole in improving
the overall understandingof human cancer, and would have the potential of
reducing the uncertaintiesin risk due to protractedlow doses of radiation.
Becauseof the many ber_efitsto industrializedsocietythat are derivedfrom the
use of radiation and the devices that give rise to it, the desirabilityof
reducing the ratio of risk to benefitvia a programof researchwas noted.
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Task 1

"Radiation-Induced Mutagenesis and Oncogenests In Vivo"

1,1 INTRODUCTION

In this Task, the extensive and diverse literatureon radiation-induced
neoplasiais reviewed. Human and animalstudieswill be summarizedwith emphasis
on data that relate to concepts of radiationrisks and the mechanismsthat play
a role in radiationoncogenesis.

The question of how data from animal studies relates to radiation
oncogenesisin people is particularlyrelevant. The evidenceis clear that, for
people,some tissuesare at greaterrisk than others,e.g., breast,bone marrow,
colon, lung, and thyroid. In animals, these same tissues have also been shown
to be sensitiveto radiationoncogenesis.

1.2 RADIATIONONCOGENESIS,GENERALPRINCIPLES

To arrive at an understanding of the cellular and molecular bases of
oncogenesis it is necessary to understand the oncogenic process in tissues and
organisms. Basic biological relationships in oncogenesis are reviewed in this
section.

1.2.1 Nature of Radiation-lnducedNeoplasia

On the basis of the causativeagent, neoplasmsof a given histologyin a
given tissue are generally indistinguishable. Still, there are significant
differences in the types of neoplasmswhich occur in different tissues in a
single species, or in the same tissue in differentspecies.

1.2.1.1 Comparisonof Spontaneousand Radiation-lnducedNeoplasia

In either human beings or anima'Is,it is not possible to distinguish
between a neoplasm that is caused by ionizing radiation and one that occurs
"spontaneously,"i.e., which occurs from some unknown cause. In essence,
radiation-inducedneoplasmscan be recognizedin a populationonly by statistical
means because it is necessaryto observe a frequency in excess of the natural
incidence (BEIR III Report, 1980; BEIR V Report,1990).

1.2.1.2 Tissue and Species Specificity

Neoplasmscan be induced in virtuallyany tissue or organ of the body if
the exposuresare adjusted appropriately;however, it is clear that there are
significant differences in the oncogenic effects of radiation in different
tissues. In people,tissues of the thyroidgland, breast, bone marrow, colon,
and lung are the most sensitive (BEIR III Report, 1980; Storer, 1986; BEIR V
Report, 1990). Among the least sensitive tissues are the prostate, testis,
uterus,and uterinecervix. Even within the human hematopoieticsystem,tissue
sensitivity varies; chronic lymphocytic leukemia and Hodgkin's disease are
refractory to inductionby radiation,whereas acute lymphocyticleukemia, the
granulocyticleukemias,and multiple myeloma contribute to the high oncogenic
sensitivityof the bone marrow.



In animals, the sensitivity of different tissues varies by species and by
strain. Although there are certainly some uniquely responsive tissues in some
animals, such as the tissues of the Hardertan gland (Fry et al., 1982) and the
ovary (Watanabe el) al., 1986) in mice, in general, the same tissues that are
found to be sens:Jtive to ionizing radiation oncogenests in people are also found
to be sensitiw in a variety of animal species (see Upton, 1986).

Many different antrum1models have been used to study expertmmntally the
effects of radiation on neoplastic induction. The three most widely used have
been various strains of laboratory mice and rats, and the beagle dog. However,
many other studies have been _.onducted with rabbits, (lutnea pigs, Syrian and
Chinese hamsters, non-humanprimates, and even larger (bomesttc animals such as
the pig and burro (Goldman and Bustad, 1972; IAEA, 1976; IAEA, 1978; Upton et
al., 1986; Thompsonand Mehaffey, 1986). There is considerable variation in the
responses of the various species, and even amongdifferent random bred or inbred
strains of the same species, such as the mouse.

lt is important to recognize that the evaluation of radiation-induced
neoplasia in any given species _st be made in the light of the natural incidence
of particular types of cancer in that species. In both humanbeings and animals,
tumors of the tissues most sensitive to radiation o_cogenesis are not necessarily
the types that occur with the highest incidence in the population overall. For
example, in people_ the thyroid gland is highly responsive to radiation, yet
thyroid tumors occur spontaneously with relatively low frequency (see Table 1.1,
from BEIR III Report, 1980). In dogs, myeloid or granulocytic leukemias rarely
appear spontaneously, yet they are readily induced by radiation (Dungworth et
al., 1970; Fritz et al., 1986). Conversely, prostatic cancer in men is very
common, yet the tissue of this organ appears to be refractory to radiation
induction (BEIR III Report, 1980). Despite such exan_oles, lt has been found
that, in general, susceptibility to radiation-induced neoplasia, at least in some
species such as the mouse, is directly proportional to the natural incidence in
the population (Storer et al., 1988). This generalization has important
implicationsfor risk estimation.

lt is not known whether or not the varied susceptibilityof different
tissues to the inductionof cancer by radiation is due to a tissue-dependent
difference in the likelihoodof nccurrenceof the initial molecular/cellular
events or to differences in exp)'essionof these events as a consequenceof a
variety of other factors(Fry and Storer, 1987).

1.2.1.3 Extrapolationof Animal Data to Humans

Ifthe susceptibilityto radiation-inducedneoplasiais proportionalto the
naturalincidenceof that disease,then the relativerisk model may be the most
appropriateone to use for risk estimation. Riskestimatesof radiation-induced
human and rodent tumors were compared and it was found that the relativerisks
for lung, breast, and leukemictumorswere not significantlydifferent (Storer
et al., 1988). Because these are three of the tissues of primary concern for
low-doseoncogenesisin people, this relationshipis a useful finding.

There has alwaysbeen controversyabout the validityof extrapolatingfrom
animals to people. There are, however, many reasons why lt is critical to
evaluate human risks in the light of data from animal studies. Many d_fferent
factors influence radiation responses (see Table 1.2, from Fry and Storer, 1987).
The amount of information available on these factors from humandata is varied
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Table I.i Sensitivity of Various Tissues to the Oncogenic
Influence of Radiation

i

Spontaneous Relative Sensitivity
Site or Type of Cancer Incidence to Radiation Induction

Major radiation-induced cancers

Female breast Very high High

Thyroid Los Very high
Lung (Bronchus) Very high Moderate

Leukemia Moderate Very high
Alimentary tract High Moderate to low

Minor radiation-induced cancers

Pharynx Low Moderate

Liver and biliary tract Low Moderate
Pancreas Moderate Moderate

Lymphomas Moderate Moderate

Kidney and bladder Moderate Low

Brain and nervous system LOw LOw

Salivary glands Very low LOw

Bone Very low Low

Skin High Low

Sites o,r tissues in which magnitude of radiation-induced cancer is,uncertain or
has not been observed

Larynx Moderate LOw

Nasal sinuses Very low LOw
Ovary Moderate LOw

Connective tissues Very low Low

Prostate Very high Absent?

Uterus and cervix Very high Absent?
Testis Low Absent?

Chronic lymphatic leukemia Low Absent?

Adapted from BEIR III Report, (1980).



and, in somecases, quite scarce. However, w_uchhas been learned from animal
studies that bears on the basicmechanisms of radiation oncogenesis (Fry, 1984).
Further, in the absence of data specifically on low-dose radiation effects in
people, life-span studies in animals have yielded much information of value
(Thompson and Mehaffey, 1986), even though they have been little used in
promulgation of humanrisk estimates (BEIR III Report, 1980). The remainder of
this report discusses in detail each of the factors listed in Table 1.2.

].2.2 Basic Biolo_ca! Factorsand Mechanisms!.nRadiationOncogenesis

Research in radiation, chemical, and viral oncogen_.sishas led to a
recognitionof the multistage natureof the process. This work also has led to
an understanding of many of the factors which play a role in modifying
oncogenesis. The nature of these processesand factors in vivo are discussed
below.

I.2.2.I Oncogenesis, a Multistage Process

lt has beenacceptedfor manyyears that cancerdevelupmentis a multistage
process that reflects a stepwise cellular evolution from normal through
initiated,preneoplasticand premalignant,to neoplastic and malignant cells.
During this process,fully neoplasticcells develop,meaning that such cells can
proliferatewithout the need for an added growth stimulus; i.e., they have
acquired the capability of a degree of autonomous growth (Farber, 1981).
Researchintothesephenomenain animalsystemshas used bothchemical (Yuspaand
Poirier,1988) and physical (Fryet al., 1982; Fry and Storer,1987) carcinogens
in a varietyof organs and tissues. Threemajor stepsgenerallyare recognized;
initiation,promotion,and progression(Farber,1982).

Accordingto Fry and Storer (1987),there is no evidence that the various
processes involved in these major steps must be singular; i.e., they may come
about in a variety of ways. Fig. 1.1 illustrates possible stages at which
radiationmay impact oncogenesis. The variousterms and conceptsare discussed
below.

1.2.2.1.I Initiation

A brief exposure to a carcinogenicagent, including ionizing radiation,
induces a change in cells that is considered to be the first step in the
multistageprocessand is referredto as "initiation"(Farber,1982; Fry et al.,
1982; Fry and Storer,1987). This event does not producea neoplasticcell, but
induces some change that enables a cell to be differentiallystimulated to
produce focal proliferations. The evidence indicates a genetic basis for
initiation(Yuspaand Poirier, 1988),and it is assumed that this change takes
place in the genomic DNA of the affectedcell for both chemical and radiation
exposures. Initiationhas been describedas a rare event or series of events
(Farber,1982). Evidence from studieswith both chemicalsand radiationhave
suggestedthat this may not be the case and that initiationmay be a more common
event than previouslyrecognized(Gould,1984; Mulcahyet al., 1984; Cliftonet
al., 1986). Certainly, it appears to be a more common event than would be
reflectedby the much loweractual incidenceof tumors in irradiatedexperimental
animals (Fry et al., I982). Radiationmay cause initiationin many cells that
never expressthe neoplasticphenotype,or that may do so only after interaction
with other endogenousor exogenousfactors (Fry and Storer, !987).



Table 1.2 Factors That Influence Radiation Risk Estimates

Radiation Biological Approach
Characteristics Characteristics to Anal sy__

Dose Age Dose-response models

Dose rate Sex Projection models

Fractionation Genetic background Absolute risk -

Radiation quality Special features of Relative risk

tissue or organ

under study

From Fry and Storer, (1987).
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[/_-_-J_.l Possible pathways in multistage radiation carcinogenesis
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I.2.2.1.2 Promotion

Promotion describes the process whereby the formation of neoplasms is
accelerated(decreasedlatent period)or encouraged (increasedfrequency) in a
tissuewhich has been exposedto an initiatir_gdose of carcinogen(Farber,1981;
Yuspa and Poirier, 1988). Although a variety of biochemical and metabolic
changesmay accompanythe action of promotingagents,cell proliferationis an
essentialphenomenonin promotion(Farber,1982). A more specificdefinition,
then, is that promotion is the process whereby initiated cells form focal
proliferations--thatis, clonalexpansion--which,in turn,may act as precursors
for subsequentsteps in the oncogenicprocess.

Althoughmost promotingagents are not genotoxicby themselves (Yuspaand
Poirier, 1988),ionizingradiationis consideredto be a "completecarcinogen,"
acting as both an initiatingand a promoting agent, at least when sufficient
doses are given (Fry et al.,1982). Increasingcell proliferationby partial
hepatectomycan increase the yield of liver neoplasms after irradiation,but
large enough doses of radiationmay abrogatethe need for such extra stimuliby
causingsignificantcell killingfollowedby compensatoryrepopulation(Brooks
et al., 1982).

1.2.2.1.3 Progression

Focal proliferativelesions seen after initiationand promotion may be
preneoplasticor neoplastic,the latterusuallybenign(Yuspaand Poirier,1988).
Generally,preneoplasticlesionscan undergoregressionor differentiation. The
number of putativepreneoplasticnodulescan be 10 to 100 times larger than the
number of nodules that will undergo further steps in the oncogenic process
(Farber,1982). These furtherstepsare believedto confernew propertieson the
promoted cell popu]ation that lead to further sequentialphenotypic changes.
This phenomenonis referredto as progression.Putative,non-genotoxicpromoting
agentsdo not appear to affectthe preneoplasticphenotypeof the cells involved
or the incidenceof benignormalignant neoplasms. Thus, non-genotoxicpromoters
do not affect neoplastic progression (Yuspa and Poirier, 1988). Repeated
exposure to known genotoxic promoters, or to initiatirgagents, does affect
progression,increasingthe yield of malignanttumors. This suggests the need
for furthergenetic changes in the processof progression. Ionizingradiation,
being a genotoxic agent, would be expected to be able to act on neoplastic
progressionto increasemalignancyand, in fact, has recentlybeen demonstrated
to do so (Jaffeet al., 1987).

The ICRP (1977)describedradiationoncogenesisas a "stochastic"effect;
that is, one for which the probability of its occurrence, rather than its
severity,is a function of dose. This specificationhas been widely accepted.
However, in view of the data on neoplastic progression above, we might now
question the nature of radiationoncogenesisas an "all or none" or stochastic
phenomenon. Gould (1984)presentedevidencethat suggestedthat initiationwas
not "all or none" in nature. Also, the degree of malignancyof some tumors has
_,eenseento increasewith increasingdose of radiation. The latterobservation
was true for Harderiangland tumorsas well as other tumor types (Fry and Storer,
1987). lt is now clear that the dose of ionizingradiationcan influenceeach
of the steps of oncogenesis: that is, initiation,promotion, and progression
(see Fig. 1.I).
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1.2.2.2 Direct vs. Indirect (Abscopal)EffectsIn Vivo.

The human data with respectto radiationoncogenesissuggestthat in order
for a tissueto be at risk itmust be directlyexposedto the radiation,and that
the riskdependsprimarilyon the dose to the tissuesin question (Storer,1986).
In contrast, data from animal studies clearly show that indirect or abscopal
effects can play an importantroleo Total body irradiationis essentialfor the
efficientinductionof thymiclymphomasinmice, and the shieldingof any portion
of the body thatcontainssignificanthematopoieticpotential,such as the spleen
or thigh, can reduce the frequenciesof lymphomassignificantly(Yokoro,1986).
Ovariectomy prier to 'irradiationcan dramaticallychange the incidence and
spectrumof neoplasmsin mice (Storeret al., 1982). Also in mice, although not
in rats, mammarytumorscan be producedin the man_arygland irrespectiveof the
volume of tissue 'irradiated(Shellabargeret al., 1986). While non-uniform
exposuresmay act indirectlyto alter tumorexpression,most of the data suggest
that the primarytarget tissue for oncogenesiscannot be completelyspared from
exposure.

1.2.2.3 Age at Exposure

There is much information,both from studiesof people and animals,on the
effect of age at exposure on the frequencyof radiationoncogenesis, Clearly,
this is an importantdeterminantin human risks (BEIR III Report, 1980). There
certainlyappear to be differentialsensitivitiesof oncogenesiswith respectto
age. Still, the general statement can be made that for all species,
sus.zeptibilitytoradiationoncogenesisdecreaseswith increasingage at the time
of exposure (Storer,1986). The dependenceon age can vary for different types
of neoplasms. For example, in mice, the rate of thymic lymphoma induction
decreases rapidlywith increasingage after 3 to 5 weeks, whereas, for myeloid
leukemia, advancing age has little effect, at least up to six months of age
(Yokoro,1986).

One area of considerablecontroversyis that of the susceptibilityof the
fetus to radiation oncogenesis. ' A heightened sensitivity to radiation
oncogenesis in the human fetus in the form of an increasedrisk of childhood
cancers has been reported in a numberof epidemiologicstudies (Stewartet al.,
1958; Shiono et al., 1980),but not in others (Jablonand Kato, 1970; Oppenheim
et al., 1975). "Thelack of such an effecton childhoodcancer in the atomic-bomb
survivors (Jablon and Kato, 1970) has now been supplementedby recent data
suggesting that prenatally exposed persons have a greater lifetime risk for
cancer than personsexposedpostnatally(Yoshimotoet al., 1988). The putative
lack of a confirmationof such effects in animal studieshas been cited by some
as a reasonto questionthe "biologicalvalidity"of this phenomenon(Monsonand
McMahon, 1984;Harveyet al., 1985). The statementin the BEIR III Report (1980)
that, "This apparent special sensitivityof the fetus has not generally been
borne out by animal studies,"is misleading. As reviewedby Sikov (1981),there
is considerableinformationfrom animal studiesto indicatethat irradiationof
prenatal animals can lead to increased, as well as decreased, incidence of
postnataltumors_

Clearly,there are differencesrelatingto species,as well as differences
relatingto the specificconditionsand experimentalproceduresthat were used.
More recent studies have shown increasedsensitivity (Covelli et al., 1984;
Sasaki, 1987), or no sensitivity (Kusama and Yoshizawa, 1982) of the fetus.
However, data from studies with dogs are consistent with an increased fetal
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sensitivity. A life-span study of beagles after late prenatal and early
postnatal whole body exposures indicates that there is both an increase in benign
and malignant tumors in young dogs (Benjamin et al., 1986; 1987), as well as an
increase in fatal malignancies in adult animals (Benjamin et al., 1987).
Considering that lt is accepted that the fetus and the newborn have a heightened
sensitivity to both chemical and viral oncogenic agents (Rice, 1988), it is
appropriateto expecta similarheightenedsusceptibilityfor radiation,as weil.

1.2.2.4 Sex

Clearly, sex is a major determinantin the responseof animals and humans
to radiation-inducedneoplasiaand, in fact, to neoplasiain general. The most
obviousdifferencesare in a tissue like the breast where men and male animals
rarelyare affectedby breastcancer. Likewise,radiation-inducedbreastcancer
is restrictedprimarilyto females(BEIR III,1980; Fry and Storer,1987). Aside
fromthe other obviouslysex-relatedtissueneoplasms,such as those of the ovary
inmice, thymic lymphomasand myeloidleukemiasare dramaticallyaffectedby the
sex of the animal. Femalemice have a much higherincidenceof radiation-induced
thymiclymphomasthan do males,while the oppositeis true of myeloidleukemias.

1.2.2.5 Latent Period

The latent period is that time betweenthe exposureof an individualto a
carcinogen,such as radiation,and the appearanceof a clinical neoplasm. The
latentperiod variesamong speciesand is a functionof the naturallife span and
the type of neoplasm. Latencyalso varies inverselywith radiationdose (Upton,
1984). Such dependenciesare true for a varietyof animal neoplasms,although
the latent period is generally shorter for leukemias than for solid tumors
(Upton,1984), as is also the case for human tumors (BEIR III Report, 1980).

An importantquestion is whether or not radiationinducesa true increase
in the incidenceof a neoplasmof a certaintype, or an apparentincreasebecause
of a reduction in the time necessaryfor appearanceof the neoplasm (decreased
latent period). This question is importantsince it has been suggestedthat
differentmechanismscould be invokedfor the two differenteffects (Fry, IgsI).
Many animal studies have shown increases in the incidenceof specific tumors
after irradiation,yet these could be misleading. If animals are not followed
for their full lifetime,an apparent increase in incidencecould simply be a
reflectionof an earliertime of appearance. This situationhas been shown to
be true oF lung tumors in mice; that is, an advancementin time of appearance
with no evidenceof an overallincreasein the incidence. On the other hand, an
advancementin the time of death only, when extrapolatedto the human situation,
nonethelesshas real and obvioussignificance. Decreasingthe latentperiodfor
tumorswhich may occur late in life could advancetheir appearanceenough to have
them manifest prior to death due to other intercurrentcauses. Essentially,
their earlier appearancewould be interpretedas an increase in the incidence
that was recognized in that irradiatedpopulation.

1.2.2.6 Host Responses

There is no question that various host factors play a critical role in
oncogenesis,radiationoncogenesisincluded, lt is unfortunatethat, aside from
some of the factors already discussed, this is a topic that has received
relatively little attention. Perhaps the most is known about the effects of
hormoneson sometypes of radiation-inducedtumors. Much less is understood--the
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general subject itself is muchmore controversial--about the role of the immune
system tn radiation oncogenesis. Relatively ltttle is knownabout other in vivo
factors that could affect responses to radiation, such as cell-cell Interactions,
tissue organization and licroenvirenments, growth factors, and the 11ke. What
is known in general is discussed below and, tn greater detat1, with respect to
some speci fi c organs.

1.2.2.6.1 Hormones

Hormoneleve]s are troll recognized to affect the appearance of neoplasms
in a population. Perhaps the best moclel system studied has been the mammary
gland in the rat and, to a lesser degree, in the mouse (Shellabarger et al.,
1986). However, the full role of the endocrine system in this process is not
understood. Prolactin is also well known to cause a dramatic increase in the
incidence of radiation-induced Harderian gland neoplasms in rodents (Fry et al.,
1976).

The hormonal control of the thyroid gland is important in thyroid
oncogenesis by radiation (Clifton, 1986). Here too, we are just beginning to
understand the mechanisms involved. Hormonal status has a critical effect on the
appearance of ovarian tumors after irradiation (Watanabe et al., 1986). Finally,
hormonal status, as manipulated by ovariectomy, can be shown to affect the
incidence of radiation-induced hematopoietic and solid neoplasms in mice (Storer
et al., 1982). The fact that radiation-induced thymic lymphomais decreased in
ovariectomized female mice certainly suggests that a prime deteminant of the
difference in incidence in males and females is homonal in nature. It is
noteworthy that the properties of three of the four human tissues that are
identified as highly radiation sensitivity are significantly influenced by
homonal factors.

].2.2.6.2 Imune System

The concept of imunologica] surveillance--that is, the idea that the
immune system plays a major role as a first line of defense against the
development of neoplasms (Burnet, ]g7])--has undergone a pendulum swing in terns
of perceived importance. At present, immune surveillance is not as popular a
concept as it once was (Stutman, ]984; Fry and Storer, 1987). There is no
question that people with defective or deficient immune systems can have
increased risks of some types of neoplasms, most notably lymphomas (Stutman,
198]; Purtilo and Sakamoto, ]984), but the case for a true surveillance system,
even in immnodeficient animals, is controversial (Stutman, 1984).

Radiation has long been recognized to be a powerful immunosuppressive agent
(Anderson and Warner, 1976). However, this subject is complex and different
lymphocyte subsets have varying radiation sensitivities (Anderson et al., 1986).
It is of particular note that very low-dose radiation can actually augment the
immune response, presumably because of the uniquely high sensitivity of the
suppressor T cell _ich modulates the immune response (Doria et al., 1982;
Anderson et al., ]986). While it is logical to consider that the
imu!.osuppressive effects of radiation could play a role in radiation
onco_enesis, this possibility has not been clearly established (Fry and Storer,
1987).

In reference to the preceding, examples of contradictory data include the
results of studies of the effect of neonatal thymectomy on plutonium-induced lung
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cancers in rats (Nolibe et al., 1981). Unlrradiated, th_nnectomlzed(immune
deficient)rats had an increasedfrequencyof extra-pulmonaryneoplasms. After
inhalationof plutonium, irradiatedrats had an increase in pulmonarytumors,
but this effectwas not increasedfurtherin the thjnAectomlzed,immunedeficient
animals. On the other hand, the malignancyof the radiation-inducedtumors,as
evidenced bytumor size, invasiveness, and number of metastases, was increased
in the thymectomized animals. So, in the face of a genera] increase in neoplasms
in unirradtated immunodefictent rats, thymectomydld not affect the rfrequency of
radiation-induced tumors even though it did increase their malignancy.

Another example of a study that is paradoxical is the observation that low-
dose radiation actually enhanced an antitumor response (Anderson et al., 1982).
Low dose (5-25 cGy), whole-body exposures of mice prior to the transplantation
of sarcoma cells resulted in a lower incidence and smaller tumors in irradiated
recipients. The radiosensitive T-suppressor-cellwas implicated in this
phenomenon,possibly through augmentationof imune responsesby T-suppressor-
cell killing.

The overallrole of the immunesystemin radiationoncogenesis,especially
due to low doses, remainsto be more fully elucidated.

1.2.2.7 Interactionof Radiationwith Other Agents

Any combinationof agents,chemicalor physical,can have varying effects
with respect to oncogenesis. These may be additive, synergistic, or
antagonistic° Because this subject has been extensively reviewed (Fry and
Ullrich_1986;NCRP, 1989),and becauseof its inherentcomplexity,only them ore
general dimensionsof the topic are described.

Radiationis a complete carcinogen in that a single exposure can induce
neoplasia. On the other hand, low doses may initiate cells and these may have
a low probabilityfor expression unlessthey are exposed to some other, second
agent. Further,radiationmay serve as the secondevent in oncogenesisinitiated
by some other agent. Such possibilitiesare obviouslydependenton the sequence,
frequency,timing and total exposuresof these various agents.

In rats, exposureto radon-daughterproductsand cigarettesmoke resulted
in an increasedrisk for lung cancer if the cigarettesmoke followedthe radon-
daughterexposures,suggestinga promotingeffect of thr smoking(BEIR IV, 1988).
Other studieshave reportedthe interactionof ionizingradiationwith chemicals
such as urethane and benzo(a)pyrenein increasingthe inductionof lung tumors
in animals (Fry and Ullrich, 1986).

Both enhancementand reductionof skin oncogenesishas been reported for
the interactionof ionizing radiationwith various chemicals,althoughmost of
these studieshave involvedthe evaluationof secondarychemicaleffects after
initiationby radiation(Fry and Ullrich,1986). A few older (Fry and Ullrich,
1986) and more recent (Jaffeet al., 1987) studiesdo indicatethatradiationcan
act to effect promotion/progressionof chemically initiatedskin tumors.

Both mammary oncogenesis and leukemogenesishave been affected, either
increasedor decreased,by the interactionof radiationwith chemicals,depending
on the doses used and the sequenceof events involved (Fry and Ullrich, |986).
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The importance of viral agents in radiation oncogenesis is equivocal. The
best known model is thymic lymphoma in the mouse. The role of the so-called
radiation leukemia viruses is discussed inreference to the hematopoietic system.
The other example of note is the induction of bone tumors in mice. Radiation-
induced osteosarcomas in mice have been found to be associated with the presence
of viruses which can cause osteosarcomas (Finkel et al., 1976; Goldman, 1986).
These viruses would appear to play a role as evidenced by the facts that
vaccination can delay the onset of radiation-induced bone tumors, and that
injectionof active virus into irradiatedanimals can increase their lifetime
incidenceof bone tumors (Reif and Triest, 1983).

,

1.3 DOSEAS A FACTORIN RADIATIONONCOGENESIS

The problem of defining dose-response relationships is a central one for
risk estimation. The nature of the dose-response curves has been discussed
extensively, and these concepts have undergone continuous revision (BEIR I
Report, 1972; BEIR III Report, 1980; NCRP, 1980) and have been revised once again
(BEIR V Report, 1990). The information upon which the accepted dose-response
curves is based is related to the primary events in oncogenesis (Fry and Storer,
1987). For many relatively simple biological endpoints, such as the induction
of" chromosomeaberrations and other in vitro effects, the dose-response models
in use fit well. Human data on radiation oncogenesis have large errors
associated with them and, consequently, several models may appear to fit the data
(Storer, 1986). Host of the data, from both humanand animal studies, that have
been used to construct dose-response curves were derived from relatively high
radiation doses. In fact, the in vivo data on oncogenesis at low doses, <10 cGy,
is quite scant, especially for low-LET radiations. Thus, modelling at lowdoses
has been based upon extrapolations of effects after high doses.

1.3.] Dose ResponseModel_; in Humans

There have been few large epidemiological studies of the effects of
radiation on humanswhere the exposed populations have been followed until the
end of life. As a result, there is substantial uncertainty in projection of
currently available health risk data for such populations to the end of life, and
certain assumptions must be made in order to makesuch projections. In addition,
much of the available epidemiological data, which has produced statistically
significant results, is associated with populations exposed to relatively large
doses of radiation and usually at high dose rates. As a result, there is also
great uncertainty in the dose response curves for the end points of interest
(e.g., cancer and hereditary disorders). The various biological dose response
models (linear, linear-quadratic, and quadratic models)will alsobe briefly
presented and evaluated in light of current knowledge.

Generally speaking, neither humannor animal response data provide adequate
information to statistically establish the shape of the biological response curve
at low doses, because the sample sizes req_ired to unequivocally do so are too
large to be practical. The size of the required sample population is
approximately inversely proportional to the square of the cancer excess. For
example, if 1,000 animals in the exposed and control groups are required to
provide adequate statistical power at 100 rads, about 10,000,000 in each group
woul_ be required at 1 rad, and about a billion in each group would be required
at 0.1 rad (BEIR III Report, 1980, p. 140).
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Although there _are several models which purport to describe the biological
response from exposure to radiation, at present only three have achieved some
measure of acceptance based on theory and observed responses of human
populations, and of whole animals and autonomous cell lines grown in culture.
All three of the lodels are derivable from a generalized Bode1 having both linear
and quadratic terms, and all assume no threshold for cancer risk (even though
none are statistically detectable below about lO cGy in humans). The discussions
which follow will briefly describe these models, which are showngraphically in
Fig. ].2, taken from BEIR III, 1980.

1.3.1.1 Linear-Quadratic ResponseModel

Because neoplasia or mutagenesis results from changes in individual cells,
biological response models are derived from basic theories of cellular damage
from ionizing radiation of various qualities. The linear-quadratic dose
dependency frequently has bee_ found to be adequate to fit observed responses of
autonomous cells exposed to low-LET radiation such as X-rays, y-rays, and I_-
particles. Data from studies of cellular responses generally can be fitted with
an equation of the following type:

E-a+bD+cD 2

where a is the zero-dose incidence (i.e., spontaneous rate), D is dose, and b and
c are empirically derived coefficients. Another consideration would be to
account for cell killing (see Section 3.2), but cell killing usually is not
rel_.vant at low doses and low dose rates.

This model almost certainly oversimplifies the real situation in cells
(e.g., no accounting is made of: the variation in the sensitivity of cells as
they proceed through the cell cycle; time-dependent events such as cell
repair/misrepair; or the effects of cell killing at high doses on the likelihood
of detecting cell transformation). However, for fitting humanepidemiological
data, the linear-quadratic model is believed to be adequate in the instance of
leukemia (BEIR V Report, ]990).

].3.].2 Linear Response Flodel

The 1 inear response model has been used to fit humandata for tumorigenesis
typically following high doses, generally at high dose rates (e.g., cancer
incidence among the Japanese bomb survivors). The model is based on the
assumption that there is no threshold dose for radiation health effects, so a
straight line can be drawn from the zero dose incidence through the effects
observed at high doses. Assuming linearity means that. the quadratic term in the
general model is too small to be important even at doses approaching lethal
levels. While this assumption ignores animal and cellular data to the contrary,
the statistical tests on humandata have lacked the power to reject either the
linear or the linear-quadratic models. Given this situation, and the greater
ease in using the linear model to calculate risks at different doses, the simpler
model has been favored. The coefficient of the term aD is the slope of the line
fitted to the lifetime projected cancer risks that are available largely from
high-dose, humandata.

In the Report of the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEARReport, ]989) the linear-response model was adopted;
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Figure 1.2 Alternative dose-response curve for radiation

oncogenesis. From BEIR III Report, (1980).
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however, dose-rate effectiveness factors (DREF's) for use at low dose-rates, less
than 10 cGy per year of a low-LET radiation, were also recommended. The factors
selected by the Nattonal Radiological Protection Board are 2 for breast cancer
and 3 for all other cancers (NRPB Report, ]988, pp. 24-25 and 60-62). Thts
approach ts similar to that employed tntheReactor Safety Study (USNRC, 1975).
The latest report of the BEIR Committee (BEIR V Report, ]ggo) concluded that, in
addition to leukemias, data for all other cancers were fttted best by a ltnear
response model.

1.3.1.3 Quadratic ResponseModel

The quadratic response medel was considered by the BEIR III Committee to
fit reasonably the available high-dose data, and to provide a lower boundto the
envelope of risks--relative to a linear-quadratic dependence--that tt was
developing for Federal guidance (BEIR III Report, 1980, p. 142).

Acceptance of the quadratic model as a reasonable description of the risk
to radiation exposure appears questionable, since, in a classical sense, it
implies that single hits are unimportant in production of cancer, and all the
observed effects can be explained in tems of double-tracks. While that Bay be
true for existing high-dose, low-LET, human-risk data, the use of suchmodels to
extrapolate to the risk of low-dose, low-dose-rateexposures ts scientifically
questionable.J

1.3.2 Dose Factors in Radiation Oncoqenesis in Animal_

Experimental studies with animals have been addressed to many questions
that usual]y cannot be answered from humandata. Although the shape of the dose-
response curve at low doses remains questionable, much has been learned with
animals relative to the effects of dose rate, radiation quality, and dose
localization.

1.3.2.1 Dose

One problemwith various dose-response models is the suspicion that various
factors, which may influence the dose-response curves, Bay not apply uniformly
over a wide range of doses (Fry and Storer, }987). As noted, oncogenesis appears
to be a complex, multistage process and the final expression of tumor incidence
may be a reflection of more than the initial biophysical andmolecular events in
the target cells. The mechanisms that play arole in the induction of different
types of tumors may be diverse enough that a single dose-response model may not
adequately fit them a11. For example, tt _s not knownwhether or not there are
essential differences in mechanisms of induction between tissues of high
sensitivity, and therefore capable of being induced by low doses (breast,
thyroid, bone marrow) vs. those tissues with low sensitivity that can be induced
only after substantial exposures. Such differences could reflect different
mechanisms of initiation or different influences of the host onthe later stages
of the oncogenesis process. Thresholds Bay exist for some host responses, such
as inducsd hormonal imbalances or immune suppression, and possibly not for
others, such as cell killing.

Probably because of factors such as those mentioned above, a single model
for radiation oncogenesis will probably not fit all animal data. Fry (1981)
cites experimental data which showthat almost any type of dose-response (]inear,
no-threshold; non-linear, no-threshold; or non-linear, threshold) can be ssen
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depending on the organ system involved and the species used. In general, the
frequency of radiation-induced neoplasia increases with increasing dose.
Frequently there is a maximumfollo_d by either a decline or a plateau that is
probably attributable to the killing of target cells in some instances, e.g., at
high doses and dose rates of low-LET radiation.

1.3.2.2 Radiation Quality

It is clear thatr _i primary determinant of the shape of _ose-response curves
is radiation quality. For low-LET radiation, the situation appears to be
complex. A variety of experiments have yielded conflicting data, with some
showing a linear response for all tumor types (Thomsonand Grahn, 1988; Maisin
et al., 1983a; Maisin et al., 1983b), especially at low doses. Other data fit
both linear and linear-quadratic responses, depending _l the sexes and strains
of the animals that were used and whether or not a11 tumors we_-egrouped together
or evaluated as individual types (Storer et ai., 1979; Ullrich, 1980; Ullrich et
aT., 1987). Further complicating the picture fs the confirmed finding that some
tumor types, such as those of the ovary, appear to show a threshold response
(Ullrich, 1980), an observation that appears to be at odds with the model
generally used (BEIR II! Report, 1980).

Data for high-LET radiation are quite different from those for low-LET but,
once again, the simple linear model does not work in all instances. The initial
slopes are steeper than those for low-LET radiations (Fry and Storer, 1987). At
doses that vary, but may be as low as 10-20 _cGy, the curves Bay bend downward
from a linear response and even becomeflat despite increasing dose (Fig. 1.3).
As noted above, this plateau phenomenonis a general characteristic of radiation
oncogenesis and it occurs at high doses with low-LET radiation and at low doses
with high-LET exposures. Increasing the LET by using various heavy ions (Fi_.
1.,4) clearly increases the effectiveness of tumorigenesis relative to low-LIET
radiation.

1.3.2.3 Dose Rate, Fractionation,and Protraction

As has been pointed out by Ullrich (1980), instantaneous dose rate,
fractionation,and protractioncan produce varied,dose-responsedependencies.
Total dose, dose rate,fractioninterval,and dose per fractionall are important
in interpretingexperimentalresults. Protraction,that is, spreadinga dose out
over a longer period of time, can be importantin that lt can span a range of
cell stages and host ages that have differing sensitivitiesto oncogenesis.
While protractionhas beenused in experimentswith externalexposures(Grahnand
Fritz,19861, lt is particularlyimportantin studiesusing internallydeposited
radionuclides (Wrenn st al., 1986a, 1986b; Goldmanst al., 1986; Thompsonst al.,
1986; McClellan et a?., 1986).

Decreasing dose rate clearly decreases the effectiveness of oncogenesis by
low-LET radiation, although the degree differs for different types of tumors
(Ullrich, 1980; Fry, 1981). Studies using Harderian.gland tumors, thymic
lymphomas, lung tumors, and mammary-gland tumors have also demonstrated that
changing the dose rate can change the shape of the dose-response curve. For all
of these, lowering the dose rate caused a change from a linear-quadratic to a
linear dose response (Ullrich, 1980; Ullrich et a?., 19871. For low-LET
radiation, the effect of fractionation can be dependent on the number and size
of the fractions. For example, for the same total dose, a smaller number of
fractions can be more effective than a larger number. With sometumors, such as
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Figure 1.3. Age-adjusted incidence of thymic lymphomas and Harderian gland
neoplasms as a function of fission neutron dose (From Fry and Storer, 1987).
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thymic lymphomasand reticulum-cell sarcomasin mice, dose fractionation or low-
doserate Irradiation can increase tumorigenic potential (Fry andStorer, 1987).
Such anomalousfindings might reflect changes in host responses, as well as
direct radiation effects on the target cells.

For high-LET radiation, lowering the dose rate or protracting the dose by
multi-fractionation did not reduce tumorigenesis and, in fact, in someinstances
enhancedtt (Thomsonet al., 198]; Maistn et al., lg83b; Storer et al., 1979;Fry
and Storer, 1987). Ullrtch (1984) demonstrated that changing tha dose rate or
fractionation for neutrons could have differential effects on different tumor
types, that is, lowered dose rate enhancedmammaryoncogenests but reduced
ovarian neoplasm incidence. From this, tt was suggested that different
mechanismsof induction might be involved for different tissues.

Protraction of the dose can be important in oncogenestsas illustrated by
studies of continuous y-ray exposures of dogs. The induction of
myeloproltferative disorders and myeloid leukemtas was dependenton dose rates
low enoughto allow dogs to accumulate sufficiently high doses (Fritz et al.,
1986). With exposuresof 5 to 10 cGy/day, and total doses of 20 Gy, 50%of the
dogsdevelopedmyeloproliferative syndromes. Doserate anddoseprotraction have
also been shownto be critical factors in pulmonary oncogenests from inhaled
internal emitters with different dose patterns leading to differences in
incidence and type of neoplasms(Hahnet al., 1986).

1.3.2.4 DoseLocalization

Localization of the dose to specific porttons of the body or to specific
tissues is obvious in its potential importance, assumingthat there must be
direct exposureof a tissue to result in oncogenesis. Beyondthis, whole body

a exposurecouldaffectorgansor tissuesotherthanthe one in whichthe tumors
- are observed. Localizationof the dose is a morecriticalfactorwhendealing

withinternallydepositedradionuclides(Boeckeret al.,1986;Booket al.,1986;
Wrennet al., 1986b;Tayloret al., 1986;Milleret al., 1986)and rangeof
radioactiveparticlessuchas ,-particlesandthe doseto the targetcellsmust
be takenintoaccountin an evaluationof dose-responsedependencies.

1.4 NODELSFORPRO,)ECTIN6LIFETINERISKSOFCANCERIN HUI_a.NS

Once a dose responsecurve has been developedbased on the observe._
mortality,it is necessaryto developa modelfor projectingthe futureeffects
whichmightoccuras a resultof pastexposuresto livingpopulationsof people.
In this section,the two prominentmodelsused to projectcurrentdata, the
relativerisk and absoluterisk models,will be brieflypresented. Risk
projectionsrequirea knowledgeof parameterssuchas: the latentperiod(i.e.,
the time from exposureto the commencementof increasesin cancermortality
rates);the plateauperiod (i.e.,the time duringwhich risk of cancer is
increased);the relationshipbetweenthe spontaneousrisk and the excessrisk;
the age distributionof the exposedpopulationand the age-specificmortality
ratefromallcausesincludingthetypesof cancersunderevaluation;theeffect
of age at the timeof exposure;the effectof sex;and possiblyotherfactors
(e.g.,cigarettesmoking,etc.).

The majordifferencebetweenthe relativerisk (RR)andthe absoluterisk
(AR)projectionsis thattheRR accountsforthe age-specificsusceptibilityto
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cancer. Since the RRmodel and the AR model both utilize the sameexisting data,
both models produce numerically consistent results for those data whencalculated
to the present time.

These models are not true biological models in the sense that they are
derivable from theories of carcinogenesis. Rather, they are simply mathematical
models used to fit observed epidemiological data. A determination of which, if
either, of these models is more appropriate for future projections can only be
based on how well they fit the observed data. And, of course, the observed
database at this time is still growing as the exposed populations continue to
age.

1.4." Relative Risk (RR) Model

The relative risk (RR)model is a multiplicativerisk model in which the
ratio of the excess cancer in an exposed populationto a comparableunexposed
popul;i,ionis assumed to remain constant after an appropriate latent period
followinga given dose. Therefore, the projectedestimates of future cancer
mortality are multiplesof the natural cancer risk in the exposed population.
That is,

R(exposed)- RR x R(unexposed,t)

where RR is constant for all times t greaterthan the latent period.

Becausethe baseline age-specificcancer rates in an unexposedpopulation
increaserapidlywith advancingage, the projected(i.e.,the calculated)cancer
rates in the exposed populationwill also increaserapidly wtithage following
exposure (BEIR III, 1980, pp. 30-31). This relationshipis :shownin Fig. 1.5,
taken from the BEIR III Report (1980).

When the most current data were examined, this modellwas found to be
appropriatefor projectingfuture risk for most tumors (BEIR V Report, 1990).

1.4.2 Absolute Risk (AR} Model

The absoluterisk model (AR) is an additivemodel in which the expression
of cancer is independentof the naturalage-specificcancer followingexposure.
After an appropriatelatentperiod,where no excesscancers are detectablein an
exposedpopulation,thismodel assumesthat the cancer inductionrate is constant
per unit of dose (BEIR III Report,1980, p. 30). For a given exposure,the rate
isassumedconstantand additiv._to the spontaneouscancer rate for an additional
period of time followingthe latent period (the so-calledplateau). That is,

D(exposed,t) = AR + R(unexposed,t)

where AR is the absolute excess risk for all times t greater than the latent
period.

This model is shown in Figure 1.5. In reports prior to the latest BEIR
CommitteeReport (BEIRV Report,1990),this modelwas felt I'.obest representthe
risk of radiogenic leukemia, and was also thought to be appropriate for
projectionsof cancer of the thyroid, bone, and liver. See Appendix A for more
details.
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1.5 HUiIANRISKSOFRADIATIONONCO6ENESIS

Thts sectton wtll focus on recent revtews, studtes, and analyses of the
humanepidmtologtcal data on cancer rtsks amongexposedhumanpopulations. Rtsk
coefficients for Individual organs are presented along wtth projected life-time
rtsks of several populations of peoplewhowere exposedto radiation as a result
of the atomic bombexplosions tn Japan durtng World War II, or as a result of
vartous medical treatments.

There havebeen few, tf any, large eptdemtologtcal studies of the effects
of radiation on humanswhere the exposedpopulations havebeen followecl unttl the
end of ltfe. As a result, there remain substantial uncertainty on the life-long
risks of cancer. Stnce the BEIR I;1 Report (1980), a substantial revtsion of the
dosimetry for the exposedHiroshimaandNagasaktpopulations has been completed.
In addition, newdata from Japanesesurvivors andother exposedpopulations have
continued to accumulate. This revtew wtll focus on the results of current
reevaluations of the health risks to those populations on _n organ-by-organ
basis.

The task of comparing the results of several recent stud|es is complicated
by the fact that the risk data from the JapaneseA-bombsurvivors has just been
revised as a result of a reevaluation of the bombdosimetry. The new bomb
dosimetry system, DS86, was initially developed by SAIC under contract to the
Department of Energy (Kaul, 1983). The final dosimetry report was published in
1987 (Roesch, 1987). The principal changes resulting from the reassessed
dc,simetryfollow.

(I) In Nagasaki,the y-ray kerma (kineticenergy released in matter;
approximatelythe first collisiondose) for DS86 was about I0 to 30
percentlessthan for the 1965tentativedosimetrysystem(T65D),while
the neutronkermawas aboutone-halfto one-thirdof the T65Destimate;

(2) In Hiroshima,the y-raykermafor DS86 was about2 to 3.5 timeslarger
(dependingon groundrange)thanthe T65Dvalue,whiletheneutronkerma
was onlyaboutI0 percentof the T65Dvalue.

(3) A majorfactorwhichkeptthe riskcoefficientsfromrisingeven further
was thereductioninthegala-ray transmissionfactorinJapanesehouses;
0.53forpromptgammaand0.46fordelayedgammaat 1,500m vs. an assumed
T65D factorof 0.9. The neutrontransmissionfactorwas not a greatdeal
differentfor DS86 {0.38)comparedwith the T65Dvalue(0.32).

(4) Inaddition,theorgandoseestimateswereconsiderablymoresophisticated
than T65D, and resultedin a much higher averageorgan transmission
factor,compensatingin part for the reducedgamma-raytransmission
factorsfor houses.

Subsequently,Prestonand Pierce(1987)providednew estimatesof risk
basednoton kerma,butuponcalculatedorgandoses. The authorswarnedthatit
wouldbe erroneousto baserisk estimateson kermaonly,sinceorgandosesand
doseequivalentswerequitedifferent.As a result,the authorsconcludedthat
therewasrelativelyIittledifferencebetweentheDS86andT65Ddosimetricvalue
fortotalorgandose. Nevertheless,duelargelyto thereductioninthe neutron
and gammadose estimates,there is now relativelylittledifferencein risk
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estimates (on a per rem basis) between Hiroshima and Nagasaki, resolving a
long-standing point of contention about the actual doses in the cities.

Before discussing radiogenic cancer risks to individual organs, tt would
be wise to first discuss the overall risks associated with total body (or nearly
so) irradiation. For this assessment,the major source of information mustcome
from the Hiroshima andNagasaki A-bombsurvivors. The most recent information
comesfrom four major reviews" the Radiation Effects Research Foundation in
Japan(RERF; formerly the Atomic BombCasualty Commissionestablished in 1977by
the U.S. National Academyof Sciences), the United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR),the U.K. National Radiation
Protection Board (NRPB),andmost recently, the U.S. National ResearchCouncil's
Committeeon the Biological Effects of Ionizing Radiation (BEIR).

i

Themost recent RERFreport (Shimizu et al., 1988) provides an estimate of
theoverallincreaseinthe riskof leukemiaandtotalsolidtumorsbasedon the
DS86dosimetry.The reportindicatesthatthe bestfitfor the solidtumordata
now is a lineardoseresponsemodel,with a relativeriskprojectionto the end
of life for the populationsunderstudy. The relativeand absoluterisksof
leukemiaarediscussedinSection1.6.1.Therelativeriskofall cancersexcept
leukemiafollowingI00cGy of low LET radiationto the wholebody (theneutron
contributionto dose is now considerednegligible),at a high dose rate was
estimatedto be 1.41 (1.32-1.51,90% confidenceinterval(CI)). The excess
(absolute)ri_k estimate is 10.13 (7.96-12.44,90% CI) per million
person-yr-cGy.The totalcancermortalityriskswere7.62at I00cGy (relative
risk),and 13.1permillionperson-yr-cGy,respectively.Estimatesof lifetime
risksby RERFwerestillinpreparationat the timeof thisreview. Preliminary
resultsby Shimizuet al., (1988,TableIg) indicatedthatthe magnitudeof the
changewouldbe an increasein the leukemiariskof abouta factorof 2.2,BEIR
IIIReport(Ig80)linearmodel,anda factorof about3.2,BEIRIIIReport(1980)
linear-quadraticmodel,bothfordosesbelow200cGy. The increasein therisk
of solidtumorswouldbe about2.7, BEIR III Report(1980)linearmodel,and
about5.5, BEIR III Report(1980)linear-quadraticmodel,both for dosesunder
200 cGy.

The UNSCEARCommittee(1988,Table69) preparedindependentestimatesof
therelativeandabsoluterisksof leukemiaandsolidtumors.Thedetailson the
leukemiariskare presentedin Section1.7.1. Themaximumlifetimeriskof all
cancersexceptleukemiaandthemaximumtotallifetimecancerriskof wholebody
irradiationto 1,000peopleeach receivingI00 radswere as follows:

RelativeRisk (solidtumors)"61 (48-75,90% CI) per I00,000person-cGy
(totalcancers)"71.2per I00,000person-cGy

AbsoluteRisk (solidtumors)"36 (28-44,90% CI) per I00,000person-cGy
(totalcancers)"45.3per I00,000person-cGy

Thus,the projectedlifetimeriskof cancer,usingtherecommendedabsoluterisk
modelfor leukemia,and the relativeriskmodelfor all othercancerswouldbe

*Excessrisk here is synonymouswith absoluterisk;lt is the difference
betweenthe numberof cancersin an exposedgroupminusthe differencein an
unexposed(control)groupdividedby the person-yearsat risk and the average
dose to the populationat risk (i.e.,person-yr-cGy).



about 700 cancer deaths per million person-rea (assuming an effective RBEof 1
for the bomb survivors, since the reassessed neutron doses were too small to
effect the results for an assured RBEof ! to 10. That total is about 5 times
greater than the value recomended by the BEIR III Comittee (BEIR III Report,
1980). In the Report of UNSCEAR(1988), it was recognized that data from both
the ankylosing spondylitis patients and from anita1 studies clearly showed a
reduction in cancer rates when the dose was protracted over periods of time.
However, they were unable to agree on a dose-rate effectiveness factor (DREF) for
use with populations receiving doses at low dose-rates and low doses. Although
the Committee concluded that the DREFshould be in the range of 2 to 10, they put
off the decision on specific DREFsfor another day. Unless the DREF's ultimately
recommended are in the range of 2 to 3, it is possible that the new risk
estimates will have mk%jOtrepercussions on comercial and military uses of
nuclear materials if incorporated into Federal regulations.

The National Radiological Protection Board (NRPB Report, 1988) also
prepared its own evaluation of the Japanese bomb survivor data using the DS86
dosimetry results, as well as what they considered useful data from other
populations (e.g., post-partum mastitis patients for risk of breast cancer,
radium dial painters for bone cancer, and thorotrast patients for liver cancer).
The NRPBrisk estimates were projected for the U.K. populations of England and
Wales, DREFs of 2 for breast cancer and 3 for all other cancers. Therefore,
these estimates may represent more reasonably the likely cancer risk to U.S.
workers and the general population for low doses delivered at low dose rates.
The NRPBestimated the lifetime risks using linear dose response and an absolute
risk model with a 40-yr plateau for leukeaia, and a linear, relative risk moclel
for all other (solid) cancers. To provide what they considered a reasonable
lower bound to cancer risk, the NRPBalso calculated the risk to date (i.e. no
lifetime projection), using the same DREFs as before to estimate risks from
low-dose-rate exposure. The projected lifetime risk of all cancers except
leukeaia was 420 per million person-fads, and the lifetime risk of all cancers
combined was 450 per million person-fads. That value is about 2 times greater
than the estimate from the BEIR I1! Committee's linear-quadratic response mmdel,
but not greatly different from that'Comittee's relative risk, linear response
model.

The most recent estimates of the risks of radiogenic cancer (BE|R V Report,
1990) is the most complete and definitive since the BEIR 111 Report (]g80).
Considerable controversy is likely to remain and the report may be viewed by some
as overly conservative, i.e., possibly overestimating risks. However, it is
unlikely that any suggested modifications to the conclusions (e.g., use of a Dose
Reduction Effectiveness Factor (DREF) in the range of 2 to 3 to account for the
lower risk expected from low-dose, low dose-rate radiation as opposed to the
high-dose, high dose-rate based data of the A-B(mb survivors Life-Span Study
(LSS), anklylosing spondylitis patients study (ASS), and other studies) will
reduce the risk estimates by more than a factor of about two.

As a]ready noted, there are now new data regarding tota] incidence and
mortality among the A-bomb survivors. The revised estimates of the neutron and
y-ray doses indicated that the ear]ier estimates, T65D, were too high as we]l.
The BEIR V Committee reviewed the new data from other study cohorts, but re]led
most heavi]y on the A-bombLSScohorts for its estimates of risks by site as wel]
as overall cancer risks.



Because cancer risks are dependent on the age at exposure, the BEIR V
Committee based its estimates of lifetime risk on the observed risk for each age
cohort throughout their lives. Unfortunately, the numbers of observed cancers
by site were often small (or zero), which made estimates at these sites
impossible. The Committee focused on estimating the risks of the major cancers;
that is, the risks of leukemia, the breast, the thyroid, the respiratory tract,
and the digestive system. All other cancers were lumped together as a group.

The BEIR V Committee concluded that the risk of leukemta risk was fitted
best by a linear-quadratic dose response formula and a relative risk projection,
whereas the data for all other cancers were fitted best by a linear-response
mode] and a relative risk projection. In the BEIR V Report (1990), a DREFof 2
is incorporated for leukemia into the risk mode], but no DREFfactors were used
for other cancers. This step represented a significant departure from prior
BEIR, NCRP, ICRP and UNSCEARmodeling. The Committee'sestimates are summarized
in Table 1.3, and more detail is provided in Appendix A to this report. For
general population use, the "Average" column is probably the most useful, and
indicates that the Committee's modeling would predict about 695 nonleukemia
deaths and 95 leukemia deaths per million person-rem (based on the 1980 U.S.
population), for a total of 790 deaths per million person-rem. Similarly, the
estimated risk for a radiation worker population (composedprimarily of males)
would be about 520 nonleukemia and 83 leukemia deaths per million person-rem, for
a total risk of about 600 deaths per million person-rem (the reduction is
primarily due to deletion of the higher exposure risks to children and early
teens). Risks to female workers would be about seven percent higher (due
primarily to higher nonleukemia risks, such as breast cancer).

It should be noted, however, that the risk per person-cSv is approximately
the same for both the single and continuous exposure scenarios for the genera]
population. While some reduction in risk Bight have been expected for the
continuous exposure scenario, the BEIR V Committee pointed out that the
linear-quadratic mode] has an implicit dose-rate effect since the quadratic
component "vanishes" at low doses. The Committee concluded that no further
corrections were required for low-dose, low-dose-rate exposures such as 0.1
cSv/yr or an instantaneous dose of <]0 cSv.

].5.1 Leukemi_

At present, there are few types of ]eukemias which have been linked to
radiation exposure; most radiogenic leukemias are acute lymphocytic leukemia
(ALL). The primary populations under study are Japanese bomb survivors and
anklylosing spondylitis patients. Risk ofleukemiaamongbombsurvivors has been
recently reviewed by several different groups, including RERF(Shimizu et a7.,
1988), UNSCEAR(1988), NRPB(1988), and most recently, BEIR V (]990). All four
have provided recent independent estimates of the risks utilizing the new
Hiroshima and Nagasaki dosimetry (DS86). As a result, summaries of risk
estimates will be weighted heavily toward those studies.

The most recent RERF report (Shimizu et al., 1988) examined the cancer
mortality data (]950-1985) using the DS86 dose estimates, focusing on the
appearance in time of radiation-induced cancer and the effects of such risk
modifiers as age at exposure, age at time of death, sex, city, and carcinogens
other than radiation (e.g., smoking). They concluded that:

25



Table 1.3 Excess Cancer Mortality per i00,000 Exposed Persons a

b

Male Female Averaqe

Nonleukemia

Single i0 cSv 660 730 695

Dose (420-1,040) (550-1020) (485-1,030)

Continuous 450 540 495

(0.I cSv/yr, (320-830) (430-800) (375-815)

Lifetime)

Contin. Lifetime 2,480 29760 2,620

(I cSv/yr ; (1,670-4,560) (2,120-4,190) (1,895-4,3"/5)

Ages 18-65)

Leukemia

Single I0 cSv ii0 80 95

Dose (50-280) (30-190) (40-235)

Continuous 70 60 65

(0.I cSv/yr, (20-260) (20-200) (20-230)
Lifetime)

Contin. Lifetime 400 310 355

(I cSv/yr ; (130-1,160) (110-910) (120-1,035)

Ages 18-65)

aRanges represent 90% confidence limits [Table 4-2, BEIR V Report,

(1990)].

bAssumes equal numbers of males and females in the exposed

population. ,.



I) The excess leukemlarate contlnuedto decllnewlth time, but that Is was
still slightlyelevated in Hiroshimathrough 1985;

2) For leukemia, the linear dose-response model fitted well (except for htgh
doses) and, based on the new dosimetry, yielded risk estimates that were
about twice as great as the linear-quadratic model in the BEIR III Report
(1980) ;

3) Whenadjusted for smoking, leukemia risks were higher for females,

4) ,For Children 0-10 years of age, the latent period was unaffected by the
total dose;

5) The excess risk of leukemia varied over time (not observed for other
cancers);

6) The excess risk of leukemia did not continue to increase, among those
greater than 10 years of age whenexposed, in a manner consistent with the
relative-risk model; and

7) At 100 cGy, for leukemia the relative risk, the excess deaths (absolute
risk), and the percent attributable risk per million person-year-cGy (all
at 90% confidence intervals) were estimated to be 6.21 (4.83-8.12), 2.94
(2.43-3.69) and 58.6% (48.4-69.5), respectively.

The excess leukemia risks for the relative and absolute models, based on absorbed
dose by age at exposure and by sex, are summarized in Table ].4.

The most recent UNSCEARReport (1988), although using the T65D dosimetry
(which underestimates risks), nevertheless stated results similar to those
reported by Shimizu et al., (1988) based upon the DS86 dosimetry; that is,
relative risks at >100 cGy was reported to be 9.38 (7.0-12.6), and excess risk
for the same group was reported to be 3.95 (3.04-4.86) per 10,000 person-years
(PY). Somewhat unsettling was the comparison with leukemia risk observed among
patients with anklylosing spondylitis who were treated with X-rays in the United
Kingdom during 1935-1954 (BEIR III Report, 1980). Spinal exposures for the
typical lO-treatment course averaged about 542 R, and some patients were given
as manyas four courses of the treatment (subsequent courses averaged about 346
R).

The UNSCEARCommittee concluded that the relative risk amongthese patients
was about 4.79 (3.4-6.6). For these patients, theexcess numberofleukemiaswas
about 1.96 (1.24-2.88) per 10,000 PY, that is, substantially lower than that
observed among the Japanese survivors of the A-bombs. The excess among the
Japanese survivors was attributed to the lower doses and lesser degrees of cell
killingas well as to the larger amount of bone marrow exposed.

The UNSCEARCommitteenoteda similar,lower-than-expectedrate of leukemia
for women treatedwith externalX-rays,or with intra-cavityradium sources,for
cervical carcinoma. (A total of 180,000women, from eight different natio_is,
received20-70 Gy over a 4-8 week period.) As with the spondyliticpatients,the
relative risks were lower than expected; about ].14 (1.00-1.45,95% CI). The
absolute risk was only 0.10 (00.00-0.31,95% CI) per million person-year-cGy.
Although steps were taken to exclude the occurrenceof early fatalities from
other causes,which would have precludedthe developmentof leukemia,by studying
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Table 1.4 Excess Leukemia Risk for Relative (RR) and Absolute

(AR) Risk Models Based on DS86 Absorbed Dose by Age at Exposure and
by Sex a

Age at Exposure

Risk Model Sex <I0 10-19 20-29 30-39 40+

RR M 17.9 4.8 5.9 4.5 3.9

F 18.8 5.0 6.2 4.7 4.0

AR M 3.46 1.79 3.87 5.72 4.22

F 2.71 0.92 2.24 1.79 2.88

al00 cSv dose for the RR, and one million person-cSv for the AR

assuming a neutron RBE of 10.
_ ........
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only those women who survivedfor I0 ormore years, it is stillconceivablethat
co,_petingcauses of death among cancer patients could have contributedto the
fewer cases of leukemia that were observed.

However,the use of cancer data from people treated for malignantdisease
can involveother problems when attemptingto relate the frequenciesobserved
with those for the general population. First,some people have predispositions
to cancer (e.g.,colorectaland breast cancer),andsecond, many cancer patients
treated with radiation are also treated with chemotherapy (e.g., alkylating
agents known to cause DNA damage). Additional confusion sometimes results
because the medical community often lumps leukemiastogether even though some
leukemias (e.g., acute non-lymphocyticleukemia)are not believedto be caused
by radiationexposure. (Furtherdiscussionof treatment-inducedneoplasiaamong
cancer patients is containedin Appendix Ao)

In the UNSCEARReport (1988),Table 69 providesthe Committee'sestimates
of lifetimeexcessleukemiarisks for I,O00personseach receivinga lO0 rad dose
at high dose rate: 9.7 (7.1-13,gO%Cl) per 100,000person-rads(relativerisk)
and 9.3 (7.7-11,90% CI) per IO0,O00person-rads(absoluterisk).

The reportof the NRPB (1988)used the age-specificrisk coefficientsfrom
the paper by Shimizuet al., (1988)to calculatethe lifetime risks of leukemia
for the populationsof Englandand Wales based on the 1985 U.K. life table. The
NRPB concludedthat the lifetimeabsoluterisk of leukemiafrom exposureto high
dose-rate low- LET radiationwould be about 84 per million-person-rem;for low
dose rate situations,the NRPB would divide that value by a DREF of 3, giving
about 28 leukemiadeaths per million person-rem. The NRPB comparedtheir value
with that suggestedby the ICRP (1977)of 20 deaths per million person-remfor
occupationalexposure (based largelyon use of the out-datedT65D dosimetryand
early cancer mortalitydata for the Japanese survivors). Giventhat the ICRP
guidance is for adults only (age >IU), and the NRPB value appliesto an entire
population reflecting all age grlups (includingchildren and teens), these
results are in good agreement.

The BEIRV Committeealsodependedlargelyon the reportof Shimizuet al.,
(1988) for data on the A-bomb survivors. Due to limitationson the observed
cases of variousleukemias,the Committeechose to simplifytheir risk model by
combiningall hematologictypes of leukemiasexceptchroniclymphocyticleukemia
(whichas alreadynoted does not appearto be a radiogenicform). For both the
A-bomba_idthe anklylosingspondylitiscohorts,the Committeefoundthat the data
could be fitted approximatelyas well with either an absolute or relative risk
projectionmodel. The relativeriskmodel was preferredsince it was simplerand
required less modifying factors. As noted earlier in this section, the use of
a linear-quadraticmodel for leukemia gave a better fit to the LSS data, and
incorporatesan approximateDREF of about 2. However, since the dose at which
the linear and quadratic components were equal (the "cross-over"dose) was
estimated at about 90 rads, the DREF approachesunity as the doses drop below
about 25 rads (i.e., as single-hitsbecome predominant). Another significant
departurefrom BEIR III Report was the Committee'sconclusionthat while the age
at exposure is an importantmodifier of risk (i.e., the risk is greater from
exposure of children), there was no longer any evidence to support earlier
beliefsthat those exposed before age 10 had a greater risk than those exposed
betweenthe ages of 10 and 20. The Committee'sestimatesof excessrisk from 10
rems given to 100,000 persons (million person-cSv) as a function of age at
exposure is summarized in Table 1.5.
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Table 1.5. Relative Excess Risk of Leukemia Mortality per Million
Person-cSv

Excess Relative Risk

Age at Exposure Males Females
5 iii 75

15 109 72

25 36 29

35 62 46

45 108 73

55 166 117

65 19] 146

75 165 127

85 ii0 73

Average for Population: ii0 80

Table 4-3, BEIR V Report, (1990)
--
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A final study that should be noted ts the recent review of the leukemla
risk amongtinea capltts (ringworm of the scalp) patients by Ron et al., (1988).
Some 10,834 people, primarily Africans and Asians, were treated in Israel by
X-irradiation of the scalp between 1948 and ]960 (average bone Barrow dose of 30

fads). The average follow-up time is now about 26 years. Rort et al., (1988)
estimated that the relative risk of leukemia is now 2.8 (1.0-8,7, 95% CI)
comparedto controls, and 2.0 (0.6-7.6) comparedto siblings. Comparable values
for excess risk were 3.2 (0.1-13.7) amongcontrols and 2.9 (-1.1- 18.g)among
siblings. The absolute risk estimate was 0.8I (0,0]-2.8) per million
person-year-fads. As with other studies, the iAaXilllUlllperiod of risk was the five
years roll owing exposure.

1.5.1.1 Zn Utero Risk

There is one special group, however, worthy of discussion, stnce lt Bay be
one of the most radtosensttive groups for radiogenic leukemia: ch]ldren exposed
to radiation in utero. UNSCEAR(1988) reviewed the current data and concluded
the risk from fn utero exposure is still Indeterminate, given that neither animal
studies nor the Japanese data have confirmed a substantial increased risk o6
leukemia among offspring exposed in utero, regardless of trimester. In the
interim, UNSCEARcontinues to "prudently" assumea relative risk for leukemia of
1.58 based on it's earlier 1936 report.

The NRPB, however, now feels that recent data (e.g., the Oxford Survey of
ChildhoOd Cancers, and the Japanese data) now
pemit a reasonable estimate of the relative risk of in utero exposure. Although
the NRPBconcluded that there are no substantial differences in sensitivity
between trimesters, they also concluded that a relative risk of 1.4 was
reasonable even though the 95% confidence interval on the data from Japan was
large (1.14-13.5). The absolute risk for a low-LET radiation was estimated to
be abolit 125 per mill ion person-cGy for low-doses at low-dose-rate exposures fn
utero.

More recently, Yoshimoto et aT., (1988) reviewed 2,802 individuals exposed
in utero, and using the 0S86 dosimetry, concluded that the relattve risk for the
group was about 41_ higher (i.e., a RR of 1.41), consistent with the NRPB
estimate. However, it should be noted that there were only 13 ]eukemias found
tn this group, and the RR ranged from 1.24 (dose range of 1 to 29 rad) to 4.78
(over 60 rad). Yoshimoto also compared the RR for _n utero exposure with
children exposed between 0 to 9 years of age, and found no significant difference
in risk, although the number of observed ]eukemlas is small (2 cases), and
subject to large uncertainty.

Brent et aT., (1987) reviewed the U.K. (Oxford) data and concluded the AR
was on the order of 170 per million person-rem for the 10 years following
exposure (during which essentially all of the risk is expressed).

A more recent review of the Oxford data by Gilman et ai., (1989), however,
still concluded that there appears to be a greater risk from exposure during the
first trimester (2.73 times higher than during the following two trimesters).
However, since only 51 cases out of the 1,443 ]eukemias observed resulted from
exposure during the first trimester, the statistical power is weak relative to
the balance of the data (over 90 percent of which occurred following irradiation
in the third trimester,which showed no statisticallysignificantincrease in
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risk). Only time will tell whether the Oxford data will ultimately produce
results that are consistent with results of other studied populations.

With regard to the risk of leukemia as the result of exposure in utero ,
the BEIR V Committee reviewed the available data and concluded that there is
probably an association between in utero exposure and subsequent carcinogenic
effects (largely leukemia)in adult life, but the magnitude of the risk remains
uncertain. The Committee noted that two other studies indicated an approximate
risk of about 200 to 250 deaths (half of them leukemia, and one fourth tumors of
the nervous system) per million person-cSv in the first 10 years of life.

1.5.2 Breast

The most recent RERFstudy by Shimizu eO aT., (1988) examined the cancer
mortality data (1950-1985) based on the DS86 dosimetry. The relative risk from
100 rad was reported to be 2.19 (1.56-3.9, 90%CI); excess mortality (AR)was 1.2
(0.61-1.91, 90% CI) per million person-yr-rads.

In the UNSCEARReport (1988), Table 69 gives the estimates of breast cancer
risk based on the DS86 dosimetry. The lifetime risk for 1,000 women each
receiving a dose of 100 Gy at high dose rate is 6.0 (2.8-10.5, 90% CI) per
100,000 person-cGy (relative risk), and 4.3 (2.2-6.9, 90% CI) per 100,000
person-cGy (absolute risk). Risk per person in a normal population would be
about half the values reported fo_ women. UNSCEARconcluded that the relative
risk model with a linear dose r(;sponse provided the best fit of the data.
Canadian fluoroscopy patients also were found to exhibit a relative risk of about
2 - 3 for doses of 100 to 400 rads, with higher values for those exposed at a
younger age. However, the Canadian data was found to be best fitted by a pure
quadratic model, although a linear-quadratic fittednearly as well. UNSCEARalso
examined the data from womentreated with radiation therapy for breast cancer,
and found the data equivocal. For example, one study reported relative risks of
1.2 to 1.4 after five years of follow-up, while a second study of the same
population reported a relative risk.of 2.0 (1.9-2.1, 95%CI) for a second tumor
vs. 1.5 (1.5-1.6, 95% CI) for womentreated without radiation. However, for
those womensurviving 20 years or more after irradiation the RRwas 1.7 but was
no lo_lger statistically significant. Subsequent studies of women receiving
radiation therapy for breast cancer have shown little or no evidence of
statistically meaningful excess risk. Much of the uncertainty has been
attributed to the possible application of unreported chemotherapy which could
have modified the radiation response.

In 1988, the National Radiological Protection Board (NRPB,1988) estimated
the risk of breast cancer from irradiation. Given the positive results reported
by RERF, it was somewhat surprising to find their estimate based on studies of
western women. They concluded that the excess lifetime relative risk of
mortality for high dose-rates ( >10 cSv/day) of low-Let radiation was on the
order of 1.1 following exposures of 10,000 person-cGy. (about twice that
estimated from the Japanese data). For dose rates below 10 cGy per day, the NRPB
recommendeda dose effectiveness reduction factor of 2 (i.e., an excess lifetime
relative risk of 55 per million person-cGy). In the United States, mastltis
patients exhibited a relative risk of about 3.2 (2.3-4.3 90% CI) following
irradiation of a single breast, or about twice that for irradiation of both
breasts (Shore et a7., ]986).

32



i

The BEIR V Conmittee reviewed thecurrent data on rtsk of breast cancer
(incidence and mrtaltty) and concluded:

1) The development of cancer from irradiated mammary target cells ts
dependent on the hormonal status of the cells over time;

2), Breast cancers resulting from Irradiation are steilar tn age distribution
and patholoo_yto those that appear spontaneously;

3) Women irradiated when less than 20 years of age have higher rtsks of
breast cancer than those irradiated after 20 years of age;

4) Epideniological data donot demonstrate a dose-rate effect;

5) The evidence is lacking of an increased risk of brer;t cancer for exposure
before age 20, and l|ttle evidence of an increased rtsk after age 40;

6) Pregnancy andlactation before age 20 may reduce the risk of radiation-
induced cancer;

7) The human data do not show a relationship between dose and latency and

8) Latency is at least 10 years regardless of age at exposure.

The BEIR V Committee preferred a linear, relative-risk model that varies
with age at exposure and time after exposure. The risk of radiogenic breast
cancer mortality among females as a function of age at exposure and time after
a single 10 rem dose is summarized in Table A.3 of Appendix A to this report.
The excess relative risk ranges from about 0.105 (45 years post-exposure) to
about 0.427 (25 years post-exposure) for those exposed at ages 5 to 15.
Comparable risks for those exposed at age 25 range from 0.014 to 0.057. Lifetime
mortality risks from a dose of lO cSv to 100,000 persons (million person-cSv) as
a function of age at exposure are summarized in Table 1.6.

Shimizu et al., (1988) reported that the linear response and relative risk
models provided the best fit of the data for Japanese A-bomb survivors.
Estimates of relative and absolute risks at 100 rads were 1.63 (1.35-l.97, 90%
CI), and 1.68 (0.97-2.49, 90% CI) per million person-yr-rads, respectively.
These estimates employed the most recent DS86 dosimetry.

The UNSCEARReport (1988) concluded that for brief low-LET exposures
(primarily Japanese A-bomb survivors and anklylosing spondylitis patients), the
relative risks of lung cancer mortality were about 1.2 to 2.0. Also noted was
a recent study by Boivin and O'Brien (1988) of second cancers following
irradiation of patients suffering from Hodgkin's disease, which showedthat the
relativerisk of tumors of the respiratory system was about 2.5. The UNSCEAR
Committee'sestimatesof lifetime lung cancer risk based on the DS86 dosimetry
are presentedin UNSCEARfable 69 for I,O00 peopleexposed to I00 cGy each at a
high dose rate; 15.1 (8.4-23,gO%CI)per IO0,O00person-cGy(relativerisk),and
5.9 (3.4-8.8,90% CI) per 100,000 person-cGy(absoluterisk).

The NRPB (19B8)using the DS86 dosimetry,and assuminga neutron RBE of 10
(althoughthe actual risk is relativelyunchangedby the neutrondose
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Table 1.6. Relative Excess Breast Cancer Mortality per Million
Person-cSv

Aqe at Exposure Excess Relative Risk

5 129

15 295

25 52

, 35 43

45 20

55 6

65-85

Average for Population: 70

Table 4-3, BEIR _? Report, (1990)
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contribution), estimated the excess ltfetime relattve rtsk of lung cancer, from
high-dose-rate exposures of a low-LET radiation, to be 3.5 per ]0,000 person-cGy
for the population of the United Kingdom (i.e., about twice estimate in the
UNSCEARReport, 1988). The NRPBrecommendeda dose-rate effectiveness factor
(DREF) of 3, brtnging the total lifetime relattve rtsk of lung cancer from
low-dose-rate exposure to low-LET radiation to about 120 per ltllton-person-cGy
[or 6 times that used by the ICRP, (1977) in setting up the current risk-based
radiation protection system].

The BEIR V Report (1990) reviewed the current data relattng rtsk of
respiratory cancers to radiation exposure from three studies: the A-bomb
survivors (LSS cohort); the ankylosing spondylitis study (ASS cohort); and the
uranium miners and other underground liners exposed to high LET radiation from
short-lived radon progeny. The Committee concluded that the excess relattve risk
from a single 10 rem dose (regardless of age at exposure) ranged from about 0.02
to 0.20 as a function of sex and time after exposure. The risks are summarized
in Table A.3 of the Appendix to this report. Lifetime excess relative mortality
risks from a single dose of 10 cSv given 100,000 persons (mtllion person-cSv) as
a function of age at exposure are summarized tn Table 1.7.

I. 5.4 ThYroid

The latest RERFreport by Shimizu et al., (1988) Indicates that there has
been no statistically significant increase of thyroid cancer amongthe Japanese
bombsurvivors.

The UNSCEARReport (1988) concluded, however, that there are somedata to
indicate that children are at increased risk of thyroid cancer following
irradiation. Quoting from studiesof children irradiatedfor ringworm of the
scalp (Tinea capitls), enlarged thymus, hemangiomas,enlarged tonsils, and
childrenexposed to heavy falloutfromweapons tests near the Marshall Islands,
UNSCEARindicatesthe risk rangesfrom less than 0.I percentto about 8 percent
from doses in the range of from g cGy to as high as 2,000 cGy at 30 years after
exposure. The excess risk was estimatedto be in the range of 1.0 to 3.6 per
millionperson-yr-cGy.Howewr, in the UNSCEARReport,Table 20 also showedthat
the doses received by severalthousand children in the United States from the
falloutfrom the tests of atomicweaponswere in the range of 30 to 240 cGy with
no observable increase in risk at the time of the study. The Committee's
evaluation of the data from Japan (Table 69) did not provide an estimate of
thyroid cancer risk, which, if present, was included in the estimate of the
"remainder."

The NRPB quoted the NationalCouncilon RadiationProtectionReportNo. 80
(1985) as the basis for an estimate of the lifetime absolute risk of thyroid
cancersfrom high-dose-rate,low-LETexposureto be 0.075 per 10,000cGy for the
populationof the United Kingdom,with a dose effectivenessreductionfactor of
three for low dose-rates,and with an assumedmortalityrate 10 percent. This
estimate,2.5 per million person-cGy,is to be comparedwith the value of 5 per
millionperson-cGyas indicatedin the ICRP Report No. 26 (]977).

The BEIR V Report (1990)reviewedthe currentdata relatingto the risk of
radiogenicthyroidcancer and concludedthat the A-bomb survivordata could not
be used becauseof suspectedbias in diagnosisof thyroidcancer. That left the
Committeewith only risk data from the Tinea Capitis Study in Israel, and the
RochesterThymus Study. Only cases appearingmore than 5 years post-exposure
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Table 1.7. Relative Excess Lung Cancer Mortality per Million
Person-cSv

Excess Relative Risk

Age at Exposure Males Females

5 17 48

15 54 7O

25 124 125

35 243 208

45 353 277

55 393 273

65 272 172

75 90 72

85 17 15

Average for Population: 190 150

Table 4-3, BEIR V Report, (1990).



were analyzed, based on the Committee's estimate of a minimum 20 year latent
period. Since these groups only included patients irradiated as children, no
adult data was available, and adult risk estimates were extrapolated from the
chi l dhood exposures.

The BEIR V Committee found that a linear dose-response function fitted the
data best and, in view of the complications, madelifetime-risk projections based
only on Israeli-born children who were over the age of 5 at time of exposure.
Themodel predicts a relative risk of 8.3 for all ages per 100 cGy. On the basis
of unpublished data supplted the Committee by RERF, tt was concluded that the
risk of radiogeniccancer is, at most, one-halfthat in children. The Committee
concludedthat the followinggeneral observationsapply:

I) Radiation-inducedthyroid cancer arises exclusively from the Follicular
epithelium,and has about a 10% mortalityrate;

2) There are major differencesin the spontaneousrates of thyroidcancer in
different populationsrelated, in part, to differencesin life-styles;

3) Femalesare about3 times more susceptiblethanmales to radiation-induced
and spontaneouscancer;

4) The excess risk is greatest among children irradiatedduring their first
five years of life and, for adults, the risk is at least half that for
chiIdren;

5) Although the data are fitted best by an absoluterisk model that includes
allowance for cohort effects, latency, age at exposure, and sex, the
Committee concluded a relative risk model is preferred because of the
strong dependenceof risk on the spontaneousincidence;

6) The risk ratio, for exposuresto 1311vs. X-rays,was estimatedas 0.66,
with a broad 95% confidence interval (0.14-3.15);and

7) Progression from an initiated cell to a thyroid neoplasm is strongly
dependent on hormonalbalance.

1.5.s

The recent analysisof radiation risk for the Japanese A-bomb survivors
(Shimizuet al., 1988) indicatedno statisticallysignificantincrease in bone
cancer. Similar negative results for exposure to a low-LET radiation were
reported in the UNSCEARReport (1988) and by the NRPB (]988). Presumablysuch
cancers, if they arose,would be in the "remainder"category.

The UNSCEAR Report (1988)also noted that about 27 bone sarcomascould be
projected (AR) from the German anklylosingspondyliticstreated with Ra-224
(dosesranged from 205 cGy in adults to 1,100 cGy in children). The Report also
noted that a recent study of second cancers among Hodgkin's disease patients
treated by radiation therapy alone indicatedthat a relative risk of 20 was
observed for bones and joints (Boivinand O'Brien, 1988).

The NRPB lifetimeabsolute risk of bone cancer,which was estimatedto be
0.05 per 10,000 person-cGy from a low-dose-rate exposure, was based upon
neoplasmsamong radiumdial painters,and thereforeis of questionablevalue for



estimating risks from a low-LET radiation becauseof the large differences in
cellular effects from _- vs. p-particle or photon irradiation.

Botce et al., (1988) reported a suggestion of an increased relattve risk
amongwomenreceiving low LETradiotherapy for cancer of the cervix (RR= 1.3).

The BEIR V Report (1990) reviewed the current data on radiogenic bone
cancer, and decltned to estimate the risks from low LET Irradiation in human
populations. The Committeereached the following general conclusions:

1) Althoughhumandata indicate bonecancer maybe inducedby large dosesof
X- or y-rays, the dosimetry tnvolved has been too uncertain to permit
precise estimates of risk;

2) The LSSdata provide no evidence of excess bonecancer resulting from y-
ray doses as high as 400 cGy;

3) Themost definitive dose-responserelationship for radiation-indu_d bone
_a_ncercomesfrom exposuresto Internally deposited _-emitters, U'Ra and
_Ra, for which the excess ltfettme rtsk was found to be about 0.02 per
100 person-cGy; and

4) The studies with beagles indicate a non-ltnear_ concave upward
_@se-responserelationship from Internally deposited _Sr, the risk from
_Ra was estimated to be up to 25 times greater per unit dose than for
9°Sr"

1.5.6 Liver

Neither the data of Shimizu et al., 1988) nor those in the UNSCEARReport
(1988) indicate statistically significant increases in the risk of liver cancer
amongthe JapaneseA-bombsurvivors or other populations (e.g., cancer therapy
patients whoselivers received substantial doses of a low-LET radiation. The
occurrence of such cancers presumably would be included in the "remainder"
category.

The NRPB presentedan estimateof the risk of livercancerbasedon the
data in the BEIR IV Report(1988)of patientstreatedwith thoratrast,224Ra,
primarilyin Germany. Usingan absolute-riskmodel,the NRPB estimatedthat
lifetimemortalityriskfromlow-dose-ratedosesto the liverwouldbe about15
per millionperson-cGy. As alreadynoted for the bone,the value of such
estimatesfor low-LETexposuresis questionable.

Althoughmost of the datarelatedto the riskof livercancercomesfrom
people exposuredto _-emitting,internally-depositedradionuclides{e.g.,
thorium),theBEIRV CommitteealsoreviewedthecurrentLSSandASS cohortdata.
They found that the total liver cancer deathsamong the A-bomb survivors
indicateda relativeriskofmortalityof about1.26perI00cGy. However,when
metastasesto the liver from other cancerswere excluded,there was no
statisticallysignificantincreaseinrisk. Similarly,theCommitteenotedthat
the ASS cohortdid not showa statisticallysignificantrisk from an estimated
averageX-raydose of 163_+.126cGy,and no evidenceof increasedrisk was found
followingradiotherapyfor uterinecancer. The Committeenoted that the
thorotrastpatientdataindicatea riskof about300permillionperson-c_y,and
thatthe risk frombeta emittersmay be aboutone tenthof that.
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1.5.7 Lower Larqe Intestine/Colon and Rectun_

The most recent RERFreport (Shimizu et al., 1988) reports a statistically
significant increase in the risk of colon cancer based on the DS86 a dosimetry
(assuming a linear dose-response). The estimated RR from exposure at I00 cGy was
1.85 (1.39-2.45, 90% CI), and the estimated excess mortality (AR) per 10,000
person-yr-cGy was 0,81 (0.40-1.30, 90% CI).

The UNSCEARReport (]988) concluded that there was evidence for a risk of
colon cancer in a study of over 180,000 womentreated with radiation for cervical
cancer and followed thereafter for 10 or more. The estimated relative rtsk at
100 cagy was 1.00 (0.00-1.02, 90%CI) for the colon, and 1.02 (0.99-1.09, 90%CI)
for the cecum. The estimated absolute risk per million person-yr-cGy for the
colon (none was provided for the cecum)was 0.01 (0.03-0.18, 90%CI). The rectum
(like the cecum) received larger doses than the colon as a whole and consequently
the estimates of the risk were somewhat more accurate. The Report listed the
relative risk for recta] cancer following 100 cGy to be 1.02 (1.00-1.09, 90%CI),
and the excess cases per million person-yr-cGy to be 0.06 (0.00-0.16, 90/, CI).
Based on the recent Japanese data and the DS86 dosimetry, the excess lifetime
mortality due to colon cancer from exposure of 1,000 people to 100 cGy at high
dose rates was estimated to be 7.9 (3.6-13.4, 90%CI) per 100,000 person-cGy
(relative risk), and' 2.9 (1.4-4.6, 90% CI) per 100,000 person-cGy (absolute
risk). [See the UNSCEARReport (1988), Table 69].

With the data for Japanese A-bombsurvivors and the modified dosimetry, the
NRPB(1988) estimated the excess lifetime relative risk of colon cancer for the
population of the United Kingdom to be 1.1 per 10,000 cGy for high dose rates.
Applying a DREFof 3, the NRPBestimated that the excess lifetime relative risk
at low dose rates would be about 37 per millton person-cGy.

In the BEIR V Report (1990), the data were reviewed of the risk of cancer
of the digestive tract. The Committee concluded, based upon the Japanese A-bomb
survivor data, that there was a significant increase of risk in the colon and the
rectum only for large doses of a low-LET radiation, but that the dose-responses
were quite uncertain. Nevertheless, lt was estimated that the relativemortality
risk was about 1.85 per 100 cGy, or 0.81 excess (absolute) deaths per million
person-yr-cGy following a latent period in excess of 15 years. Excess relative
risk from a single dose of 10 cGy ranged from about O.Oll to 0.]4, depending on
time after exposure and sex, for all ages at the time of exposure.
The overall excess relative risks of _ digestive cancers from an acute dose of
10 cSv to 100,000 persons (million person-cSv) are summarized in Table 1.8.

1.5.8

Using a linear-effectsmodel and a relative-riskprojectionmodel, Shimizu
et al. (1988) reported that the total lifetime risk of mortality from stomach
cancer to be 1.27 (1.14-1.43,90% CI) for exposures at 100 cGy. The excess
lifetime mortality was estimated to be 2.42 (1.26-3.72,90% Cl) per million
person-yr-cGy,absolute risk.

The UNSCEAR Committee, relying on recent data for women treated for
cervical cancer with radiotherapy,provided a relative risk estimate of 1.69
(I.01-I.02,90% Cl) at I00 cGy, and an estimated excess mortality of 3.16
(0.05-10.4,90% CI) per million person-yr-cGy. A recent study of Hodgkin's
diseasepatientstreated by radiotherapyalone indicateda relativerisk of 1.8
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Table 1.8. Relative Excess Mortality Risk from Cancers of the

Digestive Tract per Million Person-cSv

Excess Relative Risk

Age at Exposure Males Females

5 361 655

15 369 653

25 389 679

35 28 73

45 22 71

55 15 64

65 ii 52

75 5 26

85 - 4

Average for Population: 170 290

Table 4-3 r BEIR V Report, (1990).
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for cancers of the digestive system (Boivtn and O'Brten, )988). The UNSCEAR
Committee's estimate of the excess lifetime mortality risks t_romstomach cancer
based on the recent Japanese data (Table 69) are; 12.6 (6.6-19.9, 90_ CI) per
100,000 person-cGy (relative risk) and 8.6 (4.5-13.1, 90_ CI) per 100,000
person-cGy (absolute risk) delivered at high dose rate.

The NRPB, using the recent data from Japanese bomb survivors (relative
risk, linear effects mxlels) estimates the lifetit relative risk of stomach
cancer mortality to be 0.73 per 10,000 cGy at high dose rates, or 24 cases per
million person-cGy at low dose rates.

The BEIR V Committee reviewed the current data on risk of stomach cancer,
and concluded the best evidence comesfrom the LSScohort, although other studies
also show increased risk. The LSS data indicate an excess relative risk of 0.23
per 100 cGy, and the absolute excess risk of 2.09 deaths per million
person-yr-cGy is the largest excess risk observed for any site, next to leukemia.
The BEIR V report noted that the University of Chicago study of patients
irradiated for peptic ulcer indicates an absolute excess risk of 5.5 I_er million
person-cGy, based on a life table anal.ysis _. The Committee concluded that its
estimate of relative risk of mortality, 1.19 per Gy, is appropriate. The risk
of stomach cancer was included in Table 1.8 in the preceding section under risk
of "digestive cancer."

1.5.9 Other Organs

The BEIR V Committee considered the risk of' radiogenic cancer to a number
of other organs, someof which are discussed below. However, the Committee also
evaluated the data for several other organs that were not explicitly considered
by other studies. These include cancers of the brain and nervous system, the
testes, prostate, parathyroid glands, nasal cavity and sinuses, skin, pharynx,
hypopharynx and larynx, small intestine, and salivary glands. Of these organs
and tissues, only the skin and salivary glands were quantified by the Committee.

The Committee reviewed the risk of skin carcinomas, and even though such
cancers carry a low risk of mortality, found that the risk may be higher than
previously thought due to underreporting. Infants irradiated for enlarged thymus
glands (average dose of 330 cGy) indicate that the average relative risk is on
the order of 1.5 per 100 cGy, with an absolute excess risk in the range of 0.32
to 0.64 cases per million person-yr-cGy. The tinea capitis patients in Israel
have now been followed for about 30 years, and data indicate a latent period of
about 20 years, with an apparent enhancementof risk from ultraviolet irradiation
of exposed skin. The estimated lifetime incidence risk of skin cancer on expose_
face and neck was estimated to be about 3,200 cases per million person-yr-cGy.

The Committee also reviewed the risk of cancer of the salivary glands as
the result of medical irradiation and amongA-bombsurvivors. Amongthe A-bomb
survivors, although there has been no detectable increase in mortality due to
salivary gland cancer, the incidence has shown a dose-dependent increase that

"Note" if this estimate is truly an integrated lifetime risk, it would
appear that the correct units would be person-cGy, and about one-third that for
hai r-covered sca1p.
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is somewhat smaller than seen amongpatt@jlts receiving radiotherapy. For those
patients receiving medical irradiation ('_'I and X-rays treatments), the results
are consistent and yield an average relative risk of 6.9 (+5.5) per 100 cGy after
the first five years post-irradiation, with an excess risk of 0.26 cancers per
million person-yr-cGy following doses in the range of 40 to 100 cGy (X-rays).
The BEIR V Committee concluded that the average excess relative risk from
salivary gland cancer is about 550%per 100 fads, and the average absolute excess
risk is about 0.26 cases per million person-yr-cGy.

1.5.9.1 Female Genitals

No increased risk of genital cancers was reported by RERF(Shtmizu et al.,
1988) except for the ovary. The relative risk of ovarian cancer among the
Japanese bombsurvivors was estimated to be 2.33 (1.37-3.86, 90% C1) for doses
of 100 cGy and the excess mortality, absolute risk, was 0.71 (0.22-1.32, 90% C1)
per million person-yr-cGy.

The UNSCEAR Committeeestimatedthat the relativerisk of second cancers
in femalesgenitals (ovary,vagina,and other genitaltissues)per 100 cGy,given
during radiotherapytreatmentfor cancerof the cervix,was 1.01 (1.00-1.02,90%
Cl), and the excess absoluterisk permillionperson-yr-cGywas 0.05 (0.01-0.17).
the Committeealso noted that chemotherapy,for primarycancers,can complicate
risk estimates. For example, in female Hodgkin's disease patients, a 2- to
5-fold increase in carcinomaof the cervix and anogenitalregion was observed
following chemotherapy only (presumably from papilloma virus infections in
patients with suppressed immune systems). The UNSCEAR Committee's current
estimate of the excess lifetimemortalityrisks from ovariancancer (Table 69)
as the result of 1,000 women each receivinga dose of 100 cGy at high dose rate
are; 3.1 (0.9-6.8, 90% Cl) per 100,000 person-cGy (relative risk) and 2.6
(0.8-4.8,90% CI) per 100,000 person-cGy (absoluterisk). Risks for a normal
populationof both sexes would be about half those values.

The NRPB Report (1988)providedno estimatesof the lifetimerelativerisk
of cancerto femalegenitals,apparentlylumpingsuchcancersunder "remainder."

The BEIRV Committeereviewedthe currentdata regardingrisk of radiogenic
cancer of the ovary or uterus, and concludedthat although there was evidence
such risks exist,there were inadequatedata to quantifythe risk to the uterus.
The strongestevidence for risk of cancer of the ovary comes from the A-bomb
survivors,where the RERF estimatedthe relativerisk to be 2.33 per 100 cGy,
based on the DS86 dosimetry.

1.5.9.2 Urinary Bladder

Shimizuet al., (1988)estimatedthe risk of urinarybladdercancer among
JapaneseA-bombsurvivorsusing the DS86dosimetry. The relativerisk for a dose
of 100 cGy was estimatedto be 2.27 (1.53-3.37,90% CI), and excess deaths per
million person-yr-cGyto be 0.68 (0.31-1.12,90% CI), absoluterisk.

The UNSCEARCommitteeprovidedan estimateof the relativeriskof bladder
cancer among women treatedfor cancer of the cervix using radiothe_'apyof 1.07
(1.02-1.17,90% CI) for doses of 100 cGy, and an estimatedexcess of cases (AR)
of 0.12 (0.01-0.30,90% CI) per million person-yr-cGy. The UNSCEAR Committee
also providedexcess mortalityrisks for bladdercancer (Table69) based on the
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DS86dosimetry; 3.9 (1.6-7.3,90%CI) per 100,000person-cGy(relativerisk) and
2.3 (1.1-4.0,90% Cl) per 100,000person-cGy(absoluterisk).

The BEIR V Committeereviewedthe currentdata on the risk of cancerof the
urinarytract followingirradiation,and concludedthat cancer of the bladder is
the greatest risk, with some lesser risk of cancer of the urinary organs and
kidneys. The Committeecited the recentRERFdata which indicatea relativerisk
of urinary tract cancer of 2.3 per 100 cGy, and an absolute risk of 0.7 deaths
per million person-yr-cGy.

1.5.9.3 Esophagus

Shimizuet al., (1988)reporteda statlsticallysignificantincreasein the
risk of cancer of the esophagus _mong Japanese A-bomb survivors. The RR
followinga dose of 100 cGy was estimatedto be 1.58 (1.13-2.24,90% CI), while
the AR coefficientwas estimated to be 0.45 (0.10-0.88,90% Cl) per million
person-yr-cGy.

The UNSCEAR Committee reporteda relative risk of esophagealcancer for
patients treated for breast cancer of 1.7 with radiation therapy, but no
quantitativeestimatesof dose or statisticalsignificancewere provided. In
addition,the resultsfor the combineddata for heavily irradiatedsites as the
result of treatmentof anklylosingspondylitisand the Japanese Life Span Study
indicated a statisticallysignificantrelative risk of 1.82 with 0.45 excess
cases per 10,000 person-years,however,dose estimates are not provided. The
anklylosingspondylitisdata indicateda statisticallysignificantrelativerisk
for all times beyond 5 years post treatment, with an overall risk of 2.20.
Anotherstudy of the spondlyliticsprovideddose estimates,with an averagedose
of about 420 rads (5-810, 90% CI). The current UNSCEAR (1988) Committee
estimatesof the excess lifetimemortalityfor 1,000 personsexposedto 100 cGy
of low-LET radiationat a high dose rate are 3.4 (0.8-7.2,90% Cl) per 100,000
person-cGy (relativerisk), and 1.6 (0.3-3.1,90% Cl) per 100,000 person-cGy
(absoluterisk), based on the Japanese bomb survivors.

The BEIR V Committeeexaminedthe currentdata on the risk of esophageal
cancer from irradiation,but declinedto make their own estimate of risk. The
Committeecited the RERF estimatedrelativerisk of 1.58 per 100 cGy, and found
study results among the ASS cohort and women treated for cancer of the cervix
consistentwith the RERF findings. The risk of esophagealcancer is includedin
the Committee'soverall estimated risk of cancers of the digestive tract (see
Section 1.6.7 and Appendix for more details).

1.5.9.4 Multiple Myeloma

Shimizu et al., (1988) estimated that the relative risk to the A-bomb
survivorsat 100 cGy (organdose) is 3.29 (1.67-6.31, 90%CI), while the excess
mortality (AR) is 0.26 (0.09-0.47,90% Cl) per million person-yr-cGy.

The UNSCEAR Committee noted that the risk of multiple myeloma among
Japanese bomb survivorsexhibits a 15 to 25 year latent period followed by an
extended period of risk. Early estimates of risk based on the T65D dose
estimates indicatedthe relative risk ranged from about 1.6 to 2.3 and excess
absolute risk was about 0.48 per million person-yr-cGy. The UNSCEAR (1988)
Committeenow estimatesthe risks of mortalityfrom multiple myeloma following
exposure of 1,000 people to 100 cGy each delivered at high dose rate are; 2.2
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(0.6-5.1, 90% CI) per 100,000 person-cGy (relative risk) and 0.9 (0.3-1.7, 90%
CI) per 100,000 person-cGy (absolute risk), based on the survivor data.

The NRPB provided no risk estimate for multiple myeloma, but instead
included these neoplasms with other cancers in the "remainder."

The BEIR V Committee reviewed current data on the risks of lymphomaand
multiple melanoma, and concluded that the major risk is from multiple myeloma.
The Committee noted that the A-bomb survivor data showsa relative risk of
multiple myeloma of 3.29 per 100 cGy, with a corresponding absolute excess risk
of 0.26 per million person-yr-cGy.

1.5.9.5 Pancreas

Shimizu et al., (1988) did not indicate any staticallysignificant
increasedrisk of cancer of the pancreas among the Japanese A-bomb survivors.
The same is true for the current UNSCEAR Report (1988), and the NRPB Report
(1988).

The only statisticalindicationthat radiationmay possibly cause cancer
of the pancreas comes from cervical cancer patients treated by external X-ray
therapyor implantationof intra-cavityradiumsourceswith cervicaldoses in the
range of 2,000 to 7,000 rem over a 4 to 8 week period [UNSCEARReport, (1988),
Table 26]. Risk estimates for women followed for 10 years or longer post-
treatn_nt indicatethat the relative risk for doses on the order of 100 cGy is
1.00 (0.72-1.62,90% Cl), while the absolute risk is 0.00 (-0.65-1.43). Thus,
the statisticalindicationis that the probable risk is indistinguishablefrom
zero,but recognizingthatmany of the women treatedare still being followedand
that many person-yearsof experiencestill lie ahead, it appearspossible some
small level of risk may ultimatelybe detected.

The BEIR V Committeereviewedthe currentdata and concludedthat thereare
no study cohortswhich have exhibiteda reliable,quantifiedestimate of risk,
suggestingthat this organ is relativelyresistantto radiationcarcinogenesis.

1.5.9.6 Kidney

As was the case for the pancreas,none of the currentmajor Reports--RERF,
UNSCEARor the NRPB--indicateda statisticallymeaningfulrisk of cancer of the
kidney from exposure to low-LETradiation.

Only in the case of cervicalcancer patientstreatedby radiationtherapy
(see Subsection 1.5.9.5 above) has there been a reasonable indication of an
increasedrisk. The UNSCEARReport (1988) presentedthe relative and absolute
risk estimates (Table 26) as 1.71 (I.03-3.24,90% CI) at 100 cGy, and 1.10
(0.06-3.50,90% CI) per million person-yr-cGy,respectively. Based on these
data, it appearslikely that the kidneywill presenta statisticallymeaningful
risk from irradiation,although it will be some time before adequate follow-up
allows a reliableestimate of risk.

The BEIR V Committee provided no estimate of the risk of cancer of the
kidney, but included it in the cancer category,"urinarytract" (see 1.4.9.3).
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1.5.10 Summrv of Current Estimates of HumanRisk

The resu]ts of the major studies to date are summarized in Table 1.9. It
should be noted that the totals by organ plus leukemia are not precisely the same
as the totals from leukemia and nonleukemia. That is not surprising given the
rounding and averaging of values for sexes and populations inherent in these
estimates. Given the substantial differences in modeling approach and selection
of projection models and DREFs, the results of these three recent studies are in
reasonably good agreement. Although the most recent report of the United States
Nuclear Regulatory Commission (USNRCReport, 1989) was not reviewed due to its
recent publication, its central estimate is in reasonable agreement with these
results, estimating that the risks per million person-cSv are about 48 for
leukemia, absolute risk, and range from about 410 to 830 for nonleukemias,
relative risk, for a total risk of about 460 (non-age specific) to 880
(age-specific) cancer deaths per million person-cSv.

1.6 1RADIATIONONCOGENESISIN SPECIFIC ORGANSYSTEMSIN,ANII4ALS

Excellent animal models for radiation-induced neoplasms of some tissues
exist and are capable of being manipulated both in vivo and in vitro to study
oncogenesis at low doses and to study expression of already transformed cells and
host factors. It is logical to choose models which parallel those of primary
humanconcern, that is, those tumors which are most likely to be induced after
low-dose exposure. Risk estimates based on neoplasms of the breast, bone marrow,
lung, and thyroid could represent realistic and defensible ones for radiation
protection purposes. With this idea in mind, this Section will concentrate on
animal data which deal with the aforementioned systems, except where other
systems (such as skin) may have the potential of offering unique contributions
relative to our understanding of radiation oncogenesis.

This Section is not intended as an exhaustive review of what is knownabout
each of the specific systems discussed, but is intended to bring out concepts
that may be critical for understanding basic mechanismsof radiation oncogenesis
and which Bay be important in the overall consideration of risk estimation. Only
major °reviews and selected papers are referred to in this regard

1.6.1 Hematopoietic System

The hematopoietic tissues are sensitive to the oncogenic effects of
ionizing radiation in both humans and a variety of animal species. Early
recognition of the leukemogenic effects of radiation led to muchresearch in this
area as summarized below.

1.6.1.1 Model Systems

Two species have been used for the most critical studies of radiation
leukemogenesis, the mouse and the dog. Many inbred and randombred mousestrains
have been employed, almdlt is important to recognize that results have varied
because of differences in genetic background of these animals. Beagles have been
used almost exclusively for studies with dogs.
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Table 1.9. Summary of Current Best Estimates of Major Risks of

Cancer Mortal ity in Human Populations (Excess Deaths/106

Person-cSv) from Low-LET Radiation

Type of Cancer UNSCEAR (1988.)a NRPB (1989)b BEIR V 11990)

Leukemia 93 (AR) 28 (AR) 95 (RR)

Nonleukemia 610 (RR) 420 (RR) 695 (RR)

Totals: 700 450 790

Breast 60 (RR) 55 (RR) 70 (RR)

Lung 151 (RR) 120 (RR) 170 (RR)

Thyroid NA 2.5 (AR) NA

Liver NA <i (AR) NA

Digestive Tract (Total) 239 (RR) 61 (RR) 230 (RR)

Esophagus 34 (RR) NA -

Stomach 126 (RR) 24 (RR) -

Colon 79 (RR) 37 (RR) -

Others 92 (RR) 163 260 (RR)

Ovarian 31 (RR) NA -

Bladder 39 (RR) NA -
Liver NA NA -

Multiple Myeloma 22 (RR) NA -

v

aBased on high-dose rate effects; no correction for low-dose rates.

bAssumed 20 cSv/cGy for high-LET effects (bone, liver).
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1.6.1.2 Viral Hechani._msof Leukemogenesis

The mouse has proved a fertile model for the study of viral oncogenesis,
particularly for leukemogenesis. The finding that viral agents were associated
with thymic lymphomaand that radiation could induce the samedisease led to the
concept that the radiation was simply a trigger for activation of the oncogenic
virus (Yokoro, 1986). Partly from such work, the oncogene hypothesis emerged,
and many studies over the past 20 years have addressed various aspects of murine
leukemogenesisrelating to viruses and other agents. Data are conflicting on the
role of viral agents in murine leukemogenesis, however. The most recent thinking
suggests that radiation and viral leukemogenesis may be independent processes and
that a viral agent does not need to be involved in radiation-induced
leukemogenesis (Newcombet al., ]985; Yokoro, ]986).

1.6.].3 Oncogenesand ChromosomalChanges

Radiation has been demonstrated to activate the K-ras oncogene in some
thymic lymphomas in mice in contrast to chemicals which more usually activate the
N-ras oncogene (Guerrero et al., 1984a). This activation was not found in
nonmalignant tissues (Guerrero et al., 1984b). Later studies demonstrated both
K-ras and N-ras activation in somey-radiation-induced thymic lymphomas, but none
in neutron-induced lymphomas (Diamond et al., ]987). Dogs with y-radiation-
induced myeloproliferative disorders were shown to have activated oncogenes in
three out of four cases (Frazier eta)., 1987).

Chromosomal aberrations associated with oncogene activation are now well
established as important for hematopoietic oncogenesis (Nowell and Croce, ]988;
see Task 2). As far as radiation-induction is concerned, causal associations
between chromosomalchanges and experimentally induced tumors have not yet been
established. Partial deletions of chromosome 2 have been found in several
studies of radiation-induced myeloid leukemia in mice (Fry and Storer, 1987).
Some chromosome2 rearrangements were thought to confer an altered cellular
phenotype and possibly to represent an initiating event for murine, acute,
myeloid leukemia (Silver et al., 1987; Silver et al., 1988). Recent_studies
indicate that the chromosome2 rearrangement is in multipotential hematopoietic
cells, and that the interleukin ] (11-1)• and p genes are located close to the
critical chromosome2 breakpoint (Silver et ai., 1989). Other changes, such as
chromosome15 trisomy, have been reported for thymic lymphoma (Diamond et al.,
1987).

1.6.1.4 Growth Factors

It is clear that growth factors like interleukin 1 (IL-]) play a role in
the regulation of hematopoiesis (Le and Vilcek, 1987). IL-1 apparently controls
differentiation of both normal and leukemic myeloid precursor cells (Lotem and
Sachs, ]988; Lotem and Sachs, 1989). Silver eta?. (1989) demonstrated that the
IL-] beta gene is specifically deregulated in radiation-induced, chromosome2
rearranged, acute myeloid leukemias in mice, suggesting an important role for
these growth factors.

1.6.1.5 Other Factors

As has been pointed out whendiscussing radiation leukemogenesis, more than
one disease is involved (Yokoro, 1986). Thymic lymphoma, a disease involving T
lymphocytes, is the most commontype of hematopoietic neoplasm in the mouseand
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is readilyinducedby radiation. Myeloidleukemiais less commonand is a
diseaseof the granulocyticcellsof the bonemarrow. Thereare largestrain
differencesin the naturalincidenceand in the radiation-inducedincidenceof
thesediseases. Differentpatternsof irradiationcan have vastlydifferent
effectson thesetumors. For example,shieldinga portionof the bonemarrow
reducesthymic lymphemagenesis,but not myeloidleukemogenesis.Thymectomy
beforeor shortlyafterirradiationeliminatesthymicllymphemabuthasno effect
onmyeloidleukemia,whereassplenectomyreducesmyeloidleukemiabut haslittle
effecton thymiclymphema.

Influencesoutsidethe hematopoieticsystemproperalsoaffectradiation
leukemogenesis.Ovariectemyin RFM strainof mlce has been demonstratedto
reducedramaticallythe incidenceof thymiclymphoma.This resultwas related
tohormonalimbalancesdemonstratingthehormonaldependenceof thisneoplasmand
the importanceof host factorsin the expressionoIFthe final incidenceof
neoplasia(Storeret al.,1982).

AspectsGf thevariousstagesof theradiationoncogenicprocesshavebeen
addressed. Hole (1984),in studiesof myeloid leukemogenesis,adoptedthe
proposalof Gray(1965)thatcellularinactivationis a criticalfactorandmust
be accountedfor in the quantitationof tumorinduction.Thesestudies,and
thoseof Uptonet al. (1970),demonstratedthatthe linitialtransformingevent
afterirradiationis not permanentbut may "decay"with the passageof time
unless"fixed"in somefashion(Mole,1986).Thecellularstudiesof Hanet al.
(1980)suggestthatthe "decay"of tu_orinductionwithdoseprotractionwas due
to intracellularrepair.

Studiesof chronic irradiationand leukemogenesishave stressedthe
possiblerole of radiationin stagesbeyond initiation Both myeloidand
lymphoidneoplasiacan be inducedin chronicallyirradiatedmice;a heightened
proliferativeactivityandan overcompensatoryregenerationof bothmyeloidand
lymphoid precursors was felt to be involved as a promotional effect (Cain and
Rosenblatt, 1985). In chronic radiation myeloid leukemogenesis in the dog,
initial hematopoietic suppressionw_s followed by recovery, in part mediated by
the acquisition of "radioresistance" of vital hematopoietic precursors (Seed et
al., 1985). ABplific_tion of such resistant clonal (:ells was a critical factor
in leukemogenesis. If radiation exposurewas terminated rather than continued
for the l ifespan of the dogs, the incidence of leukemia was greatly reduced.
There were also sequential changes in various clonal types of cells during the
process. All of these findings are consistent with a multi staged process in
leukemogenesiswith the protraction of the irradiation playing a role in the
promotion and progression of the neoplastic process.

1.6.2 Mamar.)LG1and

Spontaneous breast cancer is a neoplasm of major importance in women and
the breast has been shownto be s:ensitive to radi(ltion-induced neoplasia in
people and in animals. Experimenta'i studies have s;hownthe involvement of a
numberof factors, especially hormones,which play a role in oncogenesis in this
organ.

1.6.2.! Model Species

Ma_aary ontogenesis is dependent on a number of factors in the mouse,
includinaviril, hormonal,oen_tic,ilmmmunnle,air. ;andpnv_rnnm_nt_lf_rtnI-¢
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(Shellabarger et aT., 1986). Mammaryoncogenests in the rat is also affected by
a variety of factors, but viruses do not appear to play a significant role;
endocrine factors are c_ paramount importance. Most of the critical work on
mammaryoncogenests has been with these two species.

1.6.2.2 Viral Mechanisms of MammaryOncogenests

lt has been suggestedthat virtuallyall mlcehave themousemamary tumor
retrovirus(MTV) present in their mammary tissues in some form and that mammary
oncogenesis,whether induced by physical or chemical agents, depends on the
presence of this virus (Shellabargeret aT., 1986). Radiation inductionof
mammary tumors is strain-dependent,and strains that have no free virus have a
low spontaneous frequency and a low radiation-relatedsusceptibilityto the
induction of mammary neoplasia. Studies that have suggested any abscopal
mechanism for radiation oncoger0esisin the mouse should be evaluated in this
context.

1.6.2.3 Hormonal Influences

The effect of hormones on mammary oncogenesisin the rat has been studied
extensively(Shellabargeret al., 1986). A varietyof manipulationsthat affect
hormonal balance such as: ovariectomy (Solleveld et al., 1986); estrogen
treatment (Stone et al., 1980; Janssens et al., 1981; Ito et al., 1984;
Shellabargeret al., 1983; Solleveld et al., 1986); and the implantationof
prolactin-secretingpituitary tumors (Yokoro et al., 1980) can change the
incidenceof radiation-inducedmammary neoplasms.

Ovariectomyhas been shown to reduce the oncogenicresponse to radiation.
The responseto estrogentreatmentvarieswith the strainof rat and the type of
mammary tumor induced (Shellabargeret al., 1986), but generally estrogenic
substances increase radiation-inducedmammary tumorigenesisin a synergistic
fashion, lt has long been known that prolactin acts synergisticallywith
radiation in the induction of rat mammary tumors. In fact, the evidence
indicates that the effects of estrogens are actually mediated through their
ability to increase prolactinin treated animals (Shellabargeret al., 1983).
Prolactin-secretingpituitarytumorsgraftedintoirradiatedrats increasedtumor
yields even when the grafts were performed many months after the radiation
exposures (Yokoroet al., 1980). A similar phenomenonwas noted for treatment
withdiethylstilbestrol(Shellabargeret al., 1983). These studiesindicatethat
the hormonaleffectsare probablypromotionalin nature and that cells initiated
by the radiation can persist for a considerable period of time until a
promotional factor is applied. Tumors induced by both low- and high-LET
radiationsdemonstrate these interactionswith hormones (Shellabargeret al.,
1986).

1.6.2.4 In Vitro/In Vivo Studies

Of very real importanceto the study of radiationoncogenesisis the recent
developmentof so-calledin vitro/invivo experimentaltechniques. These have
been particularlyuseful in addressingsome basic questions. The systems that
have been used most have involvedthe mammarygland, tissuesof the respiratory
tract, and the thyroid gland.

Studieswith the mammarygland have used enzymaticallydissociatedmammary
cells from carcinogen-treatedmice (Ethier et al., ]984; Ethier and Ullrich.
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1984; Ullrich, 1986; Adams et a/., 1987) and rats (Clifton et al., 1986) to
evaluate initiation and progression of radiation-induced mammarytumors. When
injected into the subcutaneous fat pads of tsologous hosts, the dissociated cells
form mammaryoutgrowths assumed to be derived from single cells, referred to as
"clonogenic" cells (Clifton eta?., 1986). When taken from animals previously
treated with a carcinogen, such as radiation, these outgrowths can display
dysplastic changes similar to those seen during mammaryoncogenesis in vivo
(Ethier eta?., 1984a). Dysplasttc lesions were detected after low doses of
radiation,and the cells that had alteredphenotypescould be detectedwithin 24
hours after irradiation. A progressivechange to greater autonomy of growth
occurredwith time; that is, the longerthe period betweenradiationexposure and
cell dissociation/transplantation,the greaterthe incidenceof lesionsand the
longerthat theirdysplasticgrowthpatternsweremaintained (Ethlerand Ullrich,
1984b).

Further studies revealed that, with increased time in situ between exposure
and dissociation, an increased tumorigenic potential was developed when such
cells were First incubated in vitro and then retransplanted back into mice (Adams
et al., 1987). These studies suggest that altered growth potential was acquired
early after irradiation, while the ability to maintain autonomousgrowth was a
separate event. Further, although altered cells could be found in 100/, of
irradiated donor mice, only 14%of mice given the same radiation close developed
mammaryneoplasms (Adamset al., 1987). Thus, it appeared that initiation was
more commonthan tumor induction.

Clifton eO al. (1986) used a protocol in which host rats were hormonally
manipulated to maximize mammaryoncogenesis (i.e., hyperprolactinemic). Known
numbers o6 dissociated mammarygland cells from previously irradiated or control
rats were transplanted into the fat pads of the hosts. Someof the rats that
received the control mammarycells were irradiated 35 days later. The incidence
of mammarycarcinomas at the site of the grafts were evaluated. The results
indicated that radiation initiation was a commoncellular event, but that both
incidence of neoplasms and the latent period were funct;ons of the number of
target cells, mammary clonogens, available at the time of the initiating
irradiation.

Finally, Ullrich (1986), using the method of transplantingdissociated
cells into mice, found that, after low dose-rateexposuresto fission-spectrum
neutrons (I cGy/day), there was a greater degree of persistenceof mammary
dysplasias than after high dose rates (1 cGy/min.). This was true even though
the overall incidence of dysplastic lesions was similar between the two
treatments. This observationsuggestedthat low-dose-rateneutronsenhancedthe
probabilityof the promotion/progressionof radiation-alteredcells rather than
increasingthe numbers of initiatedcells.

1.6.3 RespiratorySystem

Lung cancer is anothermajor human neoplasm and it is known to be induced
by ionizing radiation. Animal models of respiratory system neoplasia have
revealed importantdata relatingto dose localizationand some of the cellular
mechanismsof inductionby radiation.
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].6.3.! Model Species

• Studies of radiation-inducedlung cancer have employed a wide varietyof
animalmodels, but the most importantof these have includedthe rat, the mouse,
the Syrian hamster, and the dog. This is partly the case because there is no
singlemodel that exactlymimics the patternof human lungtumor development,and
partly because there is a considerabledifferencebetween the patternsof lung
tumor developmentthat occurs between animal species (Bair, 1986).

1.6.3.2 Localizationof Dose

Much more so than the situationwith hematopoietictissues,or tissuesof
the mammary or the thyroidglands, the spatialpattern of dose delivery to the
lung is a significantfactor in oncogenesis(Bair,1986).This ispartly because
studiesusing externalexposureshavenot appearedto be as effectivein inducing
lung tumors as those using internal emitters. External exposures are usually
assumed to deliver a relatively uniform dose to the lung, whereas, with
radionuclidesdepositedin the lung, uniformexposureis rare. The leastuniform
irradiation is that delivered by a-emitters because the particles have a
relatively short range in tissue. Patterns of deposition, clearance, and
retentionof radionuclidesplay a criticalrole in determiningdose, and these
are dependent on the speciesof the animal used (Griffithet al., 1986). When
coupledwith the factthateach specieshas a significantlydifferentspontaneous
incidence of lung tumors, which also differ in histological type, broad
generalizationsare difficultto arrive at.

One of the major questionsrelatingto radiation-inducedlungcancer inthe
past 15 years has been the so-called "hot particle"problem (BEIR, 1976). One
assumption was that the localization of dose from high-specific-activity
particlesof C-emittingradionuclides,suchas plutonium,would increasethe risk
substantiallycomparedwith a similardose spreadmore uniformlythroughoutthe
respiratorytract. Virtuallyall of the evidencethat has been accumulatedover
the past decade has refuted the "hot particle"hypothesis and, in fact, seems
clearly to show that uniformdistributionof radiationdose is as effectiveor
even more effective in causing lung cancer in a number of instances (BEIR IV,
1988). This result is assumed to be due to the greater degree of cell killing
around "hot particles,"reducingthe numberof viablecells availableto express
their initiationas comparedwith the situationwhen a more uniformdistribution
of the same dose is applied.

1.6.3.3 Dose Responses

As with other organ systems, differentstudies of external exposuresto
low-LET radiation have yielded dose-response curves that were linear or
curvilinear in nature (Ullrich,1980; Fry, 1981). In mice, lowering the dose
rate can have an effect by reducing the effectiveness of tumor induction
(Ullrich,1980) and by apparentlychangingthe response from a linear-quadratic
to a linear one (Ullrichet al., 1987). Neutronexposuresin mice yieldedcurves
that were linear at very low doses but could bend downwardat doses as low as 20
cGy (Ullrich,1983).

For internally deposited radionuclides, there is considerably more
informationon a wider range of species,but many of the critical studiesin the
dog are still in progress (Thompsonand Mehaffey,1987). Clearly, high-LET_-
emitters are more effectivethan low-LETp-emittersin inducinglung cancer,as



would be expected (Bair, 1986). Interestingly, the curves for somestudies with
high-LET radiation have yielded curvilinear dose responses, rather than linear
(Bair, 1986; Sanders eO al., 1988). Sanders attributes someof this to temporal
and spatial factors relating to the redistribution of particles of long-lived
radionuclides in the lung of rats and suggests that the concurrence of
inflawation, fibrosis, and metaplasta with carcinoma formation result in local
factors which promote tumor formation to a greater degree at higher doses.

Studies with Syrian hamstershave shown that =-emitting radionuclide
oncogenesiscan be promoted by simply increasingcell division in the target
cells by installationof saline solution over a period of weeks following
exposure to the radioactiveparticles (Little,1981).

Differences in the spatial and the temporal distributionsof dose from
internalemitters,as well as differencesin radiationquality,can lead to the
formation of different types of lung neoplasms. In dogs, _-emitters induce
mostly bronchioloalveolarcarcinomas(Bair, 1986),whereasp-emitterslead to a
broader spectrumof tumors (Benjaminet al., 1975). In the latter case, dose
rate plays a critical role in pulmonaryoncogenesis(Hahnet al., 1983). Short-
lived p-emitters,which deliveredtheirdose at a highdose rate, tendedto cause
mostly carcinomas. As the dose rate decreasedwith longer-livedradionuclides,
there was progressively a greater incidence of sarcomas, including
hemangiosarcomas.

1.6.3.4 In Vitro/In Vivo Studies

Studies of carcinogen-inducedtransformationin the tracheal epithelial
cells of the rat have revealed some interestingphenomenawith respect to the
effectsof normalcell populationson initiatedcells. Trachealcells harvested
from carcinogen-treatedanimals showed the characteristicsof preneoplastic
cells--thatis, an increasedgrowth capacity--and,after further changes, the
capacityto produce neoplasmsin appropriatehosts (Terzaghi et al., 1982a,b).
lt was demonstrated that normal cells can inhibit the growth of carcinogen-
altered cells and/or affect the progressionof these cells. This effect was
probablymediatedeitherthroughthe productionof a substanceproducedby normal
cells, believed to be a transforminggrowth factor beta (Terzaghi-Howeand
McKeown, 1986), or via cell-to-cell contact (Terzaghi-Howe, 1987). This
situationappearedto be true for chemically-initiatedcells (Terzaghi-Howeand
McKeown, 1986; Terzaghi-Howe,1987) as well as for radiation-initiatedcells
(Terzaghi-Howe,1989). The degreeto which thiseffectwas observedwas somewhat
dependenton the LET of the radiationused,with apparentlymore inhibitionbeing
exerted on low-LET altered cells than high-LET altered cells (Terzaghi-Howe,
1989). Developmentof cellularresistanceto transforminggrowth factor beta-
induceddifferentiationis suggestedto be an early, crucialstep in radiation-
inducedtransformation.

1.6.4 Thyroid G!apd

The thyroid gland has been shown to be highly sensitive to radiation-
inducedneoplasiain humans and animals. Like the mammarygland, much has been
learnedabout hormonal factorsthat affect radiationoncogenesisin the thyroid
from animal studies.
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].6.4. | Model Species

Studies of thyroid oncogenests have been carried out primarily in the rat,
although a few studies have utilized the mouse and the dog.

1.6.4.2 Radiation Quality

Based on both hwlan experience and si animal data, current
recommendations consider '_'I less carcinogenic in the thyroid gland, per unit
of absorbed dose, than external radiation (NCRP, 1985). This is thought to be
due to differences in dose rate and dose distribution within the gland. However,
one study tn the rat by Lee et al., (]98Z) did not demonstrate such a difference
and showed a similar incidence in the frequency of carcinoma with 13ii and X-
rays, with no differences due to dose rate from the two types of exposure. This
question needs to be resolved.

1.6.4.3 Hormonal Influences

Thyroid gland function is under the control of the hypothaltic-hypophyseal
system. A total feedback loop exists with the hypothalis secreting
thyrotropin-stimulating hormoneWhich acts to stimulate the secretion of thyroid-
stimulating hormone (TSH) which, in turn, causes the follicular cells of the
thyroid gland to produce thyroid hormone, thyrotropin T3 and T4 (Clifton, ]986).
TSH is the primary hormonal mitogen of thyroid cells (Clifton et al,, ]986).
Because of the lack of negative feedback, hypothyroid individuals, who produce
abnomally low mounts of thyroid hormone, have an increased secretion of TSH.
In turn, this stimulates proliferation of thyroid follicular cells, lt is
important to recognize that elevated levels of TSH alone can lead to increased
risk for thyroid neoplasia in rodents as well as to an increased frequency of
radiogenic tIrs.

].6.4.4 Age

The effect of age at the time of exposure on thyroid oncogenesis has been
docInted in people and supported in animal experiments. Children are more
susceptible to subsequent neoplasia than individuals exposed as adults (NCRP,
1985), and rats (Christov, 1978) and dogs (Benjamin et ai., ]987) showed
increased risks when exposed as juveniles.

1.6.4.5 Zn Vitro/In Vivo Studies

A series of studies using both in vitro and in vivo techniques have been
used to study mechanisms of radiation oncogenesis in the thyroid gland (Clifton,
1986). Nonodispersed rat thyroid cells were shown to give rise to normal thyroid
follicles when injected into the fat pads of host rats, si of which were
thyroidectomized and hypothyroid. Follicles were derived from single thyroid
clonogens and the proportion of grafted clonogens triggered to form follicles was
dependent on TSH levels (Watanabe et ai., ]983a).

In radiation studies, varying numbers of irradiated and unirradiated
thyroid clonogens were injected, and the hormonal status of the hosts were
manipulated. Neoplasis, particularly carcinomas, were observed to appear at the
graft sites. These studies illustrated a number of important points.
Quantitation of neoplasms arising from a known number of surviving, irradiated
clonogens allowed quantitation of numbers of initiated cells, and gave direct
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experimental evidence that initiation by radiation in vfvo is a relatively
common,rather than rare, cellular event (Nulcahy eL al., 1984). The cell number
used in the grafts Influenced the frequency of neoplasta (Nulcahy eL alo, ]984).
Expression was inversely related to the numW)erof cells that were grafted tn
that, as the cell numberwent up, carcinoma frequency per grafted clonogen went
down (Watanabe eL al., 1988). lt was also shown that the addition of
unirradiated thyroid clonogens to the irradiated cell tnocula further suppressed
the expression of carcinomas.

Studies of hormone levels revealed that, as the tnoculum number went up
and/or unirradiated cells were added, newly foraed thyroid follicles produced
enough thyroid hormone to result in reductions of TSH (Watanabe eL al., 1988).
Thus, the initial honmone imbalance was playing a promoting role in thyroid
oncogenesis. Further, when unirradiated thyroid clonogens were added to the
inoculmm, the probability ef vascular invasion in the carcinomas (a measure of
malignancy) was reduced. This observation suggests that hormonal factors can
affect both promotion and progression of radiation-induced neoplasia.

Last, it is interesting that the clonogenic efficiency of donor cells from
one-year-old rats was less than those from younger animals (Watanabe eL al.,
1983b), suggesting that age-related sensitivity was an inherent function of the
donor cells themselves rather than other host factors.

].6.s skin

While skin does not represent a tissue of either high risk for mortality
or high sensitivity for humanradiation oncogenesis, skin carcinomas are a risk
at high doses. More importantly, animal models of skin oncogenesis have revealed
some important and unique insights into mechanisms of radiation oncogenesis.
Thus, a discussion of this organ system is appropriate here.

].6,5.1 Nedel Species

Both the mouse and the rat have been used for studies of radiation
oncogenesis in skin, although the rat has been shown to have a much greater
radiosensitivity and to respond with a broader spectrum of neoplasms (Burns and
Albert, 1986).

].6.5.2 Promotion and Progression

Studies of multistage oncogenesis in mouseskin have helped to reveal the
role(s) that ionizing radiation can play in this process. Using X-rays as an
initiator, and a phorbol ester as a promoter, radiation did not increase the
nwaber of benign papillomas over that seen with phorbol ester treatment alone;
however, radiation did increase the number of squamouscell carcinomas seen after
long-tem promotion. The occurrence of basal-cell carcinomas was dependent on
the radiation dose but not dependent on promotion (Jaffe and Bowden, 1986; Jaffe
and Bowden, ]987).

In further studies, mice were initiated with a chemical carcinogen,
promoted with phorbol ester_ and then treated further with the phorbol ester or
irradiated. Radiation did not increase the number of papillomas but did enhance
the progression of preexisting papillomas to squamous-cell carcinomas (Jaffe eL
al., ]987). The results of these studies indicated that radiation can act as an
initiator of skin oncogenesis but that there was no evidence that it had a
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promoting function with respect to the production of premalignant papillomas.
On the other hand, the ability of radiation to enhance the production of
malignant squamouscell carcinomas from papillomas indicated that it can play a
role in affecting the progression of the neoplastic process. Differences in
activation of oncogenes has been reported between radiation and chemically-
induced mouse skin tumors (Bowdenet al., 1989).

These mousestudies are also important in that tumor-associated genes have
been shownto be overexpressed in benign papillomas and squamous-cell carcinomas
(Krieg et al., 1988). One of these oncogenes, transtn, encodes for a secreted
protease found in the carcinomas but not in premaltgnant papillomas, lt was
suggested that transtn may play a role in the progression from the benign to the
invasive, malignant state (Matrisian et al., 1986). Activation of other
oncogenes has been reported in tumors of rat skin after irradiation (Sawey et
al., ]987).

1.6.5.3 Dose Localization

The rat _nd mouseskin models have been used to address the question of the
effectiveness of localized vs. uniform dose in radiation oncogenesis (Burns and
Albert, ]986; Charles et al., 1988). As in the lung, the evidence suggests that
uniform irradiation is more effective in inducing skin tumors. Also of interest
is the finding that localized "hot spot" irradiation delayed the onset of tumors,
but when the unirradiated tissue between heavily irradiated foci was exposed to
a low dose of irradiation, the delay was eliminated (Burns and Albert, 1986).
This observation was interpreted to Bean that the proximity of unirradiated cells
somehowaffected the rate of progression of the irradiated cells to form
neoplasms.

1.6.5.4 Interaction of Ionizing with Ultraviolet Radiation

Ultraviolet (UV) light is a known cause of skin cancer and there is
evidence that UV and ionizing radiation interact to increase the risk of skin
tumors in humans (Burns and Albert, 1986). Studies in rats have demonstrated
that UV plus ionizing radiation resulted in more malignant tumors at lower doses
of ionizing radiation (Burns and Albert, 1986).

1.7 RADIATIONNIJTAGENESISANDGENETICEFFECTS

Radiation is knownto produce a variety of heritable changes in germ-line
and somatic cells. This section addresses radiation induction of such changes
i n animal s and people.

1.7.1 Experimental Mutagenesis in Animal_

In a numberof studies, mice and other vertebrates have been used to study
radiation-induced heritable effects as reviewed below..J

1.7.1.1 Studies with Drosophila

The end of World War II was accompanied by a greatly increased awareness
of the biological effects of ionizing radiation exposure. The long-term genetic
effects of radiation on the human population, even for the peaceful uses of
atomic energy, was of principal concern. At that time, it was well knowilrthat
radiation produces mutations (e.g., Ruller, 1927), but virtually no information
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was available for mutation induction in L_mals in general, let alone in peopie.
The early work using the fruit fly (lluller, 1927) indicated, for example, that
mutations induced by X-rays were produced at a rate of about ).5 x 10TM mutations
per locus per It, and that there was little effect of dose protraction on the
yield of mutations per unit dose. The lack of a protraction effect, in
retrospect, was not too surprising because many of the early experiments were
carried out using mature and maturing male _genmcells which are metabolically
very inactive. One important conclusion from the early studies is that the vast
majority of mutations are harmful. This conclusion has not changed over the
years.

1.7.l.2 Specific Locus Hutation in Rice

The so-called "megamouse"experiments at the Oak Ridge Hational Laboratory
and the U. K. Atomic Energy Establishment at Harwell were set up in the late
1940's and early 19SO's to study radiation genetics in mammals. In both cases,
the specific locus method was utilized where irradiated individuals from
homozygousdominant stocks were mated to unirradiated individuals from homozygous
recessive stocks. Seven specific loci controlling readily visible phenotypes
were used by the Oak Ridge group, and six by the Harwell group. The data from
these studies constitute the major part of our current knowledge of quantitative
mammalian radiation genetics. The results have been reviewed by Searle (1974),
and may Ix._summarized as follows.

(1) The low LETdose-response relationship for specific locus mutations due to
high-dose-rate exposures of spermatogonia1 stem cells follows a general
form that is often seen for the production of chromosomal exchanges in
meiosis and for oncogenesJs; i.e., there is an initial increase up to
doses of about 600 cGywhere a "saturation" occurs followed by a decreased
yield at higher doses, lO cGy. Very little data are available for low
doses, but an adequate fit to the data that are available, as proposed by
Abrahamsonand Wolff (1976), would be,

I _ 8.3 x 10.6 + 0.69 x 'lO"7 D + 0.66 x 10.9

where I is the mutation frequency and D is the dose in cGy.

(2) For protracted y-ray exposures of spermatogonia, the mutation frequencies
per unit dose (at -300 cGy and -600 cGy), decreased by a factor of about
2.5 to 3 when the dose rate was reduced from about 90 cGy per minute to
about 0.8 cGy per minute. Further reductions to 0.009 or O.OO1 cGy per
minute did not decrease further the frequency per unit dose.

(3) For females, oocyte mutation frequencies appeared to be fitted reasonably
well by the expression (Lyon, et al., 1979),

I = 2.l x lO"6 + 6.0 X lO"a D + 0.9 x 10 -9 D2

(4) The dose response for low dc,se-rate exposures appears to be linear, i.e.,
a quadratic component is negligible.

(5) Virtually no radiation-induced mutations were detected for oocytes
ovulated seven or more weeks after irradiation.
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(6) Fission neutrons were about 6 times more effective in inducing mutations
in spermatogonia, and about 5 times more effective in oocytes, for high
dose-rate exposures. For low dose-rate irradiation, the RBEof neutrons
relative to y-radiation was about 20.

(7) There was about a 35-fold variation in induced mutation frequencies among
the different specific loci tested.

].7.].3 Other Mutations in Mice

Studies are also available on induced "dominant-visible" mutations and most
of these appear to be lethal in the homozygous state. The radiation-induced
frequencies are much lower than those observed for specific locus mutations.

Although valuable information on mammalian radiation genetics was derived
from the "megamouse" experiments, it is quite unlikely that such an approach
could be undertaken for quantitative estimates of mutation frequencies in the
low-dose region, i.e., <10 cGy.

].7.].4 The Frequency of Mutant Alleles in the Population

A major concern about radiation-induced mutations in germ cells relates to
the detrimental effects for future generations of increases in low-level
radiationexposureof the human population, lt is not simply a questionof the
increased risk for an expressed mutation in the first generation following
exposure of an individual. The issue requires an estimate of the increased
incidenceif the whole, or a large, population,as well as future generations,
receives an increasein radiationexposure.

lt is well known that most mutationsare harmful. Were it not for this
fact, the frequencyof individualswith a mutant phenotype in the population
would continueto increase,even from exposureto backgroundradiation. Because
mutationsare mostly harmful, they tend to reduce the "reproductivefitness"of
individualsin which they are expressed,andsuch individualssuffera selective
disadvantage. The severityof the disadvantagedependson the mutant allele in
question,but, in any case, this selectivedisadvantagewill reducethe frequency
of individualsbearingthe allele in the next and future generations. If p_q].£1
the parentlygenerationreceivesan additionalradiationexposure (abovenatural
background),then, at one extreme,it is possibleto have dominantmutantalleles
with high penetrancethat are so deleteriousthat individualsbearing them are
eithersterile,or die before theyreach reproductiveage and are eliminatedfrom
the populationduring the first post-irradiationgeneration. Of course, this
outcomewould be modified for dominant alleleswith lower penetrance,and/or a
heritable change that has a less severe deleterious effect on reproductive
fitness. InduceJ recessive :lleles would raise the frequency of mutant
phenotypesonly slightly in the first generation becausethey would have to be
homozygousfor expression. Thereafter,the frequencyof such individualswould
decrease very slowly over hundreds of years _ecause the frequency of mutant
phenotypes,and their eliminationby reducedreproductivefitness,would depend
on the chance pairing of two relativelyrare mutant recessivealleles.

The situationfor an increaseradiationexposureover the currentand all
future generationsis that an equilibriumlevel is reachedwhich is higher than
that frequencyobserved in the first post-irradiationgeneration. Along with
estimates of induced mutation rates from the mouse studies, a number of
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assumptions have been made regarding numerical values for the frequency of
expression of mutant alleles and the reproductive fitness, on average, of
individuals bearing them to arrtve atesttmates of equilibrium frequencies. An
example o_ the result taken from the BEIR III Report (1980) is shown in Table
1.10. This serves to Illustrate that equilibrium levels can be considerably
higher than estimates of mutation frequencies measured in the first generation.

1.7.2 In Vivo Detection of Mutations In HumanBetnqs

Newtechnologies have allowed researchers to address the difficult problems
of measuring genetic changes in thecellsofpeople. Significant tnsights tnthe
future are possible from the application of someof the methods discussed in this
section.

1.7.2.1 Somatic Mutations

Methodologies have been developed that permit measurement of spontaneous
and induced mutations in human somatic cells in vivo (see Technologies for
DetectingHeritableMutationsin Human Beings,1986; Banbury Report 1987; Tates
et al. 1989). Assays at four geneticloci have been described,all in eitherred
blood cells or lymphocytes:(a) loss of activity of the enzyme hypoxanthine
guanine phosphoribisoyl transferase (HGPRT) in lymphocytes; (b) loss in
lymphocytesof certain antigens,designated HLA-A; (c) identificationof new,
specific,mutant hemoglobins;and (d)loss of allelesfor a transmembraneprotein
of red blood cells, glycophorinA.

The hgprt assay uses either an autoradiographicor a clonal method to
measure mutation in lymphocytes(Albertini,1982;Albertini et al., 1988). In
the radioautographicmethod, mononuclearlymphocytesisolated from drawn blood
are incubatedwith a mitogento cause the initiationof growth and the synthesis
of DNA. Incubationwith 6-thioguanine(6-TG)killscells that have a functional
hgprt gene--because6-TG is a toxic analogof guanine,one of the bases in DNA--
but allows the mutant cells to live. Radioactive thymidine, added to the
mitogen-stimulatedcells, is incorporatedintothe cells that remain alive and,
consequently, the latter cells can be detected by standard radioautographic
procedures.

In the clonalassay,mutation is scoredbythe fractionof lymphocytesthat
formcolonies in mediumcontaining6-TG.As before,white blood cells are treated
with PHA to induce growth.The cells are then inoculatedinto microtiterplates
in medium with or without6-TG. The number of mutants is scored after about 13
days incubationby scintillationcounting of tritiatedthymidine incorporation
intoDNA or by cell transferand clonalexpansion.The mutant frequencyis taken
as the ratio of the cloning efficiencyin the presence of 6-TG to that in its
absence Background frequencies in the clonal assay of cell_ from different
individualsvary substantiallywith values from 1.3 to 50 X 10TM being reported,
which introduces considerableuncertainty into the determination of induced
mutation, and which can obscure inducedmutations. An advantageof the clonal
assay over the radiographicmethod is that mutant colonies can be analyzed
further by isolating their DNA and determining the molecular nature of their
mutations.

The validityof the hgprt assay in vivo is subjectto severalcaveatsthat
pertainto analysisof mutationat this locus. Among the most importantof these
is the failureto detect large, extragenic,multilocusmutations,a kind of
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TABLE i.i0. Genetic Effects of an Average Population Exposure of

1 cSv per 30-Yr Generation

Type of Liveborn Effect/Million Offspring

Genetic Offspring First Equilibrium
Disorder Generation

Single gene i0,000 5-65 40-200
Autosomal

dominant and

X-linked

Irregularly 90,000 20-900
inherited

Recessive i,i00 Very few Very slow increase

Chromosomal 6,000 0-20 Increases very

aberration slightly
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mutation that is likely with ionizing radiation (Waldren et al., ]g76; ; Thacker,
1986; Evans et al., 1986; lurner et al., 1985; Janatiopour et al., 1988; Bradley
et a/., 1987; Langlois et al., 1987). Furthermore, cells deficient for thehgprt
gene appear in vivo to be selected against so that their number decreases with
time (AlbertJnj et al., 1988).

1.7.2.1.1 The h la-A Method

A new assay suitable for analysis of mutation induction by ionizing
radiation has been described (Janatipour et al., 1988; Turner et al., 1988).
This methoddetects mutants in the hla gene fami]y in lymphocytes. Mutant ceils
are selected or identified using monoclonal antibodies to the proteins HLA-A2and
HLA-A3, the products of commonlyoccurring alleles found in about half of a human
population. Monoclonal antibodies against HLA-A2or HLA-A3wi11, in the presence
of complement, kill cells expressing normal versions of these antigens, whereas
mutant ce]Is are spared. The latter can be quantitated by scoring colonies or by
Now cytometry as described below for the glycophorin A assay. The induction by
X-rays of mutations at these loci appears to follow a linear, nonthreshold curve.
The doubling dose has been estimated at 1 Gy. Host of the mutants induced by
ionizing radiation at the selected hla-a2 or hla-a3 loci, or at another hla locus
about 1 megabases away, but also on the same chromosome, chromosome6, are
deletion and recombinational events. Because this method detects very ]arge
mutations it is well suited to studies with ionizing radiation.

1.7.2.1.2 Tile Glycophorin A Method

This assay uses fluorescently labeled monoclonal antibodies, and the flow
cytometric analysis of individual cells, to detect mutations in the allelic forms
of glycophorin A, a transmembrane protein of red blood cells (Jensen et al.,
1987; Langlois et al., 1987). Glycophorin A exists in an "M" and "N" form that
differ from each other by two out of a total of 131 amino acids. These two
variants can be independently labeled with antibodies tagged with different
fluorochromes that can be differentiated by flow cytometry. Individuals whose
red cells display both variants are heterozygous for the H and N alleles. Two
kinds of variants are detected" those that have the normal amountof one variant
but none of the other (hemizygous loss); and those that are recombinants and have
twice the normal content of one variant but none of the other, homozygousor
recombination variants (Jensen et al., 1987). These two types of mutants can be
distinguished and enumerated by flow cytometry.

The slope of the dose response curves for the production of glycophorin
variants among the Japanese A-bomb survivors 0.17 (+ 0.06) x 10TM per cGy
(Langlois et al., 1987). This frequency is similar in general magnitude to that
for specific locus mutations in cultured mammalian cells, somatic cell_ in mice
and humans, and mouse germ ce]ls in which frequencies of 0.06-6 x 10TM per cGy
have been observed (see Langlois et aT., 1987). These values are orders of
magnitude larger than for hgprt" induced mutations inthe lymphocytes of Japanese
A-bombsurvivors where values of -0.008 x 10"" per cGy have been reported (Hakoda
et al., 1988). It has been suggested that the reason for the relatively small
increase in hgprt mutants comparedto the frequencies of persistent cytogenetic
lesions and glycophorin A variants is that a selective disadvantage exists in
vivo for mutants lacking the hgprt gene whereas no such selective disadvantage
has been observed for the glycophorin A assay (Langlois et aT.,, 1987). Another
possibility, of course, is that the functionally hemizygous hgprt locus is
closely flanked by essential genes so that the large deletions characteristic of

, x-ray mutagenesis are lethal and only the smaller ones can produce viable
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mutants. Both and other factors could be responsible for these low mut_tton
frequencies.

1.7.2.1.3 The Variant Hemoglobin Method

The frequency of particular, rare hemoglobin variants arising via mutation
in red blood cells has also been employed to assess mutagenesis (P.p),yannopoulou
et al., 1976; Stamatodyannopoulos et al., 1982). Cells containing these rare
variants are presumed to have arisen as the result of mutation in the stem-cell
precursors of the circulating cells. Monoclonal antibodies have been developed
that recognize different variants which allows them to be labeled and the mutated
Cells to be detected by fluorescence cytometry as described for the glycophorin
A assay. A serious limitationof this methodologyfor studies of mutation by
ionizingradiationis that it is ableto detect only very small mutations that
will produceonly a change in the amino sequenceof beta globin,becauselarger
mutationswould disruptthe maturationof these stemcells so that theywould not
develop into scorableperipheralred cells. This method is furthercomplicated
by a fairly high incidence of false positives. (Stamatodyannopouloset al.,
1982).

1.7.2.2 Quantitationof HeritableMutations

Severalassayshavebeen employedto measureheritablemutation;in hum_ns._
i.e., a mutationpresentin a germ cell that is passed from parent to offspring.
Perhapsthe most powerfulof these are cytogenicmethods.

Another importantkind of assay for germ linemutationsinvolvesdetection
and characterizationof variant proteins derived from the blood cells of the
children of exposed, or control, individualsin a human population. Several
well-known, large-scale studies have been carried out on Japanese A-bomb
survivors(Neelet al., 1983;Neel et al., 1988). This analysisdetectschanges
created by mutations in a defined set of genes that code for certain proteins.
The techniquepermitsmutationsto be detectedthat leadto proteinsthatdisplay
altered electrophoreticproperties in 1- or 2-dimensionalpolyacrylamidegel
electrophoresis(O'Farrell,1975). Thus, this methodprovides informationabout
mutationsin genes from which RNA can be transcribedand which, therefore,may
be translated into aberrantproteins.

Althoughthe precedingmethodologyhas provideduseful information,it is
restricted to the detection of those mutations that change the net charge,
molecularweight,and/orconformationof particularproteinsso that only a small
fraction of the total possible spectrumof mutationscan be detected (Neel et
al., 1983, Neel et al., 1988)._lt would appear,therefore,that assays carried
out directly on germ or somatic cells offer'a substantialadvantageover those
that requirethe expressionof the mutation in an offspring. This propertywas
demonstratedby the studiesof the childrenof JapaneseA-bomb survivorsinwhich
the analysisof millions of loci was required to establishmutation rates from
heritablechanges,whereassamplesfrom only a few directly-affectedindividuals
was sufficientto establisha dose-responsecurve using the glycophorinA method
(Langloiset al., 1987).

1.8 SUMMARY

In either humans or animals, it is not possible to distinguishbetween a
neoplasm that is caused by ionizing radiation and one that occurs
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"spontaneously," from some unknown cause. In essence, radiation-induced
neoplasms can be recognized in any population by statistical meansonly; that is,
by the identification of an excess frequency above the natural incidence (BEIR
III Report, 1980; BEIR V Report, 1990). Neoplasms can be induced in virtually
any tissue or organ, however. Sometissues are more sensitive to radiogenic
neoplasia in both animals and humansand include bone marrow, bre._.st, lung, and
thyroid gland tissues (see Table 1.1). For purposes of a better _nderstanding
of risks due to low dose and at low dose rates, it is logical that research
should concentrate on these tissues.

Neoplasia develops as a multistage process that proceeds, operationally at
least, from normal to neoplastic cells (see Figure 1.1). The first step,
init _tion, reflec.s agenomic changewhich produces a transformed cell, that is,
one that has altered phenotypic characteristics and can be differentially
stimulated to form a focal proliferation of cells. The second step, promotion,
enhances the formation of a neoplasm in an initiated cell(s) by encouraging
proliferation and clonal expansion, that is, the selective accelerated growth of
transformed cells. Further steps, included in a process called progression,
confer new properties on promoted cells and lead to sequential phenotypic
changes. The latter are thought to involve additional genetic changes and
progressive increases in degrees of'_lignancy.

A number of biological characteristics can affect radiation oncogenesis
(see Table 1.2; Fry and Storer, 1987). In both people and animals, age at
exposure is a major determining factor. The general rule is that exposures at
earlier ages.increase lifetime risks of many types of neoplasia including
leukemias,thyroidneoplasia,and mammaryneoplasiarBEIR V Report,1990). Sex
of the exposed individualalso is a major factor for some types of radiation-
induced neoplasms reflecting,at least to some degree, hormonal influences.
Associationsbetween increasedlevels of mammary gland hormone prolactin and
increased risk of breast cancer, a_d between "_creased levels of thyroid-
stimulatinghormone and increasedrisk of thyroidcancer, are well documented
(BEIR V Report, 1990; Clifton, 1986; Shellabargeret al., 1986). In some
species,hormonalmakeupcan influenceleukemiainductionby radiation,as wr;l.

With respect to low-dose radiation tumorigenesis,the same problems of
interpretationand significanceexist for animal data as for human data. That
is, most studieswere performedwith either high doses of a low-LETradiation,
or with lower doses of a high-LET radiationbecauseof its greater biological
effectiveness. There is relatively few data on low-dose, low-LET tumor
induction. Even for only low-LET exposures, )ne particular shape o_ dose-
responsecurve does not appearto fit the data for the inductionof severaltypes
of tumors (Fry and Storer, 1987). Studieswith low-LETradiations have shown
tilatthe linear-quadraticor the lineardose-responsecurves are applicablein
given instances,with the latterespeciallyat luwdose rat_s. The effectiveness
per unit dose increases with LET. Decreasing the dose _",tedecreases the
effectivenessfor low-, but not for high-LET radiations.

Leukemogenesis,a sensitiveradiationresponse in animals and in people,
has receivedconsiderableattention. A viral etiologyhad been favoredbut more
recent evidence suggests that radiation-andviral-induced leukemias may be
independentprocesses (Yokoro, 1986). Current models suggest that oncogene
activation, chromosc-._alchanges, and growth factor derenulation may be uf
rrifir_l imnnrt_nr_ in mIirln_ r_Hi_tinn l_mil_prnnn_n_ci_ P_Hi_tinn_inHiJr_H _r,lt_
............ r .......................................... _ ................................

- murine myeloid leukemia cells have consistently shown rearrangements in
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chromosome2 implicatinga criticalrole for the genes in this chromosomein the
growth control of myeloid cells. From other studies, cell killing has been
identifiedas a criticalfactorin the quantitativerelationshipbetweendose and
tumor induction (Han et al., 1980; Mole 1984; Mole, 1986), and that the
effectivenessof an initiallow-LETtransformingeventdecre,_,seswith protraction
of the dose (Han et al., 1980).

Severalin vitro/invivo studiesof bothmammaryand thyroidneoplasiahave
shown that cells, initiated by radiation, appear to be present at a high
frequencyafter radiationexposure,but that the ultimateinductionof neoplasms
is much less frequent (Adamset al., 1987; Clifton et al.; 1986). This
observationhas suggestedthat initiationmay be a relativelycummon cellular
event,and that additionalfactorsinfluencethe incidenceof clinically-apparent
neoplasia.

Differentani_,_lsystemshavebeen used to study lungand respiratorytract
neoplasiaparticularlyin referenceto the "hot particleproblem." The results
suggest that doses of highly localizedradiation in the lung, whether low- or
high-LET,are not more hazardousthan uniformexposures (BEIR IV Report, ]988).
In fact, localizedexposurestend to be less oncogenicprobably as a reflection
of more localizedcell killing.

Studiesof radiation-inducedskin tumors in the mouse have revealedthat,
besides acting as an initiating agent, radiation can act to enhance the
progressionproductionof squamouscarcinomas from benign papillomas (Jaffe et
al., 1987). In this process, the productof an oncogene,the protease transin,
is overexpressedin the malignant,but not in the benign,neoplasms. The over
productionof transin _uggestsa role for such an oncogene-associatedenzyme in
the development of the invasive properties of carcinomas (Matrisian et al.,
1986).

Althoughsomaticmutationsare themajor cellularchangesunderlyingcancer
induction,mutagenesis in germ-linecells is also producedby radiationand in
general has negative effectson the vitalityof offspring. In mice, mutations
at specificloci have been demonstratedwhen either male or female parents are
irradiated. In both instances, the frequency of mutations decreased with
decreasingdose rate althoughthe decreasewas considerablygreater for females
than for males. Neutrons were appreciable more effective than low-LET
radiations.

Techniques based mainly on the analysisof blood cells have been applied
to the measurement :)fsomatic mutations in people and new techniques, of
considerable sensit Jity, are under development. The latter approaches are
taking advantageof the methodsof genetic engineering,to develop appropriate
molecular'probes, and innovativeelectro-opticalinstrumentationfor rapidly
scanning large numbers of blood cells. Screening for inheritedmutations in
childrenwhose parentswere irradiatedat Hiroshimaand Nagasaki,by the method
of detectingchanges in the proteins in their blood, tlJusfar has not revealed
a statistically significant increase. Thus, it would appear that directly
measuringthe alteredpropertiesof qerm and somaticcells inherentlymay offer
more sen:itivitythan techniques that respond to the changes produced in the

, large number and varietyof cells that contributeto the compositionof blood in
an offspring.
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Task 2

"Mutation,Neoplastic Transformation, and Tumor Formation m
Nolecu7ar Nechanfsms

2.1 INTRODUCTION

in this Task, the present state of knowledgeof th_ cellular/molecular
basisfor tumorigenesisis reviewedwith particularemphasisun radiation-induced
changes.

The major processes that are associated with the multiple steps in
tumorigenesisare shown schematicallyin Fig. 2.]. lt is generally recognized
that cancer is a cellulardisease that may arise from the transformationof a
single precursorcell even though substantialevidence indicatesthat cells in
additionto the progenitorcell from which acancer developsmay be involvedin
the expression of the neoplasticailytransformed state. Neoplasms become
evident usually when the successive steps of initiation, promotion, and
progressionhave occurred. More than one cell type,normal and/or abnormal,may
be involvedin this sequence, lt is likely that the propertiesof the cells that
constitutea neoplasm are alteredduringthese successivesteps so that, despite
the clonalorigin of a tumor,the populationof cells of which it is constituted
may be sufficientlyheterogeneousto make difficultat best the identification
of the molecular changes that initiatedthe process.

The energetics of the absorption of ionizing radiation suggest the
likelihoodthat its action will have featuresthat are qualitativelydifferent
from those of other cancer-inducingetiological agents. These features are
likely to be relativelyunique and to apply at least to the initiation step.
However,radiation-inducedcancersare indistinguishablefrom those producedby
other agents. Consequently,one can expect that considerableoverlap exists in
the successive changes, which make up the multiple steps that culminate in
cancer,due to differentcausativeagents. This overlap is evident even at a
cellularlevel as the discussionto'followwill make evident (see, Tannock and
Hill, 1987; Furth and Greaves, 1989; Seemayer and Cavenee, 1989).

2.2 MUTAGENESISANDCANCER

A neoplasticallytransformedcell is one that has suffered heritable
change. Indeed,the evidence is convincingthat mutation is a primarycause of
cancer (Miller & Miller, ]971; Ames et al., 1973; National Research Council,
1983; Office of TechnologyAssessment,]986). Evidencefor the involvementof
mutation in cancer includes:]) most carcinogensare also mutagens;2) in their
active form, most carcinogenscan bind to and damage DNA; 3) specificmutations
are found in many specifictumors; and 4) tumor formation is often associated
with the activation of oncogenes or the inactivationof anti-oncogenes(see
Section 2.3). In referenceto point 4), changes in oncogene activity can be
caused by _ variety of genetic changes including mutations, deletions,
translocations,amplificationsin the numberof gene copies,and the changesthat
give rise to aneuploidy. Although all of the foregoing may be induced by
different etiologicalagents, it is likely that the relative proportionswill
vary dependingupon the agent. In addition,peoplewho have an inheriteddefect
in their ability to repair damage to their DNA may have an increased
susceptibilityto cancer. Aside from defects in repair,familialcancershave

8O



cell

R bU_n'

Gazncu_ _ _ change

® ®-a%

cl_nse

eel!

Fiq. 2.1 Schematic representation of the changes associated with

the induction of neuplasia by a DNA damaging agent like

radiation. In the instance of familial cancer,

ordinarily one of the gametes will have a mutated (-)
gene.

81



been identified whose incidence depends on certa:in inherited factors. As
discussed in Sections 2.3 & 2.5, the latter kinds of tumors have been important
in illuminating the cell/molecular biology of neoplasia.

Although mutations arising from damage to DNA can initiate cancer,
alterations in other kinds of molecules, such as RNAor regulatory proteins,
appear to play a role as well (Miller and Mtller, 1971; Ltjinsky, 1989).
Further, non-mutagenic alterations to DNA--such as the methylation of specific
cytosine residues that can influence the regulation of some genes--may be
involved ilm initiation and cell progression (Jones, 1986). Alongwithmany other
physical and chemical agents, ionizing radiation can produce mutations in germ
and somatic cells and can, thereby, cause cancer (see BEIR III Report, 1980; Doll
and Peto, 1981; Sankaranarayanan, 1982; BEIR V Report, 1990).

In broad ter_s, cancers may be thought of as belonging to one of four
categories all of which may involve mutations (see Knudson, 1985): I) cancers
that are due to environn_ntal agents; 2) cancers that are due to hereditary
factors; 3) cancers that are due to both environmental and hereditary factors;
or 4) cancers that appear "spontaneously", i.e., the specific cause is
unidentified, lt appears likely that the interaction of environmental and
hereditaryfactorsmay be a major cause of human neoplasia. But even though an
entire populationmay be exposed to a causativeagent, cancers appearonly in a
small proportion of individuals. The genetic factors that may control
susceptibilityare beginningto be understood(see Knudson, 1985; Environmental
Health Institute,1989);still,a completeknowledgeof what the factorsare_ how
they affect cel_s, and to what degree they are influenced particularly by
radiation, is needed.

2.2.1 InheritedSusceptibility

Many individualsare born with variouskinds of mutationsthat predispose
them to differentdiseases includingcancer (seeBEIR III Report,1980; German,
1983; EnvironmentalHealth Institute,1989;Caveneeet al., 1983; Vijayalaxmiet
al., 1983;Knudson,1986;Pearsonand Rowley,1985).Somaticmutations,including
those resultingfrom unrepairedor misrepairedDNA damage,may be acquiredpre-
or postnatally. As mentionedabove,the combinationof heritablepredisposition
plus subsequentmutation caused by exposureto radiationor other etiological
agents may result in cancer. In addition to repair deficiencies,examples of
predispositions are: variations in the activity of the aryl hydrocarbon
hydroxylases,cytochromeP-450 mixed functionoxidases(i.e.,enzymesystemsthat
may activateor deactivatepolycyclicaromatichydrocarbonsand other indirectly
acting mutagens/carcinogens);deficiencies in the immune system, which may
prevent the recognition and destruction of incipient cancer cells; and/or
inheritanceof a mutation in one alleleof an anti-oncogene(seeSections 2.3 &
2.5).

Mutationsin cells that are fully differentiated,and thereforeno longer
cble to divide,may be essentiallyinnocuous. Such cells probablydo not play
a role in transformationsleadingto neoplasiaunless they are first inducedto
revertto an undifferentiatedstate. On the other hand, viablemutationsin stem
cells, or in the cells constitutinga cell-renewalsystem, are likely to be
expressed and to be deleterious (see Comings, ]973), unless they are selected
against, because the mutation places them at a growth disadvantage. Thus, a
neoplasm could take the form of an uncontrolled i'icreasein a stem-cell
population,and/ora de(rease in a normal rateof differentiation,leadingto an

32



abnormal _ncrease in the number of mitotically active cells of the type in
question. In addition, by itself increased cell division can lead to an
increasedrisk of expressingan initiatedstate.

2.2.2 ReDair/Misr_pair

Defectiverepair,either in the form of a diminishedcapacityfor accurate
repairor through inaccuraterepairprocesses,can lead to heritablealterations
(.mutations)involvinggenes responsiblefor the control of cell proliferation
(see Friedberg, 1985; Cleaver, 1989). lt has been amply demonstratedthat an
individual inherits a capacity for repair and that defective repair can be
associatedwith neoplasia (see Swift et al., 198/). Following exposure to a
cancer-inducing agent, a mutant cell occasionallymay be created with the
potentialto form a tumor. The kinds of genetic changes that are known to be
involved are described in Section 3.2. Gene mutations, nonlethalchromosomal
deletionsor rearrangements,gene amplifications,and aneuploidiesare included
among such changes. Tumors that appear *spontaneously"also may be due to a
misrepairif anerror-correctingmechanismhad malfunctioned.Spontaneoustumors
may result from endogenous DNA damage resulting, for example, from normal
oxidativeprgcesses. The latter are estimatedto producein the genome of human
cells I x 10_ oxidations/day(Ames, 1989).

An awarenessof the importanceof repairprocessesfirst came from studies
in radiobiology. Repair processes involvingDNA are known to play prominent
roles in influencingthe phenotypicoutcomeof exposure to physical,chemical,
or viral agents. At amolecular level,processessuchas prereplicationalrepair
(repair before the damaged DNA is replicated)can reinsert the correct base
sequences--asexemplified by the steps in excision repair, i.e., incision,
excision,resynthesis,and ligation--byusing the undamagedstrand of DNA as a
template for faithful synthesis. Excision repair can be error-free, hence a
mutationnot would result. There is evidencethat some recoveryprocessesallow
mammaliancells to toleratedamage that has not been removedby, for example,a
process called recombinational repair. Such processes, which may be
postreplicationaland involveDNA recombination,may bypass adducts and other
types of lesions so that they remain in the genome as potential sources of
mutation. Cells,which are deficientin this typeof repair,may be hypomutable
(Stamatoet al., 1981). Still, other processesmend breaks in DNA, processes
thatcan resultin the restitutionof a chromosometo its originalconfiguration,
or to an alteredchromosomalrearrangementthat may allow a cell to surviveand,
therefore,to express a mutation.

Much of our knowledge about molecular mechanisms of DNA repair and
mutagenesiscomes from the applicationof genetic, biochemical,and molecular
studiesto microorganismslikethe bacteriumE, coli and the yeast S. cerevisiae
(Friedberg,1985; Hanawalt et al., 1979). Although these microorganismshave
providedusefulmodels for experimentaldesig,l,DNA repair systems in mammalian
cells have proved to be more complexand, therefore,less well understood. For
example,in mammaliancells it is not yet clear thatrepair systemsare inducible
incontrastto micro-organismswhere enhancedexpressionof specificrepairgenes
in response to DNA damage or replicativearrest is wellestablished (Walker,
1985). In E. coli, mutagenesisis not simply a passiveprocess but requiresthe
involvement of the products of particular genes (Walker, 1985). That is,
specificenzymaticprocessingof DNA is requiredfor a mutation to be effected.
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Repair effectivenessin mammaliancellsmay be controlled in other ways,
however. For example, repairmay be more effectivein transcriptionallyactive
DNA as opposed to regionsof the genome that are nontranscribed, and the
transcribedstrandmay be preferentiallyrepaired (Hanawaltetal., 1986; Mellon
et al., 1987). lt should be noted that such preferentialrepair has not as yet
been demonstrated for the principal kinds ef lesions caused by ionizing
radiation.

Even in repair-competentcells, most genotoxictreatmentsthat result in
proportionsof survivingcells from 10 to 100 percent,lead to the depositionof
many more lesions of various types than are needed apparently to effect
lethality. For example, as many as -5 x 105pyrimidinedimers and -100 single-
strandbreaks in DNA due to ultravioletradiationare registeredper mean lethal
dose;in agenome of approximately5 x 109base pairs (seeElkind,]g80). Double-
strand breaks in DNA are producedby ionizingradiationat about 50-100 per Gy,
a 10- to 20-fold lesser frequencythan the productionof single-strandbreaks
(see Elkind, 1984). Although some kinds of lesions may be preferentially
repaired in transcriptionallyactive, as opposed to inactive,regions of the
genome, it is not likely that a cell can survive with a large amount of
unrepaired DNA damage. As noted, both prokaryoticand eukaryotic cells may
tolerate certain amounts of template damage (see Friedberg, 1985), but the
frequenciesat which such damage is incurredsuggestthat to survivea cell must
repair a large amount of potentiallygenotoxicdamage (Elkind et al., 1987).
Therefore, it is likely that a low but significantfrequency of inaccurate
repair, i.e.,misrepairresultingin a mutation,could occur in the course of a
cell's recovery from a genotoxic treatment. The existenceof such processes,
called "SOS" repair in E. coli, have been demonstratedand shown to be mutagenic
(Witkin, 1989). SOS-type repair has not been demonstratedconvincingly in
mammalian celIs, however.

2.2.2.1 Repair in MammalianCells

An understandingof repair processesin mammaliancells is made difficult
by their apparent complexity. In addition, it is uncertain how to make
projectionsof mechanisms from bacteriato mammaliancells. For example, the
bacterial genome does not contain chromatin--i.e., DNA-protein complexes
consistingof histonesand the structuralproteinsof the nuclearmatrix--nordo
bacterialgenes consist of intronsas well as exons. (Exonscarry the genetic
message of the gene.) Furthermore, the organization, replication, _nd
segregation of the mammalian cell genome, which differs from that of the
bacterialgenome, is incompletelyunderstood(Friedberg,]985) and is known to
involvecomplexrelationshipsof nuclearand cytoplasmicstructuralproteih...._d
enzymes (see Pienta,et al., ]989).

Much of our understandingof the processesof repair in human cell_ has
come from studiesusing cells frompeoplewho have one of four repair-deficient,
or repair-defective,human disorders;namely,xerodermapigmentosum(XP),ataxia
telangiectasia(AT), Cockayne'sSyndrome,and Fanconi'sAnemia. The foregoing
rare,recessively-inheritedhumandisordersareassociatedwith an increasedrisk
of cancer(see Friedberg,]985). Inadditionto these human-cellmutants,mouse-
and hamster-cell repair-deficientmutants have been induced, isolated, and
characterized(see Collins and Johnson, 1987; Cleaver, 1989).

The genetic complexityof these human and rodentrepair-deficientmutants
is made evident by the many comDlementation qroup$ that are involved.
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(Operationally, the existence of a complementation group is indicated if it can
be demonstrated that the same phenotypic defect in two separate cells, such as
a defect in repair, is _ expressed when their genetic material is enabled to
act in concert, for exam_ole, because the cells were fused.) In XP cells, for
example, at least !5 genes are inferred to be involved in the repair of
pyrimidine dimers that, in bacteriophage, can be repaired by a single gene
(Walker, 1985). Although studies of these mutants have provided insights into
the molecular steps in the repair of damagecaused by ultraviolet radiation and
certain chemicals, relatively little is knowneven in microorganisms about the
mechanisms of the repair of lesions due to ionizing radiation such as double-
strand breaks in DNA.

The identification and characterization of rodent-cell mutants that are
hypersensitive to killing by ionizing radiation has, nonetheless, begun to shed
light on the kinds of repair processes that respond to ionizing radiation (see
Collins and Johnson, 1987; Cleaver, 1989). Repair of damage from ionizing
radiation in prokaryotes and in yeasts is associated with excision and
recombinational pathways. Because the latter are not understood in mammalian
cells, their role in repair of x-ray type damage is ill defined (see
Sankaranarayanan, 1982, Friedberg, 1985; Hanawalt et al., 1979). With AT cells,
studies of the repair and misrepair of damage that may lead to chromosomal
aberrations are illuminating someaspects of the defect in these cells and, as
a result, suggestions have been proposed to explain why repair may proceed more
effectively in normal cells (see Bridges and Harnden, 1982; Painter, 1982;
Cornforth and Bedford, 1985).

Bloom's Syndrome is another humandisorder that is of interest because
cells from such individuals have been found to be deficient in ligating strands
ef DNA (Willis et al., 1987). Even though cells of the preceding type have not
been identified as repair-defective, they have both an increased rate of
spontaneous mutations, sister chromatid exchanges, and mitotic recombinations
(Vijayalaxmi, et al., 1983).

lt has been proposed that the association of DNAwith protein in chromatin,
or the protein matrix of the nucleus, can maintain broken fragments of DNA in
proximal positions long enough to enable repair. In any event, the apparently
high proportion of deletion mutations caused by ionizing radiation (see Thacker,
1986), compared to many chemical mutagens, indicates that genetic material is
probably either lost or relocated in the genomeduring the repair of DNAbreaks
induced by radiation. From the foregoing, it would follow that a significant
proportion of the repair events may involve errors. It is likely that the kinds
of DNA-matrix associated enzymatic complexes, such as replisomes and structural
elements of the nuclear protein matrix, are important in repair just as they are
in the normal synthesis of DNA although this possibility has not been
demonstrated as yet (see Pienta et al., 1989).

2.2.2.2 Repair, Mutation_ and Cancer Initiation

It is evident that repair and mutagenesis and, therefore, repair and
oncogenesis, are linked. The evidence indicates that the somatic mutations that
may initiate tumorigenesis occur at specific, genomic loci in certain cells. An
important example of such specificity associated with cancer is illustrated by
Burkitt's lymphoma, a neoplasm for which the molecular biology has reached the
point that enables the chromosomallocations associated with the disease to be
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identified (see Nowell and Croce, 1986). (The molecular details of Burkltt's
lymphomaare described in Subsection 2.3.2.2.)

As for other cancers, such as leukemtas and solid tumors, thus far tt
appears that leukemtas are associated with various specific chromosomal
abnonulities (Rowley, 1984; LeBeau and Rowley, 1986). Many soltd tumors also
are likely to be associated with specific chromosomalrearrangements (see Brodeur
et al., 1981; Yunis, 1983; Cavenee, 1989).

If a mutation causes a cell to become heterozygous for a so-called anti-
oncogene gene (also referred to as a suppressor gene), then a homozygous
recessive state could result, which could lead to neoplasia, if another mutation
occurs at the same locus in the homologouschromosome, or if the remaining allele
becomes nonfunctional in some other way like a chromosc,n.al deletion or
rearrangement. This sequence of genetic changes has been demonstrated for the
cancer of the eye, rettnoblastoma (e.g., Cavenee et al., 1983). Ionizing
radiation is known to be able to cause the kinds of mutations and chromosomal
changes that could result in the homozygousstate identified with retlnoblastoma.

2.3 UNCONTROLLEDCELLULAR6ROMTH,NOLECULAI_NECHANISHS

Cancer is a disease of uncontrolled growth and this property unifies all
neoplasms. The cellular mechanisms, which are involved in the majcr multiple
steps of initiation, promotion, and progression, may differ some.whatfrom one
etiological agent to another, and probably amongneoplasms _t different sites and
of different histological appearance. Still, a u_i_;ying feature of all cancers
fs the lack of regulated growth of the cells that characterize the tumor.
Examples of the cellular/molecular changes, which can give rise to unregulated
growth, are discussed in this Section.

Although the major steps in neoplasia are generally classified as above,
at somesites and for sometypes of tumors additional steps have been identified.
In addition, at a cellular level indicators of changes in properties, which are
believed to relate to neoplastic growth, have been identified; these steps are
often referred to as initiation, immortalization, clonal expansion, andmalignant
progression, and are believed to overlap the steps that occur in vivo.
Experimentally, other changes in cellular properties have been observed but these
are considered to be further refinements, or substeps, of the major steps noted
above. For example, a reduction in the dependence on serum for growth in vitro
has been taken as one corollary of the loss of regulation of growth; the
appearance of aneuploidy has been associated with immortalization in vitro [as
well as with progression in vivo (Hanahan, ]988)]; and the loss of anchorage-
dependence for growth has been associated with a change connected with
progress ion.

lt is apparentfrom the precedingthat imprecisionexists in the various
terms and conceptsthat are appliedto the cellular/tissuechangesthat culminate
in a neoplasia. This fuzzinessreflectsthe incompleteknowledgeof the causes
of neoplasticgrowth and now such growth develops, as well as the recognition
that cancer is a relatively nonspecific name, encompassing a variety of
conditions involving unregulatedgrowth among which significant differences
exist, just as the term "ipfection"is appliedto a large group of diseases.
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2.3.1 protq-Onc0qenes [or p-Oncoqenes.l

The tumorigenicand molecularpropertiesof retroviruseshave served to
identify a class of genes in mammalian cells that have been shown to play a
criticalrole in oncogenesisand,therefore,in the neoplastictransformationof
cells. Evidence of the past decade indicatesthat the constitutiveforms of
these genes have roles to play in normal cellgrowth and differentiation(Fisher
et al., 1989)whereastheir inappropriateexpressionor =,normalcounterpartsmay
produceneoplastictransformation.

In normal cells, these genes are called proto-oncogenes, p-oncogenes, or
frequently just oncogenes (Knudson, 1985; Pearson and Rowley, 1985; Buckley,
1988; Haluska et al., 1987; Land et al., 1983; Fisheret al., 1989). As agroup,
these genes have DNA sequences, and code for functions, that have been well
conserved throughout evolution. Table 2.1 lists 17 examples of some of the 50
human oncogenes that are known at the present. Also tabulated are their
chromosomal locations, and these oncogenes derived and/or functions. Genes
analogous to those in Table 2.1 are found in the genomes of other mammalian
species as well as in other eukaryotes, such as in yeasts and insects, and even
in plants.

In addition to those in Table 2.1, new oncogenesare being identifiedas
the cellular and molecular properties of different tumnrs become more fully
understood. The informationcontentof someoncogenes--i.e.,the code contained
in their exons--has been shown to be transducibleinto cells by viruses. But
there are a numberof other genes,which play a role in normal growth,division,
cell-to-cellcommunication,and differentiation,that can constituteoncogenes
because in principle they can contribute to unreg_:latedgrowth and/or
differentiation if they are mutated, functionally lost, or expressed
inappropriately.

Considerableevidence from human and animal material indicatesthat many
different kinds of genetic changes, resulting in the activation or abnormal
expression of oncogenes, are associated with cellular transformatiotJand
neoplasia. These changes and their effectsare discussedbelow. Evidencealso
has been developed indicatin¢that the collaborativeprocessesof at least two
oncogenesin some instancesmay be involved in neoplasticgrowth (Land et al.,
1986; see Weinberg, 1989).

2.3.2 _Genet_icChaneq_es

The productsof p-oncogenes,their functions,and consequentlythe normal
roles of these genes are not entirely understood. Still, it is believed that
ionizingradiation, and other physical and chemical inducers of neoplasia in
general,affect p-oncogenesor their expressionvia one or more of the following
mechanimms.

2.3.2.1 Point Mutation

One or a few base-pairsmay be changedresultingin an alteredgene product
that leads to, or contributesto, the lossof the regulationof growth (seeTabin
et al., 1982; Barbacid, 1986, 1987). Examples of point mutations in the ras
oncogene are shown in Table 2.2 (see Levinson,1986).
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FABLE 2. I

.___ _Symbol Chromosomal Locate3 Oc_ooene _ and/or Function

6q22-q2:3 a_an_ _raJ(v-n_/b)orcogenehomokxj;nuctear
functi,-_

c-my_ 8o24 av_ul rr__-,.,,_ (v-n_,) oncogene hone.tog; nuclear
funct_n

c-los 14q24.3--q31 murin¢ FBJ _ viral (v-los) oncogene homolog; codes for
a protein that enhances irl AP-1 transcdptk>n factor

c-#_n 1 member of AP-1 family of transcription factors

c-¢,_is 22q12.3-q13.1 l-,;a_ek_tderived growth factor beta pobjpep_e; simian sarcoma viral
(_,-s/s)orcoge_ tK)mo_

c-ect_l 7p13-p12 epidenT_ growth factor receptcx, EGFR, _ avian
ery__ k3uken_vina(v-evO-b)oncogeneh(xnok)g

c4r_ 5q33-q34 cok)_ _mu_t_g fact(xI receptor

c-_u't)A1 17q_ 1<I21 ecyt_0_l_c leukemia viral (v-ed_) oncogerm h(xnotog; thyroid
hormonerecep_

c_t)A2 3 or 17q21 avian e_tuobi,ls_ leukemia viral (verb-a) oncogene honx_xj 2

c-s/c 20q12-q13 avian sarcoma vkal (v.src) __e homokx3; tyrosine-specific
prote_n kinase

c-ab/ 9q34 Abelson taurine leukemia vir_ (v-ab/) onco{_-mehomotog; tyrosine-
specific protein kinase

cq4a-casl 11pter-p15.5 Harvey'rat sa,ncoma1 viral (v-Ha-r'_l) (xcogene homolog Guanine
nucleotx__ proteinwithGTPase

c-ICPrasI 6p12-p11 KiPstenrat saKx:x'na1 viral (v...ICH'asl)oncogene t'K)rrK)k)gGuanine
nucle(Xide hirK:ErK:jprotein with GTPase activity

c-WH'as2 12p12.1 _ sarcoma 2 viral (v-W.Has2) (xtcx)gene

c4P_ 15q25.,q26 feAinesarcoma vital (v-res) cx'Kx)ge_ _; .tyrosine-sT)ecific
pro_

c.4gr 1_36.,2-p36.1 Gardner-Rasheed felirm sar(x)ma viral (v-,'rcjr)oncogene hornolog;
_ __ tyros_ spec_ _ r_nase

c-mos 8(:111or Bq22 Maloney murine sarcxxna viral (v..n'm_)onccx3erm_;
semne/ttu'eonk_ protein kinase
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TABLE 2.2

MUTATIONS IN THE RAS ONCOGENE

Nucleotide Amino Acid

Oncogene Tumor Cell Line Altered Codon Exchanged Exchanged

Ha-rasl Bladder carcinoma 12 G _ T gly _ val
EJ/T24/J82

Ha-rasl Spontaneous 12 G _ A gly _ asp

Ha-rasl Lung carcinoma 61 A _ T glu _ leu

Ki-ras2 Lung carcinoma 12 G _ T gly _ cys

Ki-ras2 Colon carcinoma 12 G _ T gly _ val

N-ras Neuroblastoma 61 C -,A glu _ lys
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2.3.2.2 Chromosome Rearrangement

As w_ntionedinSubsection2.2.2.2,a normalp-oncogenemay be translocated
into a transcriptionallyactive region of the same chromoson_ or some other
chromosome such as the region in a chromosome of a B-type lymphocyte that
contains the genetic informationfor immunoglobulinproduction as in Burkitt's
lymphoma (seeNowell and Croce,1986). In Bt_rkitt'slymphoma,-75 percentof the
tumors have been found to invo).vean 8:14 reciprocal translocation. In the
remainingcases,either an 8:22 (-16%)or an 8:2 (-go/,)translocationis involved
(Nowel]and Croce, 1986). lt appear,that in all instancesof this disease,the
c-myc oncogene isbroughtintojuxtapositionwith genescoding for one or another
portion of the immunoglobulinmolecule; see Figs. 2.2 and 2.3, and Table 2.1
relative to the details of these translocationsand the specification of
chromosomallocations. In all cases the breakpointsof the translocationsoccur
on chromosome 8 immediatelyadjacent to the c-myc oncogene, Fig. 2.2. Where
chromosome 14 is involved,the acer,tric or terminal portionof the fragmentof
chromoso,_e_ containingc-myc,which is immediatelyadjacentto the break point,
is joined to chromosome 14 at its break point and immediatelyadjaccnt to the
genes in the latterchromosomethat code for the constantregion of the antibody
heavy chain, IgG. In the remaining cases, the c-myc gene is retained on
chromosome8, but genes that code for the lightchainsof the antibody,which are
on chromosomes2 and 22, are translocatedto chromosome8.

, Of the some 50 known human oncogeneslisted in Table 2.1, 17 are located
in Fig. 2.3. Figure 2.3 is an ideogram,a referencemap, of the 22 autosomes
plus 2 sex chromosomesin which the genomeof a human cell is contained. (Most
human somaticcells are diploid and contain,therefore,44 autosomesas well as
2 sex chromosomes.) The translocationof the c-ro,rcgene to the regionof one of
the active promoters associatedwith the transcriptionof the immunoglobulin

- genes raises the likelihoodthat Burkitt'slymphoma is a consequence,at least
in part, of the overexpressionof the c-myc oncogene and consequentlyin the
increasedactivity of its proteinproduct (Croce_1986).

Further examplesof neoplasmsassociatedwith chromosomalabnormalities,
includingtranslocationsand deletions,and particularlythose associatedwith
the loss of tumor-suppressorgenes, are listed in Table 2.3 and discussedbelow.

2.3.2.3 Gene Amplification

The copy numberof a p-oncogenemay be increasedby as much as an order of
magnitudeor even more in some instancesof gene amplification. As a result,an
otherwisenormal gene productmay be overproduced,a change that may lead to a
fuss of growth regulation (see Bishop, 1983a,b). Table 2.3 lists examples of
oncogenes and the human tumors with which they have been associated.

2.3.2.4 Viral Induction

Control elements,such as promotersof viral DNA, may activate neoplastic
potential by becoming inserted into a position in a chromosome from which they
can alter the expressionof a normal p-oncogene. Additionally,when the DNA
derived from the RNA of a retrovirusis insertedinto the genome of a mammalian
cell (thegenomeof a retrovirusconsistsof RNA that can be transcribedinto its
complementaryDNA), in the process normal oncogenesmay become mutated leading
to the altered expressionof that gene. An additionalrole for a retrovirusin
cell transformationis potentiallyvia tran,sduction, l'hatis, the RNA
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--75% _,,, --,,,,

t(O;14)(q24;q11) _
CH • C H

"_- VH
c-myc v, c_yc_ 14

Chromosomal Translocations
in Burkitt's Lymphoma

L.L_.,__.2__ Chromosomal translocations that are observed in

Burkitt's lymphoma. V H and C H are the genes encoding

immunoglobulin heavy chain variable and constant chain

regions, respectively. V k, V K and Ck, C K are the genes

encoding immunoglobulin light chain variable lambda and

kappa regions, and constant chain lambda and kappa
regions, respectively. The translocation that occurs in

'_75% of cases is abbreviated t (8; 14) (q24;qll) to
indicate that a translocation h_Ls occurred between

chromosome 8 and /_ with the exchan(le points in the long

(q) arm of chromosome 8 at position q24 and the long (q)
arm of chromosome 14 at position ql]. The same notation

applies for the other translocations. The map, or
ideogram, of a set of human chromosomes is shown in
Fig. 2.3.
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Fiq. 2.3__ Ideogram of chromosomes of a human cell. Map locations
are given by designating in the order: i) the chromosome
number; 2) the chromosome arm, p (short arm) or q (long
arm) ; 3 ) a number designating the region in the
particular az-m; and 4) the particular band irl that
region. For example_ the arrow to the right of
chromosome 1 points to the map location ip34; that is,
chromosome i, short arm p, region 3, and band 4 (G-light
band) . Various technique are used that reproducibly
produce bands which can be identified in the light
microscope.
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TABLE 2.3

Examples of Some Chromosom_ Dele_ons and Translocations Assodated with
Vanous Cancers, and Uk_ or Possible Genes Involved 1

Chromosome Type of Ukely or Possible
Abnorm_es 2 Cancer Gene Involved 3

del(1)(p36-p32) neuroblastoma c-fgr, B-lym

del(3)(p14-p23) smalJ cell lung cancer (tumor suppressor)

del(5)(q12-q35) acute non-lymphocytic _-fms
(myeloid) leukemia;

(secondary leukem!as 4)

del_5)(q) colorectal carcinoma (tumor suppressor:)

del(il)(pl3) Wilms t,zmor (tumor suppressor)

del(13)(qll.3-q14.3) retlnoblastoma (tumor s_ppressor)

del(13)(ql4) small cell lung cancer (tumor suppressor)

del(i3(ql4) breast cancer (tumor suppressor)

t(9;22)(q34;qll) chronic myelogenous c-abl
leukemia

t(8;14)(q24;qll) Burkltt's lymphoma S c-myc

(acute lymphoblastic
leukemia sub-class 3)

t(8;22)(q24;qll) Burkitt's lymphoma _ c-myc

t(2;8)(p12;q24) Burkitt's lymphoma s c-myc

t(6;14)(q21;q24) ovarian carcinoma c-myb

t(ll;22)(q24;q12) Ew_'.g's sarcoma PDGFB

IFo_ this table a few selected exampl.es _'ere taken from Human Gene Mapping 9,

C_o_qgenetics and Cell Genetics 46, (198_) and from Stanbridge, 1988. In
addition to those listed, deletions or translocations have been associated

with nearly every solid tumor and leukemia studied to date.

ZThe notation del(1)(p36-p32) refers to a de___!letionin chromosome (i) somewhere

in the short arm, p, between the regions p36 and p32. A similar notation

applies for other deletions. The notation t(9;22)(q34;qll) refers to a

translocation between chromosomes 9 and 22 with the exchange points being at

position q34 in the short(q)arm of chromosome 9 and position qll in the
short(q)arm of chromosome 22. A similar notation applies for other

translocations. The complete human chromosome map is shown in figure 2.3.

3See also Table 2.1 and figure 2.3.

4Monosomy for the entire chromosome 5 is common for such tumors.

_See also figure 2.2.
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transcribed from a mutated p-oncogene may becomeincorporated into the RNAof a
retroviral genome. If the DNA transcribed from the new RNA genome becomes
integrated into the genome of another cell, the recipient then may become
transformed. Alternatively, after or during the process of the transduction of
a normal oncogene, it may becomemutated. In either case, the recipient cell
becomestransformed as a result of, or in connection with, the expression of the
mutated p-oncogene that it has incorporated.

2.3.2.5 Altered Regulation

A change may occur in the cis or trans control element(s), promoters,
enhancers, or transcription factors of a p-oncogene thus significantly altering,
either up or down, its rate of transcription. This change could lead to the
over-or underproduction of a gene product which could affect the control of
growth via an imbalance in the factors affected by the product of the oncogene.

2.3.2.6 Functional Loss of Anti-Oncogenes [or Tumor-Suppressor Genes]

The idea that tumor formation could be associated with a genetically
recessive trait came originally from the demonstration that tumorigenesis was
suppressed in certain hybrid cells formed by the fusion of a normal and a
malignantcell (Harriset al., 1969). More recent work has indicatedthat if
both alleles of certain types of tumor-relatedgenes are lost or inactivated,
tumors may result (see Cavanee et al., 1983; Knudson, 1985; Benedict et al.,
1987; Stanbridge,1988). These observationssuggestthat the susceptibilityto
cancer is hereditary. They suggestalso that the loss of an anti-oncogene,or
tumor suppressor gene, whose products normally regulate differentiation,can
result in a loss of growth control (Klein and Klein, 1985; Klein, 1987). The
loss of functionof an anti-oncogenecould result from a point mutation,from a
recombinationalevent thatcauses the anti-oncogeneto become unexpressed,or to
the loss of the entire chromosomethat carriesthe gene, as in nondisjunction.
(Nondisjunctionis an uneven separationof chromosomesduring mitosisresulting
in a distributionof one and three copiesof a given autosomein the two daughter
cells). Table 2.3 includesa listing of chromosomaldeletions associatedwith
a number of human anti-oncogenesand the neoplasmsassociatedwith them.

2.3.2.7 ProteinRegulationof Gene Transcription

The phenotypicresponseof a cell to its environmentmay be governedby the
regulation of gene expression via extracellular signals. Studies with
prokaryoteshave shownthat proteinscapableof regulatingtranscriptioncan bind
to specific regions of DNA. A fundamentalquestion has been how the specific
bindingis accomplishedgiven the quite uniform _tructureof double-helicalDNA.
The answerthat appearsto be emergingis that in both prokaryoticand eukaryotic
cells regulatoryproteinsdetect and bind tightlyto specific sequencesof base
pairs. Fourclassesof such DNA-bindingproteinshave been identified:a) those
with the "helix-turn-helix"motif (the so-calledhomeobox proteins); b) those
with the "zinc finger"motif; c) those with the "helix-loop-helix"motif; and d)
those with the "leucinezipper"motif (see Johnsonand McKnight, 1989).

Recently,it has been shownthat severalof these regulatoryproteinshave
amino acid sequences related to the products of the myc, fos, and jun proto-
oncogenes and, in turn, that these products can regulate the expression of
specificgenes. Thus, mutationsin the genes for these regulatoryproteinscan
regulateupward or downwardspecificgenes includingthe genes that code for the
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regulatory proteins themselves. Mutations of this kind caused by ionizing
radiation,or other agents,could lead to unregulatedcell growth and hence to
neoplasia.

2.3.2.8 Altered Processingand Transportof RNA

The over- or underexpressionof genetic informationc_n be influenced by
quantitative changes, in the transfer of genetic information from the site of
transcription in the nucleus to the site of translation in the cytoplasm, as well
as by qualitative changes in the information itself. For example, pre-mRNA
(unprocessed messenger RNA) of the normal cellular gene c-myc has been shown to
be transcribed at a high rate in nontransformed cells that were reversibly
arrested in the GJGl-phase of the cell cycle (i.e., at the beginning of the
phase of the cycle preceding DNAsynthesis; Blanchard et al., 1985). Mature c-
myc mRNAwas not formed until the arrested cells were stimulated by serum to
enter the Gl-phase, implying a posttranscriptional modification of the genetic
information (B_anchard et al., 1985; see also Cole, 1985). Certain mutations
have been shown to lead to the production of mRNA_sthat have an increased
ability to be translated into active protein (Cole, 1986). Also, it has been
shown that the enhanced transport of mRNAsequences from the nucleus to the
cytoplasm can occur when the promoter of the gene in question has been induced
to act in trans (i.e., downstream from the gene or from a location on a
chromosomedifferent from the one on which the gene is located; de la Pena and
Zasloff, 1987).

2.4 PHENOTYPICEXPRESSIONOF ONCOGENEACTIVITY

The gene products associatedwith specific p-oncogenes have different
propertiesand different sites of action. In general,with respect to the cell
of origin, they may function on or in the cell's outer membrane, in the
cytoplasm,or in the nucleus, illustratedin Fig. 2.4, Examples of several
constitutive,i.e.,normal,p-oncogenesand their productsare shown in Fig. 2.4;
a furtherlisting is in Table 2.1. The sites of action and the products on a
number of p-oncogenesfollow.

2.4.1 Oncoqenesfo`rExternal& Cell-$qrfac_Factors

c-sis: platelet-derivedgrowth factor, PDGF
c-erbB: receptor for epithelialgrowth factor,EGFII
c-fins: receptor,colony-stimulatingfactor one, CSF-I
c-arbi: receptor for thyroid hormone.

These gene products act at the plasma,external envelope of the cell, see Fig.
2.4 for examples.

2.4.2 Qncogenesf_qnal Tr_nsdqcers,P_r__ot_einkinase_ and Nuc!eotidases

c-src, c-abl, c-Ha-ras,c-Ki-ras (in the plasmamembrane)
c-fes, c-fgr, c-mos (in the cytoplasm)

The action of the products of these oncogenes is mainly confined to the plasma
envelope and the cytoplasmof a cell, see Fig. 2.4 for examples.
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Fig.2.4 A simplified illustration of the sites of action of

several proto-oncogenes. Oncogene products are in bold
type; the growth factors that interact with some of the

receptors coded by oncogenes are shown. The products of

oncogenes are known to act at the outer membrane, in the
cytoplasm, and in _he nucleus of a cell.
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2.4.30ncoqenes forl)NA and Nuclear Hatrlx-Bindina Protein"

c-myc, c-jun, c-los, and c-myb

The action of the products of these oncogenes is confined to the nucleus, see
Fig. 2.4 for examples.

2.5 DOIIINANT011COGENESVS.ANTI-ONCOGENES/TUI_)R-SUPPRESSORGENES

With respect to tumorigenesis in general, two quite different modes of
action have been identified of how oncogenes effect the transformed phenotype
and neoplastic growth.

2.5.1 Dominant Oncogenes

The modifications of p-oncogenes, which give rise to neoplastic
transfomation, are generally found to function in the heterozygous state and
therefore they are genetically _ominant. Dominant transforming genes were
discovered through identification of viruses that were able to induce tumors in
infected animals, and/or to transfommorphologically cultured animal cells. The
isolation of oncogenes, with tumorigenic or transforming activity, from both DNA-
and RNA-containing viruses, and the discovery that certain retroviruses had
incorporated cellular genes, demonstrated that dominantly-acting genes were
involved in virus-induced tumorigenesis (Varmus, 1984; Bishop, 1983a)o

The data in Table 2.2 illustrate the effect of genes that act dominantly,
and were obtained in the following way° DNA, extracted from tumor_ and
introduced into NIH 3T3mouse fibroblasts that were otherwise nontumorigenic, was
found to be able to transform these cells. As a result of the transfection, the
3T3 cells producedtumors at the site of their inoculation into immune-suppressed
mice. Analysis of the ras gene in the 9NAextracted from the tumors demonstrated
that this genc containeda singlebase-pair change at either the 12th or the 6_st
codon. These coding changes would have given rise to the amino acid
substitutions that are indicated in Table 2.2 (see Levinson, ]986).

In the foregoing, activation of the ras gene clearly resulted from
mutations, i.e., base changes. Activated oncogenes have not been thought to be
involved in the genetic predisposition to cancer, however, because the abnormal
expression of oncogenes in the developing embryo has been considered to be
incompatible with the survival of the fetus. Furthermore, mutations in the
oncogenes of human germ-line cells (see Fig. 2.]) thus far have not been
reported.

The role of oncogenes in the multistep development of neoplasms is under
study via the use of transgenic mice. These mice are generated by
microinjecting, into a fertilized mouseegg, DNAcontaining the gene of interest.
The egg is then introduced into the oviduct of a female mouse giving rise, at a
reasonable frequency, to an adult animal whose somatic and germinal tissues
contain the foreign DNAof interest integrated into the genomes of the cells
(Brinster et a7.,, ]984; Hanahan, 1988, 1989).

It has been shownwith transgenic mice that a specific oncogene can give
rise to specific, heritable tumors. For example, a c-myc oncogene, under the
control of a promoter of a mouse mammarytumor virus to insure its expression,
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produced clonal mammarycarcinomas in transgenic mice (Stewart et al., 1984;
Adamset al., 1985). Although a promoter-linked c-myc gene--i.e., a c-myc gene
whosetranscription was assured--may have been present in all of the ce]lm of the
animal, only mammary tumors occurred suggesting that the c-myc gene was a
necessary condition for mammarytumor formation, but not a sufficient requirement
for tumor formation in general.

In other studies with transgenic mice, several kinds of tumors were
induced--including those of the lung, salivary g]and, bone, and pancreas--when
both c-Ha-ras and c-los were transfected. But in all Instances where a single
oncogenewas used in these studies, only a preneop]asttc state, characterized by
hyperplasia, was observed. Apparently, the changes that resuit from both genes

were required to bring about a frank cancer suggesting the collaboration of the
products of two genes in these instances (Hanahan, 1988).

Additional support for the idea that a sing]e oncogene is insufficient for
neop]astic transformation comes from experiments with normal rat embryo
fibroblasts in culture. The introduction of a single oncogene, a mutated ras
gene, into these cells did not produce neoplastic transformation, whereas the
simultaneous introduction of both the ras and myc oncogenes did (Land et al.,
1983; 1986). Results such as these imply that a single oncogene may not be
sufficiently dominant, in a11 instances, to overcome the genes that maintain
normalcy, suggesting that a mutation in a p-oncogene may be only a predisposing
event in germ-line cells. These observations also support the Inference that
there are genes whose products place a check on unlimited growth.

2.5.2 Anti-Oncoaene$/Tumor-Suppressor Gen_

Genes, called anti-oncogenes or tumor-suppressor genes, were first made
evident in human studies of familial cancer from which it was concluded that
tumor formation requires two apparently independent events; that is, a secondary
somatic mutation in addition to an initial, inherited genetic change (Cavanee et
al., 1983; Knudson, 1971, 1978, 1985; Koufos et al., 1984; Fearon et al., 1985;
Pearson and Rowley, 1985; Lundberg et al., 1987; Stanbridge, 1988). The two
independent events were imagined to be mutations, cr losses of both c_pies of a
gene that was recessive for oncogenesis, but dominant for normalcy. For example,
the first event could be a mutation or a de]etion in a germ cell; a change that
is recessive because, from this alone, the offspring does not develop a neoplasm.
In the somatic cell of the offspring that does develop cancer, the second event
could be a point mutation, a deletion, a loss of the activity of the normal gene
as a result of DNArecombination, or a loss because of chromosomalnondisjunction
at mitosis. [In some instances, more than one second event has been found to be
associated with the same neoplasm (see Sager, 1989).] Hechanisms such as these
have been found in retinoblastoma (Knudson, 1985), and are likely to apply in
reference to other neoplasms (Pathak et al., 1982; Whang-Peng et al., 1982;
Koufos et al., 1984; Seizinger et al., 1986; Solomonet al., 1987). Figure 2.5
shows diagrammatically the action of an anti-oncogene. Additional suppressor
genes are listed in Table 2.3.

Hypotheses have been proposed that bri;_g together the notions of
dominantly-acting oncogenes, and recessively-acting anti-oncogenes. For example,
an oncogene Bay provide a product that normally regulates the expression of a
secondoncogene, one that could act dominantly if it were not controlled. Thus,
the first gene acts like an anti-oncogene. A cancer process could be initiated
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Normal cell 1st, Mutation 2nd Mutation
CANCER CELL

Fia. 2.5 An anti-oncogene/suppressor gene representation of the
induction of neoplastic growth.

Panel 1 A normal cell containing two allelic anti-
oncogenes (solid bands on the upper chromosomes), which
code for proteins that maintain the cell in its normal,
non-transformed state. The proteins of these genes may
act by inhibiting the action of oncogenes (stippled bands
on the lower chromosomes).

Panel 2 A cell that has lost one allele of the pair of
anti-oncogenes, either as an inherited mutation or as the
result of a post-zygotic mutation (see Fig. 2.1), is
still able to suppress a neoplastic transformation
because the anti-oncogene acts dominantly to maintain
normalcy. However, individuals with this inherited loss
of homozygosity--that is, who are genetically +/- (Fig.
2.1)--are at a greatly increased risk of contracting
cancer.

Panel 3 An initiated, transformed cell results when the
second allele of the anti-oncogene pair is inactivated
in some way. Changes known to cause inactivation include
point mutations, methylation-mediated DNA modifications0
and large-scale chromosomal rearrangements such as
mitotic exchanges, interstitial and terminal deletions,
and nondisjunction
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either because the second oncogene suffers a change tn tts regulatory region that
frees it from the control of the product of the first, or because the product of
the first oncogene becomes ineffective in controlling the action of the second
(Knudson, 1)88). In either case, the final result could be the abnormal
expression of an oncogene. Also, the process could be initiated by a heritab'le
change resulting from unrepaired or a| srepai red genetic damagedue to radiation
or another causative agent.

2.6 6ROMTHFACTORSAm) CELL-CELLCOINJNICATION

The effectors of abnomal growth may be factors that stimulate, or that
fail to control, proliferation that is otherwise normal.

2.6.1 Growth Facto)rs

Extracellular factors, which influence the growth of cells via cell-to-cell
signalling, are of three types (see Fig. 2.6): endocrine, in which chemical
signals like hormonesare transmitted to a cell via the blood stream; paracrine,
in which a cell secretes a signal that influences the growth of an adjacent cell
via receptors on the plasma membraneof the latter cell; and autocrine, in which
the secretory/target cell relationship exists in one and the samecell. Oncogene
products are known that are involved in _11 three mechanisms (Harks, 1987;
Sinkovics, 1988).

2.6.2 Cell-Cell Communication

In addition to grovl:h control via extracellular signalling, it has been
demonstrated that control can also be effected between cells through
transmembrane, cell-to-cell communication. To affect tissue organization, as
well as to direct cell communication, several types of interconnections exist
between cells, These include- tight .junctions, to prevent leakage past adjacent
cells; desmosoams, to anchor adjacent cells together or to a basement membrane;
and gap junctions, to allow cells to pass small melecules between them including
mono- and divalent ions.

Gap junctions consist of small pores, about 2 nm in diameter, that
interconnect the cytoplasms of two adjacent cells. Six protein subunits, arranged
around an axis transverse to each of the plasma membranesthat are joined, lock
together to form the connection _tween cells. These proteins react to the
intracellular concentration of Ca_ ions, cyclic adenosine monophosphate, and
other molecules by changing their orientation, and thus the size of their
opening, in order to control the passage of molecules between cells. Th_ size
of the pores limits the passage of molecules to those with molecular weights of
less than -2,000 daltons.

The importance of gap-junctional communication between cells stems from the
evidence that transformed cells communicate poorly with nontransformed cells
{e.g., Ilehta et a?. 1986) as well as with each other. As a result, it is
believed that shifts in the regulation of growth could result from an imbalance
in small, intracellular molecules resulting in abnormal concentrations in the
cell destined to become transformed. Another mechanism, for which data also
exist, is that pivotal differences between normal and transformed cells can
result from changes in the effective pore size of the gap junctions. This idea
is co,nectod with the prompt effects of tumor promoters, like the phorbol esters,
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in reducingthe communicationbetweencells and thus promotingthe proliferation
of an initiatedcell (Yamasakland Fitzgerald,1988; EI-Foulyet al., 1987). An
associationhas beenmade betweenthe latteridea and the transformingproperties
of a retrovlrus,the Rous sarcoma virus v-src. Rose, Lowenstein, and their
collaboratorshave proposed that the particulartyrosinekinase activity,which
is encoded by the v-src oncogene, correlates with the reduced junctional
permeabilityand increasedcell growth of transformedcells (Atkinsonst al.,
1981; Azarniaet al., 1988). The enzymaticphosphorylatlngactivityof the src-
encoded kinase differs from that of the kinase producedby the normal src gene
in nonvirallyinfectedcells.

Thus, specific proteins and other molecules, which may influence
communication,may be regulated to increase or decrease their activity as a
consequenceof changes produced in one or more oncogenes. In addition, at
critical stages in the multistep process of tumorigenesis the societal
relationshipsamong the cells inquestionmaybe important. These relationships,
in turn, are governed by particulargene productsthat are themselves liableto
alterationdue to a mutation by ionizingradiationor other agents.

2.7 PRONOTION

As already indicated, oncogenesis proceeds through a series of stepsduring
which cells progressively acquire the phenotypic characteristics associated with
neoplasia. During the process ofpro_Jtion, cells that are already initiated are
acted upon to increasethe probabilityof their giving rise to a recognizable
neoplasm. The processof promotioninvolvestraversingone or more steps that
can leadto neoplasiaand malignancy. Promotionmay involvethe inductionof new
cellular phenotypes, as well as the selection of a subpopulationamong the
initiatedcells that alreadymay be present(Colburnet al., 1987). Figure 2.7,
after Nowell (1976),is a schemeof how an initiatedcell might give rise to a
primary tumor as well as to metastases.

2.7.1 Clonal Expansion

A major effect of promoters is to elicit the specific expansion of
initiatedcells, that is, clonal expansion. While cell proliferationmay be
considereda major, or even essential,step in promotion,there may be more than
one mechanismby which it can occur. In general, hyperplasticconditions are
often precursorsof neoplasia (Colburnet al., 1987; Hanahan, 1988). Studies
using transgenicmice have demonstratedthe importanceof cell proliferationin
oncogenesisHanahan(1988,1989). As discussedin Section2.5, the establishment
of stable lineages of transgenic mice, with hereditary predispositions to
specificcancers, strongly supportsthe likelihoodthat oncogenesare causally
relatedto neoplasia. Acommon featurein these studieshas been the development
of hyperplasticconditions. Although specific oncogeneswere used to induce
unregulated cell proliferation,when used singly they were unable to induce
tumorsapparentlybecauseadditionalchangesbeyondoncogene-inducedhyperplasia
were required.

All neoplasmsdo not necessarilyarise from hyperplasticconditions. Foci
of dysplasiaare also often sites of neoplasmformation. In dysplasia,affected
cells may take on many aberranthistologicalcharacteristicssome of which are
often associated with neoplastic cells. Dysplastic cells are considered
preneoplasticbecausecancers frequentlyarise from them. Even in these
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Theoretical pathways for the development of neoplasia

through the steps identified as initiation, promotion,

and progression. S and G represent so,tic and germ
cells, respectively. For a somatic cell, _J could be the

initiating g_.notoxic damage caused by an agent like

radiation or a chemical carcinogen. For a germ cell_

could be an inherited recessive lesion as in

retinoblastoma. Either of these changes could lead to a

cell in growth state P, which is predisposed to the
development of neoplasia, and could have increased

proliferative potential. Step _ could be a secondary

alteration of the genome conferring neoplastic potential

to form either a benign tumor cell, B, cr a malignant
tumor cell, M. These changes could result from the loss

of certain methyl groups in the genome leading to a

benign growth, of to the loss of heterozygosity for an

anti-oncogene leading to a malignant neoplasm. Step
could include the clonal expansion of an initiated cell

and would be identified a_promotion. A further change
in B represented by step _ could give rise to either a

clone of another variant of a benin neoplasm, B', or to
a malignant growth, M' . Step t/J represents a further

genetic change in M to M' representing the genetic

instability that exists in many types in many types of

malignant cells. Nonviable cells N may also be produced

as a result of genetic instability. A further ste_(s)

in the progression of malignancy is represented by_, a
genetic change that may trigger the conversion of a cel]

in malignant clone M to one with metastatic potential,
MT, and other properties of progression.
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instances,there may be some hyperplasticgrowthof aberrant cells althoughthe
amount is usually small.

2.7.2 Mechanisms of Promotion

Mechanisms of the stimulationof division by promotersmay be direct or
indirect. Cell proliferation can be general, such as the compensatory
repopulationof an injuredtissue, or more specific, such as a direct growth
stimulationof initiatedcells by hormones or growth factors. The selective
eliminationof normalcells has also been observed. For example, the actionof
a promoter of the phorbol ester type can be mitogenic in preneoplastic and
neoplasticcells in colonicepitheliumbut not in the normal epithelium(Colburn
et al., 1987). Those cells that respondto the promoterare inducedto secrete
a compound,plasminogenactivator,that selectivelydestroys the less con_,itted
cells in the mixed population. As an example of a promoter inducing a new
cellular phenotype,Krieg et aT. (1988)demonstratedthat a phorbolester could
induce the overexpressionof a number of oncogenes in neoplasms of mouse skin
which were not overexpressedin normal or even in hyperplasticskin.

Mice can be bred for susceptibilityto skincarcinogenesis,a processthat
also selects for sensitivityto promoters. Genes have been identified that
control sensitivityto promotion. Thus, the genetic loci for'initiation and
promotionare separable(Colbu_net al., 1987).

Ionizing radiationis generallythoughtto be a more effectiveinitiator
than a promoter. However, at doses high enough to induce significanttissue
injury (i.e.,cell killing),compensatoryrepopulationby itself can serve as a
promotionalstimulantpresumablybecausethe divisionprocessmay serve clonally
to expand the populationfrom an initiatedcell.

_.8 PI,_OGRESSION

As noted, the developmentof a malignantneoplasmmay involvea stepwise
process (see Fig. 2.6). As a clone of cells develops from an initiated
progenitor, new cell populationsmay be generated frequently with increasing
probabilitiesof more malignantbehaviorat each subsequent tep. This process
constitutesprogressionas discussed below.

2.8.1 Cellular Heterogeneityand Clonal Evolutionof ,Neoplasm_s

FreQuently,primaryneoplasmsconsistofmultiplepopulationsof neoplastic
cells with heterogeneity in their degree of malignancy. This heterogeneity
coversa wide rangeof biochemical,immunological,and biologicalcharacteristics
including diversity of chromosomal composition, cell-surface receptors,
intracellularand excretedenzymes,morphologies,growth properties,sensitivity
to chemotherapeuticdrugs and to radiation,and abilityto invadenormal tissues
and thus to metastasize to other sites in the body (Fidler, 1988). The
phenotypic characteristics most often associated with malignancy include
autonomeus growth, invasion, and metastasis (Farber, 1984). Development of
cellularheterogeneityisa prime manifestationof neoplasticprogression(Kerbel
et al., 1988).

As the foregoing suggests, the cells comprising a neoplasm may change
rapidly with the emergenceof new subpopulations. Even though a neoplasm may



have a clonal origin, promotion followed by progression can lead to non-

unifqrmtty of cell type by lto_etime a frank neoplasm is detected. Neoplasms of1 cm_ contain about 1 x cells, which would have required some 30 cell
doublings, indicating that even relatively small, clinically recognizable
neoplasms are well advanced in their natural history. Furthermore, at a later
stage, neoplasms can once again become characterized by the presence of a
single, dominant clone (Kerbel eL ai., 1988). For the latter situation to occur,
a highly malignant cell may appear, which has enough growth advantage to overgrow
earl ier-appearing variants.

2.8.2 Invasion

Progression is frequently accompanied by invasion and metastasis. Invasion
is the movement of neoplastic cells away from the site of the primary neoplasm,
although they are still confined to a localized region in the tissue or organ of
origin. Characteristics associated with neoplastic cells are probably important
in the process of invasion, such as loss of contact inhibition, increased
motility, and the production of digestive, extracellular enzymes (Wheelock and
Robinson, 1983).

In reference to digestive enzymes, interactions between neoplastic cells
and the extracellular matrix may be particularly important. Liotta (1984)
proposed a three-step mechanism of invasion. In Step 1, the attachment of a
neoplastic cell may be mediated through cell surface receptors for glycoproteins,
like laminin and fibronectin. In Step 2, the neoplastic cell secretes digestive
enzymes capable of lysing the proximal extracellular matrix and the basement
membrane. And in Step 3_ the cell breaks away from its immediate neighbors and
migrates into the region of lysis.

Type IV collagen is a major protein contained in basement membranes.
Enzymesthat can digest basementmembranes, such as Type IV collagenase,have
been shown to be associatedwith invasiveability (Liotta,1984). For example,
in mouse skin the oncogene that codes for the proteasetransinappears to play
a role in the progressionof benignpapillomasto invasivecarcinomas(Matrisian
et al., 1986). Laminin, which is a protein and a component of basement
membranes,is importantin cell attachment,migration,and growth, lt has been
shown that laminin receptors may be altered in carcinoma cells, and that
neoplastic cells with increased ability to attach to laminin, have a much
increasedmetastatic potential(Liotta,1984).

2.8.3 Metastasis

Local invasioninto the vasculatureis importantin the initialstages of
metastasis. Thereafter,tumor cells are spread to distant sites via blood or
lymphaticvessels. Extr_vasationthroughthe walls of a these vessels leads to
the proliferationof a growth,a metastasis,at a site distantfrom the place of
origin of the primary tumor, lt has been proposed that only a few of the
subpopulationsof a developingtumor have metastaticpotential (Fidler, ]988;
Kerbel et al., ]988). The spreadingprocess is also thoughtto be inefficient
with most metastatic cells being destroyedby the body's immune defenses or as
a result of mechanical/nutritionaldamage during circulation. Furthermore,
metastasesare not found at randomsuggestingthat certaincancers metastasize
preferentiallyto certainsites. Both the propertiesof the cells as well as the
microenvironmentinto which they migrate are thought to be important in the
spreadingof cancer.
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2.8.4 Mechanismof Neoolastic Proqression

Mechanisms involved in the process of neoplastic progression appear to be
varied. Genotoxic agents appear to affect progression by increasing the
conversion of cells in a growth from benign to malignant properties (Yuspa and
Poirier, 1988). Such conversions have been demonstrated with both chemical-
induced (Colburn et al., 1987) and radiation-induced tumors (Jaffe et al., 1987).
Oncogenes have been implicated not only in the initiation step, but also in the
later steps in the oncogenic process (see Fig. 2.6; Farber, 1984). As already
noted, the oncogene product transin is a protease found in malignancies derived
from benign papillomas. Oncogenesthat code for protein kinases havebeen shown
to confer metastatic potential on fibroblastic cell lines (Seemayer and Cavenee,
]989).

Studies with chick embryos have demonstrated that both src and ras
oncogenescan contribute to increased.metastatic ability. In the latter example,
the increased expression of the gene products correlated with increased
malignancy (Chambers and Tuck, 1988)o Changes induced by the ras gene include
altered membraneglycoproteins, increased protease activity (including Type IV

.collagenase and plasminogen activator), increased growth factor secretion,
increased motility, and increased invasiveness and metastatic ability.

In addition to specific genetic effects, other factors could play a role
in progression. A lack of a responsefrom the immunesystem to specifictumor-
related antigens of the neoplastic cells could be important (Wheelock and
Robinson,]983). Becausemost solid neoplasmsare highlyvascularized,factors
affectingangiogenesiscan be expectedto have a significantinfluenceon the
growth of a primaryneoplasm as well as on its spread.

Althoughthe pathophysiologyof metastasisis well documentedin a number
of instances,the molecularchangesthat supportthe processare less clear and
are a subjectof active current research. The steps sketched in Fig. 2.6 are
probablycorrect in general terms but the details for specificneoplasmscan be
expected to vary from one type of malignantgrowth to another.

2.9 SUMMARY

In the past 10-15 years, significant technical innovationshave been
introducedinto the study of the cellularand molecularpropertiesof mammalian
cells includinghuman cells. To the methods for the growth of mammalian cells
in culture,which were introducedsome 15years earlier,geneticengineering/DNA
recombinationtechnologywere added. As a result, it has become feasible to
addressfundamentalquestions in biologyat a molecularlevel not achievablein
the past. One suchquestionhas beenthe molecular/geneticbasisof uncontrolled
cellulargrowth, cancer.

In operationalterms,neoplasiasare believedto be the resultof the three
principalsteps initiation,promotion,and progression. In Task 2, these steps
are describedin terms of the basic molecular and cellular processes that are
responsibltfor them. Becausea tumorresultsfrom one or more heritablechanges
in the progenitorcells of the tissue of origin, the mutation of genes called
oncogenes is identified as a driving force in the development of cancer.
Radiation,like other genotoxicagents,is kaown to damage DNA and is recognized
as a mutagen/carcinogen. However, cells have the ability to modify genetic
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damage and, consequently, repair/misrepair processes are important in the
expression of the changes that are induced.

Because uncontrolled cellular growth is the feature that unifies neoplasms,
a number of differentgeneticchangeshave been identifiedfor their abilityto
play a role in the process. These changesoccur in a set of normalgenes,called
proto-oncogenes,whose connectionwith neoplasticgrowth was first identified
because of their involvementwith the tumorigenicand molecular propertiesof
RNA-containingvirusescalled retroviruses. The constitutiveforms of the some
50 proto-oncogenesthat have been identifiedhave normal roles to play in cells.
But when they are altered,as in the instanceof a mutatedform incorporatedinto
the genome of a cell via a retrovirus,they can lead to uncontrolledcellular
growth, or to a lack of control of differentiation,such that a neoplasm
develops. Radiation,and other physical and chemical agents, is also _ble to
mutate oncogenesand thus to give rise to the chainof events that culminatein
cancer.

Through the application of DNA recombinant technology, a number of
alterationsin proto-oncogenes,or in the controlof their expression,have been
associatedwith the neoplastic transformationof cells. Hence, a variety of
molecularmechanismscan culminatein an aberrantregulationof growth. As noted
in Section 2.2, although examples exist of the association of neoplastic
transformationwith a mutation in a single p-oncogene,there is evidence that
severalalteredgenes may collaboratein the transformation/progressionprocess
involvedin tumorigenesis(Weinsteinet al., 1984;Bishop,]987;Weinberg,]g8g).
For example, it has been proposedthat as many as ]0 alterationsmay be involved
in small-cellcarcinomaof the lung.

Proto-oncogenes,likeother genes, are transcribedinto RNA from which a
messenger form is produced that is then translatedinto proteins includingthe
enzymes that catalyzevarious reactions. The productsof proto-oncogenes,the
proteins,have a varietyof functions;they have been demonstratedto influence
growth by controlling processes in other cells, or by acting in the cell of
origin at its outer membrane,in its cytoplasm,or in its nucleus. The products
of oncogenesare alsoknown to influencethe communicationbetweenadjacentcells
changing thereby the societalpropertiesof a ceil.

Oncogenechangesare also thoughtto be involvedin the stepsof promotion
and progression. Promotioninvolvesthe clonalexpansionof a transformedcell,
and progression is associatedwith the abilityof transformedcells to invade
other tissues and to metastasize. Because radiation-inducedneoplasms are
indistinguishablefrom those that arise spontaneously,or are inducedby some
other etiologicalagent,and because of the mutagenicpropertiesof radiation,
it is likely that it can affect all of the steps in neoplasia, lt is also
possible,therefore,that the effects of radiationmay interactwith those of
other environmentalagents.
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Task 3

"Elements of a Radiation Research Program"
CellularMolecularMechanisms in Cancer Induction

3, I INTRODUCTION

During the past 50 years, an extensive literature has developed in
radiobiologyto which contributionshavecome from scientistsin many countries.
Studies were performed dealing with the physical, physical chemical, and
biochemicalconsequencesof radiantenergy absorptionas well as with radiation
effectsin cells,tissues,and animals. However, in the past decade, the advent
of new mo_,_.culartechniques--particularlythose that facilitatethe study of the
genotypic changps connected with biological endpoints like radiation-induced
lethality,mutdtion,neoplast;ctransformation,and tumor induction--haveraised
the prospectthat the molecularbiologyof these effectscould be understood.

The initialobjectiveof this Task is to evaluatethe in vitro and in vivo
data that are available in the context of the mechanism(s) that underlies
unregulatedgrowth inducedby radiation. Although the principalfc,cus will be
on the effectivenessof low doses of protractedlow-LETradiations--thatis, the
radiationsto which most peopleare exposed--resultsobtainedwith radiationsof
higher LET will also be discussedwhere they _ay facilitatean understandingof
mechanisms. The secondobjectiveis to discussoncogeneaction in neoplasiaas
a basis for identifyinggaps in the understandingof the role of oncogenes in
radiation-inducedcancer.

lt isgenerallybelievedthatheritablechangesintroducedintothe genomic
DNA of somaticcells are responsiblefor unregulatedgrowth _nd, therefore,for
neop]asia. Indeed, as the material in this report makes clear, the evidence
indicatesthat cancer is the culminatingphenotypicexpression of one or more
genetic changes. Heritable effects in general, however, will not receive
detailed attention. First, as illustratedby the data reviewed_in various
reportslike the BEIR V Report (19g0), the lifetime risk of radiation-induced
cancer is considered to be appreciablygreater than that of radiation-induced
heritablechanges in germ-linecells. Hence, permissibledose limits are based
primarilyon the formerendpointratherthan on the latter.And second,heritable
physiologicalanomalies,whichmay be attributableto radiationexposure,are not
likely substantiallyto influenceradiationsusceptibilityto cancer.

Although,as noted above,the broad range of possibIcgenetic effectsare
not germaneto this study, an importantexceptionis mutation in somaticcells.
As discussedin Sections2.2, 2.3, and 3.3, somaticmutat!on is consideredto be
the principal molecular starting point for the initiationof the phenotypic
changesthat culminate in neoplasticgrowth.

3.2 RADIATION-INDUCEDNEOPLASTICTRANSFORMATION,IN VITRO vs. IN VIVO DATA

Duringthe past 15 years, resultswith animalcells in culturehave formed
a basis for examiningthe molecularand cellularmechanismof radiation-induced
tumorigenesis. In this Section, these results are reviewed and critically
analyzed.
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3.2.1 Neopla_ic Tr_nsformation, Ce115 in Cqlture

Because of technical problems in developing suitable assay systems,
quantitative data on the induction of neoplastic transformation in mammalian
cells has been limited largely to results obtained with three kinds of rodent
cells" C3H mouse embryonic fibroblasts, designated 10T1/2 (Reznikoff et al.,
1973); BALB/c mouse fibroblastsdesignated 3T3 (see Little, 1979); and Syrian
hamsterembryo cells (see Borek and Sachs, 1966). Still, a number of results
have been obtainedwhich show that qualitativeagreementexists in a number of
instancesbetweenthe data obtainedwith these rodent cells in vitro and tumor
induction in vivo. With 10TI/2 and 3T3 cells, the assay of cells that are
phenotypically transformed is based upon the (infrequent) appearance of
morphologically-alteredfoci of cells growing in a monolayer of normal cells.
These altered cells, but not their normal counterparts,are capableof forming
fibrosarcomasat the site of inoculation into suitable hosts. With Syrian
hamster embryo cells, the transformed state is detected as an (infrequent)
morphologically altered discrete colony which, in contrast to its normal
counterpart,is capable of producinga tumor at the site of inoculationinto
suitable hosts.

• 3.2_1.I Inductionof Transformationvs. killing

Using IOTI/2 cells, Han et al. (1980)determined that the frequencyof
transformationwas a product of the frequencyof inductionof the transformed
phenotype and the probability of survival of the initiated cell; a dose
dependence of survival that was found to be essentially the same as for
noninitiatedcells. They also showed the damage,which led to transformation,
was reparableat reduceddose rates (seeSubsection3.2.1.2),and this repairwas
distinct from the repair of sublethaldamage (Elkindand Suttop,1959).

3.2.1.2 Dependenceon Dose Rate and Dose Protraction

The resultsof Han and Elkind (1979)and Han et al. (1980)are summarized
in schematicform in Fig. 3.1 (see legend). The bell-shapeddashedcurve in the
lower left panel (repeated in the lower right panel) is the frequency of
transformationper cell exposed for high dose rates of 6°Co y-rays (linear
coordinates). The large effect of cell killingwas made evidentby normalizing
the latter resultsby the survivingfractionas a functionof dose to yield the
upper dashed curves marked "high D' (-killing),"that is, the frequency
survivinq cell. With IOT1/2 cells, the absolute frequency of transformants
maximizes at a dose of 4-6 Gy (Han el:al., 1980). If only the repair of
sublethaldamage influencedthe frequencyof transformation,the curve "low D"
in the lower left panel would I1avebeen expected indicating that a higher
transfermationfrequencyat all doses would be observed at a low dose rate. The
curve marked "low D" in the lower right panel, in fact, was observed.

Hence, the results sketched in Fig. 3.1 showed that in an assay system
based upon a single cell type, as opposed to the situation in an animal, two
repair processes influenced the yield of transformants" I) the repair of
sublethal damage (which permits a larger number of transformed cells to be
expressed); and 2) the repair of subtransformation (or subefFective)
transformationdamage. The net resultwas that, in the region of small doses,
the induction frequency that was observed at a low dose rate--or with the
protractionof doses deliveredat a highdose rate (Hillel)al., 1984)--waslower
than the inductionfrequencyobservedat a high dose rate (see Elkind et al.,
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1985). In the region of high doses, the reversewas the case because the large
sector of survival sparingthat was effected by the repair of sublethaldamage
could increasethe yield of transformantssufficientlyto more than compensate
for the reduction in the yield due to the repair of subeffectivetransformation
damage.

Ingeneral,the cellulardata for the protractionof two or more high-dose-
rate exposures have indicated that reduced transformation frequencies are
obtained (e.g., Hill et al., 1984). Although some results suggested that an
increasein frequencyresultedwhen a specific interfractioninterval is used,
5 hours, and total doses less than 1.5 Gy (Millerand Hall, 1978; Borek, 1979;
Little, 1979), confirmationof such an enhancementin transformationfrequency
in vitro,or in tumorigenesis,was not confirmedby other results. That is, the
studies of Yang et al.,(1986)and Balcer-Kubiczeket al., (1987) with IOT1/2
cells confirmedthat reducingthe dose rate reducedthe yield of transformants
as did similarstudieswith Syrianhamsterembryo cells (Watanabeet al., 1984).

Hill et al., (1987,1989) showed further that the slope of the induction
curve became progressivelyless steep as the dose rate was decreased. However,
the latter studies also revealedthat a signal remained in exposed cells that
could be amplified by a chemical promoter such as a phorbol ester. Thus,
although one could infer that the slope of the inductioncurve might approach
zero at dose rates encounteredin the environment,it remainsa possibilitythat
a second environmentalagent might be able to increasethe slope of the curve
because the radiationcan registera change in the target cells that does not
disappearas completelyas the subeffectivedamage due to the radiation alone.

3.2.1.3 Dependence on RadiationQuality

Severalsets of measurementshave been made with high-LETradiationslike
fast neutrons (see Han and Elkind, 1979) or charged atomic particles (Yang et
al., 1986). Because LET is a radiobiologicalparameterof importancefor many
endpoints,results with high-LET radiationsare brieflydiscussed to indicate
where qualitativeinternalconsistenciesexist betweenthe endpointsneoplastic
transformationin vitro and tumor induction,and where they do not.

In general, with increasingLET endpoints are produced with increasing
effectivenessper unit dose until a maximum is reached between about 100-200
KeV/_m (see Elkind and Whitmore,1967; Upton, 1988). The latter trend applies
to cell killing, somaticmutation,neoplastictransformation,life shortening,
and tumor inductionalthoughthe full range of LET's are not availablefor every
endpoint. However, some additional features of the dependence on LET are
illustratedin Fig. 3.2. Han and Elkind (1979)showedwith 10TI/2cells that the
incidenceof transformantswith dose inducedby fission-spectrumneutronstraced
a bell-shapedcurve (linearcoordinates)as was also the case for 50 KV X-rays
and _Co y-rays (Han et al., 1980). That is, the expressionof the inductionof
transformantswas attenuatedprogressivelywith dose by cell killing producing
a maximumin the curve. As was the case for X- and y-rays,the surviva'lresponse
of the initiatedcells was the same as that of the uninitiatedcells. The net
effectwas a shift in the curve due to neutrons to smallerdoses from the curve
for y-rays, or X-rays, and an increase in the maximum in the neutron curve
comparedto the maximum in the y-ray curve.

In contrast to cellular studies with low-LET radiations, studies with
tended exposures to some high-LETradiations in some instanceshave yielded
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enhanced frequenciesof transformation(Hill et al., 1982, 1984, 1985; Yang et
al., 1986; Jones et al., 1989), and in other instanceshave not (Hieberet al.,
1987;Balcer-Kubiczeket al., 1988). Becausethe samecells were used in several
of the foregoingstudiesthat either did or did not show an enhancement,it is
likelythat the lack of correlationis attributableto differencesin the sources
of radiationand/ortechniques. This subjectis discussedfurther in Subsection
3.2.3.

3.2.2 Neoplasia, Rodeni_sand People

The data availableon neoplasia induced by radiation comes mostly from
studieswith rodents. The dose dependenciesfor the inductionof human cancer
are generallylessprecise. As in the studiesof experimentaltumorigenesiswith
animals,the human data frequentlyrefer to the irradiationof large portionsof
the body, if not the entire body (see Task 1). Consequently, in seeking
mechanisticrelationshipsbetweenresultswith cells vs. those with animalsand
people,tissue interactionsmay play a role if the radiationis not confinedto
the tissue of interest. In addition,other types of interactionsmay exist in
the induction and expression of neoplasia. In spite of these complexities,
consistenciesare apparentbetween in vitro and in vivo results.

3.2.2.1 Dose Dependencies,Inductionvs. Killing

L.H. Gray (1965)was the first to propose that tumorigenesisis the net
effect of a process of induction attenuated by a process of killing of the
susceptiblecells in the tissue in which the tumor arises. He found that the
data for myeloid leukemiainductionin mice (Uptonet al., 1970)were fit quite
well by a concave-upwardinductioncurve modifiedby a survivalcurve that had
survival parameters typical of those determinedwith cultured cells. Gray's
hypothesiswas found to be applicableto other resultson leukemia inductionin
mice (see Elkind et al., 1983) as well as to an epidemiologicalanalysisof the
induction of leukemia,as second tumors, in women who had been treated with
radiationfor cancer of the cervix (Boiceet al., 1988). In the latter study,
a bell-shapedinductioncurvewas arrivedat by accountingfor the dose received
by bone marrow cells at various sites in the body as well as the lethal effect
of the radiationon the targetcells of the bone marrow at those sites.Although
the foregoingobservationsand analyses are consistentwith Gray's hypothesis,
the validity of his model _.asbeen strongly reinforced by studies of the
influenceof repairprocesses--thatis, observationsat low dose rate and with
dose protraction--oncell transformationon the one hand, and tumor inductionon
the other.

3.2.2.2 Extended Exposures,Low SpontaneousIncidence

The framework for an understandingof the role oF repair in neoplasia
inducedby a low-LETradiationcomes from the studiesof Han et al., (1980)the
essentialresultsof which are sketched in Fig. 3.1. They found that extending
sufficientlythe lengthof an exposure,by reducingthe dose rate or protracting
a series of high-dose-rateexposures(Hillet al., 1984),permittedtwo separate
kinds of repair to operate; the repair of sublethaldamage and the repair of
subeffectivetransformationdamage. As noted in Subsection3.2.1.1,the latter
process reduced the initial slope of the inductioncurve, whereas the former
caused the frequencyfor large doses to be greaterthan it would be for a brief
exposure. The net effect was to cause the high-dose-ratebell-shapedcurve to
broaden,and for its maximumto be reducedand shiftedto higher doses. Examples
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of reductionsin the initialyields of mouse tumorsof various kinds at reduced
dose rates can be found in the study of Ulirichand Storer (]979),and similarly
for mouse myeloid leukemia in the resultsof Upton et al. (1970).The induction
of tumorsof the hair follicleof the rat showed a bell-shapedinductioncurve,
and in that study data for 2-dose protractionwere consistentwith the effects
of both types of repair (Burnsand Vanderlaan,1977). In the case of patients
who were treated with multiple doses of X-rays for ankylosingspondylitis,the
inductionof leukemia(Smithand Doll, 1982) indicatesa dose responseconsistent
with the effects of repair; that is, a collapse of the single-doseinduction
curve because of dose protraction.

3.2.2.3 Extended Exposures,High SpontaneousIncidence

For the most part, the data on experimentaltumorigenesiswith low-LET
radiation indicate a reduction in the frequency in the initial part of the
inductioncurve when the exposuresare protracted. In the instanceof reticulum
cell sarcomaI in mice, however, Ullrich and Storer (1979) reported that the
frequencyat _ low dose ratewas greaterthan it was at a high dose rate. This
apparent anomaly has been explained as consistent with, and indeed to be a
reflection of, the influenceof both the repair of sublethal damage and of
subeffectivedamagewhen the cells responsiblefor the high spontaneousincidence
were presentat the time of exposure. More specifically,the explanationof the
precedinginverseeffect of dose rate, with a low-LETradiation,rests on these
elements"I) a high spontaneousrate of appearanceof this tumor in the strain
of mice that were used; 2) the presence of progenitorcells at the time of the
high-dose-rateexposures;and 3) a sparingof killingof the latter cells at the
reduceddose rate (see Elkind et al., 1983; Elkind, 1987).

The alternatives,in referenceto the timeof appearanceof the progenitor
cells of the spontaneoustumors, are sketchedin Fig. 3.3 (Elkind,1987). In
the left panel, the lower pair of curves trace what is also shown in the lower
right of Fig. 3.1. That is, reducing the dose rate causes the high-dose-rate
curve to flatten and to shift its maximum toward higher doses. If, after the
completionof the exposures,progenitorcells arisethat are responsiblefor the
spontaneous incidence,then the lower pair of curves would be shifted upward
starting from the spontaneousfrequency. In contrast, as shown in the right
panel of Fig. 3.3_ it is assumedthat the progenitorcells of the spontaneous
tumorsare presentat the start of the irradiationsand are progressivelykilled
at the high dose rate. As a result, as the dose is increasedfrom zero, the
high-dose-ratecurve initiallydrops before it joins the lower curve due to the
inductionof tumors at a high dose rate in susceptibletarget cells, lower right
of Fig_.3.3. In the limit of a very low dose rate and therefore no killingof
the progenitorcells, the overall frequencyof tumors would be the sum of the
low-dose-rateinductioncurve (left panel) added to the spontaneousincidence.

As sketched in the right panel of Fig. 3.3, the net result of the sparing
of the progenitorcells is that the incidenceat a low dose rate lies above that
at a high dose rate--as Ullrich and Storer (1979)reported for reticulumcell
sarcoma--in contrast to what is ordinarily observed for X- or y-ray
tumorigenesis. Evidence supportingthe foregoingcan be found in the study of
Metalliet al. (1978)who also inducedreticulumcell sarcomas in mice in which

IReticulumcell sarcomarefers to a group of neoplasmsof histiocyticand
lymphomatousorigin (Pattengaleand Taylor, 1983).
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the spontaneousrate was comparableto the rate in the mice used by Ullrich and
Storer (1979). By shieldingthe hind limbs and exposing the rest of the animal
to a large dose at a high dose rate, they reduced the frequencyof tumors to a
low level indicatingthat most of the progenitorcells were presentat the time
of exposureand thattheywere radiosensitive.Thereafter,graded high-dose-rate
exposures appliedto unshieldedhind limbs inducedtumors in the marrow that had
been shielded to yield an incidenceof tumors with dose that traced a typical
bell-shapedcurve similarto the high-doserate curve in the lower left panel of
Fig.3.3. Thus, the results of Metalli et al., (1978) illustratedthat the
progenitorcells of the spontaneousreticulumcell sarcoma,in fact,were present
at the time of irradiationand that their sensitivityto killingwas typical of
that of hematopoieticstem cells (Elkind,1987).

Therefore,the resultobtainedwith reticulumcell sarcoma,which at first
glance appears to be anomalous, is what would be expected if cel'ikilling is
importantto the net yield of tumors, and if both the repair of sublethaland
subeffectivetransformationdamage play a role.

3.2.2.4 Tumorigenesis,Fission-SpectrumNeutrons

Inexperimentaltumorigenesis,thedependenceon radiationqualityhas been
examinedlargelywithfast neutronsmainlybecauseof the limitedpenetrationof
beams of charged particles. Also, most of the work employed neutron beams
producedby reactors. In general,neutronswere found to be more effectivethan
low-LET radiationsbut yielded resultsqualitativelysimilarto those sketched
for cellulartransformationin Fig. 3.2. In the light of the reviseddosimetry
for the atomicbomb explosionsat Hiroshimaand Nagasakiin 1945,essentiallyno
reliable data exist for neutron-inducedhuman neoplasia.

3.2.2.5 Radiation-lnducedLife Shortening

lt is well established that the average life span of an animal is
progressivelyreducedwith increasingdose to the entirebody (seeBEIR V Report,
1990). Because the reduction due 4.osmall doses appears to be due to death
caused by tumors, the endpoint life shortening has been considered to be an
integrator of tumorigenesis in the region of small doses. Data have been
developedon the effectof radiationon the life span of mice exposed to single
and multipleweekly doses over extendedperiods.

An extensivestudyat the ArgonneNationalLaboratorycomparedsingle and
protractedexposuresof _Co y-rays (seeThomsonet al., 1986, and the preceding
papers in their series). The major featuresof the data, irlreferenceto the
influenceof extendedexposures,have been summarizedby Upton (1988). Compared
to single exposures,equal total doses deliveredas multipleweekly or as low-
dose-rate exposures,were appreciablyless effective in shorteninglife span.
Most of the deaths followinglow doses were due to tumorigenesis.

3.2.3 Low-Dose-Rateand ProtractedExposures,Fast Neutrons

Although it is generally observed that both in vitro as well as in vivo
endpointsare reducedin signalstrengthwhen a low-LETdose is extendedin tim(_,
mixed resultshave beenreportedwhen prolongedexposuresof a high-LETradiation
were used like low-dose-rateor protractedhigh-dose-rateexposuresto fission-
spectrumneutrons. To begin with, it was notedwith cells in culture(Subsection
3.2.1.3) that enhancedtransformationfrequencieswere observed in some but not
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in all instances. A similar situatione':istsfor tumorigenesisand for life
shortening _n mice.

3.2.3.1 The Endpoint Life Shortening,ProtractedExposures

Data obtainedat the Argonne NationalLaboratoryshowed that singledoses
of neutrons were appreciablymore effective than single doses of y-rays in
reducinglife span (seeThomsonet al., 1986). Also, larger losses in life span
where observed when neutron doses were given in 24 or 60 weekly fractions
compared to single exposures. In the dose range 0-20 cGy, a statistically
significantdifferencebetweenthe data for singledoses vs. protracteddoseswas
not evident, but the data were not extensiveenoughto establish if the various
kinds of neoplasms that were induced followed the same or different dose
dependenciesas for life shortening. Hence, relative to life shorteningas a
reflectionof tumorigenesis,the apparentlackof a differencebetweenprotracted
and single exposuresin the low.-doseregion could have resultedfrom an increase
in the yields of some tumor types that were offset by decreases in others.

3.2.3.2 The EndpointTumorigenesis,Low-Dose-Rateand Protracted Exposures

In respect to other neoplasms, Ullrich (1984) reported an increase in
mammary carcinomas in mice exposed at a reduceddose rate of fission-spectrum
neutrons with the effect already evident at 2.5 cGy. Enhancement was not
observedat other sites. The enhancedeffect of extendedexposuresof neutrons

was also evident in the rate of progression toward neoplasi_ of mammary
24Ra, repithelial cells (Ullrich, 1986). In mice injected with highe

frequenciesof osteosarcomawere observedwhen twice-weeklyinjections,spread
out from 4 to 36 weeks,were used comparedto .'ingleinjections(Muller et al.,
1978). Further, the use of this isotope tc treat patients with ankylosing
spondylitiscausedmore bone sarcomawhen the fxposurewas protracted(Spiessand
Mays, 1973). The inductionof lung cancer a'aongminers due to the _-particle-
emittingprogenyof radon also appears Co demonstratean enhancementat reduced
exposure rates (Curtis,1989). The data for a-.particleirradiationsmay have
reflected an increase in the availabilityof susceptibletarget cells, due to
compensatoryrepopulation,when the exposureswere protracted. But alsotheymay
be anotherindicationof an increasedtumorigeniceffectof a high-LETradiation
when the exposureswere prolonged.

3.2.4 Gaps in in Vitro/inVivo Knowledqe

Although progress has been made since the advent of cellular systemsfor
quantitating the effectiveness of radiation in inducing neoplastic
transformation, neither a complete nor fully consistent picture has been
developed. Gaps in our understandingand in the information required are
reviewedbelow.

3.2.4.1 In Vitro Studies,Types of Cells

Quantitativedataare needed,baseduponendpointsindicativeof neoplastic
transformation,with additionallines of rodentfibroblastsin order to complete
the patternof dependencieson cellular parameters. Cells of epithelialorigin
arealso needed becausemost human tumors originatein epithelium. Further,to
facilitateextrapolationfrom rodents to man, dog, monkey, and human cells For
transformationstudies are needed. In addition to the establishmentof the
generality of responses relative to radiobiologicalparameters, cells from
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differenttissues and specieswould enable models Lo be tested for the role(s)
of oncogenesin the process(es)of neoplastictransformation.

Related to the need to develop a more comprehensiveunderstanding of
neoplastictransformationand itsdependenceon radiobiologicalparametersis the
understandingof how radiation kills cells and the molecular biology of how
repair-competentcellsmitigatethe effectsof lethaldamage. Duringprotracted
exposuresto radiation,the repairof sublethaldamage (Elkindand Sutton,1959)
results in reduced killing. The molecular basis of such repair and its
connection,if any, to the repairof preneoplasticlesions(Elkindet al., 1985)
needs to be determined.

3.2.4.2 Rate of Exposure and the Interactionof Radiationwith Other Agents

In referenceto the biologicaland radiobiologicalparametersreferredto
in Subsections3.4.4.1& 2, the informationis not completeon the dependenceof
transformationon exposure rate, radiation quality, and the effect of other
physical agents (e.g., ultraviolet light) or chemical agents (e.g.,
mutagens/carcinogens,growth factors, aridpromoters and antipromoters). The
combinedeffectsof these factorswill be more predictableas the molecularbasis
of neoplastictransformationbecomesbetter understood.

In additionto the combinedaction of other agents with radiation,it is
importantto understandthe dependenceof transformationon exposure rate, and
whetheror not radiationquality,celltype, and speciesof origin influencethe
yields of transformation

3.2.4.3 Dose Dependenciesin Vivo

Aside from the presenceor absence in inbred rodentsof progenitorcells
at the time of exposure, the dose dependence of tumorigenesis varies
qualitativelyand quantitativelywith the siteof origin (seeUllrich,1984,1986;
Ullrich and Storer, 1979; Ullrichet al., 1976). The role of cell killing is
evident in the induction of some kinds of tumors, but because the data are
limited it is not clear if susceptibletarget cells are all similarlyaffected.
lt is also not known whether at differentsites tumorigenesisin out bred mice,
or in other species,would be the same as that observedin inbredmice. Lastly,
it is not known if and how tumor inductionin differenttissuesdepends on the
length of exposure to radiationsof LET higher than that of X- and y-rays.

3.3 GENES AND ONCOGENES IN RADIATION-INDUCEDENDPOINTS

The development of the techniques of recombinantDNA for examining the
propertiesof the genome, even at the level of nucleotidebase sequences (see
Burck et al., 1988), has facilitatedthe study of the roles of cancer genes in
variousradiation-inducedendpoints. In additionto germ-cellmutations--which
were referred to in Task I, Section 1.6--other endpoints that have received
attention have been cell killing/survival, somatic mutation, neoplastic
transformation,and tumorigenesis. The involvementof genes, includingcancer
genes, in the foregoingendpointsis reviewed in this Section.
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3.3.1 Cell Survival
J

As described below, several studies implicatecertain oncogenes in the
survivalresponseof mammaliancells.

3.3.1.1 c-raf and Squamous-CellLaryngealCarcinoma

Theradiotherapy of head and neck tumors has led to the conclusion that
certain of these tumors are radloreslstant. Kasid et al. (1987,1989) used the
technique of transfectingDNA into mouse 3T3 cells to demonstrate that the
transfectants:I) inducedtumors at the site of inoculationin immune-deficient
mice; 2) containedan altered c-raf gene; and 3) gave rise to a population of
cells that were radioresistant. Their attributionof the latter property to an
alteredc-raf gene was supportedby the observationthat resistanttransformed

cells lost their resistance(finalDR reducedfrom 3.1 to I.g Gy) after theywere
transfectedwith a plasmid containlng an antisenseregion of the c-raf gene
(Kasid et al., 1989). These secondarytransfectantswere significantlyless
tumorigenicin immune-deficientmice than the initialtransfectantssuggesting
that the antisensemRNA, which was producedfrom the antisenseDNA containedin
the plasmid, inactivatedthe sense mRNA. These authors proposed that, as a
result,less of the normal ger_eproductof c-raf was producedthus causing the
cells to be revertedtoward normality.

3.3.1.2 The ras Oncogene and RadiationResistance

As noted in Task 2, the genomic DNA from various tumors is able to
transform3T3 cells when the DNA is introducedby a transfectionprocedure(see
Kucherlapati,1986). Sklar (1988) used this approachto examinethe dependence
of the radiationsurvivalpropertiesof 3T3 transfectantson the nature of the
mutation of various ras oncogenes that were used in the transfection. For
comparison, transfectionswere also carried out with other human oncogenes.
Sklar reported that missense mutations in ras (mutations that coded for an
alteredgene productof ras) conferredradioresistanceon the 3T3 cells that he
used (i.e., the final Do was increasedfrom].4 to about 2.1 Gy). Similar
increaseswere not observed when 3T3 cells were transfectedwith a normal ras
gene or with the oncogenev-fms. He also found that cells, which reverted to a
normal-appearingmorphology,but which still containedfunctionalras oncogenes,
were still radioresistant.

3.3.1.3 EpidermalGrowth Factor and RadiationSensitivity

Epidermal growth factor is a polypeptide hormone that induces the
proliferationof epithelialcells after complexingwith receptorson the cell's
plasma envelope. Kwok and Sutherland(1989)examinedthe effect of this growth
factoron a cell line derivedfroma human squamouscarcinoma. Particularlywhen
the factorwas applied after irradiation,they observeda reductionin survival
mainly because the shoulder width of the survival curve was decreased, i.e.,
because of a reduction in the cells' capacity for sublethal damage. Other
propertiesof the cells that were examinedwere not changed, however.

3.3.2 Mutation

Mutations,which are definedasany heritablealterationinthe composition
of genomicDNA (seeMoore et al., 1987;DeMariniet al., 1989),may be subdivided
accordingto their size into "intragenicmutations"(changeswithin a singlegene
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includinga base change at a single point), and "extragenicmutations" (larger
changes involvingdeletionof 'thegene up to the loss of the entire chromosome;
also called "multilocus"or "intergenic"changes). Chromosomal, extragenic
mutations seem to be at least as importantas intragenicmutations in cancer.
As discussedin Task 2, specificchromosomallesionsare associatedwith a number
of specific types of cancer, see Section 3.4.

A large number of methods have been used to detect geneticdamage and to
measure mutations. Test organisms have included bacteria,yeasts and molds,
plants, fruit flies, cultured mammalian cells from a variety of species,
laboratoryanimals, and even humans. In mammaliancells, quantitativedata on
the induction of mutations by radiation have been developed based on the
detectionof inducedresistanceto certaintoxic chemicals. The techniquesof
molecularbiologynow permit analysisof the changesinducedin the gene itself,
or its product, includingalterationsin the base sequenceof the gene.

Mutations in a particulargene generally have been studied as follows.
Cells were treatedwith a mutagenthat, among its other actions,may have killed
a certainfractionof the population. The survivorswere allowedto increasein
number to allow for the expression of the mutation and to obtain a population
large enough to measurethe small proportionof cells that nad lost the genetic
markerof interest. This proportionwas equatedto the mutationfrequencyinthe
entire, original population. But because only those mutations in cells that
remain viable could be scored, cells killed by lethal damage were not detected
as mutants even though they may have sulferedchanges in the gene of interest.

Hence, when a marker gene is locatedon a monosomicchromosomecontaining
informationnear the gene that is essential for viability, as is usually the
case, damage involvingregionsflankingthe gene can result in the inabilityto
score that mutationbecausethe cell is killed. As a consequence,in a monosomic
chromosomemultilocusmutationsare frequentlylost from analysis, lhe target
size for cell killing by radiation is much larger than that of a number of
constitutivegenes in their naturalbackgrounds. Therefore,lethalitymay lead
to an underestimationof the frequency of mutation per unit dose. For this
reason, low-LETradiationappearsto be a poor mutagen when the marker gene is
on a monosomicchromosome--e.g.,the X chromosomeof rodent, hamster,or human
cells--whereas,in fact, ionizing radiation can be shown to be an effective
mutagenwhen accountis taken of the full spectrumof possibleheritable,genetic
changes.

An advantageto studyingmutagenesisof a gene in a monosomicchromosome,
however, is that only one copy of the gene has to be changed. In contrast,when
two functional alleles on a pair of homologous autosomes are present, in
principlethe net frequencywould be the squareof the frequencyfor mutating a
single allele;that is, a net frequencythat could be so low that it would not
be detectablewith the techniquesthat are available. As discussedbelow,other
approaches have been developed for studying mutation rates of markers on
autosomalchromosomesat frequenciesthat are well within the measurablerange.

3.3.2.1 Point Mutations in Shuttle Vectors

In addition to studies of mutagenesisin the genomic DNA of cells, the
techniques of recombinantDNA have been used to examine the molecularchanges
inducedin specificDNA sequencescalled "shuttlevectors." In essentialterms,
a shuttlevector is a piece of DNA, a few hundredbase pairs in length,that can
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be introducedinto a mammaliancell to form an epigeneticparticle,or integrated
intochromosomalDNA. Shuttlevectorshave beenengineeredsuch that, after they
have been subjectto a mutagenictreatment,likeradiation,they can be recovered
from their host cell before or after the vector'sdamage has been influencedby
the host's repair/misrepairmachinery. The vector is then introduced into a
bacte:!alhost to permit the DNA of the vector to be amplified by selectively
growingup the bacteriathat have incorporatedit. By this procedure,enoughDNA
can be synthesizedto permit quantitativeanalysis of it via, for example,
restriction-fragment-lengthpolymorphism,and/or base sequence analysis. In
general terms, the technique outlined above a'isocan be used to analyze a
sequenceof DNA constitutiveto a mammaliancell.

Becauseof the small sizes of shuttlevectors,they lend themselvesto the
scoring of localized changes like intragenicdeletions/insertionsand point
mutations. Grosovosky et al. (1988) examined the mutations 2roduced in the
adeninephosphoribosyltransferase(aprf)gene of a Chinesehamstercell thatwas

hemizygousfor that gene (i.e.,+/- foraprt becausethe gene wa@_ntirely absent
from one autosomalchromosome). After exposureto 5.0 Gy of ''Cs y-rays, the
frequencyof mutations in this +/- cell was increasedsome 14-fold. The gene
from surviving, mutated cells was recovered by incorporating it into an
appropriateshuttle vector. Followingtransfectionand amplificationof the
mutatedgene in a suitablebacterium,it was subjectto sequence analysis. Of
the mutations recoveredby this method, base substitutionsoccurred in 2/3rds
with small deletions accounting for the remainder'. A variety of base
substitutionswere recoveredthatwere randomlydistributedthroughoutthe gene.
The foregoing results were qualitatively cunsistent with earlier data by
Grosovskyet al., (1986)which indicatedthat most of the aprf mutantsrecovered
by this method appeared normal when assayed by restriction-fragment-length
polymorphism;that is, the intragenicchangescould have been point mutationsor
deletionsof up to 150-200basepairs in length. Becauseof the limitedsize of
the sequenceof DNA that could be examinedby the use of this method,and because
only those mutantswere recoveredthat retainedat least part of the gene, the
kinds of extragenicmutatiopsthat radiationcould producein mammaliancells at
high frequencywould not have been detected.

3.3.2.2 Intragenicand LargerDeletions

In a number of studies, the gene hypoxanthine-guaninephosphoribosyl
transferase(hgprt),which is locatedon the X chromosome,has been used. The
enzyme coded by this gene is able to incorporate6-thioguanine,a toxic analog
of guanine, into DNA. Consequently,only cells that have been mutated at the
hgprt gene can survive exposure to 6-thioguaninefollowing treatment with a
mutagen. Becausethe hgprtgene is on the X chromosome,only one copy is present
in a male cell or functionsin a female diploid cell. Studies have also been
conductedwith the thymidinekinase(tk)gene. The tKgene is ordinarilypresent
in two copies per diploid mammalian cell and codes for the enzyme that
phosphorylatesexogenous thymidine so that it can be incorporated into DNA.
Through appropriate mutations and selection procedures, a line of human
lymphoblastoidcells was developed(Liberand Thilly,1982)thatwas heterozygous
at the tk locus (i.e.,+/-). Cells, in which mutantswere inducedin the single
functioningallele,were selectedfor by growingthemafter irradiationin medium
containing a toxic analog of thymidine, e.g., trifluorothymidine. When the
latter compound is incorporatedinto DNA--that is, into the DNA of cells
containing a functional tk gene--cells are killed so that only mutated cells
surviveto form colonies.
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In contrast to ultraviolet light and certain chemicals like nmnofunctional
alkylating agents, which produce primarily point mutations, mutations due to
ionizing radiation frequently are found to involve larger genetic changes
including deletions or translocations. Radiation-induced mutations, in the case
of the hgprt gene in Chinese hamster cells, included deletions of the portion of
the X chromosomethat contained the gene (Thacker, ]985); in the instance of the
tk locus in ht.man lymphoblastoid cells, the entire gene was frequently lost
(Yandell el) al., 1986; Liber et al., 1987).

The ability to detect radiation-induced chromosomal mutations frequently
has been limited by the proximity to the gene of interest of essential genetic
information. This limitation has been relieved somewhatby the development of
assay systems such as those based upon the use of the mousecell line L5178Y, in
which the tic gene is heterozygous +/-, and the Chinese hamster cell line
transfected with a bacterial gene that codes for xanthine-guanine phosphoribosyl
transferase (see DeMarini et al., !989). In both of the latter assay systems,
radiation-induced frequencies were-10 times greater, per surviving cell/Gy, than
had been observed for the hgprt gene on the X chromosomeespecially in the low_
dose region. An assay system at least as sensitive as the preceding two is one
based upon the use of a hybrid cell, designated A_, in which a humanchromosome
11 is contained in the genetic background of a Chinese hamster cell. Developed
by Waldren et al., (1979, 1986), the radiation-induced frequencies of mutation
were some lO0-fold greater than they were with the hgprt gene presumably because
the markers in question reside in the human chromosomemost of which is not
required for viability. Thus, AL cells have proven to be well suited to
measurement of mutation frequencies in the low-dose regions of various mutagens
including radiation (Puck, 1985; Waldren et al., 1986). Mathematical
relationships between killing ancl mutation have been developed for this assay
(Parker et al., 1988).

3.3.2.3 Frequencies of Induction, Hemizygous Genes

Although genetic markers, such as the hgprt gene on an essential monosomic
chromosome, may provide reasonably accurate and convenient measures of mutation
for agents that produce mainly point and other intragenic changes, such as
ultraviolet light, in such assays chromosomal mutations, including nondis-
junctional changes, can be appreciably underestimated. Deletions at the hpgrt
locus larger than -40 kb are not observed, presumably because they would extend
into v_tal genes and are selected against by cell death. Yet, data from a
variety of human cancers have shown that precancerous, but functionally normal
cells,may be viableeven when they containdeletionsas large 1000 kb when only
one allele of a chromosomalpair is affected. But a mutation in the second
allele can lead to cancer (see Section3.4).

An indicationthathumancells can remainviableeven after sufferinglarge
chromosomaldeletionscomes Fromcytogeneticstudieson the relationshipbetween

- cell killing and microscopically visible, acentric chromosomal fragments
(Cornforthand Bedford, 1983). A one-to-onecorrelationwas found between the
proportionof cells killed and the proportionof cells containing at least one
acentricfragment. From these results,the inferencemay be made that fragments
smallerthan those visible in the light microscopewere not lethal. An upper
limit of the size of such submicroscopicfragmer,ts could be -5000 Kbp, that is,
large enough to result in the lossof severalto 10 genes (Ur_aub et al., 1986).

]
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3.3.3 Neoplasti._Tr':knsformation

Althoughsignificantprogresshas been made in referenceto oncogenesand
neoplastictransformationin general,the data are quite limitedin the context
of radiation induction of this endpoint, lt is likely that part of the
motivation for the studies on oncogenesand radiation lethalityhas been the
assumptionthat they would have a bearingon the mechanismof radiation-induced
transformation. However, thus far the data availabledo not suggesta strong
coupling betweenthe two endpoints (see Subsection3.2.1).

3.3.3.1 Rodent Cells

Borek et al., (1987)transfectednormal3T3, IOTI/2,and rat-2 cells with
DNA extractedfrom transformedcoloniesof IOTI/2cells. They found that DNA
from unirradiatedcells or from irradiated,nontransfcrmedcellsdid not produce
transformants in any of the recipient cultures, but recipient cells were
transformed by transfectingwith DNA from transformed cells. Transfectants
produced tumors in imunologically deficientmice. By the use of appropriate
restrictionendonucleases(enzymesthat produce scissionsin DNA at specific4
to 8 base-pair palindromicsequences)and applying appropriateDNA probes, a
number of oncogenescould be eliminatedas those responsiblefor the transformed
phenotype. Among the oncogenesthat were ruled out were the three kinds of ras
oncogenes;Ki-ras,Ha-ras, and N-ras.

Although limited in quantity, some data are becomingavailableregarding
the changes in gene products that are associated with radiation and
transformation. After irradiation,normal or transformedcultured cells had
alteredpatternsof proteinswhose expression,in some instances,was correlated
with sensitivityto cell killing (Lambertand Borek, 1988). This approachmay
be a fruitful in future studies.

3.3.3.2 Human Cells

Although dose dependencies are not available of the induction of
transformationwith normal human cells, studieshave been performedwith cells
derived from a human cervicalcarcinoma,HeLa cells, fused to form a hybridwith
a normal human skin fibroblast. These hybrid cells can be transformed by
radiationas indicatedby the expressio!>of a tumor-associatedsurfaceantigen
(Redpathet al., 1987; Sun et al., 1988). Further,the abilityof these cells
to producetumors in immunologicallysuppressedmice has been shown to be due to
the loss of informationcontainedon the chromosome 11 derived from the normal
human cell (Saxonet al., 1986). As opposedto the dominantactionmade evident
when genomicDNA from radiation-transformedrodent cells was used to transfuct
3T3 cells (Borek et al., 1987), the transformedphenotypeof the hybrid cells
above appearsto be due to a radiation-inducedloss of suppressorgene action
from chromosomeII.

3.3.4 lumoriQenesis

The demonstration of an association between certain oncogenes and
chemically-inducedtumorigenesisled, quite naturally,to similarstudieswith
radiation.
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3.3.4.1 Skin Tumors

Using electron irradiationto limit the depth of exposure of the skin,
tumors were induced in rats the genomic DNA from which was analyzed for the
expressiono' specificoncogenesvia the transfection/transformationassayof NIH
3T3 cells in culture(Saweyet al., 1987). The DNA from 6 of 12 tumorswas found
to transfectan activatedKi-rasoncogene,and 10 of the 12 tumorsalso exhibited
amplificationof the c-m),concogene. Three clear-cell carcinomas contained
activatedc-myc and Ki-ras oncogenes. These resultssupport the evidence from
studiesof chemically-inducedneoplasiathat the ras and myc oncogenesmay be
involvedin a cause/effectrelationshipin tumor induction(Balmainand Pragnell,
1983; Land et al., 1983; Barbacid,1986).

3.3.4.2 Thymic Lymphoma

The associationof activated or mutated ras oncogenes with chemically-
inducedtumors led to an investigationof their involvementin radiation-induced
thymoma in mice. Using a dose fractionationprotocol,which induceslymphomas
with high probability,followedby the transfectionassay of NIH 3T3 cells as
alreadydescribed,Pellicerand his associatesdemonstrated:I) that the genomic
DNA of the thymomas could transform 3T3 cells and that the transformedcells
containedextra copies of the Ki-ras oncogene(Guerreroet al., Ig84a);2) that
DNA from the transformed3T3 cells containeda mutation in the first exon (i.e.,
the first coding unit) of the ras oncogene (Guerreroet al., Ig84b);3) that the
mutationsin Ki-rasgenes from 3T3 cells were in the 12th codon (Diamondet al.,
1988); 4) that similarmutations were also present in the thymomas whose DNA
transformed3T3 cells (Guerreroet al_, Ig84b);and 5) that only 5 out of 12
radiation-inducedthymomasdid not containras-transformingactivity(Newcombet
al., 1988). Thus, these studies, along with those of tumor formationin skin,
suggested a significantinvolvementof the ras oncogene in radiation-induced
neoplasia. Alternatively,because not all tumors appeared to involve an
activatedras oncogene,it is possiblethat the coupling between that gene and
tumorigenesisis circumstantialand not causal.

3.3.4.3 Acute Myeloid Leukemia

The molecularbiologyof radiation-induced,acute myeloidleukemiainmice
has been under studyby Cox and his associates(Silveret al., 1990). In several
strainsof mice, cells of this leukemiacontaindeletionsand/or rearrangements
in chromosome2 (see Breckon et al., 1988). To trace the time of appearanceof
the aberrationsin chromosome2 thatmight be connectedwith the neoplasm,marrow
cells from male mice were exposed in suspension to 3 Gy of X-rays and then
transplanted into female recipients whose marrow had been ablated. The Y
chromosomewas used as an indicationthat a graft of male cells had taken place
in female recipients. In this way, in only 5 days after the transplantation,
rearrangements in chromosome 2 were identified as a consequence of the
irradiation. Some of the transplantsyieldedclonesthat proliferatedweil, but
most declinedin time. None indicatedprogressiontoward acutemyeloidleukemia.
These observationsled to the conclusion'thatchangesin chromosome2 resulting
from irradiationconstitutea broad class of genomic changes only a subset of
which are able to develop into leukemia (Silveret al., ]987).

Cytogenetic and molecular analyses ruled out an involvementof certain
oncogenesthat are located on chromosome 2. Because the interleukincytokine
genes had been mapped to the region of chromosome2 where Cox and collaborators
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had identified frequent changes, they examined the tnterleukin gene I1-1_ and
found changes in its pattern of methylation. The latter observation suggested
that deregulation of I7-1B could be causally associated with leukemia.

3.3.5 GaDs in Knowledqe, the Role of Genetic Changes

The information reviewed in this section on radiation-induced endpoints is
not extensive. Hence, an overall need for more data on the roles of genes and
oncogenes in radiation endpoints is suggested. In addition, certain specific
issues require further examination.

3.3.5.] Oncogenes in Cell Killing

The fact that the effective target sizes for the production of various
kinds of lesions in DNAare large compared to that for lethality implies that
appreciable repair of DNAdamageoccurs in repair-competent cells (Elkind et al.,
]987). An observation that is consistent with the foregoing is the finding that
repair-defective mutants have been identified that are hypersensitive to
radiation killing (Stamato et al., 1981). In view of the relatively minor
changes in survival responses attributed to the oncogenesdiscussed in Subsection
3.3.1, it is unlikely that they are repair genes. A more likely possibility is
that, by modulating the proliferative status of ceils, oncogenes influenced the
degree of damage expressed as a secondary factor in survival response. Still,
it is relevant to determine if and how altered oncogene expression influences
cell killing.

3.3.5.2 Point Mutations and Intragenic vs. Large Chromosomal and Extragenic
Changes

The data indicatethat ionizingradiationcan cause point mutations,other
intragenicchanges, and largerchanges such as gene deletionsrangingup to the
loss of an entire chromosome. To relate somatic mutation to the heritable
alterationsthat underlieneoplastictransformation,however,requires:that the
probabilitiesof these various kinds of events should be known; and that the
influence of these changes on the growth potential of the cell should be
determined. A given somaticmutationmight occur with high probabilitybut if
it confersa growthdisadvantageon the cell, it may not contributesignificantly
to neoplasticgrowth. Alternatively,a mutationthat confersa growth advantage
could be important even if it is induced by radiation at a modest or low
frequency.

The evidence indicatesthat point mutations in the ras oncogene can act
dominantly. Further,it is likelythat any geneticchange from a point mutation
to the loss of a chromosome--asa result of nondisjunction,for example--could
result in the loss of functionof an anti-oncogene/suppressorgene. Hence, it
is importantto know which of these two mechanismsof transformingcells plays
the more importantrole. Connectedwith the foregoingis the likelihood that
deletions and larger chromosomalchanges, which involve genomic information
requiredfor viability,will be discriminatedagainst. Discriminationalsomight
reflect the differentialrepair/misrepairof various types of lesions in DNA
(e.g., Stamato et ai., 1981). As illustratedin Section 3.4, several human
cancershave large extragenicmutations,which would appearto favor suchchanges
over intragenicalterationsin neoplasia.
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Although the evidence supports the hypothesis that radiation is more likely
to effect neoplastic transformationvia chromosomal changes as opposed to
intragenicchangesincludingpointmutations,eithermechanismcould initiatethe
transformationprocess whether or not the transformedphenotyperesults from a
dominantlyacting oncogene,or an anti-oncogeneone or both of whose alleles is
affected. Further,it is not known to what degree small intragenicchanges vs.
chromosomalchanges are responsiblefor the transformationof fibroblastsfrom
different species, or the cells from different tissues of the same species
including,particularly,epithelialcells.

3.3.5.3 Oncogenes in NeoplasticTransformation

The evidencefrom studieswith chemicalcarcinogenshas associatedcsrtain
oncogeneswith the phenotypicchanges of transformation. Which oncogenes are
responsiblefor radiation-inducedtransformationis not known. When the latter
genes are identified,their mode of action would have to be worked out; for
example, dominant action as in the work of Borek et al., (1987) with IOT1/2
cells, or suppressoraction as suggestedby the results of Saxon et a/o(1986)
relative to the radiation study with HeLa cells of Sun et al., (1988).
Furthermore,becauseof the evidencethat two or more oncogenicchanges may be
required in tumorigenesis(e.g., Land et al., 1983), it would be importantto
determine how many oncogenes/anti-oncogenesare, or can be, responsible for
particular types of transformation. The relative simplicityof cell culture
systems(or even in vitro/invivo systems)comparedto those based only on tumor
induction, suggest that the question of the number of activated oncogenes
initiallyshould be examined with cells in vitro.

3.3.5.4 Oncogenesin Multistep, RadiationTumorigenesis

The demonstration that certain inducing agents other than ionizing
radiationcan cause neoplasiavia a seriesof steps identifiedoperationallyas
initiation,promotion, and progressionsuggests that similar steps should be
involvedin radiationtumorigenesis.Hence, in additionto identifyingwhich and
how many oncogenesmay be involved,and in what way they becomeactivated,it is
necessaryto knowwhat roles they play in the overallprocess. For example, the
results of Guerrero et al., (1984a,b)suggest that the activation of a ras
oncogene by a point mutation is responsiblefor the initiationof the thymomas
that were induced by radiation. What is not clear, however, is whether the
mutatedras genes were a cause or an effectof the neoplasticprocess. Similar
considerationsapply to the involvementof both the ras and myc genes in the
studiesof radiation-inducedskincancer(Saweyet al., 1987),and the activation
of the Il-1_ gene in myeloid leukemia (Silveret al., 1990). With respect to
progression,the activationof the gene coding for the proteasetransinhas been
proposed as a factor responsible for the conversion of skin papillomas to
carcinomas (Matrisianet al., 1986).

3.4 ONCOGENESIN HUMANNEOPLASIA

As reviewed in Task 2, recent advances in our understandingof the roles
of oncogenesand anti-oncogenes(tumorsuppressorgenes) in the control of cell
proliferation have identified several mechanisms that can result in the
neoplastic state. In Subsection 2.3.2, several kinds of altered oncogenic
propertieswere described,and in Section2.5 the role of dominantas opposed to
recessive gene action was discussed. Genetic changes ranging from point
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mutations to chromosome loss can be involved in spontaneous tumors, and in
Section 3.3 similar oncogenic changes in radiation-inducedneoplasia were
identified. An inappropriateor excessiveexpressionof an oncogeneproduct,or
a lost ability to express an anti-oncogene product, due to intragenic or
extragenic changes including chromosomal rearrangementsor deletions, often
appear to be criticaldeterminantsof the neoplasticstate.

A widely acknowledgedcharacterizationof oncogenesis is that it is the
resultof the multiplesteps of initiation,promotion,and progressionas in Fig.
2.7. lt is becomingclear, however,that in generala more detailedmechanistic
description is required. Further, as the discussion in this Section will
illustrate,it now seems likely that the multiplicityof steps may vary widely
dependingon the type of neoplasm.

In the material to follow, examples are given of the roles of certain
oncogenesin neoplasiaand,where they are known,some of the steps are described
that appear to be involved. In regardto the numberof steps, two extremeswill
be discussed. Relatively few steps have been identified in human leukemia
whereas many changes are associated with colon or lung carcinoma, lt is
importantto note that the incidenceof different cancers is not necessarily
related to the number of steps presumably because of differences in the
etiologies of the neoplasmsand in the probabilitiesof the s_)quentialchanges.
That is, the probabilityof the occurrenceof a given step may be conditioned,
or made more likely,by the occurrenceof one or more earlier steps. Still, the
number of steps may influencethe time to the appearanceof a particulartumor.
Leukemias,which appearto involverelativelyfew steps, often developearlier
in life--or soonerafter exposureto radiationor other oncogenicagents--than,
say, colon cancerswhich appear later in life and have longer latency periods
after exposure to radiation.

3.4.1 Burkitt's Lymphomaand c-myc

In Subsection2.3.2.2,the three specificchromosomaltranslocations,one
or another of which is present in 100 percent of Burkitt's lymphomas, were
described. Also described was the close proximity in which the autosomal
oncogene c-myc was found relative to the active promoter of the immunoglobulin
genes as a result of these chromosomaltranslocations. In these tumors, the
translocatedc-myc alleleis activelytranscribedwhereasthe allelethatwas not
translocatedremainscontrolled and is not transcribed(Haydayet al., 1984).
Burkitt'slymphomais an examplewhere an increasein the quantityof the product
of an oncogene, c-myc, is associated with the neoplasm which suggests a
cause/effectrelationship.

There is some evidencethat another"event.,"in additionto a chromosomal
translocation, may be involved in the development of Burkitt's lymphoma.
Apparently,either the translocationof c-myc or the infectionwith the Epstein-
Barr virus (EBV) can cause immortalizationof B-type, white-blood cells but
neither change by itself can result in the full developmentof the lymphoma.
Cells immortalizedwith EBV, however,can undergofull malignanttransformation
upon transfectionwith c-myc (seeKlein, 1987). Further,activationof c-myc by
itself in transgenicmice does not inducemalignancy (Leder et al., 1988). To
producea neoplasm,c-myc activationappearsto be necessarybut not sufficient.
The foregoingsuggeststhe scheme shown in Fig. 3.4 as the growth-statediagram
for the development of Burkitt's lymphoma. (See Section 3.5.2 for further
discussionof the term growth-statediagram.) Althoughthe evidence is lacking
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that Burkitt'slymphomais radiogenic,the facilitywithwhich ionizingradiation
can produce chromosomal rearrangements,as in this neoplasm, suggests that
radiation could be effective in inducing neoplasms with similar chromosomal
translocations.

The importance of gross chromosomalchanges has become recognized and
appreciatedonly in the past 10-15 years. In this period,new techniques for
characterizing human chromosomes were developed that permitted whole, or
sections, of chromosomesto be identified(see Figs. 2.2 and 2.3) and therefore
losses or rearrangementsof chromosomesin tumors to be detected. Thus, Yunis
et al., (1981)and LeBeau and Rowley (1986)were able to identifydeletionsin
human leukemic cells, and Yunis et al. (1981) showed that the 50 percent of
leukemiasinwhich therewereno "cytogeneticallydetectable"chromosomalchanges
microscopicallyidentifiableby the oldermethods actuallyhad abnormalitiesin
24 of 24 cases when new high-resolutionbanding techniqueswere applied.

3.4.2 ChronicM.yeloidLeukemia and c-abl

A chromosomalchange in human,chronicmyeloidleukemiaappearsto involve
a translocationbetweenchromosomes9 and 22 describedas t(g;22)(q34;q11);that
is, the terminalportionof chromosome9 startingat position34 of its long arm
(the "q" arm) is exchangedwith the terminalportion of chromosome22 starting
at Qositionq11. This exchangegeneratesthe so-called Philadelphiachromosome
(Ph'), which occurs in some 85-I00 percentof these tumors (LeBeauand Rowley,
1986). The break-pointon chromosome9 is very near the c-abl oncogene;in the
translocation,this gene is moved to a criticalpoint on chromosome22 known as
the "break-pointclusterregion,"bcr. The trans]ocatedc-abl oncogeneproduces
a larger-than-normalmRNA transcriptcontainingboth abl and bcr sequences,which
is translatedinto an abnormal protein,a tyrosine kinase,having an increased
and abnormal ability to phosphorylatetyrosine residues (Shtivelmanet al.,
1985). Thus, in contrastto Burkitt'slymphoma,where a quantitativealteration
of an oncogene (c-myc)product is involved,in chronic myeloid leukemia it is
likely that a qualitativealterationin an oncogene productoccurs.

More than one step appears to be requiredin the transition of chronic
myeloidleukemiafrom the chronicphase to what is known as the "blast crisis,"
or the terminalacute phase. Here, as many as 80 percentof _he neoplasmsshow
chromosomalchanges, in additionto the productionof the Ph" chromosome,that
often precedethe appearanceof the clinical symptomsassociatedwith the blast
phase. Frequent chromosomalchanges that are associatedwith this transition
includethe presence of an additionalchromosome8 or 19, a second PhI or an
isochromosomeconsisting of two long arms of chromosome 17 joined at their
centromere,designated i(17q). Combinationsof these changesalso occur.

Chronicmyeloidleukemia,which is radiogenic,may be characterizedby the
growth.-statediagram in Fig. 3.5. A propertyof ionizingradiationthat would
be particularlyrelevantwould be the facilitywith which it breaks chromosomes.

3.4.3 Solid Tumors

Althoughlesswell definedfor solidtumors thanfor leukemias,the details
of growth-statediagrams are emerging for some solid tumors, lt is becoming
apparentthat the developmentof a tumor involvesa numberof specificmutations
includingdeletions of parts of, or entire, chromosomes. In some instances,
there is loss of heterozygosityfrom which it may be inferredthat recessive-,
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suppressor-geneaction plays a role in the initiationof unregulatedgrowth
and/or the further steps of promotion/progressionthat lead to neoplasia (see
Ponder,1988; Glaser et al., 1989; Sager, 1989).

The two-hitmodel of Knudson (1978),based on recessive-,suppressor-gene
action,has been demonstratedmost clearlyfor retinoblastoma,a rare cancerof
the eye. For this neoplasmto develop,two allelicmutationsare requiredthat
inactivateboth autosomalcopies of a single gene, the RB] gene. In familial
retinoblastoma,one of the two mutationsis inheritedthroughthe germ line. At
a cellular level, each allele acts dominantly because one nonmutated gene is
sufficient to maintain normalcy (see Fig. 2.5). Cytogenetically visible
chromosomaldeletionshave been identifiedin many retinoblastomason the long
arm of chromosome 13. Throughthe applicationof the techniquesof molecular
biology,the RBI gene has been cloned,and the proteincorrespondingto the gene
has been identifiedalthoughits function remainsto be worked out.

In other solid tumors, evidence of more complex mutations has been
accumulatingas illustratedby the examplesto follow.

3.4.3.1 ColorectalCarcinoma

At the present,one of the most completelyspecifiedand complexgrowth-
state diagrams of a solid tumor is that of colorectalcancer (Fearon,et al.,
1990; Feinberget al., 1989; Vogelsteinet al., 1989). A growth-statediagram,
after Vogelsteinet al. (1989),is shown in Fig. 3.6.

Frequently, these tumors appear to start with increased proliferation
(hyperplasia)that precedes the appearanceof abnormal, noncancerousgrowths
(adenomas)some of which may go on to become carcinomas. Also sketched in Fig.
3.6 is the involvementof a familial conditionthat can lead directly to the
adenomatousgrowth state. Families in which the conditionfamilial polyposis
coli is expressedcan have offspringthat, at an early age, develop hundredsto
thousands of benign colonic polyps, which are virtually always precursorsof
colon carcinomas, lt has been found that many of these polyps have associated
with them a deletion in the long arm of chromosome 5 (White, 1989). Other
evidence indicatesthat the DNA of adenomas--identifiedin Fig. 3.6 as starting
with adenomaI--isdeficientin its contentof methylgroups. Becausegenes that
are methylated tend to be inactive,the conditionof hypomethylationsuggests
more active transcriptionof such genes in adenomasthan in the normal cells of
the colon.

Further genetic changes that have been demonstratedin colon carcinoma
includemutationsin the Ki-rasgene and alleliclosses in chromosomes17 and ]8.
Operationally,these changesmay mean that two additionalstagesof adenomatous
growth occur before a carcinomais expressed(Vogelsteinet al., 1989). Losses
of alleles in chromosomes17 and 18 also have been associatedwith the advanced
malignancyof these tumors. All told, the evidencesuggeststhat at least five
mutations are required to give rise to a carcinoma although it is not known
whether they have to appear in the particular sequence,deletionmutation on
chromosome5 _ DNA hypomethylation_ ras mutation _ deletion on chromosome18
deletion on chromosome 17.
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3.4.3.2 MammaryCarcinoma

A complex set of genetic changes have also been associatedwith human
breast cancer. These are illustratedschematicallyin Fig. 3.7. Because the
sequence of events is not well understood,the constructionof a growth-state
diagram has not been attempted. In broad terms, a numberof oncogeneshave been
found to be amplified,suggestiveof dominantly-actinggeneticchanges, and loss
of heterozygosityhas been detected on chromosomes lq, 3p, 11p, 13q, and 17p
(Callahanand Campbell,1989). In addition,it is noteworthythat a number of
the changes indicatedin Fig. 3.7, such as the loss of the RBI gene locatedon
chromosome13, are also associatedwith other neoplasmsas weil.

3.4.3.3 Lung Carcinoma

As is evident in Fig. 3.8, the situationfor lung carcinomais similarto
mammary carcinomain its complexity. In lung carcinoma,as well as in mammary
carcinoma, II-2 is altered and an allelic loss(es) has been identified on
chromosome 3p (Wang-Peng, 1989). Just which and how many of the changes
indicatedin Fig. 3.8 are requiredfor the neoplasticphenotypeto be expressed,
and which and how many reflect various degrees of promotion/progressionto
differentstatesof malignancy,is not known (Birrerand Minna, 1989; Weston et
al., 1989; Takahashiet al., 1989).

3.4.3.4 Other Solid Tumors

Besides the examples of colorectal, mammary, and lung carcinomas, the
multiple-hit,suppressor-genemodel uf oncogenesis is strongly implicated in
Wilms' tumor,rhabdosarcoma,insulinoma,acousticneuroma,renalcell carcinoma,
neurofibrosarcoma,hepatocellularcancer, and bladder cancer. Large-scale
chromosomal rearrangements,of the kinds that can be produced by ionizing
radiation,have been identifiedin the karyotypesof these neoplasms. The large
number of mutationsimpliedby the changesin these tumors suggeststhat some of
them may be a consequenceof, and dependentupon, others. Which are which is not
known.

3.4.4 Gaps in Knowledgeof Tumorigenesis

The progressin understandingtumorigenesisat the molecularlevel that is
s_mmarizedby Figs. 3.6-3.8 is impressive. Still, in large part, these diagrams
constitutemolecular/genetictaxonomy, lt is quite likely that these diagrams
includethe alteredgenetic statesthat are responsiblefor unregulatedgrowth.
Still, what the growth-statediagramsdo not make clear is how and why these
changes occur. To significantdegrees, therefore, the information in these
figuresconstitutesdescriptionsand not explanations.

With the essentialassumptionthat a full understandingof the mechanism
of neoplasiarequiresthat cause and effect should be understood,the following
are identifiedas gaps in our current knowledge.

I. What are the products of oncogenes and antioncogenesand how do they
function in normal cells? How is the expression of these products
normally regulated, and how is this regulation altered by mutation or
other events, such as, changes in the availabilityof growth factors,
etc.? How do the kinds of mutationsgeneratedby radiationcause loss of
growth control?
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2. In normal cells, control of gene expression remains intact as long as
mutations are not expressed. What are the roles oi:repair/misrepair
mechanisms,especiallythose involved in damage from ionizingradiation,
illmaintainingnormal or abnormalgene expression?

3. What are the roles of different kinds of mutagenic events--point
mutations,recombinations,gene conversions,aneuploidy,amplifications,
translocations,deletions,and so on--ineffectingthe transitionsbetween
growth-states? Withwhat relativefrequenciesare these changesproduced
by radiationof different qualities, deliveredat hiclhand at low dose
rate.,?

4. Is ionizing radiation effectivemainly in initiationof the neoplastic
processor does it also contributeto promotionand/orprogression?

5. What is the connectionbetweenthe histologyof a tissue and the genetic
changesthat lead to the transformedstate? Which changes are necessary
and which are sufficientto induce a given growth state (see Subsection
3.5.3.4)? Which changes cause and which are the result of the altered
growth states? Is the accumulationrather than the order of the changes
important? Are the changesquantal--thatis, are growth controls turned
on or off--or altered in some graded way?

6. With referenceto colorectalcancer (Fi9. 3.6), is the order of the growth
states unique? What growth states apply to other neoplasms like mammary
and lung carcinomas (Figs. 3.7 and 3.8), and what are their genetic
characterizations?

7. Is hyperplasiaa concomitantof abnormal tissue histology? Are genetic
changes requiredfor hyperplasia?

8. In growth-statetransitions,what is the role of i_nortalization,_here
does it apply, and is it connectedwith aneuploidy? What genes regulate
immortalizationand how do they function (Sugawaraet a/.,Iggo). What
influencedoes aneuploidyhave on the evolutionof a tumor? Is aneuploidy
a cause or effect?

g. What is the relativeimportanceof dominantvs. recessiveoncogene action?

10. Can neoplasmsresult from the activationof singleoncogenes, i.e., from
the dominant action of a singlr gene? If so, do only certain oncogenes
have this ability? Is the activationof two or more oncogenes required;
are there gener_lizationswith respectto which and h_wmany? Is "dosage"
of oncogenic activationimportant;that is, the degree of activationand
the number of oncogenesso activated? Does dosage ,pfactivationhave a
bearingon the latencyperiod?

11. Can neoplasms,in additionto retinoblastoma,resultFrom the inactivation
or loss of autosoma]alleles i.e.,only from recessive§ene action? Can
the loss of more than one set of allelesgive rise to the same neoplasm
(e.g.,Wilms' tumor; Sager, 1989)?

12. Can cl_an_esin specificoncogenesbe associatedwith the operationalsteps
of initiation,promotion,and progression?
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3.5 RADIATIONTI_ORIGENESIS, FEASIBILITY OF REDUCINGUNCERTAINTIES

lt is generallyacknowleagedthat it is not possibleto arrive at accurate
dose dependenciesfor radiation-inducedhuman neoplasia from epidemiological
studies alone, particularlywhen all of the relevant parameters are to be
accountedfor, and especiallyat low doses and low dose rates. In addition to
the expectationthat frequencieswould be low for doses to which the population
at large is exposed--forexample,0-10 cSv--itis not feasibleto determinefrom
epidemiologicaldata how frequenciesof the inductionof cancerdepend upon: the
type of tumor and tissue of origin; the quality of the radiation;the rate of
exposure; and the influenceof possibleconfoundingvariablessuch as smoking,
exposure to asbestos,ultravioletlight, and various chemicalsincludingthose
that are known to be promoters/antipromotersof carcinogenesis (see BEIR V
Report, 1990). Additional epidemiologicalcomplications could reflect the
geneticvariabilityamong individualsrelativeto cellular repaircapabilities,
immunologicalcompetencies,and the functionalactivityof anti-oncogenes. In
view of these imponderables,it is unlikelythat the current state of knowledge
will lead to significant reductions in the uncertainties of the risks of
radiation-inducedcancer from what are indicatedin the BEIR V Report (1990).

The question that should be addressed,therefore, is: Is it feasibleto
reduce the uncertainties of radiation-inducedneoplasms from an expanded
knowledgeof the underlyingmechanism(s)of the inductionof unregulatedcellular
proliferationin vivo? The answerto be developedin this sectionis a qualified
"yes." The dramatic developments that are occurring in the oncogenic
descriptionsof neoplasticgrowth statesoffer promisethat in the next several
years the cellular/molecularbiologyof human cancer will become understood in
generalterms,and that of certainneoplasmsin specificterms (seeSection3.4).
Consequently,it is likely that the oncogenicbasis of a number of spontaneous
human cancerswill soon be known.

In additionto the requirementthat the foregoingshouldbecome a reality,
to make the radiationproblemtractableit is also necessarythat the following
major objectivesshould be accomplished:

1) the radiation-inducedgenetic changes have to be identified that are
responsiblefor the neoplastictransformationof cells in vitro and in
animal tissues using methodsthat are currently availableor new methods
as may be required;

2) a rational framework is needed to relate radiation-inducedtransitions
betweengrowth states in experimentalsystems to the transitionsbetween
growth states of human neoplasms;and

3) strategiesare needed to enable animaldata on radiationtumor induction
to be extrapolatedto people in a reliab|eway.

3.5.1 Radiation-lnducedvs. SpontaneousNeoplasia

As noted in referenceto Fig. 2.1, inheritedgenetic anomalies--likethose
associated with repair deficiencies,e.g., xeroderma pigmentosum and ataxia
telangiectasia--canplay an importantrole in susceptibilityto cancer. In
addition, in familial cancer a recessivemutation may be inheritedthrough the
germ line that can predispose to cancer susceptibility(see Section 3.4).
Factors. such as invnune cnmnptpncp, arp knr_wn tn hp irnnnrf_nfin r:nrnm

• , ............... ,...r _ . ,,,.,,. _ ,,i _,_t,_,._.. i
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susceptlbillty. The role of somaticmutations in unregulatedgrowth also has
been well establ t shed.

A somatic mutation can result from genetic changes ranging from a stngle
base change in DNAto a gross chromosomal rearrangement. If the genetic change
does not kill the cell, the mutation may be expressed as an alteration in a
growth property of the cell and thus contribute to its unregulated growth, lt
is also known that the mutation itself may not directly affect cellular growth
potential. For example, if the mutation leads to a change in the ftdeltty with
which DNAis replicated, or in the effectiveness of DNArepair mechanisms, or in
the normal processes of differentiation, the progeny of the mutated cell may have
a selective growth advantage and, hence, initiate neoplastic growth (see Fig.
2.7). However, in each of the foregoing examples, the mutation would not
necessarily have been in the gene that was ultimately connected with the
subsequent deregulation of growth.

Although the basis for the appearance of spontaneous cancers is not fully
understood, it is likely that a large fraction of them is caused by
mutagenic/carcinogenic environmental and dietary agents. Radiation constitutes
only one of many potenttaily causative agents; various estimates attribute 3-5
percent of the spontaneous incidence to ionizing radiation in the environment.
Intragenic as well as large extragentc genetic changescan be caused by chemicals
as well as by radiation. However, as noted in Subsection 3.3.2, it is ltkely
that radiation differs qualitatively from other inducers in that Inherently it
is more capable of producing large genetic changes. The average energy deposited
per absorption event by a low-LET radiation, -60 eV, is large enough to break any
molecular bond and, in addition, clusters of ionizations can be produced whose
dimensions are large enough to rupture a number of bonds in close proximity due
to direct action, or to direct plus indirect action due lo the diffusion of
reactive species, like OH" radicals, to the site. Other agents also produce
extragenic changes but, in general, the number produced per lesion in DNA is
appreciably greater for ionizing radiation.

Thus, in contrast to chemical mutagens and most other genotoxic agents, at
equal degrees of killing, radiation can be expected to produce disproportionately
more chromosomal rearrangements. Manyof these mayresult in configurations that
are not consistent with viability. Nonetheless, because of the large number of
cells at risk and the large proportion of genetic events per unit dose, it is
possible that radiation-induced neoplasia is initiated by somatic mutations the
spectrum of which is qualitatively different from those due to other agents. The
efficiency with which genomic lesions are registered by radiation Bay be
illustrated as follows. In a single diploidtdammalian cell, which would contain
-1 x 10"11 gm of DNA, each cGy of a low-LET radiation would produce -10 single-
strand lesions and 1-3 double.-strand scissions in the DNA. In addition, 1-2
crosslinks between DNAand proteins are produced per cGy (Ramakrishnan et al.,
1987).

Two related arguments su_!gestthat it is logical to base a study of
radiation-inducedcancer on the genetic changes found in spontaneous human
neoplasms. Whatever may be the causative steps for the induction of human
cancers,small,protracteddoses of a low-LETradiationcan be expectedto yield
small increases in cancer frequeL_.ieswith the likelihood that the molecular
changesresponsiblefor these increaseswill be qualitativelysimilarto those
which give rise to spontaneous neoplasms. Thls is the first argument for
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modelling a radiation study on the kinds of genetic/molecularchanges that
characterizespontaneoushuman neoplasms.

The second argumentis connectedwiththe nature of the somaticmutations
that are likely to be produced by low doses of a low-LET radiation delivered
during a protracted exposure. In general, the growth-statediagrams in Figs.
3.4-3.8 indicate that both intragenic and extragenic changes are involved.
Extragenic, multilocus mutations require chromosomal rearrangements and/or
deletionswhich, in turn, usuallyresult from two ormore scissionsof the two-
stranded DNA backbone of a chromosome. (Note, although the DNA in a single
chromosome in the nucleusof an animal cell is compactedto a length of one to
a few micrometers,genetic and structuralevidence indicatethat a chr?mosome
contains a single, linear molecule of DNA whose length can be I-5 x I0" times
longer.) Chromosomal multiple-hit events, precursors of chromosomal
rearrangements,may result from the traversal of a single ionizing particle;
however,with increasingdose, they occur with increasinglygreater probability
from two or more traversals. Hence, at a high dose rate, it is likely that a
proportionof large geneticmutationswill be inducedwith the square and higher
powers of the dose. Cell lethalityis also likely to increase with the same
qualitativedependenceon dose becausemany of the residualchromosomalchanges

, are not compatiblewith viability. In the region of low dose, and particularly
when exposuresare protracted,lethalitywill be minimal because the number of
traversalswill be fewer,and becausethe damagedue to individualtraversalsmay
be repaired before damage from additionaltraversalsis registered. For these
reasons,with decreasing dose and with increasingduration of exposure, it is
likely that the ratio of radiation-inducedlarge extragenic to intragenic
mutationswould decreas_ such that a spectrumof mutationscloser to those found
in spontaneousneoplasmswould result.

Although the first argument--anextrapolationf_r_Q/Bbackgroundto smallbut
higher doses--is similar to the second--an extrapolationto background from
higher doses--the former differs from the latter in that it does not invoke a
qualitativeshift in the spectrumof mutations. That such a shift shouldoccur
is a reasonable,but an unproven,suppositionand, therefore,constitutesa gap
in our knowledge.

3.5.2 Growth States in Human Disease

Progress in the understandingof the normal roles of proto-oncogeneshas
facilitated the identification of the molecular changes associated with
unregulatedgrowth and/orabnormaldifferentiation. Examplesof severalof the
most fullycharacterizedhumanneoplasmswere discussedin Section3.4. Specific
changes in oncogenes have been associated reasonably well with each of the
neoplasmsthat were described. Cause and effect is impliedin the growth-state
diagrams that were discussedbut has not been clearlyestablished. Additional
gaps in the roles of the geneticchangesthat have been discoveredwere noted in
Subsection3.4.4. A common featureof the geneticdescriptionsof the neoplasms
discussed in Section 3_4--as in Fig. 3.6--is the sequential, and usually
progressive,nature of the disease.

Thus, the transitionsfrom a normal progenitor cell to cells that are
hyperplastic (amplified in number) and/or abnormally differentiated, have
associatedwith them heritablephenotypesthat are characteristicof the growth
states in question. For any particularneoplasm, it has not been established
that unique pathways exist for the progressivetransition through its growth
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states. Furthermore,it is not as yet clear if, and to what degree, overlap
exists among the genetic changes that characterizea given growth state of a
particulardisease.

In spite of the foregoinguncertainties,it is reasonableto assume that
thegeneticcharacterizationof a histologicallyidentifiablecellularstate--for
example, as in colorectal carcinoma, Fig. 3.6--is the result of one or more
discrete, presumablysequentialmutations. Thus, the researchthat has led to
the genetic/moleculartaxonomies of particular human cancers suggests that a
growth-state diagram may be a valid way of specifying the pathway for the
developmentof the disease. Althoughuniquenessof these pathwaysis not clear,
provisionally,uniquenesscan be assumed. Also, a knowledgeof a pathway is not
the sameas knowinghow the transitionsfrom state-to-state--thatis, the genetic
changes--areproduced.

3.5.3 Radiation-lnducedOncogenic_q_hanges

The growth-state diagrams in Figs. 3.6-3.8 illustrate the kinds of
oncogenic changes in the genomes of human cells and their progeny that are
associatedwith developingneoplasms. Broadlystated,these consistof activated
or inactivatedcancer genes; that is, oncogenes that are activated and act
dominantly,and anti-oncogene/suppressorgenes that are inactivated. There is
evidencethat anti-oncogenesmay exist that act dominantlyby exerting negative
control on the expression of an allelic oncogene thus maintaining the normal
state of growth. To develop informationon the efficacywith which radiationcan
give rise to these changes,at the outsetit is necessaryto know the dependence
of their inductionon physical and biologicalparameters. Among the physical
parameters are the radiobiologicaldependencies on dose, dose rate, dose
protraction(i.e.,brief exposuresspreadover time periodsof the order of, and
longer than, cell-cycle times), and LET. Among the biologicalparameters are
cell type (e.g., fibroblastic, hemopoietic, epithelial cells), state of
proliferationand/or differentiation,repair capability,tissue of origin (for
studies in vitro),and tissue organization(for studies in vivo). In addition,
as noted in Subsection3.4.4 and discussedbelow, to develop estimates of how
radiationinducesthe differentsteps in tumorigenesis,answersto questionsare
needed that are inherently biological and not specificallyconnected with
radiationeffects.

3.5.3.1 OncogeneActivation

Whateverthe inducingprocess,an oncogenemay be causedto act dominantly
in a numberof differentways (seeTask 2 and Subsections3.4.1 & 2). Mutations
resulting from point changes in the structural oncogene itself, or in its
regulatory elements, can give rise to a qualitativelyaltered product, or to
alterations in the amount of an otherwise normal oncogene product. Altered
regulation could result from a chromosomal rearrangement as illustrated by
Burkitt's lymphoma. Activationsthat result in altered proliferationand/or
differentiationcan be the basis for the clonal expansionof a progenitorcell.

In instanceswhere an oncogene is activated indirectly--thatis, as a
result of changes induced in other genetic elements such as trans-acting
regulatory elements--thefrequenciesof inductionmay not bear a predictable
relationshipto the size of the oncogeneand/or its cis-actingcontrolelements
as radiationtargets. In such instances,the probabilityof inductionof the
change would be expected to be different from that involving independent
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radiation action in the oncogene because the change would be conditionalupon
other geneticor epigeneticevents. The lattersituationis illustratedby the
chromosomalrearrangementsin Burkitt'slymphoma,which are believedto lead to
the enhanced expressionof the c-myc oncogene.

A furtherfeatureof "conditional"activationis that the cell inwhich the
precipitatingevent is expressedmay give rise to an activatedcell only after
some amount of time and/or cell division. The reason is that metabolic and
replicationalprocessesmay have to ensue beforethe oncogenicactivationcan be
effected. For example, activation of an oncogene could result from a point
mutationthat was a consequenceof a greaterprobabilityof miscodingduring the
replicativesynthesisof that gene. In such an instance,time, metabolism,and
replicationmay be requiredbefore the mutatedoncogene is produced.

Inadditionto activationsconnectedwithoncogenesis,a secondrequirement
of such mutations is that cell viabilityshould be maintain(deven if a growth
advantage is not induced. When the nature of the mutation involveslocalized
changes--such as, point mutations, intragenic deletions or insertions--on
monosomicchromosomes,it is likelythatviabilitywill be maintainedbecausethe
flankingregionswill remain functional. The conditionsfor the maintenanceof
viabilityare less stringentfor similarmutationaleventson autosomesalthough
it has been reported that the loss of essential genetic informationon one
chromosomeof a homologouspair can result ina growthdisadvantage(seeDeMarini
et al., 1989).

3.5.3.2 Oncogene Inactivation

The inactivationof oncogenesis associatedprimarilywith the recessive,
anti-oncogene/suppressor-genemechanismof tumorigenesis. In familialcancer,
at least one somaticmutationinthe homologousallele is inheritedby the fetus.
Because only an inactivatingchange is required in the homologousgene of the
offspring,a numberof differentgeneticalterationshave the potentialof being
effective. These include:intragenicpointmutations,deletions,and insertions;
changes in DNA sequences that reduce the effectivenessof control elements;
deletions of part of the chromosome in which the suppressorgene is located;
chromosomalrearrangements,for exampledue to recombinationor translocation,
that result in an inactive gene; loss of the entire gene because of
nondisjunctioninvolvingthe chromosomein which the gene is located; and gene
conversion,the inactivationof the normal allele by an intragenicinterchange
with the inherited,mutatedallele (Liskayet al., 1984; Wang et al., 1988). In
each of the foregoing,the attendantloss of heterozygositywould have to result
in a growth advantage for the cell in which both anti-oncogenes had been
inactivated or rendered nonfunctional. Although the probability of gene
conversionbetween homologouschromosomesis likely to be low, in principle it
also can be a mechanismwhereby an intragenicmutation could become homozygous
in a somatic cell. Consequently,gene conversioncould lead to the loss of
heterozygosityin familialand nonfamilialcancer providingthat the conversion
of the nonmutatedallele confers a growth advantageon the cell.

Thus, inactivationof an anti-oncogenecould result from a number of
differentkinds of mutagenicevents. From this fact alone, it would appear to
be more likely that neoplastictransformationcaused by radiationwould result
from autosomalallelicloss or inactivationas opposed to the activationof an
oncogene. The largertargetsrepresentedby chromosomal,as opposedto genetic
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elements, also would suggest that with radiation anti-oncogene inactivation would
be favored over oncogene activation.

In the foregoing connection, certain caveats should be noted in reference
to the quality and duration of the radiation exposures. Radiation of high-LET
is even more likely than radiation of low-LET to produce chromosomal changes
rather than point mutations at the samelevels of survival (Thacker, 1985), and
ordinarily repair processes are less effective in modifying high-LET- vs_ low-
LET-induced endpoints. In addition, reducing the dose rate of a low-LET
radiation may result in a shift in the spectrum of mutations toward more discrete
genetic changes as exposures are extended tn time. If such a shift occurs, the
genetic changes would be expected to be mere like those produced by chemical
carcinogens.

3.5.3.3 Independent vs. Conditional Oncogenic Events

In reference to solid tumors, as opposed to those of the blood-forming
organs, in general a larger number of genetic alterations appear to be involved.
Somefive changes or more are associated with colorectal carcinoma, and perhaps
more than 10 in somelung neoplasms. In the instance of lung cancer, it has been
documentedthat smoking--especially when associated withradon in the atmosphere
(BEIR IV Report, 1988)--plays a significant role in its incidence and that the
degree of risk increases significantly with the length of the smoking experience.
Hence, in such instances the large number of oncogenic changes could bear a
relationship to the duration and intensity of exposure to the inducing, or
promoting, agent. Still, the large numbers of changes thathave been identified
particularly in solid tumors raises the question: Which changes are causes and
which are effects (or are coincidental), and, hence, which are independent and
which are conditional mutagenic events(i.e., dependent upon someother event)?

If the expression of a particular oncogenic change is conditional upon the
occurrence of someother oncogenic event, then the probability of the induction
of the change by radiation could be significantly different from that
corresponding simply to its target size. The net probability would be
significantly smaller than indicated by the target size if, for expression, both
changes have to be effected independently. The net probability could be
significantly larger than the latter value if, in the limit, the conditional
change does not require radiation induction but is a consequential effect of the
independent event. For example, the conditional change might result from an
error in the replicational/divisionprocessesof the irradiatedcell. lt may
take time for this error to occur but, if it finallyconfersa growthadvantage,
the conditionalchange will be expressedbecausethe cell will be selectedfor
(see Fig. 2.7).

Hence, a low radiation-inducedincidenceof a given neoplasmcould reflect
the requirement that several, independentlyregistered radiation events are
required. If five or more independentchangesare involved,as is thoughtto be
the case in colorectalcarcinoma,the probability(or targetsize) of each might
even be relatively large but the net probabilitywould still be small.If all
five changes are requiredfor the carcinomato be expressed,the probabilityof
expression (targetsize) of those changes that are independentwould depend on
the expressionof the changesthat are conditionalor dependent.
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Lastly,target sizes as discussed:aboveare equal to the physicalsizes of
molecules,or nx)lecularstructures,when repair/misrepairprocessesare without
effect.Generally speaking,followinga low-LET exposureat a high dose rate,
repair can be expected to reduce the effective, vs. the physical, size of the
target, whereas little or no repair would be expected following a high-LET
exposure. At low dose rates, repairmay further reduceeffectivetarget sizes
after a low-LETexposurewith no change,or even an increasedeffectivetarget
size (misrepair),after a high-LETexposure (see Subsections3.2.1 & 2).

3.5.3.4 Necessary vs. SufficientRequirements

Althoughin studieswith inbredrodents,it has been possibleto show that
the chemicalmutation of, apparently,a singleoncogene,the ras gene, was able
to induceneoplasia (Barbacid,1986),and althoughsimilarinferenceshave been
made in referenceto radiation-inducedneoplasia(Guerreroet al., 1984a,b),the
plethoraof oncogenicchangesthathavebeen associatedwith humantumorsprompts
the question: Which oncogeniceventsare necessaryand which are sufficientfor
the inductionof neoplasticgrowth? A related question is: If not all of the
oncogenicchanges are necessary,are there changes that are consequentialto a
particular necessary change but are neither necessary nor sufficient by
themselves? As in the precedingsubsection,these questionsare also basic to
the mechanismof neoplasiaand, consequently,they could significantlyinfluence
estimates of frequencies of radiation-inducedcancer derived from first
principles.

3.5.4 Elementsof a Programof Research

Reductionof the uncertaintiesof radiation-inducedneoplasmsrequires a
knowledge of the radiation-inducedprobabilities that cause the oncogenic
changes, lt is evidentfrom Section3.4 that a number of changesare associated
with specifichuman neoplasmsand that these changes are not entirelyunique in
a given case. Which of these changes are necessaryis not clear, however.

If the growth states for a given neoplasm are fully defined, if the
necessary and sufficientcyrequirementsare understood,and if uncertainties
about independentvs. conditional (includingderivative)genetic changes are
resolved,it shouldthen becomepossibleto estimatedose dependenciesto effect
transitionsfrom one growth state to the next. Thus, in principle, the dose
dependence of the overall processcould be computed from the probabilitiesof
effectingeach transition. The latencyperiod,which dependson the particular
neoplasmin question,has to be accountedfor. These periodsmay be as short as
a few years, in the instancesof hemopoieticneoplasms,todecades for some solid
tumors. The numberof oncogeniclesionsin each growth state,and the selective
outgrowth of the transformed phenotype, may determine the length of these
periods,or the latency periodsmay depend upon the rate of accumulationof the
lesions followedby the selectiveoutgrowthof neoplasticphenotypes (see Fig.
2.7).

Withouta prioritizationintended,the elementsof a researchprogram are
listed below. The neoplasmsthat would be of primary interest are those that
have been identifiedas radiogenic,such as: acute and chronicmyeloidleukemia;
acute lymphocytic"leukemia;and carcinomasof the breast,colon/rectum,lung, and
thyroid (see BEIR V Report, 1990).
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]. The gaps identifiedin Subsection3.4.4 need to be eliminated. Much of
this informationwill be forthcomingfrom molecularbiologistswho may not
be especiallyconcernedwith radiation-inducedcancer.

2. Growth-statecharacterizationsare neededfor radiogenichuman neoplasms.
A logical consequenceof a basic research program in radiation-induced
oncogenesis would be that radiobiologistswould also participate in
developingthis information.

3. The mechanismsof how transitionsbetweengrowth states are effected has
to be determined. Scientistsstudyinghuman oncogenesisin general, as
well as those participating in a radiation research program, should
contributeto this objective.

4. The activation and inactivationof cancer genes by radiation should be
determinedas well as how these processesdepend upon dose, dose rate,
dose protraction,and LET. Becausethese changes frequentlymay involve
chromosomal alterations, the mechanism of the production of such
aberrations should be determined. High-LET studies could help to
distinguishprimary from derivativeoncogenicchanges. Fission spectrum
neutrons could serve as a substitute for a high-LET beam, and,
consequently, the data obtained would be useful in reference to the
radiationexposureof industrialand military personnel.

5. Suitablecell and animal systemsshould be developedfor the measurement
of activation/inactivationprobabilitiesin vitro and tumor inductionin
vivo. One of the objectivesin the use of these systemswould be to test
the principles that are needed to predict the inductionof particular
growth states based upon measurements of the probabilities of the
oncogenic changes that characterize a growth state in a particular
neop!asm.

6. Initially using cell systems, possible interactive effects should be
determined between radiation'andother genotoxic physical and chemical
agents that are found in the environment. This need stems from the
possibility that other environmentalagents may significantlypromote
initiationevents c_ueto radiation(e.g.,Hill el)al., 1989).

7. In additionto the basic radiation-inductionmeasurementsnoted in point
4 above, data from animal systemsin referenceto specificneoplasmsmay
be extrapolatableto people. This possibilityis illustratedby the work
of Nomura (Ig82)--whostudiedthe transmissionof cancer susceptibilityto
the offspring of mice irradiated before conception--and the possible
relevanceof his results to the epidemiologicaldata of Gardner et al.,
(1990) on the relation of the induction of leukemia in children to
parental exposure. Hence, the principles with which to validate the
extrapolationof animaldata to people shouldbe developedvia research.

3.5 EXPEF_IHENTALSYSTEHS

The informationthat is required to make feasible an understandingof
mechanisms of radiation-inducedcancer should make extensive use of cellular
systemsand,as appropriate,cell-animaland animal systems. These systemswould
serve three main purposes.
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_, they would facilitate the measurement of the dependence on
radiobiological parameters of the kinds of genetic changes that are
associatedwith human neoplasms (see Section3.4).

ec__L__qg_D__,they would enablecomparisonsto be made betweenthe measureddose
dependenciesof radiationtumorigenesisin animals and the dependencies
predictedon the basis of cellular/molecularmeasurements.

And third, they would serve to develop a rationalmethod of extrapolating
biologicallyfrom rodents, for which the most data are available,to man
at the levels of in vitro and in vivo endpoints.

The overallobjectiveof the researchwith experimentalsystemswould not
be to developquantitativeestimatesof oncogenicrisks for animalsas such, but
ratherto use such data to elucidatethe basic principlesand mechanismsof the
oncogenicprocess. Experimental systems would be used to determine the
relationshipbetween the oncogenic mechanisms in animal and human cells, and
tissues.

3.6.1 Cell SYstems in Culture

As indicatedby the considerableprogressachievedthus far in researchon
somatic mutations, tumor viruses, and oncogenes,many of the issues that were
raised in Sections 3.4 & 3.5 can be explored using animal or human cells in
culture. Several endpoints are available that constitute so-called in vitro
correlatesof unregulatedgrowth in vivo althoughadditionalindicatorsfor this
purpose are needed. In addition,to test for tumorigenicpotential,the cells
in question may be inoculated into suitable hosts, including immunologically
deficientmice, for assayswith human cells.

The usefulnessof cell systems in culturewould be increasedby technical
improvementsalong the followinglines.

I. Additional endpoints of mutation and neoplastic transformation are
required that are amenable to accurate, quantitative measurements at
molecularand cellularlevels. The low frequenciesof phenotypicchange,
particularlywhen low doses are used, is a barrier to accuracy. The
correlationof in vitro endpointswith the transformationsconsequentto
oncogenicchange in vivo shouldbe established. Methods are requiredto
enable working with primary as well as with immortalizedcells, and with
cells that are representativeof the tissues in which radiationis known
to be tumorigenic.

2. Various animal sera are used to fortifythe media for the cultivationof
cells. Because the compositions of sera are not fully defined,
fluctuations are generally encountered in the properties of media.
Chemically defined culture media are required, which simulate the
conditionsof growth in vivo, and which permitreoroducibilityof results.

3. Other physicalas well as chemicalenvironmentalagents shouldbe examined
to determine if they affect, increase or decrease, the yields of
radiation-inducedmolecularand cellularendpoints related to neoplastic
transformation.An exampleof this possibilitycomes from the enhancement
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by a chemicalpromoterof neoplastictransformationinducedat a low dose
rate (Hill et al., 1989).

4. Most of the data on radiation-inducedtransformationare from studies
performedwith rodent cells. To enable a biologicalextrapolationfrom
the data with rodents and other species to man, representativecell
cultures, for example, from dog, monkey, and human tissues, would be
required.

3.6.2 Animal v_, H_manNeop!asia

The use of animal model systems for research on radiation oncogenesis
should be understood in the context of how and where they can be applied. The
thrust of the research should be to bring to bear knowledge made possible by the
new methods of cellular and molecular biology. If the basic processes of
oncogenesis can be shown to be similar between species, then the flexibility of
animal models can be used to advantage in addressing questions of relevance to
human risks.

For example, as described in Section 3.4, it is becoming clear that
multiple genetic events are involved in the development of several of the most
common human neoplasms, lt is not yet clear whether this may be true of
histologically similar animal neoplasms, but there are indications that such may
be the case (Hanahan, 1989; Silver et al., Ig90; see also Subsection 3.6.3).
There are only limited data, for either radiation-induced human or animal
neoplasms, on the nature arid extent of the genomic changes that are associated
with oncogenesis. For animal tumors, efforts to evaluate the sequential genetic
changes and their associated growth states are underway but they lag behind the
progress that has been made with human neoplasms.

The foregoing points to an essential gap in our knowledge, lt is not known
if, and to what degree, radiation-induced neoplasms, in corresponding animal and
human tissues, show the same oncogenic characteristics. To begin with, at the
present it is not possible to identify individual radiation-induced human
neoplasms. In addition, the oncogenic characterizations are incomplete,
particularly for animal tumors. However, it has been demonstrated that oncogenes
from many species are at least similar in both structure and function. Human
oncogenes have been shown to cause the same tumors in mice as the tumors from
which they were derived (Hanahan,1989). If it can be shown that the oncogenic
changes in spontaneous animal neoplasms are similar to those in spontaneous human
neoplasms, the usefulness of animals in comparative studies would be supported.
The arguments for basing a radiation research program of human cancer on the
genetic features of spontaneous tumors (see Subsection 3.5.1) would also apply
to animal tumors.

3.6.3 Animal Models

To facilitate studies of the mechanism of radiation-induced neoplasia in
animals, advantage should be taken of the attributes of several systems. These
include organs and tissues that have been shown to be sensitive to radiation
oncogenesis in several species as well as in people (see 3.5.4). The systems to
be discussed are not the only possible models; however, as noted below, they
appear to hold the greatest potential for yielding quantitative and relevant
data.
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3.6.3.1 Leukemia/Lymphomain Mice

One of the most promisingmodels for the study of oncogenes and growth
factorsin radiationoncogenesiswould be neoplasmsof the hematopoietictissues
of mice. Inmurine radiationleukemogenesis,changesin the regulationof growth
factors,e.g., interleukin-1(II-l),havebeen identifiedthatcould be important
inthe controlof marrow-cellproliferation(Griffenet al., 1987;Silveret al.,
1990). As noted in Subsection 3.3.4.3, these changes are associated with
rearrangementsin (mouse)chromosome2 (Silveret al., 1990; Haran-Ghera,1989)
although other changes, such as promotion by corticosteroids,may also be
involved (Haran-Ghera,1989). In analogywith the genetic characteristicsof
human leukemia,multiple changes also may be involvedin rodent leukemia.

lt is noteworthythat some apparentdifferenceshavebeen identifiedin the
chromosomalchangesbetweenspontaneousand radiation-inducedleukemiasin mice
(Haran-Ghera,1989). Also, acute myeloidleukemiacells, in severalstrainsof
mice, have been found to have normal-appearingdiploidkaryotypesalthough it is
noted that the microscopicanalysisof mouse chromosomesis not as advancedas
that of human chromosomes. Further, B-cell lymphomas in the same group of
irradiated animals that developed myeloid leukemias did not show the
rearrangementsof chromosome2. lt remainsto be determinedwhetheror not the
difficultyin distinguishingchanges in mouse chromosomesby karyotypebanding,
compared to human chromosomes,is the reason for the instancesof apparently
normal-appearingkaryotypesinlymphomas.With human leukemiacells,significant
but subtle karyotypic changes were detected in all instanceswhen techniques
became sufficientlyimproved (Yunis et al., 1981; see Subsection3.4.2). In
referenceto the observationof Haran-Ghera(1989)above, it also remains to be
determinedif differencesin chromosomalrearrangementsin cells from radiation-
inducedvs. spontaneousleukemiaswill persistas the dose is reducedand/orthe
length of the exposure increased.

From the informationthat is available,a model for leukemogenesisin mice
would be as shown in Fig. 3.9. Although differences exist between the
informationin Fig. 3.9 and what is summarized in Figs. 3.4 & 3.5 for human
lymphomaand leukemia,there are similarities.Hence,an understandinginmurine
leukemia of the roles of major chromosomalrearrangements,the regulation of
growth factors,and how they are affectedby radiationshould be applicableto
the human situation.

3.6.3.2 PulmonaryNeoplasia

The lung is an importanttarget organ for oncogenesisin humans due to
radiationand other inducingagents. The model rodentsystemsdevelopedfor the
study of radiationoncogenesisin the lower respiratorytract (trachea,bronchi,
and lungs) has yielded insightsthat suggestthat the model is appropriatefor
furtherstudy.

Mice, rats, and dogs have been used extensivelyfor studiesof pulmonary
radiationoncogenesisin vivo, and more recently,the latter two species have
been employed in in vivo/in vitro cell studies. From the standpointof in vivo
research,geneticsusceptibilityin the mouse pulmonary-adenomasystem has been
shown to be under controlof at least threegenes, includingthe proto-oncogene,
K-ras-2 (Malkinson,]989).
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Fig. 3.9 Growth states, and the associated cellular/chrolaosomal

changes, that have been identified in mouse, acute
myeloid leukemia.
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Recent studieshave utilizedboth rats and dogs to evaluatethe expression
of oncogenes and their products. In lung neoplasms induced by a-particles
emittedfrem inhaled2_gPu,canine lung neoplasms,squamous-cellcarcinomasand
papillary adenocarcinomas,were found to have amplified expressions of the
receptorof epidermalgrowth factor (Gillettey al., 1989) which has also been
reportedfor human lung carcinoma(Cernyetal., 1986;Bergeret al., 1987; Dazzi
et al., 1989). Normalcanine lung tissuedid not expressthe receptorbu_ it was
expressedby a low percentageof hyperplastic,putativelypreneoplastic,foci
(Gillettet al., 1989). In addition,the expressionof the oncogene erbB,which
codes for part of the epidermal growth factor, was increased. However, the
receptor was expressed in both :-particle-inducedand spontaneouscanine lung
neoplasms in contrast to the situation in leukemia in mice where a oncogene
change specificallyinducedby the radiationhas been evident. To be clarified,
is whether or not radiation-inducedlung neoplasmsin rodentshave an enhanced
expressionof the receptoras in dogs (Stegelmeieret al., 1989). Lung tumors
in dogs may have some advantages for study becauseof their expression of the
receptorfor epidermalgrowth factor and their histologicalsimilarityto human
lung tumors.

An in vitro/in vivo model system has been developed for the rat,for
studying neoplasms of the respiratory system that also holds premise for
effectiveuse in radiationstudies. After radiationor chemicaltreatment,there
appearto be multiple steps in the overalloncogenicprocesswith the appearancc
of preneoplasticfollowed by fully neoplastic cells (Terzhagiet al., 1989).
Resistanceto transforminggrowth factor-_has been identifiedas an early step
in the mechanism by which transformed respiratory cells escape terminal
differentiation.Recentwork with trachealcells has comparedthe abilityof X-
rays and neutrons to induce preneoplasticchangesin tracheal cells exposed as
suspensions or as intact tracheas (Terzaghi-Howe,1989). Neutron exposures
effectivelyinducedpreneoplasticchanges in both situations,but X-raysdid so
only for cells in suspension. With X-rays, the lack of a responsewhen intact
tracheas were exposed suggests that cel'l-to-cellcommunicationand/or tissue
interactionsaffected the transformationprocess.

The in vitro/invivo systemreferredto above uses rat trachealepithelial
cells. However,most radiation-inducedneoplasmsoccur either in the bronchior
deeper in the lung. In order to develop a model systemfor the more appropriate
target cells in lung neoplasia, a system based on a larger animal may be
required. A transformationsystem using trachealepithelium from the dog has
been developedrecently (Hubbset al., 1988). Another possibilitywould be to
examine the usefulnessof a xenograft,cell-animalsystem in which cells frum
humanepitheliumof the lower respiratorytract would be treatedand then assayed
by implantioninto cell-depletedtracheaof i_,unologicallysuppressedrodents.

3.6.3.3 Mammary and Thyroid Neoplasia

In vitro/invivo studiesusing cells of the mammaryand thyroidglands of the
mouse and the rat have shown that radiation-inducedneoplasms arise from a
subpopulationof clonogenicepithelialcells (see Subsections1.4.4 and 1.4.5).
These studies suggest that initiation may be a relatively frequent change
compared to the incidenceof neoplasia (Clifton,1986; Clifton et al., 1986).
This type of in vitro/in vivo model system lends itself to examining the
relationshipbetween the neoplasticchanges induced in cells by an oncogenic
agent and the tumors that would be produced. In this connection, it is noted
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that both mammary and thyroid tissues are sensitive to radiation-induced
neoplasia(see Subsection3.5.4).

Information along the foregoing lines should be possible for a wider
varietyof animalcell types and species. A number of questionscould be asked.
Do cells from radiosensitivetissues show higher transformationrates than do
other cells? If not, are the differences in tumor rates due to hor,._onal,
immunologic, or viral influences? Are there essential similarities or
differencesbetween cells from the same tissues but differentspecies? Do the
oncogenicchanges in progenitorcells vary with the age of the host?

3.6.3.4 TransgenicMice

Transgenic mice have potential for research on mechanisms of neoplasia
(Pattengaleet al., 1989; Hanahan,1989; see also Section2.5). A considerable
number of oncogenes have b_en incorporated into transgenic mice which has
fac_litat.edthe studyof the specificoncogenicactivityassociatedwith each in
an in vivo environment.

One pattern that has emerged in such animalshas been the developmentof'
hyperplasticlesions prior to the appears.ce of histologicallyrecognizable
neoplasms (Hanahan, 1989). Oncogenes identified by, or associated with,
increasedproliferationin vitro also elicited hyperplasias in transgenicmice
suggesting that deregulationof growth controls is a _ajor contributionto
uncogenesisby these genes. However, in transgenicmice, with many oncogenesan
increasedproliferativestate alone is not sufficientto induce a full-blown
neoplasm. Multiplesteps havebeen foundto be required,s.o_eof which have been
identified(Hanahan 1989; Pattengaleet al., 1989), as have been described in
human neoplasms (see .Section3.4).

Using DNA recombinationaltechniques,oncogenesmay be fused to tissue-
specific promoters and/or enhancer sequences that direct the oncogenes to
specifictissues. For example,the human c-neu oncogene fused to the promoter
of the mouse mammarytumor virusbecomespotentlyoncogenicin the mammaryglands
of transgenic mice (Pattengaleet al., 1989). The human homolog c-neu, also
calledc-erbB2, is amplifiedand expressedin human breast,cancer (vande Vijver
et al., ]987). These findingssuggestan importantrole for the human c-neu gene
iribreast cancer.

Other studies have shown that a human immunoglobulingene reduces the
incidenceof B-cell lymphomas suggesting that the a( ion of tumor-suppressor
genes could be evaluatedwith transgenicmice (Nusse_zweiget al., 1988). Thus,
trapsgenicmice may facilitatethe study in viw oi"transitionsfrom the normal
to the neoplasticstate, researchthat may be aifficultto accomplishby other
means.

In practical terms, thus far the transgenictechnologyhas i_eenlimited
largelyto mice. Methodsof gene transferusing largeranimals,which are under
developmentin referenceto other areasof work, could facilitatethe application
of this technologyto studiesof oncogenesis.

3.6.4 Extrapo!atiQnt.oPeo_p_l_e

With the exception nf humanc_ll_ in cq!fqre __ndthe use of xenogr:_fts to
assess when they have becomeneoplastically transformed, in general, animal-based
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experimentalsystemssufferfrom the limitationthat the findingsmay correspond
only more or less well to the human situation. Mice are not men. Still, many
similarities connect mammalian species suggesting that the problem of
extrapolation from experimentalsystems to people could be examined by two
parallelapproaches.

Cellular Studie_: Extrapolationfrom cellular data to the various kinds of
tumorsthat occur in people,should,in principle,requirethe use of cell
systems derived from ectodermal, endodermal, and mesodermal tissues.
Compromisescould be made to limit the cell types to those that correspond
to the most frequent human neoplasms, i.e., epithelial cells vis-a-vis
carcinomas. To determineif and how resultsobtainedwith rodent cells in
culture apply to human cells in culture, cell systems would be required
from species that would permit a biological extrapolation to human
material. In determiningwhich species to use, considerationshould be
given to metabolic iates, developmentalcharacteristics,life span (as
well as to the existenceof corollaryinformationon the natural incidence
of cancer), and the amount of data that are availableon experimental
oncogenesis. Considerationssuch as the foregoingsuggestthe dog and the
monkey in addition to rodents, i.e., mice, rats and hamsters.

Animal $tqdie_: The second approachwould be to developparallelinformationon
tumorigenesis in different species. To maintain coherence in the
extrapolation procedure, the same species should be used as in the
cellular work. The sites of interest should be limited to those whose
frequency makes them of relevance in human neoplasia. However, the
ability to manipulate experimentalsystems invites the examination of
oncogenicmechanisms in generaleven when the tumor type in questionmay
not be of principalconcern to human disease.

Thus,conceptuallythe kinds of studiesoutlinedin Subsection3.5.3 should
be applied to those cells and tissues in mammalian species that would support
rational extrapolationsfrom rodents to people. These investigationsshould
include:the measurementof the frequenciesof the radiation-inducedoncogenic
changesrepresentativeof dominantand recessiveoncogeneaction,as well as the
associated mutation and chromosomal effects; the testing of predicted vs.
observedfrequenciesof radiation-inducedneoplasms;and the examinationof the
fundamentalmechanisms of oncogenesis.The method of biologicalextrapolation
could lead to judgments of how experimentalcell and animal data should be
developedto improvetheir usefulnessin predictinghuman disease.

3.7 SUMMARY

This Task has four essential parts. The first is a critical review of the
information that is available, primarily from cell and animal studies, that is
connected with mechanisms of radiation-induced oncogenesis. The second is a
review of what has been discovered of the roles of genes, particularly oncogenes,
in radiation-induced endpoints. The JL.h3.r_is an analysis of what is knownabout
the role of oncogenes in humanneoplasia. _.nd the _ourth is a prospectus of the
scope of a radiation research program to reduce the uncertainties of the risks
of cancer from low doses of radiation_ In addition,gaps in our knowledgeare
identifiedin referenceto the topics that are importantto the understandino_of
radiation-inducedcancer.
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3.7.1 The Status of InformationQVlCellularNeoplastic Transformationand
lumoriqenisisin ExperimentalSystems

Although the kinds of cells that have been availablefor experimentalwork
are limited, significantinsights have emerged c_,_.-_ectingthe radiobiologyof
neoplastic transformationin vitro and tumorigenesisin vivo as follows:

I) The dose dependenceof tumor inductionreflectsa competitionbetweenthe
transformationevents and the lethal eventsin the targetcells of a given
tissue (Fig. 3.1 and 3.2). To be the progenitorof a populationof cells
that constitutea neoplasm,an irradiatedcell must survive. In a number
of instances,the net effect of these two processesis a bell-shapedcurve
of the dependenceof tumor inductionon dose (Fig. 3.2).

2) As for other endpoints,the efficiencyof the neoplastictransformationof
cells, and the inductionof tumors, increaseswith LET. In general, a
high-LET radiationproduces larger frequenciesper unit dose than does a
low-LET radiation. However, because cells are generally killed more
efficientlywith a high- vs. a low-LETradiation,cell killingcan have a
more pronouncedeffect with the former. Thus, the bell-shapedcurve of
tumor inductionwith a high-LET radiation is generally shifted toward
lower doses comparedto that with a low-LETradiation (Fig. 3.2).

3) In addition to the influence of repair relative to cell killing,
repair/misrepaircan significantlyalter the radiation inductiveprocess.
In +he Io_ dose region,where cell killingis minimal, reducing the rate
of exposureto a low-LETradiationgenerallyresults in a reductionin the
initial slope of the cell transformationor the tumor inductioncurve.
With low dose rates of a high-LET radiation, such as fission-spectrum
neutrons,the situationis less general. In some instances,protracting
the exposure has increasedyields of transformedcells or tumors, and in
others it has not or it has reducedthem. A generalizationin respectto
the influenceof dose protractionof high-LETradiations is not possible
at the presenttime.

4) Although the initial yield of neoplastically transformed cells is
significantlyreduced at reduced rates of a low-LET exposure, the net
yield of transformantscan be appreciablyincreasedby the action of a
compound know as a promoter, e.g., a phorbol ester, applied after the
irradiation. Hence, the possibility exists that other agents in the
environment may interact with radiationeffects to alter the yield of
transformed cells and, therefore, tumors due to a given radiation
experience.

The analysisof in vitro/invivo data made evident a number of gaps in our
knowledge and the principaldeficiencieswere discussed.

3.7.2 ]_heInvolvementof Genes and Oncoqenesir)__diationEndpQi_D_IL_

The power of the geneticmethodsthat has emerged from the applicationof
DNA recombinanttechniquesin other areas of researchled quite naturallyto the
applicationof these methods in radiobiology. Some progress has been made, but
the amount of informationavailablethus far is limited. The currentsituation
is evident from the following.
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]) The survival of cultured cells can be Influenced by the ras oncogene, but
the basis for this effect has not been worked out. Similarly, tt appears
that the application of a growth factor, like epidermal growth factor, can
alter the survival response of certain cells.

2) Radiation is an effective mutagen. However, in contrast to chemical
mutagens,the heritablechangesthat are producedby radiationgenerally
are due more to chromosomal breakage-rearangementevents, extragenic
mutations,than to point effects, intragenicmutations.

3) Although specificgenes appear to be inducedbyradiation in transformed
cultured cells, they do not appear to be among the known oncogenes.

4) Progresshas been made on the roles of some oncogenesin tumors inducedin
experimentalanimalsparticularlyin respectto acute myeloid leukemiain
the mouse. The need for the activation,in some instances,of at least
two oncogenes has also been tloted.

In reference to the endpoints discussed above, a number of gaps were
evident and these were discussedas subjects for additionalresearch.

3.7.3 Human Neoplasmsand Their Growth State Characterizations

The fruitful applicationof the methodsof contemporarymolecularbiology
are no more evidentthan in the study of oncogenesin human cancer. Significant
advances have been made in characterizing,in certain types of tumors, the
mechanismof action of those oncogenesthat appear to be activatedas well as in
locatingthem in the chromosomesof somaticcells (seeTables 2.1, 2.3, and Fig.
2.3). The followingpoints were brought out"

]) Chromosomalrearrangementsand/ordeletions,aswell as the activationof
particularoncogenes,are involvedin specificspontaneousneoplasms. The
oncogene/chromosomaldata support the hypothesisthat human tumors are
clonal in origin.

2) A correlationappearsto exist betweenthe numberof oncogenic/chromosomal
alterations in a given type of neoplasm and the latency period for its
appearance;tumors that have few changes appear earlier than those that
have many changes.

3) In some instances, oncogenic/chromosomalcharacterizations have been
sufficientlyworked out to facilitate an association between specific
histological states with specific characterizations,e.g., Burkitt's
lymphoma,chronicmyeloid leukemia,and colorectalcarcinoma.

4) Some human tumors are believedto requirea number of essential changes.
As a consequence,it is not clear what is cause and what is effect and,
therefore,which changes are independentand which dependent.

Although the progress in characterizingspontaneoushuman neoplasms is
significantand its rate accelerating,what has been accomplishedthus far in
most instances is to describe rather than to explain. Thus, the o11cogenic/
chromosomaldescriptionsare a kind of taxonomy. In addition to the need for
similar characterizationsof additional radiogenic human tumors, a number of
,,,,,uo,,,_,,_,_u=_,u,,_ a,_ eviG_,t, rri_l{_ipal among these is if and how
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successive growth states are produced by radiation. This gap and others are
identified.

3.7.4 Prospectus of a Radiation Research Proqram

Numerousfactors, in addition to those that are radiobiological, are known,
or suspected, to play a role in influencing radiation oncogenests. In sum, these
can be expected to underlie uncertatnies in the epidemiology of cancer including
radiation-induced cancer. The recently issued BEIR V Report (lggo), in which
estimates of someradiation risks weresigniftcantly increased, illustrates the
need to modify earlier estimates because of the lack of a coherent set of ideas

of how cancer is induced by various etiological agents including radiation. In
view of the apparent complexity of the problem, one must inquire: Is tt feasible
to reduce the uncertainties of radiation-induced neoplasms based upon an expanded
knowledge of the underlying mechanism(s) of the induction of unregulated cellular
proliferation in vivo?

The answer to the foregoing question, which is developed in Sections 3.5
and 3.6, is a qualified "yes." This optimism is based largely on: I) the
dramatic developments that are occurring in the understanding of the oncogenic
basis of humancancer; 2) the assumption that growth-state charactertzaions will
be completed for all of the radiogenic humancancers of interest; and 3) the
assumption that the molecular biology of the radiation-induced transitions
between growth states will becomeunderstood.

In addition, to accomplish a significantly improved understanding of
radiation oncogenlsis, so that the uncertainties in radiation risks may be
reduced, three principal objectives are identified:

a) A mechanistic framework is needed to relate, in a rational way, radiation-
induced neoplasta to spontaneous cancers;

b) Growth-state characterizations,and the radiobiology of transitions
between them, will have to be worked out for animal tumors just as is
being done for human neoplasms;and

c) Strategies must be validated that will enable extrapolation of
experimentaldata on tumorigenesisto people.

Althoughdifferencesare anticipatedbetweenthe oncogenicchangesin cells
that culminate in human as opposed to animal cancer, it is quite likely that
essential similaritiesexist. Thus, for example, the oncogenicbasis for the
uncontrolledgrowth of animal and human myeloid cells, which are manifest as
leukemia,is expectedto result fromchangesthat are similarin essence. Hence,
understandingthe mechanismof mouse leukemiashouldfacilitatethe understanding
of human leukemia.
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Task 4

•Nethods, Techniques, and Instruments for Nechantsttc Studies"

4.1 INTRODUCTION

To undertake a research program of the mechanisms of radiation-induced
neoplasia,a number of techniqueswould be needed. The experimentalmethods to
be used would have to be comprehensive,in view of the objectivesand scope of
the study, and would include a gamut of measurementsmade with material from
molecules and cells in vitro to tissuesand organs in vivo.

The various researchtechniquesto be discussedwill, in many instances,
employ experimentalsystemsderived from rodentmaterial, lt is importantto
establish,therefore,what similaritiesand/ordifferencesexist betweenrodent
and human systems in order to validate the extrapolationof resultswith the
former to estimatesof risk relevant to the latter.

Wherever possible,the experimentalmethodsand materials to be employed
shouldbe based upon techniquesthat have sufficientsensitivityand resolution
to permit useful measurements,of the various endpoints of interest, in the
region of low doses, i.e., < 10 cSv, deliveredat high and low dose rates. The
measurementswould apply to molecularand cellularendpoints,and, as required,
effects on tissues and organs in animals. However, in instanceswhere the
foregoingis not immediatelyachievable,effortsshouldbe made to determinethe
linear componentof the dose dependenceat higher doses, and whether or not it
may depend on dose rate, or dose protraction(see Elkind, 1977; Elkind et al.,
1985). As experimentalsystemsare used, effortsshould be made to improvethe
methods sufficientlyto permit reliableextensionsof the measurementsinto the
low-dose region. Thus, if'the dose dependence were shown to be linear,
extrapolationfrom higher to zero dose could permit estimatesto be made of the
degree of effect correspondingto low doses.

This Task consistslargelyof a discussionof the techniques,which would
be needed in a molecularly-basedradiationresearch program, plus descriptive
information complete enough to permit their strengths and weaknesses to be
identified. As required,the need for new methods is indicated.

4.2 HUHANPOPULATIONS

As its principal objective, the research program would be directed at
increasing the understandingof how ionizing radiation produces neoplasia in
people so as to reduce the existing uncertaintyin estimatesof risk due to low
doses which may be deliveredover extended periods (see BEIR V Report, 1990).
The epidemiological data that already exist make clear that a number of
quantitativelydifferentdose and dose rate dependencieswill be involved. Such
differencesmight be expected from the knowledgethat the principalunifying
featureof all cancers--unregulated,physiologicallyabnormalgrowthincompatible
with life--canbe arrivedat in a varietyof ways (see Sections 2.3 & 2.5; BEIR
V Report,1990). Not onlyare radiobiologicalparameters--i.e.,dose, dose rate,
radiationquality,and so on--relevantto the inductionprocess,but alsogenetic
parameters that may characterizesubgroupsof people. Among the latter are
various repair deficiencies, i_Bunological abnormalities, familial
susceptibilities,and the like. The importanceof variabilityin the population
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at large is typified by inheritedgenetic anomalies, including human repair-
deficiencydisorders, that are associatedwith high incidencesof spontaneous
neoplasmssuchas ataxiatelangiectasia,xerodermapigmentosum,Fanconi'sanemia,
and others.

4.2.1 The "BoundaryConditions"of NeoDlasia

Although histologicallyand pathologicallya radiation-inducedcancer is
not distinguishablefromone that arises spontaneously,or is inducedby another
etiological agent, epidemiologicalstudies have shown that some neoplasms,
broadlyspeaking,are radiation-inducible,that is radiogenic,and othersappear
not to be. From this fact alone, it followsthat radiobiologicalformulations
of risk vs. dose must be neoplasmspecificto be consistentwith epidemiological
data. In addition,epidemiologicalstudiesmay be instrumentalin identifying
genetic,life-style,and environmentalfactorsthat influencetumorigenicyields
from which importantleads about mechanismsmay be derived. Hence, within the
uncertaintiesthat exist in epidemiologicaldata, a radiationresearchprogram
should be constrained by the "boundary condition" that are represented by
observationsmade in human populations under the particular radiobiological
conditions that may have applied. In addition, radiobiologists and
epidemiologists must share their insights in the interests of maximizing
progress.

4.3 MOLECULARTECHNIQUESFORSTUDIESOF DNA

Virtuallyall the heritableinformationin a cell is in its genomicDNA so
thatchanges(mutations)inthe informationcontentof the genome potentiallycan
have very large biologicaleffects. In addition,the molecules of DNA in the
nucleus are the largest and most important molecular species in a cell
constituting,therefore,the largestand potentiallythe most importantradiation
target in a cell. For these reasons,a number of moleculartechniqueshave been
developedto measure the inductionand repair of differentkinds of lesions in
DNA. Many of these techniques are well established and have been fully
described. Hence, they will be referred to only briefly.

4.3.1 Measurementof $cissionsin DNA

One of the most importantadvancesincharacterizinglargemutations,which
result fw_omdouble-strandbreaks in DNA, comes from the application of the
techniqueof pulsed field gel electrophoresis(PFGE). The strength of this
method for radiobiologylies in its abilityto resolvefragmentsof DNA ranging
from a few Kbp (kilobase pairs)to those that are very large, over 10 Mbp (mega
base pairs; see Lai et al., 1989), so that effects of radiation on molecules
approachingthe size of those found in a cell can be examined. Consequently,it
should be possible to measurediscontinuitiesin DNA produced by low doses.

Although the principleof this techniqueis not fully understood,it is
believedthat when an electricfield is appliedto a gel containingDNA, the DNA
elongatesand migrates in the direction of the field. If, after a period of
time, the first electric field is replaced by a secondone applied at an angle
to the first,the DNA changesitsconformationand becomereorientatedto migrate
in the new direction. The time required for this reorientationis a sensitive
functionof molecularweight. Becauselargermoleculesreorientmore slowlythan
smallerones, the lattermigrate further into the gel than the former.
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The PFGE technique has been employed to isolate large fragmentsof the
genes of mammalian cells in order that their break points may be analyzed
(Gardiner,et al., 1988), and also to provide new ways of st_'ing very large
fragmentsof DNA (Barlowand Lehrach,1987). The method has been used to provide
a measureof the number of double-strandbreaks in DNA that are introducedwhen
cells are X-irradiated--e.g.,in yeast (Contopoulouet al., 1987), or in
mammalian cells (Blocher et al., 1989; Stamato and Denko, 1990; Ager et al.,
Iggo.)--andPFGE also facilitatesstudiesof the repair of such lesions.

DNA need not be extractedfromcells beforePFGE analysis. After the cells
are embedded in the gel, it suffices to lyse the cells--under neutral,
nondenaturing conditions to preserve double strandedness--to permit the
electrophoreticmigrationof the DNA. Hence, PFGE is a method of analyzingthe
size distributionof large pieces of double-strandedDNA that is technically
easier to use, and at least as sensitive,as the more traditionalmethods; that
is, estimatingthe sizeof double-strandedmoleculesby sedimentationin neutral
sucrosegradients, or by their rate of elution through filters followingcell
lysis under neutral, nondenaturingconditions. The PFGE method has the added
advantage of providing direct estimationsof the molecular weights of these
fragments by comparing their migrationwith that of DNA of known size, for
example,the DNA from the chromosomesof variousyeasts. Further,because PFGE
can be appliedto alkaline,denaturinggels, it shouldbe applicableto the study
of other kindsof lesions--forexample,single-strandbreaks--thatare also known
to be produced in DNA by ionizingradiation.

For molecularweights largerthan those of the chromosomesof yeast cells
(-10 Mbp), which are used as standardsof size, the techniqueof PFGE does not
render molecu;ar distributions that are readily interpretable in terms of
molecularweight at leastbecausestandardslargerthanyeast chromosomesare not
as yet available. Hence, although progress has been made (Ulanovskye_ al.,
1990),furtherdevelopmentsare needed in the theory and practiceof the method
if it is to be successfullyappliedto the analysis of the DNA from mammalian
cells following low doses of radiation; doses that are expected to produce
molecular fragmentsapproachingI x 10'vdaltons. Still, the PFGE method has
alreadybeen appliedto the study of breakageand repai_ at doses less than 0.5
Gy.

4.3.2 _hanqes in the DNA Cod_ by Seauencing

Molecular methods have been developed that facilitate the analysis of
changes in DNA caused by variousmutagenicagents that permit the study of how
these changesare produced. One of these methods,DNA sequencing,provides the
exact base sequence of fragmentsof DNA.

Two methods have been developedfor accuratelyestablishingthe order of
the fourbases (adenine,guanine,cytosine,and thymine)along isolatedfragments
of DNA. The first uses chemicalreagentsto modify specificbases, interrupting
the DNA chain at specific sites, and hence allowingthe original base sequence
to be inferred(Maxamand Gilbert,1977). The second,the dideoxy-mediatedchain
terminationmethod,employsan enzyme,DNA polymeraseI,to producecopiesof the
DNA of random lengths such that, when the fragments are separated by
electrophoresison gels, a direct determinationof the order of the nucleotides
can be made (Sangeret al., 1977). Although only 200 or so nucleotidescan be
sequencedin a given gel, by the use of multiplegels the linearorder of several
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thousand of bases is possible. The dideoxymethod is now the one that is most
widely employed.

In principle,sequencingmethodologiescould be used to analyzefragments
of genes produced by the exposure of cells to ionizing radiation, after the
fragmentshave been separatedvia PFGE for example,inorder to determinechanges
in base sequences that may have been produced by the radiation exposure.
However,becausethe size of the fragmentsthat can be analyzedis limited,from
about 100 to a few 1000 base pairs, ordinarilyvery large doses would have to be
involved. Consequently,improvementsin the methods are needed to enable DNA
sequenceanalysisto be useful in the range of doses that is physiologicallyand
radiobiologicallymeaningful. The rate of progress in sequencing the human
genome depends significantlyon the size of the DNA fragments that can be
analyzed. Hence, technicaldevelopmentsfor that projectmay have application
to radiation studies. For special purposes, the sequencing techniques as
currently applied can provide useful information,for example, in analyzing
mutations produced in specific genes due to changes in sequencesat junctions
between exons and introns.

4.3.3 Applicationof the PolymeraseChain Reaction

The polymerasechainreaction(PCR)providesa means of synthesizingenough
DNA for chemical/molecularanalysis,withoutresortingto amplificationof a DNA-
containingvector in a bacterium (seeSection3.3.2.1),even when only a single
copy of the molecule in a single cell may be available.

The PCR techniqueordinarily requiresa knowledge, a priori, of the DNA
sequence on either side of a locus of interest for the method to be applied
successfully. As usuallyapplied,the techniqueemploysthe initialand terminal
sequences,servingas primers,biochemicallyto synthesizethe fulllengthof the
moleculefrom both complementarystrandsof DNA includingthe locus of interest.
A serles of heating and cooling steps then is used to denature the double-
stranded DNA that was synthesized, to allow for the association of a DNA
polymerase I with the denatured single strands,and for the synthesisagain of
the molecule of interest. Repeated cycles of the foregoing result in an
exponential increase in the number of molecules because, at each repeat, the
number is doubled. This techniqueappearsto have considerablepotentialfor the
study of a given segmentof DNA, at the level of its base composition(Mulliset
al., 1986), with a precisionheretoforenot possible to achieve.

Although relativelylarge moleculesof DNA can be analyzed,as with the
methods of DNA sequencing,the PCR techniquecurrently is limitedto molecular
sizesthat would requirelargedoses of radiationto be hit. Advancesare needed
to reduce the practicallimitationson fragmentsize that are now analyzableby
the PCR method if it is to become applicable to the study of changes due to
small-to-moderatedoses. Further,in the usual applicationof the method, only
changeswithin the region betweenthe primerscan be analyzed. Strategieshave
been proposed for PCR amplificationwhen only one priming site remains, a
procedurethat should permit the assessmentof extragenicdeletions.

4.3.4 Detectionand _haracterizationof MolecularAdditionsto DNA

A number of methods have been developedto examine the adducts formed in
DNA, i.e., moleculesthat become covalentlybound to DNA, due to the exposureof
cells to environmental agents, such as ultraviolet light, and to certain
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chemicals (see Bridges et al., 1982; Roza et al., 1988). The value of these
techniqueslies principallyin their sensitivityfor the detectionof damage to
bases due to additions.

Amo_g the techniquesfor analyzingthe formationof adducts in DNA are
fluorescence, high-performance liquid chromatography, and high-affinity
monoclonalantibodiesthat are specificfor variousDNA lesionsirj_ludingdamaged
bases. Anothersensitivemethodof detectingbasedamage is the°_P-postlabeling
assay devisedby Randerathand his colleagues(Randerathet al. 1981). A single
adduct among millions of normal bases can be detected by the 32P-postlabeling
method.

The value of these technologies for radiation studies remains to be
determined. The spectrumof adducts that are inducedby radiationis not known
as yet. In additionto the attachmentof relativelysmall moleculesto DNA, it
is known that radiationproducesDNA-proteincrosslinksthe propertiesof which
are poorly understood. Hence, improvementsin currenttechniques,as well as new
approaches,are needed that will enable both the qualitativeand quantitative
examinationof radiation-inducedadditionsto DNA or damage to specificbases.

i

4.4 CELLS AND CELL SYSTEMS IN VITRO

The developmentsof the past 50 years in the technology of cultivating
mammalian cells have been responsiblefor many of the insights that have been
realized in cancer research as well as in biology as a whole. Still,
improvementsare needed if this technology is to fulfill its full potentlal
usefulness.

In principle, what would be optimal is to have cells in culture whose
propertiesare the same as those of the tissueand host of origin. The tissues
of interest should be those that are of primary concern because they are
susceptibleto radiation-inducedneoplasms,and the hosts should be those that
would form a logicalsequencein extrapolatingradiobiologicaldata fromrodents-
to-people. At the present, this situationdoes not exist, as indicatedbelow.

4.4.1 Requirementsfor'Optimal Cell Cultivation

To assess accuratelythe radiobiologicaland other propertiesof cells in
culture, metabolic and physiological conditions, should be developed which
simulatethose that apply in the host. Simplyto establishconditions in vitro
that may enable cells to live (i.e., to metabolize, respire, maintain
morphological integrity,etc.) and, in addition,may permit cell growth and
division,does not insure that the responsesto radiation,or to other inducers
of neoplastictransformation,will be close enough to what they would be in situ
to yield valid r_sults.

A knowledge of the optimal growth conditions for the cultivation of
mammalian cells from the tissues and species of principal interest is neededu
Specific substrateand growth-factorrequirementshave to be worked out which,
in addition to the compositionof the basal medium,permit stable cultivation.
Because various sera frequentlyconstitute 5-15 percent of culture media, and
becausethe propertiesand compositionof serahave not been fullydeterminedand
may fluctuate from batch-to-batch,it would be desirable to develop media for

177



cellcultivationthatare fullydefinedas well as representativeof the growth
conditionsin the host.

4.4_2 Tyoes of Cells

Although neoplasmsof all developmental types of tissue are knownto occur,
humantumors arise most frequently in epithelium. In general, normal epithelial
cells have been more difficult to culture than fibroblasts. As a result, most
of the mnaltan cell lines that are available for study were derived from
fibroblasts. For quantitative radiobiological studies, the need exists for a
greater diversity of cell types and cultivation systems. Further, cell strains
and lines derived from tissues of primary interest should be developed including
lung, mammarygland, colorectal, and thyroid gland epithelium as well as
parenchymalcells of the blood-forming system.

4.4.3 Svstemsfor the Analysis of SomaticMutations

Despite a large amount of effort, the mechanismsunderlying mutagenesis
from ionizing radiation are less well understood than for ultraviolet light and
manychemicals,particularlyalkylatingcompounds.A principalreasonfor this
disparityis that, in most test systems,the mutagenicaction of ionizing
radiationrelative to its lethal action is low, making the analysisof
mutagenesismore difficult.

Somaticmutationis definedas any changeinthecompositionof the DNAof
a somaticcell that can be inheritedby its progeny(Section3.3.2). For
conveniencein discussion,mutationsare divided accordingto size into
intragenicmutations (i.e.,changeswithin a singlegene), as opposedto
extragenic,multilocus,or chromosomalmutations.The lattergroupconsistof
changesto largeportionsof a chromosomeincludingtranslocations,insertions,
multilocusdeletions,and the lossor gainof an entirechromosome.

4.4.3.1 ShuttleVectors

Many innovativemethodshave been developedthat combine genetic and
recombinantDNA technologiesto quantit_temutationinductionandto shedlight
on the mechanisminvolved. Amongthe most popularof thesetechnologiesare
thosebaseduponthe use of a "shuttlevector." (SeeSection3.3.2.1.)

A shuttlevectoris a DNA sequencecontaininga well-definedbacterialor
viralgeneand thecontrolelementsthatallowthevectorto be replicatedas an
episomalparticle,a plasmid,in a bacteriumor in a mammaliancell (seeCalos,
1986). Physically,plasmidsaresmallcirclesof DNA,or minichromosomes,that
occurnaturallyinbacteriaandinsomeothermicro-organisms.._Ithoughplasmids
canbe replicatedindependentlyof the host-cellgenome,in some instancesthey
becomeincorporatedintothe host'schromosomes.

Someplasmidscan be engineeredso thattheycanbe grownandstudiedboth
in a bacteriumanda mammaliancell. Thatis,theycanbe madeto "shuttle"from
one host to the other. The markergene in the plasmidcan be exposedto a
mutagen,suchas ionizingradiation,eitherextracellularlyas purifiedDNA,or
whilethe plasmidis in the mammaliancell. In the lattercircumstance,the
plasmidthen can be retrieved,amplifiedby insertingit into a suitable
bacterium,or via the polymerasechainreaction,and thensubjectedto analysis
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by the techniqueof restriction-fragment-lengthpolymorphism,or by sequencing
of the DNA (Maxam and Gilbert, 1977; Sangeret al., 1977).

A plasmidthat containsa gene called supF, as a target for mutation,has
been used in severalstudies. Generallythe plasmidwould have been irradiated
extracellularlyand then introducedintoa mammaliancell via DNA transfection.
The plasmidwould not have propagatedcontinuously;rather, it would have been
retrievedafter about 48 hours and used to transformE.coli bacteria (Bredberg,
et al., IgB6).

Althoughthis systemhas beenused successfullyto analyzemutationscaused
by chemicalagents and by ultravioletlight, it works very poorly for ionizing
radiationbecause the target size of the gene is very small (203 bp) so that
mutations in DNA larger than this escape detection. The high backgroundlevel
of mutation in this plasmid also presentsa serious problem.

Othe__ studiesbased on shuttle-vectortechnologyhaveused the ]000 bp lacl
gene of E.coli as a target (Calos,1986). The most usefulof the latter vectors
for studieswith radiationwould seemto bethe plasmidpSVi4 laclwhich, unlike
similarconstructs,is flanked by importantsequencesonly on one side so that
deletionscan extend intothe neighboringgene and not be lethal. This vector
is capableof revealingdeletionsin the range of a few thousandbase pairs and,
with furtherdevelopment,it could be used for mechanisticstudies. The vector

has the disadvantage,x howpver, of a relatively high spontaneous mutationfrequency, about 3.5 10", which is well above that to be expected for a
mammalian gene, so that caution is required in extrapolatingresults obtained
with this vector tomammalian cells.

Other shuttle vector systems have been devised that can be grown in a
variety of mammalian-cellhosts. Among these are the pSV5gpt lacl, which
containsthe originof replicationof polyomavirus, so that it can replicatein
mouse, Syrianhamster,and certainother rodentcell lines. Still other plasmids
have been based on the bovine papillomavirus,to permit the plasmidsto grow in
a variety of mammalian cells, but they have proved to have high levels of
spontaneousmutationsmakingthemunsuitablefor studieswith ionizingradiation.

Vectorsbasedon the human herpesEpstein-Barrvirus (EBV)appearpromising
for studies of the mechanism of the production of larger mutations. These
vectors contain the viral signals that are needed for its replication in
mammaliancells,a gene for hygromycinto enable the selectionof thosemammalian
cells that take up the virus, and portionsof the plasmidpBR322 to facilitate
the selectionof coloniesof the bacteriumE. coli that incorporatethe vector
and permit its replication. These vectorscan be stably carried, at high copy
numbers,,in a wide range of human and other primate cells so long as selection
with hygromycinis maintained. Preliminaryreports indicatethat the rate of
spontaneousmutation in these cells is reasonablylow. New constructsbased on
EBV have the potentialof offering a targetsize perhaps as large as 80% of the
entire plasmid,approximately9 Kb, suggestingthat they may facilitatestudies
of the larger kinds of mutationsthat predominatein cells exposed to ionizing
radiation.

4.4.3.2 EndogenousGenes

Although studies with vectors of various kinds are potentially quite
useful, ultimatelythe understandingthat is required is the mechanismof the
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mutagenesisof endogenousgenes, in particular,in mammaliancells (seeBreimer,
1988; Thacker, 1986). Ionizing radiation can induce single base changes as
illustratedby the spectrumof pointmutationsproduced in micro-organisms(see
Hutchinson,1989; Das et al., 1986). However, in mammalian cells, extragenic
changespredominate(Thackeret al., 1978). Reasonablyhighrelativefrequencies
of radiation-inducedintragenicmutationshave been reportedonly in a minority
of instances,for examplein re'I=erenceto the adeninephosphoribosyltransferase
(aprt) gene (Liber et a/.,Ig86;Grosovsky et al., 1988), or the ras oncogene
(Guererroet al.,, 1984).

Most mutationscausedby ionizingradiationare not intragenicbut rather
are frequentlylarge extragenicchanges (seeThacker and Cox, 1986; Yandell et
al., 1986). The task ofmolecularlycharacterizingmutationsin endogenousgenes
in mammaliancells has been aided by the cloning(i.e.,by amplifyingthe number
of mutated molecules via the use of an appropriatebacterial system) of the
structural sequences (the exons plus the introns),which comprise the entire
gene, and the cDNA sequences(theexons only),which code J(ormessengerRNA and,
therefore,the proteincoded by the gene. (Thestructuralsequenceis the entire
linear array of nucleotidesof a gene whereas the cDNA sequence is the linear
array of only the codingpart of the gene.) Specificgenes whose structuraland
cDNA sequencesare available includeaprt, hypoxanthine-guaninephosphoribosyl _
transferase(hgprt),dihydrofolatereductase(dhfr),and thymidinekinase (tk).

The locusmost frequentlystudiedfor the effectsof ionizingradiationhas
been the hgprt gene of Chinesehamstercells and of human lymphocytes° Although
the structural gene contains about 40 Kb of DNA, the limit of resolution of
mutational changeshas been approximately0.5 kb because of the nature of the
cDNA probe that was used (Liberet al., 1987).

Several mutants have been characterized at the aprt locus (Liber et
a/.,1986;Grosovskyet al., 1988),and at the dhfr locus (Urlaubet al., 1986).
In the latter instance,all of the mutationsthat were analyzedcontainedmajor
rearrangements,such as a deletion of the entire 210 Kb sequence or very large
inversions. Mutations have also been characterizedat the tk locus in human
lymphoblastoidcells (Yandellet al., 1986),and in mouse lymphomacells (Evans
et al., 1986). A human/Chinesehamstercell hybridhas been used by Waldrenand
collaborators(1986)to study mutationsinducedby X-rays and neutronsin genes
that code for human cell-surfaceantigens;a spectrumof mutationswere detected
from intragenicchangesto the lossof the entirechromosomecontainingthe genes
for the antigenicdeterminants.

The delay inthe expressionof a mutatedphenotype(Bradley,1980; Stamato
et al., 1987;Bradleyand Laviolette,1989),and the delayedexpressionof lethal
mutations (Mothersilland Seymour,1987),are additionalgenetic phenomenathat
can influenceneoplastictransformation. However,the latter change appears to
be one that is significant only after relatively large doses of radiation
(Gorgojoand Little, 1989).

Althoughthe geneticmarkers,and the cell systemsthat havebeendeveloped
for studying them, have yielded useful information,in the context of genetic
changes that lead to neoplastictransformation,the _aterials and methods need
to be improved.

First_ a greater diversity of cell types is needed both in respect to
histological types (endothelial,mesenchymal, and epithelial) and to
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species (rodent to human). Further, cell lines are needed that permit
comparisonsbetweeninductionfrequenciesin repair-competentvs. repair-
deficientcells.

Second.,a larger range of genetic markers are needed. These markers
should enable, for comparative purposes in the same cell line, the
measurementof intragenicvs. extragenicchanges.

_, more markersare needed in appropriatecell system,s that would help
to identifymutationsother than those connectedwith the salvagepathways
of DNA synthesis. In particular,markersthat can be identifiedwith the
regulationof cell growth would be appropriate.

And last, more markers are needed in hemizygous and_ heterozygous
configurationsto test for the dependenceof f,-equenciesof inductionon
the loss of flanking genes when they are present as single-copiesvs.
double-copies,respectively. Homozygous configurationsshould also be
tested to determineif the probabilitiesof inductionare conditionalor
independent.

4.4.4 Cell Systems for NeoplasticTransformation

The mechanisms whereby single or multiple somatic mutations result in
neoplastictransformation--i.e.,inunregulatedgrowth--shouldbe studiedfurther
using cells in culture. However, significantlimitationsexist in referenceto
the cell systems that are available for quantitativeradiobiologicalwork as
noted below.

4.4.4.1 Endpointsof NeoplasticTransformation

Oncogeneproductsthatcan play a role in growthregulation,includingce,ll
differentiation,in principlecan do so in a varietyof ways (see Sections 2.3
& 2.4, and Fig. 2.4). In addition, altered cell communication has been
implicated in neoplastic transformation (Yamasaki and Fitzgerald, 1988).
Accordingly,the manifestationsof alteredoncogeneactioncan be expectedto be
evident in a varietyof cellularchanges. For quantitativestudy, essentially
only two endpointsare availableat present.

The first is based upon a morphologicalalterationin the appearanceof a
colony of transformedcells. This endpoint is used to assess transformationin
mouse C3H IOTI/2 cells by "focus formation,"a dense colony of cells in a
confluentsheetof normal-appearingcells (Reznikoffet al., 1973),and in Syrian
hamsterembryo cells by the alteredorganizationof the cells in an individual,
discrete colony well separatedfrom colonies of normal cells (Borekand Sachs,
1966).

The second method for detecting a transformed phenotype uses a human/human
cell hybrid--thatis a HeLa cell hybridizedwith a human skin fibro,blast--andis
based upon the expression of a new cell-surface protein by a colony of
transformedcells, and the ability to detect the appearanceof that proteinby
a staining procedure employing a monoclonal antibody to detect the protein
(Redpathet al., 1987).

Cellular-based endpoints are needed to measure quantitatively the
radiation-inducedchangesthat can be indicativeof neoplastictransformation.
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It is not known if the dependence of transformation frequency on the
radiobiological parameters that have been measured re_lect, in someunique way,
the particular cellular assay of transformation that was used. For example,
evidence has been presented that interference with cell-to-cell communication
underlies the focus formation of 10T1/2 cells in a confluent layer of normal
cells (Mordan et ai., 1983). Communication impairment is probably not involved
in the assay of transformed Syrian hamster embryo cells because the transformed
phenotype is identified as a morphologically altered, discrete colony, well-
separated from nontransformed cells. In order to determine if radiobiological
transformation depends, qualitatively or quantitatively, on the underlying
molecular _asts for a particular phenotypic change, a number of different
endpoints are needed. A number of in vitro correlates of neoplastic
transformation in vivo have been identified in past studies including reduced
serum dependence, increased cellular density at confluence, loss of anchorage
dependence for growth, _euploidy, and immortalizatt0n. These correlates could
be useful starting points for the development of additional quantitative
endpoints of transformation.

4.4.4.2 Molecular Characterizations of Transformed Phenotypes

To be able to relate particular cellular endpoints to the somatic
mutation(s) that Bay give rise to them, the molecular basis for the transformed
phenotype needs to be identified. As mentioned above, in the 10TI/2 cell system
communication is believed to play a role (Mordan eO ai., 1983), and the
activation of, as yet, unidentified genes also has been implicated (Borek et al.,
1987). How these particular chaT_qesrelate to somatic mutation(s) and the
phenotypic expression of neoplastic growth has not been worked out.

For each of the endpoints of neoplastic transformation that is used, the
molecular mechanismupon which it depends needs to be determined, lt is likely,
for someendpoints, that several different molecular changesmay give rise to the
same end effect. A further requirement is to determine if, and how,
radiobiological dependencies reflect particular molecular mechanisms.

4.4.4.3 Transformation Endpoints and Oncogene/Anti-oncogene Activity

In addition to knowing what molecular mechanism(s) may underlie a
particular endpoint of neoplastic transformation, lt is necessary to have
systems, which respond to the specific changes in cancer genes, that are
associatedwith human neoplasms. As noted in Section3.4, progresshas beenmade
in identifyingthese changes,and, inat least one instance,a specificoncogene
mutation has been associatedwith a radiation-inducedtumor (Guererroet al.,
1984). Cellularassay systemsare needed in which transformationendpointsare
a consequenceof the same kind(s) of somatic mutations that appear in human
tumors (Section3.4) in orderthat theirdependenceon radiobiologicalparameters
can be determined.

4.4.4.4 Species of Origin

In addition to tissue of origin, it is necessary that cells should be
available for transformationmeasurements derived from species appropriate to the
objectives of the study. Because the radiogenic humantissues are known, human
cells that are derived from those tissues would be particularly useful. However,
in general rodent cells have proven to be the easiest to cultivate, and thus far
two of the three cell systems available for study are of rodent origin. More
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humancells in culture are needed for transformation measurements. But also, for
a given tissue, cells from rodents, dogs, and monkeyswould facilitate the
biologicalextrapolationthat isrequiredtorelatemeasurementsof tumorigenesis
in rodentsto tumorigenisin people (see Section3.5).

4.5 CHROMOSOMEABERRATIONS

As discussed in Tasks 2 and 3 (.actions 2.3 and 3.4), chromosomal
aberrations play an important role in mediating lethal, mutagenic, and oncogenic
effects of ionizing radiations. A better understanding of the mechanism of
aberration induction is important, therefore, for understanding factors that
affect their induction by radiation. This knowledge could be important for the
quantitative assessment of risk associated with low-doses and low-dose-rate
exposures to ionizing radiation.

4.5.1 Somat.ic Cells

Although familial dispositions to cancer are known to be transmitted via
mutations in germ-linecells, neoplasticgrowth is expressedby somaticcells.
Hence, somaticcells in culture,preferablydiploid, lend themselvesto studies
of aberrationproduction.

4.5.1.1 MetaphaseAberrations,ClassicalAporoach

The classicalapproach in radiationcytogenetics,which is still largely
current, involvesthe measurementof aberrationsin the first mitosis after the
cells were irradiated. This process is facilitatedby the use of a chemical
(e.g.,colcemid)to accumulatecells in metal,hase. For cells irradiatedin the

G1-.or G_-phaseso. of the cell cycle, the aberrationsobservedin this way Usually
include varlous asymmetricalc_iromosome-types,intra- and interchanges(e.g.,
interstitialdeletions, centric rings, and dicentricswith their accompanying
acentric fragments). For cells irradiated during the S- or G2-phases, the
aberrationsincludeterminal deletions, and both symmetricaland asymmetrical
exchanges and deletions.

Most asyn:netrical,chromosome-type exchange aberrations are lethal.
Nonetheless,a measurementof their inductioncan give a gond estimate of the
frequency of the more stable symmetrical exchanges which require special
techniquesto be detected. The latterclass of aberrationsincludesmany of the
chromosomalchanges associatedwith neoplasia. Symmetrical,chromosome-type
exchangescan be measuredby detailedanalysesof karyotype,but this procedure
is not feasiblefor the low-frequencyeventsthat would be inducedby protracted
low-dosesif conventionalcytogenictechniquesare applied. Methodshave become
availableduring the past few years that may resolvethis problem (see Section
4.5.1.2).

Data for humancells have been derived largely from lymphocytes stimulated
to enter the cell cycle by treatment with a mitogen, such as phytohemagglutinin,
following radiation exposure in vivo. More accurate assessmentsof dose-response
relationships have been obtained with whole blood or lymphocyte cultures
irradiated in vitrq.

Various f_ctors significantly influence quantitative measiirementsof
aberrations. Examples include the variation in radiosensitivityof cells at
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different positionsin the cell cycle (e.g.,Go, 51, S, Gz, and M phases)with
respect to both differentialmitoticdelays, anddifferential sensitivityfor
aberration induction; the limited lifetime of lymphocytes i.nviv_q; and the
selective elimination of cells with certain aberrations aftc_rthe first or
subsequentgenerations following irradiation. Knowledge of the influenceof
these and other factors is critic_l for accurateand meaningfulassessmentsof
dose-responsemeasurements. Much experimentaldata have been of littleuse for
one or more of the reasons noted. On the other hand, when these complicating
factorshad been accountedfor, more reliableand useful data were obtained.

An example of a careful study ,ofthe dose-effect relationshipfor the
production of dicentrics in human lymphocytesirradiated in the Go-Phaseand
detected in the first metaphase, is that of Lloyd et al. (1975). Becauseover
14,000_etaphaseswere scoredin obtainingdata for doses of zero, 5, lO, 25, and
50 cGy, this study illustratesthe resolutionthat may be achievableby classical
_Jeth_ds.Togetherwit',,othercarefullyperformedwork, these studiesestablished
that, for chromosome-+ypeasymmetricalinterchanges,a linear-quadraticdose-
responserelationshipappliesof the form,

! = ,D + pDz,

where I is the incidence due to dose D, and ¢ and p are constants.

4.5.].2 Metaphase Aberrations, New Approaches

For measurement of chromosomal aberrations at metaphase, considerable
potential for the improvement of cytogenetic assays lies in the use of molecular
probes, which can be labelled with a useful "tag," and that bind specifically to
parts, or all, of certain chromosomes. Among these techniques are the
hybridization _n situ of nucleic acid probes that bind to certain speFific
chromosomes,or classes of chromosomes,and can be visualized by fluorc,cent
opticaltechniques(seePinkelet al., 1986; 1988). This method of labelingcan
be used to distinguishhuman from rodent chro_msomesin hybrid cells, and even
specifichuman chromosomesin a normal diploidkaryotype. With such probes, it
should be possible to identifyreciprocaltranslocationsthat are relevant to
mutationaland oncogenictransformationevents. If such exchangesare stable,
or if their rate of eliminationis known, it should also be possibleto measure
the accumulated effect of low-level radiation exposure over many cell
9enerations.

With respect to changes in the normalchro_somal locationsof genes, or
other specificDNA sequencesthatmay be presentin low copy number,even higher
resolutionthan the foregoingshould be possibleby the methodologyof in .situ
DNA hybridization. Resolutionwould be least for metaphasechromosomes,higher
for'prophasechromosomes,and still higher for prematurelycondensedinterphase
chromosomes. If complicationsassociatedwith, for example, chromatinlooping
can be resolved, extremely high resolutionmay be attainable for interphase
nuclei.

The use of non-DNA probes ef certain chromosome regions is also of
interest. For example, attempts have been made to use fluorescentlylabeled
antibodiesagainst kinetochoreprotein, coupledto a fluorescentDNA stain, in
a flow-cytometric assay that enables the measurement of the frequency of
chromosomes either without a centromere (an acentric fragment), or with two
centromeres (a dicentric chromosome). Other nucleic acid probes, for example
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specific for the regions of tilecentromere or telomere, are also becoming
available. These techniquesshould be compatiblewith the rapid screeningof
large numbers of cells for changes inducedeven at low frequencies.

Furtheradvancesin the technologiesfor the rapid screeningof humancells
should be sought in microscope-based,image-analysissystemsemployingbanding
techniques, or in combination with probes such as those mentioned above
(Lundsteenand Piper,1989). Imageanalysiscouldoffer considerablepromisefor
high-resolutionmeasurementsof dose-effectrelationshipsin the low-doseregion.

4.5.1.3 MicronucleusAssay

Aberrationsreadilyseen in the first mitosisafter irradiationof G_-or
G1-phasecells generate acentricchromosome fragments,and most of theseVform
what is called a "micronucleus"in one of the daughter cells. Scoring the
frequencyof suchmicronuclei,therefore,can providean index of the aberration
frequew,cy,provided proper accountis taken of the nature of the process. This
methodhas cr,lsiderablepotentialfr._use in automatedscoringsystemsfor large
numbers of cells--e.g., flow cytometry or microscope-basedimage analysis--
providedcomplicatingfactorscan be satisfactorilyaccountedfor.

4.5.1.4 PrematureChromosomeCondensation

Johnson and Rao (1970)discoveredthat factorscontainedin a cell during
mitosis can cause the chromatinof an interphasecell to condense prematurely
when the two cells are fused. This techniquehas been used to visualizedamage
to interphase chromosomes immediately after irradiation and to study the
rejoining(andmis-rejoining)of chromosomebreaksafter irradiation(seeWaldren
and Johnson, 1974; Hittelman and Rao, 1974; Cornforth and Bedford, 1983a,b;
Pantelias and Maille, 1985). The number of breaks per unit dose observable
immediatelyafter irradiationhas been found to be an order of magnitudegreater
than the number of aberrationsevident after cells have progressed to mitosis.
[In the studies of Cornforth and Bedford (1983a,b),the number were 20-fold
greater.] The initialfrequencye,fbreakswas linearwith dose, over the range
of dose from 10 to 600 cGy, and the curve extrapolatedto zero breaks at zero
dose (Cornforthand Bedford, 1983a,b). llowever,Cornforth and Bedford found
that, by several hours after the irradiation,the dose-responsecurve for the
production of excess PCC fragments could be fitted more appropriatelyby a
linear-quadraticcurve and one that was similarto the curve observedfor mitotic
aberrations.

Hence,what is measuredby the method of prematurechromosomecondensation
is likely to reflect more accurately the lesions that are present immediately
after exposure anJ before they rejoin or misrejointo form the aberrationsChat
may be evident at mitosis. For the detectionof an initialform of chromosomal
damage, the method is the most sensitive that is available. The primary
usefulnessof the techniqueof prematurechromosomecondensationis likely to
center around studies of the processes involved in aberration formation that
occur shortlyafter irradiation. In addition,the method could be quite useful
for high-resolutiongene mapping (see Section 4.5.1.2).

4.5.2 Germ-Li.n.e Cells

Cytological techniques have been used to study translocations induced in
spermatogonia'l cells by the examination of spermatocytes (Preston and Brewen,
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1973), and to study aberrations induced in mouseoocytes by examining the cells
in metaphase I (see Brewen, et al., 1976). The resolution of the method has not
been as high as that achieved with lymphocytes by Lloyd et al. (1975); still, the
work with germ cells has served quite well for comparisons of dose-effect
relationships, and their dependencies on dose protraction, in reference to
mutation studies using specific-locus tests.

Radiation damag_reflected by alterations in the synaptonemal complex was
studied by Cawoodand Breckon (1983). The synaptonemal complexe is a protein
structure that, among ot._r things, facilitates the pairing, or synapsis, of
homologouschromosomesduring the pachytene stage of the first meiotic prophase.
Using primary spermatocytes from the hamster, Cawoodand Breckon compared the
incidence of multivalent structures--which were formed by chromosomescarrying
aberrations pairing with their normal homologues--in dtakinesis/metaphase
chromosomalspreads with what they observed in mid-to-late pachytene synaptonemal
complexes. For a 5iven dose, they found about a E-fold increase in the incidence
of the latter. Deletions, duplications, translocations, and inversions usually
are the causes of the irregularities in synaptonemal comple:.'es. Because by mid-
to-late pachytene in spermatocytes adjustments in the synapses may have cccurred
that could have obscured a proportion of the abnormal configurations, a better
stage in meiosis would have been early pachytene. This area of aberration
oroduction in germ-line cells should receive additional attention as suggested
by Holm et al., (1982).

4.6 EXPERIMENTALANIMALSYSTEMS

Studies of experimental radiation oncogenesis in animals have been used
extensivelyto provide informationon both risk estimationand the elucidation
of mechanisms of radiation action. Irlthe past, large-scaleexperiments to
measuretumor inductionin animalshave led to a numberof conceptsin radiation-
induced neoplasia, lt is not likely, however, that an understanding of
mechanisms will be significantlyadvanced by additional studies of this type
unless they are specificallyaddressedto questionswhose relevanceto mechanism
justifies the large expense involved. Although progress has been made in the
developmentof animalmodels as part of systemsfor researchon the cellular and
molecularbases of radiationoncogenesis,furtherdevelopmentsand new models are
needed as indicatedbelow.

4.6.1 Murine MYeloid Leukemia

Radiation-inducedacute myeloidleukemia in mice has been associatedwith
a specificdefect in chromosome2 and deregulationof the productionof a growth
factor,ll-1 (Silveret al., 1987; IggOa,b;see Section3.3.4.3). The chromosome
rearrangementseems to be specificto radiation-induced,and not to spontaneous,
leukemias(Haran-Ghera,1989). A featurethat is emergingfrom these studiesis
that certainbreak _oints exist ir the chromosomesof murine cells and, in the
instanceof chromosome2, a break point is close to the genes that code for the
subunits of ll-1. Following exposure to a variety of clastogenic agents,
specific break points have been found to exist in human cells, and a large
proportionof these are also found in human neoplasms (Yuniset al., 1987).

Break points can be identifiedby the banding of chromosomesfixed and
treatedinmitosis. However,the processof microscopicallyexaminingindividual
spreads of fixed, banded chromosomes is slow, tedious, and requires highly
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skilledobservers. To advance significantlythe examinationof chromosomesand
the aberrationsin them that are associatedwith different growth states of a
particular neoplasm, the techniques of microscopic image analysis should be
applied and improved (see Lundsteenand Piper, Ig8g). These techniquesshould
be capableof levelsof resolution,and speedof analysis,not achievablevia the
use of conventionalcytologicaltechniques. In addition, the applicationof
computer-drivendata analysis and storage,in all likelihood,could be made an
integral part of the pattern recognitionequipment.

4.6.2 New Systemsfor ExDeri.meni;alRadiationOncoqenesis

In additionto the conventionalmethodsof researchwith cells in culture
and inbredanimals,duringthe past decade,technicaladvanceshave been made in
which cells and animalsare used togetherfor oncogenesisresearch. In vitro/in
vivo systems in some cases have allowedthe examinationof mechanismsat stages
ranging from initiation to the final development of the neoplasm. [he
opportunitiesto examinemechanismswith transgenicanimals,particularlymice,
should also allow the coupling of molecular/cell studies to studies of
tumorigenesis.

4.6.2.1 In Vi_ro/InVivo Mixed 3ystems,Mammaryand Thyroid Tissues

Both mammaryepithelialand thyroidfollicularepithelialcells have been
adapted into systems which allow quantitation of "clonogenic" (viable,
transformable)cells from these specifictissues(Clifton,1986;Cliftonet al.,
1986; Ullrich, 1986). Using this approach,plus the appropriatehormones,the
clonogensneoplasticallytransformedby radiationhave been quantitatedby the
development of neoplasms after transplantationback into syngeneic animals.
Insightsintothe relativefrequencyof radiationinitiationof progenitorcells
and the importanceof hormonesinoncogenesishave emergedfrom such studies(see
Sections 1.5.2, 1.5.4, and 3.6.3.3).

In vitro/in vivo mixed systems could be used to develop improved
quantitativerelationshipsbetween cell initiationand tumor inductionand the
factors that affect this relationship. The work needs to be extended to
determinehow usefulthe models will be in the low dose range. Similar studies
need to be performedwith cells from differentorgans to determine if tissues
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radiosensitive, or resistant, to oncogenesis show similar or dissimilar
relationships. These models also could be readily applied to studying the =
effects of host influences,such as hormonalbalance and in_nuneresponses,on
oncogenesis.

4.6.2.2 In Vitro/inVivo Mixed System,Trznsformationof Tracheal Epithelium

Rat tracheal epithelial cells have been exposed to radiationeither in
vitro, as a cell suspension,or in situ (Terzaghi-Howe,1989). Followingthe
irradiationof culturedcells, they were implantedsubcutaneouslyin syngeneic
animals. Phenotypicchangesinducedby radiationhave been comparedin cells in
vitro and in vivo in the implantedtracheas. This system has been useful in
revealing the importance of growth factors (e.g., TGF-beta) and cell-cell
interactionin radiation-inducedcell transiormation(Terzaghi-Howe,1989; see
Sections 1.5.3 and 3.6.3.2).

Becausemost-radiation-inducedneoplasmsof the respiratorytract are of
the bronchi or deep lung, there is need to develop a model similar to the

187



trachealsystemwith epithelialcells that are the more likely targetsfor human
respiratoryoncogenesis. This may require a larger animal modelthan the rat,
such as the dog or non-humanprimate, lt shouldbe determinedwhether the same
mechanismsexist for trachealand bronchialor bronchi-alveoiarcells.

4.6.2.3 _ransgenicMice

Mice carryingstable oncogenes,which have been selectivelyinsertedinto
the genomes of their cells, are being used to study in vivo effects of
oncogenesis(Hanahan,1988, 1989; Pattengaleet al., 1989). Specificoncogenes
can be shown to have differenteffectson Qifferentcells and tissues,and such
studies have been useful in demonstratingthe multistepnature of oncogenesis
(seeSection 3.6.3.4).

The effects of radiationon oncogenesisin transgenicmice could be an
effectiveway to elucidate how radiation interactswiLh and/or specifically
activatesparticularoncogenes. Oncogenes,whose role in particularneoplasms
has been implicatedfromother studies,could be testeCtc see if they do respond
to radiationinduction. Further,by appropriatetiming,the abilityof radiation
to initiate,promote,or cause a neoplasmto progresscould be tested and if, and
how, these actionsare affectedby protractionof the exposure.

4.7 SUMMARY

Althoughmany technicalinnovationsfor the studyof cellularand molecular
biologyhave been introducedin the past 10 to 15 years, effectivelyto mount a
researchprogramir_radiationoncogenesisfurtherdevelopmentsare needed. These
includeimprovementsin'

I) The measurement of the various types of lesions in genomic DNA
particularlyin reF_repceto their production,repair, and misrepair;

2) The techniquesfor the cultivationof human and animal cells in vitro so
that the properties of the types of cells of interest can be
quantitatively studied in reference to mutation and neoplastic
transformation;

3) The improvementand applicationof rapidmethodsof image analysisfor the
study of chromosomeaberrations;and

4) The expanded use of cell-animalsystems,includingthe use of transgenic
animals, so that the experimentalfacility of cells in culture can be
effectively coupled to the in vivo influences that are relevant to !
tumorigenesis.

Effortsto improvethe materialsand methodsthat are currentlyavailable
also should includethe need to measurechanges inducedby low doses, and after
protractedexposures as weil. Although studies of the mechanism of radiation
oncogenesis do not have to be exclusively pursued in the context of "weak
signals,"critical issues,like the presenceor absenceof thresholds,may have
to be examinedin the dose regionof primaryinterest. Hence, the techniquesfor
the measurementof molecularand cellular changesshould ue improvedto permit
the sensitivityand resolutionthat would be required.
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In the last analysis,radi_tion-i_,ducedneoplasmscan only be demonstrated
in vivo. For this reason,tumor formationin experimentalanimal systemshas to
be anticipatedas an essentialendpointin a radiationresearchprogram;,lt is
not recommended,however, _hat large-scaleexperimp.nts,simply to measure the
dose dependence of tumorigenesis,should be undertaken. Animal measurements,
includingthe use of xenogr_phsto measureneoplasticpropertiesinducedin human
cells, should be undertaken unly when they are designed to address relevant
cellular/molecularquestions.
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Task 5

"Facilities for a Radiation Research Program"

5,1 INTRODUCTION

To mount effectively a research program in radiation biology directed at
the mechanisms of radiation-induced oncogenesis, particularly in reference to
protracted low doses of low-LET radiation, a range of facilities are required.
Not only are the laboratories and equipment required typical of what has been
available since the 1950's, but also the facilities and instruments that have
emergedduring the past 15 years as concomitants of new developments in cell and
molecular biology. Principal among the latter have been those devices that
enablc the determination of changes produced in the genetic code of a cell.

In this Task, the major types of experimental procedures in a program of
resea_.ch are noted and catagorized, the kinds of laboratories in which these
procedures could be undertaken a_e described, and operating units at existing
institutions are identified that are generally recognized to have facilities as
well as the personnel effectively to pursue one or more parts of an integrated
program. In the latter connection,it is importantto recognizethat the list
of laboratoriesis not intendedto be exhaustive,nor to suggestthat others do
not exist capableof effectivelyparticipatingin the reseasrchprogram.

5.2 CATAGORIESOF EXPERIMENTALPROCEDURES

5.2.1 Molec!_larTechniQues

The principalexperimentaldepartureof this programrests on the ability
to analyze,at the level of the geneticcode, the changesprincipallyin somatic
cells that are responsible for the loss of cellular growth control. Hence,
laboratories,or laboratoryunits,would be requiredthat have the professional
a_ndtechnicalstaffto applythe techniquesthat alreadyhave been developedand
to introducenew techniquesasmay be required. The experimentalproceduresthat
are availableshould include:Southern,northern,and westernblotting;one- and
two-dimensionalgel electrophoresis;DNA,RNA, andproteinsequencingandmethods
of synthesizingthese molecules;cytogenetic/moleculartechniques for locating
specific genetic sequences in chromosomes; and methods for identifying
cytogenetically,or by other means, chromosomalchanges. Items of specialized
equipment that would be required for such studies should include: the various
devicesfor gel electrophoresis;instrumentsand techniquesfor visualizingand
reading the signals, both optical and radioisotopic,generated by the use of
electrophoreticseparations;equipmentfor synthesizingDNA, RNA, and proteins;
the microscopic instrumentsfor cytogeneticmeasurements;instrumentsfor the
separation and identificationof various molecular, subcellular, and viral
species;and the computer facilitiesfor storing/analyzingmoleculardata.

5.2.2 Cellular TechniQues

Since its introduction in the late 1940's, the techniques for the
cultivationof mammaliancells in vitro have been widely appliedin biological
research. To supporta programof research,the facilitiesand equipmentwould
be neededto cultivateanimaland human cells undercontrolledconditionsfor the
measurementof: cellular endpoints,like cell growth,colony-formingability,
mutation,and transformation;to furnishthe hosts for viral studies;and to
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Table 5 1. Laboratories Capable of Mounting a Program of Research

Molecular Cellular Radiation Animal
Institutional and/or Organizational Unit Techniques Techniques Facilities I Facilities2

Available Available

Argonne National Latxmltory, Division L & LD'
of Biological, Medical & Environmental X X H & HD' R, D
Rese_u'ch

Brookhaven National Lalx)ratory, L & LD'?
Biology and Medical Depmtments X X It? & HI)'? R, D?

Case Western Reserve University, X X L & LD'?
Depamnent of Radiology H? & HD'? R, D?

Colorado State University, Department X X L & I_D' R, D
of Radiology and Radiation Biology

L & LI)'?
Columbia University Medical School, X X H & liD'? R, 1)?
Radiological LaN)ratory

Emory University, Department of X X L & LI)'? R?, I)'?
Biochemistry

Georgetown University Medical Sch_×_l,
Department of Radiation Medicine X X L & M)'? R, I)?

Sch(×_l X X R, I3'?Harvard University, of L & 1.3)'
Public Health ti & tiD'?

Johns Hopkins University Medical L & I.,I)'?
Sch(×)l, Dept. of Radiation Oncology X X l-I? & t-1I)'? R, l)?

Lawrence Livermore LaN_ratory, X X L & 1.33'? R?, l)?
Biomedical Sciences Division H? & I_II)"?

Los Alamos National Laboratory, X X I_,& 1.3)'? R, 1.1'?
Life Sciences I)ivision t-l'?& ttl)'?

Lovelace Biomedical and X X I, & I,I)'? R, I)'?Fnvironmental Research Institute

1 L: Low-LET, high-dose.-rate source 2 R: Ro,..lcms
H: ltigh-l.,ET, high-dose-rate source D' Dogs

9. Kind of facilities not km_wnLD': l.x)w-dose-.rate, low--1.,ET source ..
HD': Low-dose-rate, high.-l.,ET sou'r"ce
?: Characteristics of source not known
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Table 5. !. Laboratories Capable of Mounting a Program of Research (Cont.)

Molecular Cellular [
Radiation Animal

Institutional and/or Organizational Unit Techniques Techniques Facilitiesl Facilities2
A vailable Avai Iable

Medical Research Council, Radiobiology L & LD'
Unit, United Kingdonl X X H & HD' R, D?

Michigan State University,
Carcinogenesis Laboratory and the X X L & LD"? R, D?
Department of Pediatrics and Human
Genetics

National Cancer Institute, X X L & I D"_ R, 1)'_
Radiation Oncology Branch "" "" '

/

L & LD'?
National Institute of Radiological X X H & Hl)'? R, D?
Health, Japan

New York University, Institute of X X 1.,& M)'? R, I)'?
Environmental Medicine

Oak Ridge National L,aboratory, X X L & LD' R, I)'?
Biology I)ivisi(m H & HD'

Ontario Cancer Institute, Medical
-) I

Physics Division, Canada X X I., & LI R, D'?

Pacific Northwest I.,aborat()ry, X X I..,& I,I)"?
Biology l)ivision I-I'?& Itl)'? R, I)

R(x:hester Universily, Departments of X X I, & IJ)"? R, I.)'?
l?liophysics and Micmbiol()gy

Stanford Uqiversity Medical School, X X 1. & I,I)'? R, I)'?
Departments of Biophysics and
Radiation Oncology

University of Ariz()na Medical Sch()ol, X X 1, & I_,i)'7 R, 1)'?
l)epartmc.nt of Radiati()n ()nc()l(>gy

. ' ") " . l.& 1,1)"_l.lnivcrsi/y of (..allt( i'nla at Irvine, X X ' R, I)'?
l)epartll_cllt ()f Radiological Science 11'?& 1II)"?

1 1,: Low..LET, high-dose--rate source 2 R' R(xtents

.I1" lligh..l...,I:"f', high..dose--ratc source I): l.)ogs
LI)': Ix)w-dose-rate, k)w-MTI' source '?: KiIM _)t fa(.'ili/ic:; _()t known
f11)': 1.,ow-dose-.rate, tlJgh-.l,Vl' :_{)urc:c,

a t'?: C. _aracter_stics of source not kn()wn.
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Table 5.1. Laboratories Capable of Mounting a Program of Research (Cont.)

Molecular Cellular Radiation Animal
Institutional aria/or Organizational Unit Techniques Techniques Facilitiesl Facilities 2Available Available

i

University of Caiifomia, X X L & LD'?
Lawrence Berkeley Laboratory H & HD' R, D?

University of California at Los Angeles, X X L & LD'? R, D?
Laboratory of Biomedical and H & HD'
Environmental Science

University of California at Riverside, X X L & LD'? R?, D?
Program in Environmental Sciences

University of California at San Diego, X X L & LD'? R?, D?
Department of Radiology

University of California at San Francisco L & LD'?
Lab of Radiobiology and Environmental X X H? & HD'? R, D?
Research & Dept. of Radiation Oncology

University of Chicago, X X L & LD'? R, D?
Division of Biological Sciences H & HD'?

University of Iowa Medical School, X X L & LD'? R?, D?
Radiation Research Laboratory

University of Texas Medical School, L & LD'?
M.D. Anderson Hospital and Tumor X X H & HD'? R, D?
Clinic, Dept. of Experimental
Radiation Therapy

Wistar Institute, Philadelphia X X L & LD'? R, D?

Y_e University, Depa.rtment of X X L & LD'? R, D?
Therapeutic Radiology

1 _: Low-LET, high-dose-rate source 2 R: Rodents
H: High-I.ET, high-dose-rate source D: Dogs
LD': Low-dose-rate, low-LET source ?: Kind of facilities not known
HD': Low-dose-rate, high-LE'I source
?: Characteristics of source not kr_own



supportthe molecularand genetic studiesconnectedwith the growth controlof
cells. Becausethe applicationof DNA recombinanttechniquesfrequentlyrequires
the use of bacterialor yeast cells, facilitiesappropriatefor the controlled
growth of such cells would also be required.

The instruments appropriate for cellular measurements should include:
conventional incubators, warm rooms, and cold rooms; light and electron
microscopic equipment and ancillary devices for pattern rercognition; and
instrumentsfor flow cytoflurographyand cell sorting. In addition,the more
conventionaldevices for analyticalstudiesin cell biologyshould be available
includingcomputersfor the storageand analysis of data.

5.2.3 IrradiationFacilities

Although low-LET radiations would be of primary interest, the overall
program of research should seek to have available some sources of high-LET
radiation. Hence, in additionto X-raysand variousisotopicsourcesof sparsely
ionizingradiation, charged atomic nuclei, like alpha-particles,and fission-
spectrumneutronsshouldbe avaiable. The latter radiationwould be of interest
ina programof researchbecausecellularand animaldata alreadyexist connected
with such exposures,and becauseof the industrialand mi'litaryapplicationsof
reactor-generatedneutrons.

The programof researchalso has as a principalobjectivethe dependerce
ofmolecular/cellular/tissueendpointson the protractionof radiationexposures.
Hence, both low- and high-LETradiationfacilitiesare needed that would permit
not only controlled expesuresto graded low doses, but also to doses that are
deliveredover extended intervals. In the lattercontext,an extended interval
wouldmean an exposureperiodthat permitsan extrapolationto the situationthat
applies,in the limit,to the publicat large. Consequently,some of the sources
of radiation in the program should be able to expose the material of interest
under controlledand _ptimalbiologicalconditions,and for periods of hours to
months dependingon the contextand circumstancesof the experiment.

5.2.4 Animal Facilities

In some of the laboratories,or laboratoryunits, it would be necessaryto
have adequateanimal facilitiesfor rodents,at least, and also for dogs and/or
monkeys. Animalswould be needed for th_'eegeneralpurposes. F!rs_, they can
serve as an analytical tool in the supportof cellular/molecularstudies. For
example,from animalslarge amountsof cellularmaterial could be obtained,as
required, and/or the biologicalproperties of specific molecular or cellular
species could be evaluated. Second, animals can be used to test hypotheses
related to neoplasia under conditions that carlsimulate those that apply to
people. For example, the genetic changes association with the metastatic
development of a tumor could be exanined, or the oncogenic expression of
particular oncogene in a transgenic context. And thir_______d,under well-defli_ed
circumstances,animalscouldbe used to test hypothesesof how radiationinduces
tumors, and the factors that are relevant to an extrapolationfrom aninmal to
human cancer.

5.3 LABORATORIESAND LABORATORYUNITS

Listed in Table 5.1 are the laboratoriesthat are known to have at least
the nucleus of the professionalstaff and effective capabilitiesto mount a



program of research in at least three of the four areas that have been
identified;that is, in at least molecular techniques,cellular techniques,
radiationfacilities,and animal facilities. The underlyingpremise is that at
least the first three areas must be availablein order to sustainan integrated
programof research, lt is also noted that, while a full complementof staff is
not essentialfrom the outset,a core of scientistsand assistantsis needed who
have the requisite molecular/celluar experience pl_s a background in
radiobiology, lt is assumed that, as required, additionscan be made to the
core.
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Task 6

"Agendafor a Radiation Research Program"
Topics, Methods, and Facilities

6.1 INTRODUCTION

Research is frequently the most productivewhen investigatorshave the
freedom to express and to implementtheir own ideas. Still, to pursue a set
programobjectives,it is useful if not necessaryto have the broad aims of the
work clearly defined. In this lask, an outline is developed of the main
objectivesof a programof researchdirectedat understandingthe mechanism(s)
of radiation-inducedcancer. Althoughit cannotbe guaranteed,it is likelythat
reductionsin uncertaintiesin estimatesof risk would be an outcomeof such an
understanding.

6.2 RESEARCH TOPICS

In Task 3, Sections 3.2 through3.6, specificgaps in the understanding
of a number issueswere identified. The latter Sections should be referredto
for more detailed statementsof specificresearchquestions. The major topics
to which these questionsrelate are the following:

6.2.1 OncogenicCharacterizationsof NeoplasticGrowth States

One of the principal outcomes of the discovery of oncogenes, and the
applicationof the methods of DNA recombinanttechnology that led to them, has
been the progress that has been made in the characterizationof severalhuman
neoplasms. Changesin the propertiesof certainoncogenesas well as in their
regulation have been identified. Chrosomal rearrangements connected with
specificneoplasmshavealso beendiscovered. The growth-statediagramsfor some
human cancers that have resulted from this work (see Section 3.4) needs to be
expanded to all of the human tumors that are knownto be radiogenic. Similarly,
for reasons explained below, growth state diagrams are required for the
correspondinganimal tumors and particularlyfor those tumors for which a body
of radiationdata alreadyexists.

6.2.2 Radiation-lnducedOncogenicChangesand Their Dependenceon
RadiologicalParameters

lt is probable that the growth states of human neoplasms that will be
determined will apply to so-called spontaneous tumors. In contrast,
experimentallyinducedanimaltumorsin the mainwill be the resultof relatively
high doses of radiationdeliveredat high dose rates. The possibledependence
upon dose, dose rate, and LET has to be taken into account in order to relate
growth-statedescriptionsof animal tumorsto those of human tumors° Ifgrowth-
state data for radiation-inducedhuman tumors should become available--for
example, lung cancer due to exposure to radon--itwill be relevantto determine
whether or not those neoplasms are characterizedby the same or different
oncogenic/cellularchangesas are spontaneoustumors. In broadterms,therefore,
the roles of repair/misrepairprocesseson the frequenciesand types of genetic
lesions in radiationoncogenesisshould be determinedbecauseof the likelihood
that suchprocesseswill increasein relativeimportanceas the dose is decreased
and the exposure time lengthened.
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6.2.3 Growth State TrBnsitions

The oncogenicchangesthatdescribea givengrowthstatedo not necessarily
indicatehow the transitionsbetween growth states occur. Not only do these
changes have to be consistentwith cell viability,but also they must lead at
least to progressive advantages in growth in order for a tumor to form.
Associatedwith the mechanismof transitionsare questionsof cause and effect,
independentand conditionalor derivativechanges,and necessaryand sufficiency
conditions(see Section3.4). Becausethe histo-pathologyof radiation-induced=
neoplasmsis not known to differ from those that appear spontaneously,from the
mechanismof radiation-inducedtransitionsit shouldbe possible to unravelthe
transitionsbetweengrowth states in spontaneoushuman cancer.

6.2.4 The Interactionof Radiationand Other EnvironmentalAqents

Protractedlow doses of ionizingradiationrepresentonly one of a variety
of environmental,biologicallyactive agents to which people are more or less
continuouslyexposed. Many of these agentsare "genotoxic"and "clastogenic"in
that they are known to produce lesions in DNA and/or chromosomal changes,
respectively. Some agentsmay interactwith radiationdamage in a promotional
sense in that by themselves they have no known deleterious effect but, in
conjunction with radiation exposure, they can amplify the neoplastic
transformationof cells or the yield of tumors. Similarly,there are chemicals
that have been found to reduce the radiationyields of genetic changes. Hence,
as part of this programof research,an examinationshould be made of possible
interactive effects between radiation and other physical and chemical
environmentalagents.

6.2,5 Extrapolationfrom Animal Data to People

Althoughradiationiswell establishedas a humanoncogenicagent,the bulk
of the informationon the dependenceof tumorigenesison radiationexposurecomes
from animal studies. In a selective way, no doubt additional data on
experimentaloncogenesiswould be developed in the course of this program. To
relate these data to people--bothin respect to mechanism of inductionplus
dependencieson radiobiologicalparameters--itwill be necessary further to
develop and to validateprinciplesand methods of extrapolation.

6.3 TECHNIQUESANDFACILITIES

Although the springboardof a researchprogramin cancer inductionis the
progress that has been made in oncogene research and the methods of DNA
recombinanttechnologythat were involved,additionaldevelopments'inmethods,
materials,and instrumentsare needed.

6.3.1 Developmentof Cell and Animal Systems

The technologicalaccomplishmentsof the past fourdecadesthatenabledthe
;eof animal and human cells for experimentationin vitro are recognizedas a

t_chnical development that led to important advances in a number areas of
biological research. Still, in referenceto research in oncogenesis,further
technicaldevelopmentsare needed. Principal among these are" the need for
additional cell lines and endpoints for the measurement of neoplastic
trtansformation (see Sections 3.2 & 4.4); the need for media and growth
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conditions that define the conditions of cultivation in absolute terms and that
simulate more effectively growth cond:tions in vivo (see Section 3.2 & 4.4); and
cell-animal mixed systems in order to exploit the manipulative advantages of
cultured cells plus the ability to observe endpoints in vivo (see Sections 3.6
& 4.6).

6.3.2 Instrumentation for !mproved__J_bor_tory Prqcedures and Rapid _creening

Because the changes that give rise to transformed phenotypes are events of
low frequency, particularly connected with protracted exposures to low doses,
methods to enable the detection of "weak" signals are needed. In addition,
optimally these methods should have rapid rates of screening because biological
material is often labile, and because large numbers of events may have to be
analyzed. These requirements indicate three areas of technology that may be
usefully applied in a program of research.

Flow Cytometr:/ This technology has already been used successfully in reference
to detecting changes in the blood cells of people who may have been been
exposed to genotoxic agents (see Section ].7). Similar light-based
systems for the detection of transformation-related changes in _nimal and
humancells potentially could be tJniquely useful. The method should also
permit the selection of those cells for further study that have these
phenotypic changes.

Pattern Recoqnition The detection of chromosomal rearrangements is one area
where computer-assisted,microscope-based,pattern-recognitionsystems
have alreadyenabledimportantfindings(see Section4.5). In additionto
further exploitation along these lines, other subtle, low-frequency
cellular changes should be detectable by similar methods. As in the
instanceof flow cytometry,high-speedanalysis is critical.

DNA Sequence Analysis The identificationof changes in, or the losses from,
genes and oncogenesthat are connectedwith neoplasiawill be an important
part of characterizationsof animal and human transformed cells and
neoplasms. Improvementsin the rate at which such determinationscan be
made are needed, lt is anticipatedthat developmentsalong such lines may
be an outgrowthof the projectto sequencethe human genome. In addition
to the potentialusefulnessof such informationas a base of information
against which to identify neoplastic ch.,iges,improved methods of
sequencing would have direct applicabilityto a program of radiation
research.

6.4 RESEARCHOUTCOMES

The principaldeliverableof a program of research on radiation-induced
cancer can be expectedto be a greaterunderstandingof the processesessential
to the growth and developmentof cells, tissues, and organisms. As noted, the
point of departureof this researchprogramwould be the advancesin the role(s)
of oncogenesin controllingnormaland aberrantgrowth, advancesthat have been
derivedonly to a limited extent from contributationsmade by radiobiologists.
However,the conceptsderivedfrom past radiobiologicalresearch,and the unique
properties of radiation as an inducing agent, suggest that significant
contributionsto future progress in the knowledge about human neoplasiawould
come from a programof radiationresearch.
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Uncertaintiesin the riskof cancerassociatedwith radiationexposure,in
addition to backgroundexposure,imply a "cost" tosociety that is greater than
the risk itself. Such costs are reflectedin the permissiblelevelsof exposure
for the public at large. In the medical, scientific,industrial,and military
uses of radiation,the costs are intended to be consistentwith the benefits
deriveutherefrom. An outcomeof a programof research can be expected to be a
narrowingof uncertainties,as the degree of risk is more preciselydefined; a
lowering of ratiosof risk to benefit;and, therefore,a reductionof the costs
to society.

A further outcome of an understandingof the mechanisms of radiation-
induced cancer would be the likelihood that the frequency of second primary
tumors, induced during the course of the treatmentof cancer with radiation,
would be reduced. As cancer patientshave their lives extendedby improvements
in radiotherapy,the probabilityincreasesthat they can expressa second tumor
induced by the therapy itself. A greaterunderstandingof the parametersthat
influence radiationtumorigenesisshouldallow therapiststo reduce risks while
optimizingthebenefits of treatment.

6.5 PERSPECTIVE

Radiation,as a factorrelevantto health,has assumeda positionof public
awarenesssince the use of nuclearweaponsin 1945. Technologicaldevelopments
in industry,medicine,and research,bothbiologicaland physical,havedeveloped
for radiationan indispensiblerole in contemporarylife. lt is importantto
society that the negative, cancer-inducingproperties of radiation exposure
should be better understoodbecause the clock cannot be turned back.

6.6 SUMMARY

In Task 6, the broad and princ.ipalobjectivesof an agendafor a radiation
research programare identified. These were derived from the progressthat has
been made in describingthe oncogenicbasis of human cancer,and the innovations
in DNA technologythat gave rise to them. The need for furtherinformationto
characterize,in terms of oncogenes, the growth states of human neoplasms is
discussed and particularly an understanding of how radiation could cause
transitions between successive growth states. The relevance of other
biologicallyactiveenvironmentaldgents to radiationeffects is discussed,and
the need for a rationalbasis for extrapolatingcell and animal data to people
is noted. Lastly, irladdition to program objectives,improvementsin certain
methodologiesand instrumentsare discussed.

A programof radiationresearchwould play an effectiverole in improving
the overall understanding of human cancer, and would have the potential of
reducing the uncertaintiesin risk due to protracted,low doses of radiation.
Becauseof the many benefitsto industrializedsocietythat are derived from the
use of radiationand the devices that give rise to it, the desireabilityof
reducing the ratio of risk to benefitvia a programof research is broughtout.
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A.1 HUMANRADIATIONHEALTHEFFECTSMODELS

There have been few large eptdemiologtcal studies of the effects of
radiation on humanswhere the exposed populations have been followed unttl the
end of life. As a result, there is substantial uncertainty in projection of
currently available health risk data for such populations to the end of life, and
certain assumptions must be made in order to make such projections. In addition,
much of the available epidemiological data which has produced statistically
significant results is associated with populations exposed to relatively large
doses of radiation and usually at high dose rates. As a result, there is also
great uncertainty in the dose response curves for the end points of tnterest
(e.g., cancer and hereditary disorders) (NRPB, 1988, p.17).

UNSCEAR(1988) has provided a useful summary of how the risks are
calculated, and some of that information is presented here for completeness.
Life-time risk [U(a o, D)] to a population of age a for a dose D is calculated by
the following method:

100
, U(ao,D)- [ V(a,D) [N(a,D)/N(ao) ]da

a o

where N(a,D)/N(ao) is the probability of surviving to age a for an individual of
age ao, taking into account the risks of radiogenic cancer and all other
competing risks of mortality. Using studies of irradiated populations, the
age-specific absolute excess mortality rate [I(D)] and the age-specific excess
relative risk per cGy [K(D)] are calculated based on all the observed data.

A.1.1 Relative Risk Model

The relative risk (RR) model is a multiplicative risk model in which the
ratio of the excess cancer in an exposed population to a comparable unexposed
population is assumedto remain constant to the end of life after an appropriate
latent period following a given dose. Therefore, the projected estimates of
future cancer mortality are multiples of the natural cancer risk in the exposed
population. That is,

R(exposed) - RR x R(unexposed, t)

where RR is constant for all times (t) > latency period.

Since the baseline age-specific cancer rates in an unexposed population
increase rapidly with advancing age, the projected (i.e., the calculated) cancer
rates in the exposed population wtll also increase rapidly with age following
exposure (BEIR I]I, ]980, pp. 30-31). This relationship is shown in Task 1,
Figure 1.5, taken from the BEIR III report (1980).

As will be seen, when the current data are examined, this model is believed
to be appropriate for projecting future risk for most tumors (BEIR V, 1990).

UNSCEAR(1988) describes the relative (multiplicative) risk model used for
project ion of risks as"
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ao+L+P
Um(ao,D) = K(D) [ C(a)tN(a,D)/N(ao)da

ao+L

where L is the minimumlatency period and P the plateau period following exposure
at age a,

A.1.2 Absolut;e Risk Model (AR)
'

The absolute risk model (AR) is an additive model in which the expression
of cancer is independent of the natural age-specific cancer following exposure.
After an appropriate latent period, where no excess cancers are detectable in an
exposed population, this model assumesthat the cancer induction rate is constant
per unit of dose for a population of a given age (BEIR III, 1980, p.30). For a
given exposure, the rate is assumedConstant and additive to the spontaneous
cancer rate for an additional period of time following the latent period (the
so-called plateau). That is:

R(exposed,t) - AR + R(unexposed,t)

where AR is the absolute excess risk for all times (t) > latency period.

This model ts shown in Task l, Figure 1.5. Prior to the BEIR V report, this
model was thought to best represent the risk of radiogenic leukemia, and to
possibly be appropriate for projections of cancer of the thyroid, bone and
liver.

The calculational model employed for absolute (additive) risk projection was
described by UNSCEARas:

ao+L+P
U,(ao,D) = ](D) [ [N(a,D)/N(ao)]da

ao+L

where parameters are as discussed above under the general model, L is the latency
period following exposure at age a, and P is the length of the period of
increasedrisk (plateau).

k.l.3 BiologicalResponse Models

Generallyspeaking,neitherhumannor animalresponsedata provideadequate
informationto statisticallyestablishthe shapeof the biologicalresponsecurve
at low doses, becausethe sample sizes requiredto unequivocallydo so are too
large to be practical. The size of the required sample population is
approximatelyinverselyproportionalto the square of the cancer excess. For
example, if 1,000 animals in the exposed and control groups are required to
provide adequate statisticalpower at lO0 cGy, about 10,000,000 in each group
would be requiredat l cGy, and about a billion in each group would be required
at 0.I cGy (BEIR III, 1980, p.140).

Although there are severalmodels which purportto describe the biological
response from exposure to radiation, at presentonly three have achieved some
measure of acceptance based on theory and observed responses of human
populations,and of whole animals and autonomouscell lines grown in culture.
All three of the models are derivablefroma generalizedmodel havingboth linear

A-6



and quadratic terms, and all assume no threshold for cancer' risk (even though
none are statistically detectable below about 10 cGy in humans). The discussions
which follow will briefly describe these models, which are shown graphically in
Task 1, Figure 1.Z.

A.1.3.1 Linear-Quadratic ResponseModel

Since cancer or mutagenesis is believed to result from changes in individual
cells, biological response models are derived from basic theories of cellular
damage from ionizing radiation of various qualities and quantities. The
linear-quadratic response model is based on observed resp,gftlt,H_ of autonomous
c¢lls to low linear energy transfer (LET) radiation such as :_I-r_ys, gammarays,
ano beta particles. In general, studies of celiular resO'lag._es(e.g., cell
killing or transformation) have been shownto be satisfactorily fitted with an
equation of the following type:

E ma+bD+cD z

, where a is the zero-dose incidence (i.e., spontaneous rate), D is dose, and b and
c are empirically derived coefficients. Another correction factor (not shown

" here) would be required to account for the effects of cell killing at high doses,
but is not relevant to the low dose, low dose rate effects of interest for this
study. Classical radiobiology theory holds that b and c represent a mixture of
one and two-track events within cells. Since the number ,of tracks depends on
radiation quality, b and c would be dependent on LET. On a cellular level,
modern theory holds that the quadratic function may represent misrepair of breaks
(lesions) in pairs of DNA molecules (double strand breaks) in adjacent
chromosoA_s. From a microdosiBetric standpoint, high-LET radiation produces so
much grea_er energy depositions within a cell that double breaks predominate.
However, for low absorbed doses of low-LET radiation, the likelihood of two-track
events becomesso low that the quadratic tem becomesrelatively unimportant, and
the response becomeslinear (BEIR III, 1980, pp. 12-23).

This model almost certainly oversimplifies the real situation in cells
(e.g., it doesn't discuss the variation in sensitivity of cells as they proceed
through the cell cycle, time-dependent events such as cell repair, or the effects
of cell-killing at high doses on the likelihood of detecting cell
transformation). As a result, these effects on the expression of cellular
transformation resulting in cancer are still highly uncertain. However, for a
general application to fitting epidemiological data on human populations, the
general form of the linear-quadratic response model is currently believed to be
adequate For fitting an empirical curve to humandata and determining humanrisk
from most types of radiation induced cancer.

A.1.3.2 Linear Response Model

The linear dose response model is used to fit observed humanhealth effects
to experience, typically following high doses, generally at high dose rates
(e.g., the Japanese bombsurvivors). The model is based on the assumption that
there is no dose threshold for radiation health effects, so a straight line can
be drawn from the zero do;e incidence through the observed effects from high
doses. This assumption basically moans that the quadratic tem in the general
model is relatively unimportant, even at doses approaching lethal levels. While
thisassumptionignoresanimaland cellulardata to the contrary,the statistical
tests on human data to date have lacked the statisticalpower to rejecteither
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the linear or thelinear-quadraticmodels. Given this situation, and the greater
ease in using the linear model to calculate risks at different doses, there is
something to be said for using the simpler model. In this model, the coefficient
in the aD term is simply the slope of the line fitted to the cancer'rtsks for the
largely high-dose, high-dose-rate, humandata currently available.

The United Nations Scientific Committee on the Effects of Atomic Radiation
report to the United Nations for 1989 (UNSCEAR,1989) has accepted the use of the
linear dose response model, but has recommendeddose-rate effectiveness factors
(DREF) for use at low dose-rates (less than 10 cGy per year) of low-LET
radiation. The factors selected by NRPBare 2 for breast cancer and 3 for all
others (see NRPB, 1988, pp. 24-25 and 60-62). This approach is similar to that
employed in the ReactorSafety Study (USNRC, 1975).

A.I.3.3 QuadraticResponseModel

The quadraticresponsemodel was consideredby BEIR III to reasonablyfit
the available high dose data, and to provide a lower bound to the envelopeof
risks (around the linear-quadratic)it was attemptingto develop for Federal
guidance (8EIR III, 1980, p.142).

Acceptanceof the quadraticmodel as a reasonabledescriptionof the risk
to radiation exposure appears questionable,since, in a classical sense, it
impliesthat single hits are unimportantin productionof cancer, and all the
observedeffectscan be explainedin terms of double-tracks. While that may be
true for existinghigh-dose,low-LET,human-riskdata, the use of suchmodels to
extrapolateto the risk of low-dose,low-dose-rateexposuresis scientifically
questionable.

A.2 REVIEWOF CURRENTIN VIVO HUMANEPIDENIOLOGICALDATA

Since the BEIR III report was published in 1980, a substantial revision of
the dosimetry for the exposed Hiroshima and Nagasaki populations has been
completed. In addition, new data from Japanese survivors and other exposed human
populationshave continuedto accumulate. This reviewwill focus on the results
of current reevaluationsof the health risks to those populations.

A.2.1 RadiationEffects ResearchFoundation(RERF)Findinos

In December1984,the RadiationEffectsResearchFoundation(RERF)received
a preliminarynew dosimetry system, designated DS84, which was developed by
ScienceApplicationsInternationalCorporation(SAIC),undercontractto the U.S.
Departmentof Energy (Kaul,1983, pp.57-103and 218-24.). This systemwas used
to developa set of interimdose estimatesfor about 60% of the exposedsurvivors
in the Atomic bomb survivor Life Span Study (LSS) with detailed shielding
histories (only 13% of exposed survivors in the L.%-E85 cohort) which were
designatedas 185D. The final 1986 dosimetrysystemwas termed DS86.

The Final RERF report was published in 1987 (Roesch, 1987). Among the
findingswhich affectedthe risks were severalchangesin the free-in-airkerma
estimates. At Nagasaki,the gamma-raykerma for DS86 was about 10-30%less than
for the 1965tentativedosimetry system (T65D),dependingon ground range,while
the neutron kerma was about a half to a third of the T65D. At Hiroshima, the
gamma-raykerma for DS86 was larger than T65D by about a factor of 2 to 3.5,
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depending on ground range; the DS86 neutron kerma was about ]0% of the T65D
kerma. The rest of the change in gamma-ray kermas (factors of 1.7 to 2.9) was
the result of the different methods used in the two dosimetry systems, especially
for Hiroshima (Ibid, p. 18). A major factor which prevented the risk
coefficients from rising even more than has been observed was the fact that the
gamma-ray transmission factor for DS86 in Japanese houses was 0.53 for prompt
gammaand 0.46 for delayed gammaat 1500m versus an assumedT65D factor of 0.9.
The neutron transmission factor for DS86 was 0.38 versus 0.32 for T65D. The
organ dose estimates were considerably more sophisticated than for T65D, and
resulted in a muchhigher organ transmission factor, compensating in large part
for the reduced gamma-ray transmission factor for houses.

In July 1988, the RERFpublished the initial results of applying the new
DS84 system to 12,237 survivors whowere beyond 700 m from the blast hypocenters
at the time the bombsexploded (ATB) (Kopecky and Preston, ]988). These interim
results, which were actually prepared in September 1986, must be reviewed with
care, since the RERFreport by Shimizu, et al. (1987) is actually more recent.
The resu!ts were intended to indicate the kinds and magnitudes of changes which
might be expected to result from the adoption of the DS84 system to replace the
older T65DR system initially used for the A-bombsurvivors. The major changes
in risk coefficients were the result of the changes between the T65D and DS84

• exposuredose estimates(ingeneralneutrondoses were greatlyreducedwhile the
gamma doses were somewhat less reduced).

The interimresults for the risk coefficientsindicatethat the 185D dose
estimatessupportthe use of a lineardose responsefunctionfor both the RR and
AR models for leukemiaand other cancers(Kopeckyand Preston,]988,pp. 25-27).
Further,assumingan RBE of ]0 for neutrons,RERF found that the risk estimates
based on 185Dare consistentlyabout 2.5 to 2.75 times greaterthan those based
on T65DR (reflectingthe largeneutrondose reductionsamongHiroshimasurvivors)
for both the AR and RR projectionmodels (Ibid, pp.30 and 33).

In ]987, Prestonand Pierce publishedanotherRERF report on the effect of
changes in the Hiroshima and Nagasaki data, using the latest dose estimates
(DS86). This report,unlike previousRERF and Atomic Bomb Casualty Commission
reports which used tissue kerma in air, used organ dose estimatesto estimate
cancer risks among A-bomb survivors. The authors warn that it would be
"seriouslymisleading"to restrictattentionto risk estimatesbased on kerma
only, "becausethe changes in terms of organ doses and dose equivalentscan be
differentfrom those for kerma-basedrisks,"especiallywhen organs (e.g.,bone
marrow and large intestine)receivesubstantialshieldingby the body (Preston,
1987, p.3). This report concludesthat "there is little differencebetweenthe
new and the old dosimetricsbased on total organ dose." However,consistentwith
preceding reports, for a range of RBE values for neutrons of ] to 20, the
differencesin risk estimatesbetweenHiroshimaand Nagasaki (basedon TD65 dose
estimates)are smallerbased on the new dosimetry,and are no "longersignificant
between cities (Ibid, po4). Although estimationof RBE is even less feasible
with the new dosimetry,for an assumedRBE of ]0, risk estimatesfor leukemiaand
nonleukemiaare 80% and 30 % higher, respectively,than previously estimated
(Ibid,p.33).

Those estimatesare based on exclusionof individualswhose estimatedorgan
doses exceeded400 cGy, presumablyto avoid inclusionof reduced risks due to
cell killingor other effects (Ibid,p.32). A lineardose- responsemodel was
assumedhere, even though the study identifiedsubstantialnon-linearityin the
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dose-response model based on estimated vs. true doses (i.e., the observed
non-linearitymaynot be real due to imprecisedose estimates). An absoluterisk
model was used for leukemia,since the periodof risk appearsto be over, and a
constant relative risk model was used to project lifetime risk for nonleukmia
(Ibid,Table 13).

The November 1987 RERF report by Shimizu, et al. (1987) examined the
dose-responsecurves for mortalityfor the T65D and DS86 results,and found the
DS86 dose-responsecurve higher in bothcitiesthan the T65D response. However,
the non-linear response curve observed for the T65D and disturbinglyhigher
mortality in Hiroshimafor the same dose were not present in the reassessment
using the DS86 dose estimates(Ibid,pp.]7-18). In addition,althoughresponses
still varied within the low dose range for DS86, "there was no statistically
significantevidenceof a positiveeffect [excessleukemia] at low doses even
when the observations are distributed over finer subdivisions, i.e., O,
0.01-0.05,0.06-0.09,0.10-0.19,and 0.20-0.49 Gy" (Ibid,p.18).

The most recent RERF study by Shimizuet al. (1988) examined the cancer
mortality (1950-85)based on the DS86 reviseddose estimates, focusingon the
appearancewith time of radiation-inducedcancer and the effectsof such risk
modifiers as age at exposure,age at time of death, sex, city, and carcinogens
other than radiation(i.e.,smoking).The results are summarizedbelow:

o Excess leukemia mortality has continuedto decline with time, but is
still slightlybut significantlyelevated in Hiroshimathrough 1985;

o For cancersother than leukemia,excessmortalitycontinuesto increase
with time in a manner consistentwith the relativerisk (RR)model among
those greater than ten years of age when exposed;

e For those exposed as children (0-9 years), the time from exposure to
death (i.e., the latent period)was shortened for all cancers except
leukemiain the high dose (> 100 cGy) group, and the RR decreaseswith
time at attainedages under 30 years, then levels off at attainedages
of 40 to 49;

• The RR model was found to best estimatelifelong risk for all cancers
except leukemia;

• Both relativerisk and absoluterisk were higher for those exposedwhen
younger;

• For all cancers except leukemia, excess risk (RR) does not vary
significantlyover time;

• When adjusted for smoking, there were no sex differences for cancer,
except that leukemiaand breastcancer risks were higher for females;

• Increasedcancer risk was observedonly for leukemiaand cancersof the
esophagus, stomach, colon, lung, breast, ovary, urinary bladder, and
multiplemyeloma (unlikeearlier studies,no excess thyroidcancer was
detected);

• For leukemia,the linear dose-responsemodel fits well except at the
high dose range;
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e The linear dose-responsemodel shows a good fit for all solid tumors;

e The linear dose-responsemodel for the new dosimetry results in a risk
value about two times higher than the BEIR III linear model, and
considerablyhigher than the BEIR III linear-quadraticmodel.

The RR and AR coefficientsfor those cancersfound to be increasedstatistically
above spontaneouslevels were determined for Hiroshimaand Nagasaki survivors
combined as shown in Table A.I.

Table A.I. Summary of StatisticallySignificantCancerMortalityDose Response
for all Hiroshimaand Nagasaki SurvivorsCombined

RR at ]Gy Excess Deaths AttributableRisk
Type of Cancer (90% CL)a per 10,000 PYGy (Percent)

Leukemia 6.21(4.83,8.12) 2.94(2.43,3.69) 58.6(48.4,69.5)

All Cancers 1.41(1.32,1.51) 10.13(7.96,12.44) 8.1(6.4,10.0)
Except Leukemia

Esophagus 1.58(1.13,2.24) 0.45(0.10,0.88) 13.0(3.0,25.5)
Stomach 1.27(1.14,1.43) 2.42(1.26,3.72) 5.7(3.0,8.7)
Colon 1.85(1.39.,2.45) 0.81(0.40,1.30) 16.3(8o0,26.2)
Lung 1.63(1.35,1.97) 1.68(0,97,2.49) 12.3(7.2,18.3)
Breast 2.19(1.56,3.09.) 1.20(0.61,1.91) 22.1(11.3,35.0)
Ovary 2.33(1.37,3.86) 0.71(0.22,1.32) 22.3(6.9,41.4)
UrinaryTract 2.27(1.53,3.37) 0.68(0.31,1.12) 21.5(9.8,35.7)
Mult. Myeloma 3.29(1.67,6.31) 0.26(0.09,0.47) 31.8(11.0,57.6)

anumbersin parenthesesindicate90% confidence interval.

The RR and AR risk coefficientsfor certain cancersfor all survivorscombined
are sumn_arizedin Table A.2 by sex and age ATB for an assumed RBE of I0 for
neutrons in the absorbedorgan dose.
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Table A.2. Excess Cancer Risk for RR and AR Models for Leukemia and All
Other Cancers based on DS86 CalculatedOrgan AbsorbedDose" by Age
at Exposure and by Sex

Risk Age at Exposure
Type of Cancer Model Sex <10 10-19 20-Z9 30-39 40+

Leukemia RR M 17.9 4.8 5.9 4.5 3.9
F 18.8 5.0 6.2 4.7 4.0

All Others RR M 1.96 1.60 1.52 1.23 1.16
F 2.92 2.20 2.04 1.45 1.32

Leukemia AR M 3.46 1.79 3.87 5.72 4.22
F 2.71 0.92 2.24 1.79 2.88

All Others AR M 1.35 4.87 11.5 10.6 15.1
F 3.79 6.70 12.9 13.1 17.5

al00 cSv for RR, one million person-cSvfor AR.

A.2.2 Committeeon the BiologicalEffect@of IonizingRadiation(BEIR V RepQrt)

In December 1989, the National ResearchCouncil'sBEIR Committee (BEIR V,
1990) released its latest review of the risks of low-LET ionizing radiation,
reflectingthe resultsof the Hiroshimaand Nagasaki revisionof dose estimates
to the JapaneseA-bomb survivorsas well as new human healthdata acquiredsince
the 1980 BEIR III review (NRC, 1990). Because cancerrisks are dependenton age
at exposure,risk projectionsshouldbe based on observationof cumulativerisks
of each age cohort throughout their lives. Unfortunately,the numbers of
observed cancer sites in many age cohorts are often small or zero, making
detailed risk estimates impossible at this time. Attention was focused on
estimatingthe risk for leukemia,breast cancer,thyroidcancer,and cancersof
the respiratorytract and digestivesystem,wherethe numberof excess cases are
statisticallysubstantial. However, to estimate the total risk of cancer
mortalityfrom all cancers, the Committeealso modeled "other"cancers.

While the Hiroshimaand NagasakiLife Span Study (LSS) data were relied on
most heavily, other studieswere also used to estimate incidenceor mortality
risks for leukemiaand specificsites such as breast and thyroid. The Japanese
LSS data consistedof 8,714 recordsthat were stratifiedby sex, city, exposure
groups,and five-yearintervalsof attainedage, age at exposure,and time since
exposure. Most of the analysesuseda reduceddata set of 3,399 recordsobtained
by reducing the number of groups by attained age. Survivor exposures were
stratifiedinto ten groups and organ doses using the DS86 dosimetry system by
multiplyingthe neutron and gamma kermasby city-specificand age-specificbody
transmissionfactors. Becausethe neutronsdoses are too smallwith the newDS86
dosimetryto permit estimatesof neutronRBE, the Committeeassumedan RBE of 20
(althoughan RBE of 10 leads to essentiallythe same results). All recordswith
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organ doses greater than 400 cSv were eliminated from the analysis to avoid
effects of cell killing at high doses (i.e., the response curve levels off at
these large doses). Also, eliminated were records of cancer mortality at
attained ages greater than 75 years because of the "lesser reliability of death
certificate information." The onlyothercohort study that provided data on all
cancers was the anklylosing spondylitis series (ASS), but thatstudy provides no
dose estimates for individuals (only average organ doses for the entire group),
and there was no control population (the national rates were used to derive the
expected number of cases). Because the numbers of cancers observed were
relatively small, and the risk of colon cancer may be causally related with the
occurrence of anklyosing spondylitis, only the risk of leukemia and "all other
cancers" (except colon cancer) were estimated.

_eukemia

The Committee concluded that the risk of leukemia was best fit with a
relativeriskmode], and a linear-quadraticdose response. Aminimumlatency of
2 years was assumed,and age specificrisks for those exposedbefore age 20, and
those exposedlater in life.However,the risks withineach of the two age groups
does net appear different, rather the time pattern for onset of leukemia is
different.

CancersOther than Leukemia

Cancers other than leukemia were found to be best fit by a relative risk
model with a family of linear dose-responseequations. All cancers occurring
lessthan 10years after exposurewere excluded(i.e, a 10-yearlatentperiodwas
assumed).

RespiratoryCancer

In the case of respiratorycancer, the relative risk model dec]ines with
time after exposure (about a factor of 5 over the period 10 to 30 years
post-exposure),although the fit of a constantrelative risk model to the data
was not statisticallydifferentfrom the Committee'schosenmodel. However,the
preferred model which adjusts for time after exposure provided the greatest
improvement in describing the data, and was consistent with the decreasing
relative risk observed for the ASS data. In addition,modest improvementwas
observed if a parameter for sex was added. No improvementfor includinga
parameterfor age at exposure was observed.

BreastCancer

The breast cancer model found that the best fit was obtained by including
a variable for age-at-exposureless than 16 (reflectingchanges in hormonal and
reproductivestatus). The greatest risk was observed for women 15-20 years of
age at exposure,and are very low for women exposedat ages greaterthan 40. lt
was found that in addition to decliningrisks with age at exposure,risks also
declinewith time after exposure (i.e.,not a constant relative risk).

Details of the modeling used for breast cancer risk made use of mortality
data from the CanadianTB FluoroscopyStudy as well as from a subcohortof the
LSS for which DS86 doses are available(1.950- 1980). Incidencedata from the
same LSS subcohortused for mortalityrisk were also used along with incidence
data from the New York Acute PostpartumMastitis study and MassachusettsTB
FluoroscopyStudy. All data on the first five-yearsof follow-upwere omitted
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along with data on women with the highest exposures (presumablyto avoid data
associatedwith cell-killing).

The LSS data indicatedan excess relativerisk about 50%greater than that
in the two U.S. cohort studies, but the difference was not statistically
significant. However,the LSS data for the absoluterisk model indicateda risk
that was about half that of the U.S. cohorts, and the difference was
statisticallysignificant.

DigestionS_stem_ancers

For digestive cancers, the most significantfinding was a factor of 7
greater risk for those exposed under the age of 30, although there was no
evidence of decreasingrisk with time after exposure.

Other Cancers

The remainingcancerscontributedsignificantlyto the overallcancerrisk,
but finer subdivision into organs did not provide enough cases for modeling
individualsites. The group of "other cancers"was reasonably fit by a simple
linear model with declining risk for survivorsexposed beyond age 10, and no
effects for sex or timerafterexposure.

A.2.2.1 Risk Assessment,BEIR V Report

The Committeeused the 1980 U.S. vital statisticsas the baselinedata for
cancer mortality, and then employed standard lifetable methods to provide
estimatesof cancer risk for three patternsof exposure:

e Instantaneousexposure (like the A-bomb survivorsexperienced)causing
a 10 cSv dose equivalentto all bodyorgans to populationage cohortsin
10 year intervals, taking the population- weighted average dose,
weighted by the probabilityof survivingto a specifiedage in a in an
exposed stationarypopulation;

o Continuouslifetimeexposure of 0.1 cSv to all body organs per year of
life;

e Continuousexposure of 110 cSv/year to all body organs from age 18 to
65.

However, as noted by the Committee the method of lifetime excess risk
estimation d_ffers from BEIR III (1980) and UNSCEAR (1977 and 1988). These
estimatesare simplythe differencesin separatelifetimerisks for exposedand
unexposedpopulations(includingcompetingrisksofmortality fromothercancer).
lt was estimatedthat the BEIR V method results in about 0.8 the values from

previous estimates (BEIRV, 1990, p.174).

The resultsof the BEIR V assessmentof "excess"cancermortalityfor these
scenariosis summarizedbelow in Table A.3.

The 90% confidencelevels refer'only to the statisticaluncertaintydue to
random error in samplingvariation,which is thought to representthe greatest
sourceof uncertainty. The Committeealso recognizedthere was also uncertainty
in how well the Committee'spreferredmodels actuallyrepresentedthe data, as
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Table A.3. Excess Cancer Mortality per 100,000Exposed Persons

Ha1e Fema1e

Total Non]eukemia Leukemia Tot_,l, Nonleukemia Leukemia

Single
10 cSv
x _KI_L_ 770 660 110 810 730 80

90% Conf.
L_imits 540-1,240 420-1,040 50-280 630-1,160 550-1,020 30-]90

Continuous
Lifetime
Exposureto
O.I cSv
erp___C_y_E!__C520 450 70 600 540 60

90% Conf.
Limits 410-980 320-830 20-260 500-930 430-800 20-200

Cont. Exposure
to I cSv per
year; Ages
!8 to 65 2,880 2,480 400 3,070 2,760 310
90% Conf.

Limits 2,150-5,4601,670-4,560130-1,1602,510-4,5B02,120-4,190]10-910

well variouspotentialbiasesin the data themselves. To betterevaluateoverall
uncertainty,the committeeundertooRMonte Carlo simulationsin which parameter
vectors for each cancer site were randomly sampled from multivariate normal
distributionswith means and covariatematricesgivenby theirmaximumlikelihood
estimates. Where componentsshowedsignificantskewness,they were adjustedby
multiplyingthe deviationsfrom the means of the sampledvalue by the ratio of
the likelihood-basedto asymptoticconfidenceintervalsforthe corresponding90%
upperor lower tail (dependingon which directionthey were skewed). Then 1,000
Monte Carlo simulationswere done for each sex for leukemias and all solid
cancerscombined,for the three exposurescenarios. Figures4-I and 4-2 of BEIR
V show the results of these simulations, and indicate that the overall
uncertaintyis somewhat larger than that considered for random sampling error
alone. For example, for leukemia mortality, 50% of the trials for males
indicatedtheir excess mortality fell between 60 and 135, while 50% of the
femalesfell between 55 and 115 (versus 50 - 280 in the 90% confidence limits
based on random bias for males, and 30 - 190 for females).

Since all of the above scenariosare for low dose rates,and the LSS and ASS
data are all for high dose rates,the Committeeassumeda dose rate effectiveness
factor (DREFs) of 2 for leukemia, but one for all other cancers. This
representsa major departurefrom_ previousstudies,includingBEIR III,which
have all assumedthat dose-rateeffectsoccur for all cancers,and results in a
significantincreasein lifetimerisk estimatesbeyondthosewhich resultedfrom
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the revised bomb survivor dosimetry (which might have caused no more than a
factor of 2 increase in the BEIR III risk estimates). The Committee's
explanation for a DREFof one for all non-leukemias is that an RBEof 1 for gamma
non-leukemias is that an RBEof 1 for gammarays (such as experienced by the bomb
survivors) may be high by a factor of 2 relative to observations in the
laboratory where X-rays were used. Since the Committee suggests that a DREFof
2 would be approximately offset by the difference in actual vs. assumedRBE, they
elected not to employ a DREF for the LSS data. That, however, does not
acknowledge many observed DREFsof 2 to 5 for animal studies using either gamma
or X-rays, nor does lt explain why they assumed a DREFof 2 for leukemia.

As shown in Table A.4, contrary to the BEIR V press release and the
executivesummaryat the beginningof BEIR V, the results of the BEIR III and V
studiesare substantiallydifferent, lt should be noted that the large range in
ratiosminimize the range, since the BEIR III values are only for the BEIR III
preferred LQ-L models, and do not includeeither the L-L or Q-L models. For
example, if the BEIR III Q-L model were comparedwith the preferredBEIR V model
for a single 10 cGy instantaneousexposure, the BEIR III model would project
about 9.5 (absoluterisk) to 28 (relativerisk) cancers per millionperson-cSv
while the BEIR V preferredmodel would predict about 790 cancers per million
person-cSv. That would be about 28 (relativerisk) to 83 (absoluterisk) times
higher than BEIR III. A similar comparison with the BEIR III L-L models,
however,would only yield a range of ratiosof about 1.6 (relativerisk) to 4.7
(absoluterisk). Thus, the overallrangeof ratios betweenthe BFIRV preferred
model and all the BEIR IIImodels would be from about 1.6 to 83°

Table A.4. Comparisonof Lifetir,eExcess Cancer Risk Estimatesfrom the
BEIR III (LQ-L)and _EIR V Reports

Continuous Life,time InstantaneousExposure,
Exposure,0.1 cSv 10 cSv'
Per Year (deaths/!O0,O00) d__d___a_ths/100,O00)

Males Females Males
Leukemia
BEIR III 15.9 12.1 27.4 18.6
BEIR V 70 60 110 80

Ratio (V:III) 4.4 5.0 4.0 4.3

Nonleukemia
BEIR III
Absolute 24.6 42.4 42.1 65.2
Relative 92.g ]18.5 ]92 213

BEIR V 450 540 660 730

Ratio (V:III) 4.8-18.3 4.6-12.7 3.4-15.7 3.4-11.2

The Committeeconcludedthat the assumptionof a constant additive excess
risk is no longer tenable in the face of the current data, and that the risk
estimates in BEIR III are too low (especiallythose based on an absolute risk
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model, but also those based on the relative, linear-quadratic model). The
Committee's risk estimates are not greatly different from the upper bound
est tmate_ of' the United Nations Scientific Committee on the Effects of Atomic
Radiation ].988 Report to be discussed in the following section.

The Committee's findings are almost certain to create controversy for years
to come, although, as discussed tn Section 1.2.1.3 of this report, muchof the
animal data available also supports the use of a relative risk model for cancer
induction. The ultimate outcome of these changes is quite ltkely to have
substant,tal impact on publtc pressures to reduce sttll further the regulatory
limits for occupational and public radiation exposures.

A.2.2.2 The Committee's Use of A-bombSurvivor RERFLSS Data

Some of Committee's use of the LSS data is presented above, and only
important specific information not already discussed ts presented in this
section.

One important change in past BEIR modeling cameabout from studies of death
certificates by specific cause; these studies showed that some errors in site
certification were numerous. This was the case for cancers of the liver and
pancreas which were often assigned to stomach cancer on the death certificates.
As a result, the Committee modeled all cancers of the digestive system as a
group.

The Committee found the use of relative risk models (vm additive, absolute
risk models) not only provided a better fit of the data, but also had an
additional advantage: relative risks are less affected by losses of cause of
death assignments as the result of errors in certification by site. On the other
hand, the Committee noted that absolute risks are greatly affected by losses due
to erroneous certification. Further, the Committee found that RERFautopsy data
shows that losses from erroneous certificates are independent of surviv_ _ dose
estimates. The Committee also took exception to the simpler notions of absolute
and relative risk which have been used by other major reviews, and chose to
estimate risk by inclusion of "several explanatory variables in the excess risk
term." Specifically, the committee chose to use the relative risk formulation
with a stratified or nonparametrically estimated background (i.e., spontaneous
cancer rate). The Committee compared their preferred model (stratified
background) with an absolute risk model (modeled background) and a relative risk
model (modeled background) and found the three models were in reasonable
agreement (within about a factor of 2) and within the statistical confidence
intervals of the preferred models, which differentiate between cancer types
(detailed comparisons are provided in BEIR V, 1990, Table 4D-3). In addition,
the Committee found the preferred models fitted the models as well as the
alternatives, and with fewer terms.

The Committee also noted that due to the limited data on cancer (especially
non-leukemia) amongthose survivors exposed as children, estimates for the young
represent a model dependent extrapolation from exposed adult data. Thus, such
estimates are more imprecise, and more years of follow-up are needed to provide
the experience data.

A-17



A.2.2.3 The Committee's Handling of Uncertainty

Although the previous discussions have provided general information on
treatment of uncertainty, especially with regard to random sampling errors, the
BEIR V Committee has provided a useful discussion of other factors, and how the
uncertainty associated with random error can be applied to calculation of
probability of causation. BEIR V noted that the effect of applying the Japanese
cancer mortality data to other populations (e.g., caucasian or african) results
in an added source of uncertainty, since baseline cancer rates for specific sites
vary substantially between different populations. The Committee concluded there
is not yet any objective method to estimate such uncertainties, and a consensus
of expert opinion was used.

The procedure employed i_lvolved expressing the uncertainties on a scale
commensurate with ordinary statistical measures of variability; i.e., as the
Geometric Standard Deviation (GSD). GSDsrepresent the range of uncertainty
associated with a value. For example, if the uncertainty is 20%, the range would
be the value itself divided by 1.2 to the value multiplied by 1.2. As a further

e_eeexample, the Committee pointed out that if the excess relative risk _r_
estimatedto be 0.3 per Gy with an uncertaintyof 1.4 (sigma- 0.336, and •
= 1.4), 68% of the value lies in the range of 0.3/1.4 (or 0.21) to 0.3xi.4 (or
0.42). This was referred to as the "6B% credibility interval" rather than
confidence interval, since the values were derived through a combinationof
calculationand expertjudgement. The basic assumptionis that the error in the
final estimate of risk is distributedlognormally(i.e.,the logarithmsof the
errorsare normallydistributed). The Committeearguedthat since the logarithm
of the total error is the sum of the logarithmsof the individualcomponentsof
error, and the distributionof a sum of variable is known to be approximately
normal, it is unlikely that the assumption of lognormal distribution is
"seriouslywrong" (p. 221). Thus, using the previousexample of sigma - 0.336
at the 68% credibility interval,the rangefor the 90% credibilityintervalwould
be 1.2/exp(1.645xO.336)to ].2xexp(1.645xO.336),or 0.173 to 0.521. Similarly,
the range for the 95% credibility interval would be derived at by using two
sigma, or exp(2.OxO.336).

The value of the overallerror was calculatedas the square root of the sum
of the squares of the standard deviationsof the logarithms of the (assumed)
independent, individual sources of error. The results of the Committee's
estimatesof the GSDs for severalpotentialsourcesof uncertaintyare summarized
below:

Source of UncertAintY

1. Model mispecification
Males 1.16
Females 1.08

2. Populationdifferences 1.20
3. Dosimetry system (DS86) 1.10
4. Sex (leukemiaand other cancers) ].10

The Committee'sestimatesof the total GSDs for various cancers for males
and females are summarizedbelow:
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(All Except Leukemia (_lld"Other") "Other" (;ancer_ and Leukemia

Hales = 1.29 Males = 1.31
Females- 1.25 Females- 1.27

Estimates of "excess" relative risk from a 10 cGy acute dose and their GSDs
associated with random sampling error (Table 4F-1, pp. 225 - 226) are reproduced
in Table A.5.

Similar tabulations are presented in BEIR V for breast cancer incidence, but
are not replicated here. The GSDsare very similar to those for leukemia and
other cancers, ranging from about 1.24 to 2.99. The use of these data was
demonstrated in BEIR V for breast cancer incidence, and are demonstrated below
for leukemia based on the risk values and GSDpresented in BEIR V). For example,
consider a womanaged 25, exposed to 10 cSv; the excess relative risk according
to BEIR V is 0.057 and the GSDis 1.54 for 25 years after exposure (age 50), The
excess relative risk following a 2 cSv dose would be (2/10)x0.057 = 0.0114, and
the 68% "credibility interval" would be 0.0114/1.54 to 0.0114xl.54, or 0.0074 to
0.0176 (0.74% to 1.76%). The probability of causation (PC) would have a range
of 0.0074/1.0074 to 0.0176/1.0176, (0.74% to 1.73%), with a best estimate of
0.0114/1.0114 or 1.13%. According to BEIR V, for a person aged 1 to 20 receiving
10 cSv, the leukemiamortal'ty risk 15 years post-exposure is 3.637, and the GSD
is 2.80. For a second example, consider the case of a 1 year old child exposed
to 100 cSv (total from several examinations) from essentially whole body
fluoroscopy (1940 technology), the excess relative risk can be calculated as
(100/10)x3.637 = 36.37. The expected "68% Credibility Interval" would then be
estimated to be 36.37/3.637 to 36.37x3.637, or 10 to 132. The PC range would be
10/11 to 132/133 or 90.9% to 99.2%, with a best estimate of 36.37/37.37, or
97.3%. 1

The Committee's lifetime estimates of excess cancer mortality by time at
exposure and site per million person-cSv (100,000 people exposed to 10 cSv each)
are shown in Table A.6.

I This example represents an estimate of the PC for the sister of the
author, who died of leukemia at age 10 in 1951 following several
fluoroscopicexaminationsfor a congenitalbirthdefect duringher first
year of life.
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Table A.5. Estimates of ExcessRelative CancerMortality Risk from I0 cGy
Acute Dose and Their GSDs due to SamplingVariation

Cancer TYpe /_geat Exposure Time After Exposure Risk GSD

Leukemia <_20 <15 3.637 2.80
16 to 25 0.291 2.53

>26 0.027 3.32
>21 <_25 0.287 1.83

26 to 30 0.139 2.52
_>31 0.0027 3.32

Breast Cancer 5-15 15 0.418 1.90
25 0.427 1.60
35 0.230 1.57
45 0.105 1.89

25 15 0.056 1.77
25 0.057 1.54
35 O.031 1.60
45 0.014 1.99

35 15 O.030 1.90
25 0.030 1.76
35 0.016 1.85

45 15 0.016 2.31
25 0.016 2.25

55 15 0.008 2.99

RespiratoryCancer All Ages 15 Males: 0.096 1.59
Females:0.196 1.47

25 Males: 0.046 2.03
Females:0.094 I.76

35 Males: 0.028 2.63
Females:0.058 2.27

45 Males" 0.020 3.23
Females:0.040 2.80

DigestiveCancer All Ages All Times Males" 0.081 1.50
Males: 0.081 1.50

Females:0.196 1.47
>lO Males: 0.011 1.88

Females:0.019 1.77

"OtherCancers" 5 All times 0.123 1.53
15 >10 0.097 1.40
25 0.061 1.31
35 0.038 1.45
45 0.024 1.75
55 0.015 2.17
65 O.009 2.71
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Table A.6. Estimate_of Excess CancerMortalityby Age at Exposureand Site per
Million Person-cSvof Low-LET Irradiation"

Age at
Exoos_re _ Leukemia Non!eukemia ResoiratorY _igestive B.reastOther

5 1,276 111 1,165 ll 361 - 787
15 1,144 109 1,035 54 369 - 612
25 921 36 885 124 389 - 372
35 566 62 504 243 28 - 233
45 600 108 492 353 22 - 117
55 616 166 450 393 15 - 42
65 481 191 290 272 11 - 7
75 258 165 93 90 5 - -
85 110 96 14 17 - - -

Average" 770 110 660 190 170 - 300

FEMALES

5 1,532 75 1,457 48 655 129 625
, 15 1,566 72 1,494 70 653 295 476

25 1,178 29 1,149 ],25 679 52 293
35 557 46 511 208 73 43 187
4_ 541 73 468 277 71 20 100
55 505 117 388 273 64 6 45
65 386 146 240 172 52 - 16
75 227 127 100 72 26 - 3
85 90 73 17 15 4 - -

Average: 810 80 730 150 290 70 220

"Theseestimatesare for 10 cSv exposuresto a populationof 100,000personsof
that age chart; the averages are weighted for the age distribution in a
stationarypopulationwith U.S. mortalityrates.

A.2.2.4 BEIR V Estimatesof Cancer Risk at SpecificSites

uL m1__

Although the Committeefoundmarkeddiffer_.ncesi_nthe age distributionsof
the various types cf leukemias, modeling of the various leukemias was not
possib]edue to the limitationsof the currentdata. As a result,the Committee
chose to simplifythe risk model by combiningall he_;atologict)pes of leuken_ia
exceptchroniclymphocyticleukemia (whichhas been shown not to be _ radiogenic
form). For both the LSS and ASS data, the Committeefound the data could be
fitted approximatelyas well with either an absolute or relative risk model.
However, the Committee found the relative risk model consistently "more

A-21



parsimonious" with the data (i.e., the relative risk model required less
modifying effects and simpler modeltng to achieve a satisfactory fit).

The Committee's preferred model for the ASSdata is a relative risk model
with decreasing effect with tim after exposure. However, the addition of a
modifying factor for effect of age at exposure (<_ 20 or >20 years) to the LSS
data significantly improved the fit. The ASSdata had no cohort under the age
of 20, and the use of this modifying factor could not be tested with that data.
Dose response in the LSS data was also significantly improved by the addition of
a quadratic term in dose (for gammacomponent only). The dose at which the
linear and quadratic components were equal (i.e., the "cross-over dose') was
estimated to be about 90 cGy, although the uncertainty is very large. Similarly,
the committee noted the dose reduction factor (DREF; the ratio of the slopes of
the pure linear and linear-quadratic models) was estimated to be 2, but with
large uncertainty. The Committee argued that the DREF, however, is already
incorporated into the leukemia model, since it is linear-quadratic which contains
"an implicit dose-rate effect (i.e., the quadratic component "vanishes" at low
doses, leaving only the linear component which "is generally taken to reflect
one- hit kinetics).

The preferred model was based on the LSS data, which do not reflect
information prior to 5 years after exposure (the ASSexcess risk data had already
peaked by that time). The Committee "corrected" the LSS data by extrapolating
to 2 years the excess relative risk observed for the 5- to 10- year post-exposure
period, resulting in an increase of about 15% in the lifetime risks. However,
since the excess relative risk observed for the ASS data in the first 5 years
represented about 35% of the total lifetime risk, the committee's estimate may
slightly underestimate actual risk.

The Committee concluded that while the age at exposure is an important
modifier of risk, there was no evidence to support the earlier belief that those
exposed before the age o6 10 had a greater risk than those exposed between the
ages of 10 and 20.

Breast

The Committeefit variousmodels to all of the existing breast cancerdata
includingthe LSS (151 de_ths observed through 1985 and 367 cases observed
through 1980, for which DS86 dose estimates are available), the Canadian
TuberculosisFluoroscopy(CAN-TB)Study (473deathsto date), the New York Acute
Postpartum Mastitis (NY-APM) Study (118 cases), and the Massachusetts
TuberculosisFluoroscopy (MASS-TB)cohort (65 cases). Because there were no
observedcases of breastcancer for women less than 25 years of age, risk in the
0-24 year age group was excluded,even though it made little difference in the
resultsof the risk modeling. Excludedfrom the study were women who received
greater than 400 cGy in the LSS and MASS-TB cohorts,and 650 cGy in the NY-APM
cohort.The committeedid not explain the rationalefor the differentcutoffs,
but presumably it reflects the limitationsof the dose estimates rather than
estimatesof risk. Also excludedwere primarycancersof the second breast.

The Committee'spreferredlinear, relative risk model varies with age at
exposure and time after exposure. The Committee selected the relative risk
projectionfor in_idenc_becausethe relativerisk for breast cancer among the
Japanese survivorsand the U.S. cohortsdid not differ significantly,while the
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absolute risks among the Japanese cohort were significantly lower than those
amongthe U.S. cohorts.

The choice between relative and absolute risk models for mortality data was
nx , difficult. The CAN-TBcohort risk per unit dose for womentreated in Nova
Scotia was about 6 times greater than that for womentreated in other provinces,
and that difference was not attributable to non-linearities in the dose response.
Since the difference could not be explained, the Committee elected not to use the
Nova Scotia data. However, in Nova Scotia, women faced the X-ray beam and
therefore their breasts got higher doses (and dose rates) than in other provinces
where their backs were to the beam [this data could be possibly be explained by
a DREF, but that would be inconsistent with the Committee's conclusion no
dose-rate effect was observed in other cohorts]. The Committee found that
although the relative mortality risk was about three times greater than all the
non-NovaScotia data, the difference was not statistically significant. Further,
the absolute risks for the LSS and CAN-TBcohorts were about the same. The
Committee elected to combine the LSS and non-Nova Scotia CAN-TBdata, and ignore
the Nova Scotia data [even though the relative risks of the LSS and Nova Scotia
data were very similar, both were delivered at relatively high dose rates, and
this could be construed as evidence of a dose-rate effectiveness factor for the
LSS and non-Nova Scotia cohorts]. The Committee noted that womenin the LSS and
NY-APNcohorts received acute exposures, whereas the women in both lB cohorts
received highly fractionated exposures, [but all at high dose rates] usually over
a period of years. Yet the Committee found no statistically significant evidence
of a reduced risk per unit of dose between the LSS and NY-APM cohorts (for
incidence or mortality).

Excess relative mortality risk for the 10-114 age group was found to be
significantly greater than that for older women; relative risk for those under
10 years of age at exposure was somewhat lower than the 10-14 cohort_, but not
statistically so. Therefore, the Committee combined ages <10 with the 10-14 age
cohort. The Committee's preferred model also allows increased risk under age 15,
and for observed decreases in relative risk with increasing age-at-exposure
beyond age 15. Mortality was modeled as a quadratic in log time (i.e.,
non-linear model). Although there was no evidence that the temporal pattern was
affected by dose or age-at-exposure, the Committee noted that the tests for such
affects lacked statistical power. The models assume there is no excess risk
during the first five years after exposure and that there is no excess risk for
women under 25 years of age, but there was no evidence of any significant
increased risk for at least 10 years post exposure.

The youngest womenin the RERF(LSS) cohort are just reaching the age where
breast cancer would be expected to begin to showan excess risk, and additional
follow-up will be required to permit more precise estimates of risk in that group
(<10 years of age).

Breast cancer latency is dependent on whether the female is a child or an
adult at time of irradiation, since the appearance of tumors is dependent on
secretion of the pituitary hormone, prolactin. In rats, the time between
irradiation and elevation of prolactin levels can be extended from a few days to
as long as a year post exposure without changing either the time from increased
prolactin levels to appearance of tumors or in the final tumor incidence. Latency
in rats has also been shown to be inversely related to dose, and may be a
function of the number of radiogenically initiated cells. Rat experiments with
clonal irradiated cells (multicellular glandular units) indicates that a tumor
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will artse for about each 240-300 of the clonogens when transplanted into
untrradtated rats with prolactin (a peptide secreted by the antertor pituitary
gland) and glucocorticoid (a gonadal steroid) defiencies. The Committee
concluded that womenwith normally functioning endocrine systems do not showany
dose-related reduction tn latency, but that the effects of hormoneson mammary
cells greatly affect the risk of breast cancer, even in untrradiated women. For
example, womenwho have lactated have a lower risk of breast cancer, especially
premenopausal cancer.

Experiments with rats have also shownthe dose response ts best fit wtth a
linear model, and that there is ltttle effect from dose fractionation or
protraction over a wtde range of exposures (28-400 cGy) _p, E the experiments were
terminated at 10-12 months. The only humandata which show a linear-quadratic
dose-response relationship is the CAN-TBcohort (with the Nova Scotia subcohort
Included).

In summary, the Committee concluded the following:

e Induction of breast cancer is hormonally mediated, and hormonal status
is critical for radiation induced breast cancer;

• The dose-response relationship is linear;

• There is little evidence of a reduction in risk with dose fractionation;

• There is no evidence of increased risk of radiation-induced breast
cancer before the age of 25;

• Risk is highest for womenexposed before the age of 20, suggesting that
the onset of pubertycorrespondswith a period of increaserisk;

• There is little evidence of increasedrisk for women exposed after age
40;

® Occurrenceof pregnancyand lactationbefore age 20 may reducethe risk
of radiation-inducedcancer;

• Human data do not show any relationshipbetween dose and latency, and
latency is at least 10 years regardlessof age at exposure.

The Committeeidentifiedthree sourcesof human epidemiologicdata on the
radiation inducedhuman lung cancer:

• The A-bomb survivors(LSS) cohort;

• The ankylosingspondylitis(ASS) cohort;

® Uranium miners and other underground miners exposed to high LET
radiationfrom short-livedradon daughters.

The LSS cohortfor the period 1950-1985(76,000survivors)as a functionof
the DS86 dosimetryindicatedthat the relativerisk dsclined somewhatwith time
for all age cohorts. The relativemortalityrisk was estimatedto be ].63 (90%
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confidence interval, 1.35-1.g7) at 100 cGy; the absolute excess mortality risk
was estimated to be 1.68 deaths per million person-year-cGy (90/, confidence
interval, 0.97-2.49).

The ASS cohort does not include estimates of individual doses, but average
doses to the lungs and primary bronchi were recently estimated to be 179 cGy and
677 cGy, respectively. However, th(, Committee did not report an average lung
cancer mortality risk for this cohort.

The Committee noted the BEIR IV estimate of 350 deaths per million person
k/LMbased primarily on underground miner data following exposure to short- lived
radon progeny, but preferred to base its model on the a-bomb survivor data (LSS
cohort). Noting that there are data suggesting a multiplicative effect on lung
cancer resulting from radon progeny, the Committee found such data equivocal, and
of uncertain relevance to the effects of low-LET irradiation. Since the
reliability of lung cancer deaths (death certificates) declines rapidly with age
over 7S years, the Committee discarded that data. Further, since those exposed
as children are still too young to provide reliable infon;;ation, the Committee
also excluded themfrom their model. The Committee's preferred model is a linear
dose response, relative risk model, even though the relative and absolute risk
models provided almost identical fits to the data. Little effect of age at
exposure was noted, although (as mentioned earlier) the relative risk declined
with time after exposure. As a result, the Committee included amodifying effect
for time after exposure in its model.

Stomach

The Committee concluded that the best evidence for risk of stomach cancer
comes from the LSS cohort, although studiesof patients irradiatedfor peptic
ulcerat the Universityof Chicagoand women irradiatedfor cancer of the cervix,
as well as animal studies, all show associationsbetweenexposure and risk of
stomachcancer. The LSS cohortdata indicatean excess relativerisk of 0.23 per
Gy (kerma), and an average excess absolute risk of 2.09 deaths per million
person-yr-cGy. That is the single largest excess for specific non-leukemia
cancer sites. The Universityof Chicago data indicatea relative risk of 3.7
among patients treated with an average organ dose of 1,600-1,700 cGy. The
correspondingabsolute excess risk was 5.5 per million person-cGy,based on a
life table analysis.

Early results of the women treated for cancer of the cervix were not
quantitativelyconsistentin terms of risk per unit of dose. For example,the
stomachsof these women receivedorgan doses (about2,000 cGy) that would have
been expected to produce about 60 excess stomach cancers (based on the A-bomb
survivorsand other currentdata), but in fact only 3 were observed. Recent
studiesof these patients,however,have shownthatwhen a subsetof the original
studycohortmade up of womenwith secondprimarytumorswere comparedwith their
matched controls, an exposure of several Gy resulted in a statistically
significantrelativerisk of 2.1.

A similar problem with the early results from ankylosing spondylitics
treated with radiation has now apparently been resolved and the results are
generallyconsistentwith other data in terms of excess lifetimerisk, although
the time from treatmentto appearanceappears to be somewhatdifferent.
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The Committeeconcludesthat its estimateof relativemortalityrisk (1.19
per Gy) is appropriate, although the current data do not permit a precise
dose-incidencerelationship.

Thyroi_

Based on its review of the availabledata on risk of thyroid cancer among
exposed populations,the Committeemade the followinggeneralizations:

o Risk is greaterfor those exposedaschildren, althoughtumorsgenerally
do not appear until after puberty;

• Females are two to three times more susceptiblethan males to either
radiogenicor spontaneousthyroidcancer;

• Radiogenic thyroid cancer is often preceded or accompaniedby benign
throidnodules, and the frequencyof simplegoiter or hypothyroidism is
also increasedfrom large doses of radiationwhen young;

• Radiogenic carcinomasof the thyroid are generally papillar growths,
with few of follicularor mixed histopathology;

• The expressionof thyroidcancer is dependenton hormonal stimulation;
therefore, any conditionwhich leads to a sustained increase in the
levels of thyroid-stimulating-hormone (TSH) increases the risk of
thyroidcancer.

The Committee concluded that because of suspected bias in diagnosis of
thyroidcanceramong the LSS cohort,the A-bomb survivorcould not be used. With
that remarkabledecision,the Committeewas left with only cancerrisk data from
patients irradiatedas children. The childhooddata includedthose exposed to
scalp irradiationfor treatmentof ringwormof the scalp (TineaCapitis Study)
in Israel,and the RochesterThymusStudy. Only cases appearingbeyond 5 years
post-exposurewere analyzed (the Committeeestimateda minimum 20 year latency
period). All Committee risk estimates for adults are based "solely on
extrapolationsfrom the childhoodexposures."

The 10,834 children (ages 0-15 years) irradiatedin Israel resulted in 39
cases of cancer compared with 16 cases among 16,226 nonirradiatedcontrols.
However, the backgroundrate was about twice as high as observed in the other
studies. The relativerisk per Gy at age 40 for Israelichildrenranged from8.3
for those exposed at ages 5-15 to 23.6 for those exposed at ages 0-4. Excess
absolute risk for the same groups ranged from 2.3 to 25.5 per million
person-yr-cGy. The relative risk per Gy at age 40 for non-lsraelichildren
ranged from 23.1 to 68.7 for those exposed at 5- 15 years of age and 0-4 years
of age, respectively. Absoluterisk for the same groups rangedfrom 6.7 to 75.7
per million person-yr-cGy.

The 2,652 infants (less than one year old) irradiatedfor enlarged thymus
developed37 cancers as comparedwith only one case in the 4,823 nonirradiated
controls. Relative risk per Gy at age 40 for the Rochester thymus patients
(averageage at exposurewas 0.5 yr) ranged from 6.7 to 19.2,while the absolute
risk ranged from 0.6 to 1.8 per millionperson-yr-cGy.
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Both the Israeli and Rochester cohorts exhibited a linear dose-response
function, even though the risk estimates per unit dose were significantly
different. Factors which cOntributed to the differences included cohort effects
(e.g., racial and ethnic differences may have contributed to the increased
relative risk estimates for Israeli and non-Israeli children relative to the
infants irradiated in Rochester), sex (females were three times more sensitive
based on absolute risk, but there were no sex differences for relative risk), age

at exposure (risk for Israeli and non- Israeli children were about three times
higher for children exposed before age 4), and time since exposure (Israeli
relative risk data indicates that risk was proportional to the time since
exposure raised to the 1.4 power; however, the Rochester indicated the observed
effects are well described by a constant-excess-risk model, while the relative
risk model declined with time and was proportional to time raised to the -2.8
power). Another effect was ethnic origin, although the effect appears to
originate from life-style rather than genetic differences. The Committee
speculated that the westernization of Israelis may account for the reason their
excess cancer risk ,as closer to that of the Rochester cohort.

In view of the complications, the Committee made projections of lifetime
thyroid cancer risk with a relative riskmodel based on Israeli-born children who
were over 5 years old at time of irradiation. This model predicts a relative
risk of 8.3 for all ages per Gy, with a "likelihood based" 95% confidence
interval of 2 to 31 per Gy. On the basis of unpublished data on A-bombsurvivors
madeavailable by the Radiation Effects Research Foundation (RERF), the Committee
concluded that the risk of radiogenic cancer in adults is, at most, one-half that
in children.

The Committee also considered the comparative differences between externally
deposited radionuclides and the effects of external radiation discussed above.
Comparisons of effects are complicated by dosimetry and biological factors. The
larger the thyroid gland, the greater the absorbed dose (primarily from beta
radiation) from 1-131 depositions. However, since efficiency of iodide uptake
as well as hormone secretion differs over time among thyroid follicles (which
typically contain about 90% of all.the iodine in the thyroid), relative dose
distribution varies from follicle to follicle over time. A large scale rat
experiment, however, showed no significant difference in risk per unit dose
between X-rays and 1-131, and the risk per cGy was 1.9x10 4 which compared well
with the estimated human lifetime risk from exposure to X-rays.

The Committee warned that data from patients treated with radioiodine for
thyrotoxicosis Bay not be directly applicable to normal populations, since the
doses were very large (i.e., extensive cell death) and the incidence of thyroid
cancer amongpatients with thyrotoxicosis may be as muchas lO times higher than
amongthe general population.

After reviewing the current literature, the Committee concluded that:

e Radiogenic thyroid cancer arises exclusively from the follicular
epithelium, and has about a 10%mortality rate;

e Ther_ are major differences in background thyroid cancer rates in
diffe_ent populations which appear to be related, at least in part, to
differences in life-style;
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• Females are about 3 times as susceptibleto radiogenicand background
cancer as males;

o Excess risk 'isgreatest among children irradiatedduring their first
five years of life, and risk of radiogeniccancer among adults is half
or less than that of children;

o Although the data are best fit by an absoluterisk model that includes
allowance for cohort effects, latency, age at exposure, and sex, the
Committee preferred a relative risk model because of the strong
dependence of risk on backgroundincidence;the preferredmodel yields
a risk (basedon Israeli-bornchildrenwho were exposed after age 5) of
8.3 per Gy for both sexes;

e The risk ratio for I-!31 vs. X-rayshas been estimatedas 0.66, but the
95% confidenceintervalranges from 0.14 to 3.15;

o Progressionof thyroidcancer from initiatedcells is st'_onglydependent
on hormonebalance.

The Committee did not make its own estimate of the risk of esophageal
cancer, but reviewed and apparently accepted the latest RERF estimates of
relative risk (I.58/Gy),and alsofound other study results (e.g., anklylosing
spondyliticsand women treatedfor cancerof the cervix)consistentwith the RERF
relative risk estimates.

Small Intestine

The Committee reviewed the current data and found that there was some
evidenceof an increasedrisk followingirradiation,but the riskwas small and
not quantifiable.

Colon and Rectum

The Committeereviewedthe currentdata and found that there was a increased
risk of mortality from cancer of the colon and rectum from large doses of
radiation,but noted that the dose-responseand risks are highly uncertain, lt
concluded that the A-bomb survivor colon cancer data indicated a relative
mortality risk of 1.85 per Gy, or 0.81 excess (absolute)deaths per million
person-yr-cGy,and the latent period was at least 15 years.

Liver

While most of the data regarding the risk of liver cancer comes from
exposureto alpha-emitting,internally-depositedradionuclides(e.g.,thorium),
the Committee also reviewed the currentLSS and ASS data. The Committeenoted
that based on total liver cancer deaths amongthe A-bomb survivors,the relative
mortality risk was estimatedto be 1.26 per Gy, but that if metastasesof other
cancers to the liver were excluded, the relative risk (1.12) was not
statisticallysignificant.Similarly,the Committeenoted the ASS cohortdid not
show a statisticallysignificantincreasefroman estimatedX-raydose of 163+126
cGy, and no evidencewas found followingradiotherapyfor uterinecancer. The
Committeenoted that the thorotrastdata indicatea liver cancer risk of about
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300 per million person-cGy,and that the risk from internalbeta emitters_"may
be about 10 times lower."

The Committeereviewedthe currentdata on radiogenicbone cancer from both
high and low-LET exposures of human populations,and reached the following
generalconclusions:

o Althoughhuman data on bone cancerinducedby X- or gamma rays indicates
that large doses can cause bone cancer,the dosimetry is too uncertain
to permit precise estimatesof risk;

o The LSS data provide no evidence of excess bone cancer resultingfrom
gamma doses as high as 400 cGy;

o The most definitive dose-response relationship for radiogenic bone
cancer comes from exposure to internally deposited alpha emitters
(Ra-224,226) for which the excess lifetime risk was found to be about
0.02 per person-Gy;

o Studies with beagle dogs indicate a non-linear,concave upward dose-
response relationshipfrom internally deposited Sr-gO; the risk from
Ra-226 in beagleswas estimatedto be up to 25 times greater per unit
dose than Sr-90.

No useful estimatesof human risk from low LET irradiationwere provided.

Brain and Nervous Svstem

The Committeeconcludedthat althoughboth human and animal data indicate
that radiationexposurecan cause nervoussystem tumors, and that the brain is
relativelysensitiveto the inductionof radiation-inducedbrain cancer, there
are not adequate data to permitquantificationof risk.

Ovar.y

Based on its review of currentanimal and human data, the Committeefound
that ovariancancer can result from radiationexposure. The strongestevidence
for human cancerwas concludedto be from the A-bombsurvivorswhere the relative
risk was estimated by RERF to be 2.33 per Gy (DS86 dosimetry). Other studies
showed either no statisticallysignificantincrease,or were equivocal.

Uterus

The Committee reviewed the recent A-bomb data and other studies (ASS and
women treated for cervical cancer) and concludedthere are inadequatedata to
quantifythe risk of uterinecancer.

Testis

The Committee reviewed the current data and concluded that there is
insufficientinformation to conclude that testicular cancer is "inducedby
radiation. That is consistentwith the most recent RERF conclusionson the
A-bomb survivors.
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Prostate

The Committee found that although there has been no indication of an
increasedrisk of prostate cancer associatedwith radiationexposure based on
studiesup to the early Ig80's,there are now data suggestinga weak association.
Reportsreviewedincludedthe most recentRERF results,the ASScohort, British
nuclear workers, U.S. radiologists,and Swedish patients receiving 1-131 for
hyperthyroidism. The Committee concluded that though there may be a weak
association between prostate cancer and radiation, the sensitivity is
comparativelylow and not subjectto quantification.

Urinary Tract

The Committeereviewedthe recentRERF DS86 subcohortof the LSS cohort,the
recent ASS cohort data, and data from patientstreated with radiationtherapy
for benign conditionsand for cervicalcancer, lt concludedthat although not
all studiesto date show a statisticallysignificantincreasedrisk, the overall
epidemiologicalevidence shows that radiationcan cause cancer of the bladder
and, to a lesser degree, cancer of the kidneys. The Committee apparently
endorsedthe most recent RERF data (DS86)which indicatea relativerisk of 2.3
(90% confidence interval, 1.5- 2.4) for urinary tract cancer per Gy, and an
absolute risk of 0.7 deaths per million person-yr-cGy.

ParathyroidGlands

The Committeenoted that the parathyroidglands were included in the ]980
BEIR III report as tissues susceptible to radiogenic neoplasia, based on
observationsof a relativelysmallnumberof patientsgiven radiationtherapyfor
cervical tubercularadenitis. Typically,latent periodswere in excess of 30
years. Although the epidemiologicaland experimentalanimal data all indicate
that hyperparathyroidism(HPT), parathyroidhyperplasiaand adenoma, and less
often, parathyroidcarcinomaresult from radiationdoses in the range of 100 to
500 cGy, the Committeedid not quantifythe risks.

Nasal Cavity and Sinuses

The Committeeconcludedthat there are no human data on dose-responseof
cancers of the nasal cavity or cranial sinusesfrom low-LET irradiation.

The BEIR V Committee reviewedthe risk of skin carcinomas resultingfrom
irradiation,and concluded that even though skin cancer carries a low risk of
mortalityand is grossly underreported,the resultsof severalstudies suggest
that the risk of skin cancer resulting from irradiation is higher than has
previously been reported. Results of studies of infants X- irradiated for
enlarged thymusglands (averagedose 330 cGy) indicatean averagerelativerisk
of 1.5 per Gy, and an average absolute risk of about 0.66 per million
person-yr-cGy(<400 cGy) to 0.32 per million person-yr-cGy(>400 cGy).

The Committeenoted that the tinea capitiscohort has now been followedfor
about 30 years since irradiation,and that the latencyperiod is about 20 years,
The absorbed dose to the scalp averaged about 450 cGy (range of 3.3-6.0 Gy),
while the dose to margin of the scalp averaged240 cGy and the dose to the face
and neck averagedabout IO to 50 cGy. Tumors were observedmore commonly in the

-
-



lower exposed areas at the margins of the scalp, suggesting that the ultraviolet
radiation from the sun may have enhanced the X-ray effects. The l if@time
incidence risks of skin Cancer were estimated to be about 3.3 cases/cm < per
million person-cSv for skin areas exposed to both X-rays and UV, and 0.071
cases/cm:per million person-cSv for skin exposed to X-rays alone (primarily
areas of skin covered by hair).: The dose response appeared linear.

Lvmphomaand Multiple Myeloma

The Committee noted that only multiple myeloma and non-Hodgkin's lymphoma
have been observed to increase as the result of irradiation. Multiple myeloma
is expressed as an uncontrolled proliferation of tumor cells (from B lymphocytes)
in the bone marrow, while non-Hodgkin's lymphoma is a proliferation of malignant
B lymphocytes in the lymph nodes.

Numerous studies have reported increases in multiple myeloma more than any
other human lymphoma, and have resulted from both internal and external
irradiation, Excess risk has been observed in both U.S. (Hanford)and U.K.
nuclearworkers, and among ankylosingspondylitics,and has been confirmedand
quantifiedamongA-bomb survivors. The A-bomb survivordata indicatesthat the
relative risk per Gy is about 3.29 (90% confidence interval, 1.67-6.31),
correspondingto an absoluteexcess riskof 0.26 per million person-yr-cGy. The
latent period is about 20 years for those exposedbetween20 and 59 years of age.

With regard to non-Hodgkin's lymphoma, the data were found to be
inconsistentby the Committee. While the ASS cohort and women treatedfor benign
gynecologicaldisordersboth demonstratean increasedrisk, the data from the
A-bomb survivorshavenot yet shown any increasedrisk. Similar inconsistencies
have beenobservedbetweenstudiesof earlyradiologists(showedan increase)and
more recent radiologistcohorts (no increase)or pioneerChineseX-ray workers.

Pharynx,Hvpopharynx,and.Larynx

The Committeeconcludedthat thesetissuesare relativelyinsensitiveto the
carcinogeniceffectsof radiation,sincecancersin these tissueshave only been
observedafter very high doses of therapeuticradiation(3,000-6,000cGy) and no
excess has been observed in other populations,such as the A- bomb survivors.

SalivaryGlands

The Committee found that excess cancers of the salivaryglands have been
observedin patientsgiven radiotherapyfor diseasesof the head and neck, in the
A-bomb survivors,and in personsexposed to diagnosticX-rays.

Forthose exposedto radiotherapy(X-raysand 1-131treatments),the results
are consistent and yield an average relative risk of 6.9 (+ 5.5) per Gy
(excludingthe first 5 years post-irradiation),and an average excess risk of
0.26 cancersper millionperson-yr-cGyfollowingdoses in the range of 40 to over
100 cGy (X-rays).

2
corrected values for BEIR V, p. 326 by personal communicationfrom Dr.

William H. Ellett, Study Director (BEIR V), National Research Council, May 4,
1990.



In the A-bombsurvivors, although there has been no measurable increase tn
mortality, the incidence has shown a dose-dependent increase that is somewhat
smaller than seen amongpatients receiving radiotherapy.

The Committee concluded that the average excess relative risk of salivary
cancer (incidence) is about 550%per Gy, and the average absolute excess risk is
about 0.26 cases per million person-yr-cGy. (Note: the relative risk number
appears inconsistent with the value cited earlier; it may be possible that the
correct value is 690%± 550%).

Pancreas

The Committee concluded that there are no study cohorts which have exhibited
a reliable, quantified risk of pancreatic cancer to date, suggesting that this
organ is relatively insensitive to radiation carcinogenesis.

In Utero E×Dosqre

The BEIR V Committee reviewed the current information related to the
potential lifetime risk of cancer and effects on growth and development
associated with radiation exposure during pregnancy.

The Committee noted that increased sensitivity to cancer from in utero
irradiation has not been observed in experimental animals, and the subject has
been hotly debated since the Oxford Survey of Childhood Cancers was published
over 30 years ago. Since that study, the data have been reanalyzed to include
more recent data as these populations continue to age The Committee found
reasonable agreement between the most recent results among the Japanese A-bomb
survivors and a 1988 reevaluation of the Oxford data (214 cancer deaths per
million person-cGy), and noted an increased risk among1,429,400 children in the
U.S. exposed to diagnostic X-rays between 1940 and 1960. The Committee reported
1988 RERFresults which indicated a relative risk (based on DS86doses) of 3.77
per Gy (90% confidence interval, 1.14 - 13.48) and an absolute risk of 6.57 per
million person-yr-cGy (90% confidence interval, 0.47 - 14.49).

The effects of in utero irradiation on growth and development has been
studied for years in experimental animals, and have included gross structural
deformities, growth retardation, embryo lethality, sterility, and central nervous
system (CNS) abnormalities. Particularly sensitive is the developing nervous
system during early organogenesis. Humanstudieshave also documented similar
effects. Although detailed DS86 dose estimatesfor children exposed in utero
amongthe JapaneseA-bomb survivorsare not yet available,estimatesof doses to
motherswithin 1,600 meters (Hiroshima)or 2,000 meters (Nagasaki)of the bomb
epicenters indicatethat severe mental retardationclearly resulted from doses
above about 20 to 40 cGy during the periods between8 weeks &hd 25 weeks of
development (the risks were not significantlydifferent from zero for those
exposedbefore8 weeks or after 26 weeks). The period8 to 15 weeks was the most
sensitiveperiod,with severe retardationin nearly30% of those exposedto 50
-.99 cGy (averagedose of 64 cGy), and nearly 80% in those exposed to over 100
cGy (average dose of 138 cGy). The Committeefound the observed risk to be
consistentwith a linear,nonthresholddose-response.
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Cataractsof the Ocular Lens

In the case of cataractsof the lens of the eye, the Committeeconcluded
that there is a thresholdon the order of 60cGy. Althoughdetectableinjuryof
the eye can occur fromdoses as low as about 100 cGy, dependingon the LET of the
radiation the threshold for cataract formation under conditions of highly
fractionated or protractedexposure is probably at least 800 cSv. Thus,
cataractsare not believedrobe a significantrisk from normaloccupationalor
public radiationexposures.

Life ShQrtening

Life shorteninghas beenobservedin laboratoryanimalsfor many years, and
was originally attributed to nonspecific accelerated aging. However, more
careful studiesshowed that the major cause of life shorteningwas accelerated
onset of cancer. The Committee noted that researchers such as Luckey have
attributedbeneficialor hormeticeffectsfromexposureto low-level,whole-body
irradiation,but questionedthe relevanceof such conclusionsto the risks of
radiation-inducedmutagenicand carcinogeniceffects in human populations.

Sterilit_and Fertility

The Committee also reviewed recent data on the risks of fertility and
sterilityof adults and concludedthat the estimatedthresholdfor inductionof
permanent sterility in males is about 350 cSv and about 250 to 600 cSv for
females,when received in a singleexposure.

Genetic _ff_ctsof R_diation

Based on their reviewof the relevantdata from humans,other mammals, and
mice the BEIR V Committeeconcludedthat the values in Table A.7 provides the
best current estimates of the risks of exposure to ionizing radiation. The
Committeenoted the absenceof any statisticallydemonstrableincrease in risk
among children of exposed parents in Japan, but neverthelessfelt the three
probablemutationsobserved in 667,404tests for rare electrophoreticvariants
of 28 proteins versus three probable mutations in 466,881 tests among the
comparisongroups (one or both parentswere beyond 2,500 meters from the bomb
epicenters)represents a meaningful indicationof effects. This appearsmore
wishful thinking than a true demonstrationof effect, but the Committee used
these data to estimate the lower 95% confidencelimits of doubling dose, and
found an indicationthat genetic risks in human populationsmay be lower than
among experimental animals. Having done that, however, the Committee was
unwillingto acceptthe resultsand insteadwent back to the experimentalanimal
data which have always been the basis for estimatinghuman risks from exposure
to ionizingradiation. The currentestimateof 100 cSv as the doublingdose was
basedon studiesof mice. This representsa conservativeestimateof human risk;
based on the same limitedJapanese data, an estimateof about 468 cSv can be
derived. However,given the numerousuncertaintiesrelatedto estimatesof risk
relatedto high-dose,high dose-ratestudiesto low-dose,low dose-raterisks,
the risk estimatoris probablyas reasonable,and prudentas can be derived at
the presenttime.
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Table A.7. EstimatedGenetic Effectsof I cSv per Generationper Million
LivebornOffspring'

Current AdditionalCases (I Rem/Generation)
Incidence Fir_ GeneratiQn . EQuilibrium

AutosomalDominant
Severe Effect 2,500 5-20 25
Mild Effect 7,500 1-15 75

X-Linked 400 <I <5

Recessive 2,500 <I Slow Increase

Chromosomal
Unbalanced

Translocations 600 <5 Little Increase
Trisomies 3,800 <I <I

Congenital
Abnormalities 20,000-30,000 10 10-100

Other Disordersof

Complex Etiolog_
Heart Disease" 600,000 Not Estimated Not Estimated
Cancer 300,000 " "
SelectedOthers 300,000 " "

TOTALS: 1,000,000 _16 to _53 _110 to _206

aAssumesa doubling dose of 100 cSv, which is about the lower 95% confidence
interval for very 'limitedhuman data, and is consistent with the estimated
doubling dose for mice.

bNot to imply that any form of heart disease is caused by radiationamong the
population;any effects result from spontaneousmutations from radiation (and
other causes) expressed in future generations as a genetic component of
susceptibility(analogousto environmentalrisk factorsthat contributeto the
environmental component of susceptibility). The magnitude of the genetic
componentto heart disease and other disorderswith complexetiology is _nknown
(TheCommitteedeclinedto attemptto quantifythe risk, which could be small or
as large or largerthan all other traitscombined). Much more researchis needed
to sort out the genetic and environmentalcauses.
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A.2.3 United Nations Scienl;ificCommitteeon theEffects Qf Atomic Radiatioq

In 1988 the UNSCEARCommitteereport (UNSCEAR,19i_B)to the UnitedNations
was published to update it's previous reports on the effects of ionizing
radiation on man. Unfortunately,mast of the textual informationpresented
regardingthe Hiroshimaand Nagasakisurvivorsis simplya restatementof older
data, althoughthere _,sa small sectiongenerallycovering the risks based on
the new DS86 dose data. Useful informationon the Hiroshimaand Nagasakirisks
is presented in the tables to this report, especially those by the UNSCEAR
C_mittee. UNSCEAR alsopresentsa summaryof stu(lieson occupationallyexposed
adultswhich concludesthere are as yet no reliableestimatesof cancerrisk from
those sourcesof exposure.

The UNSCEARsummaryand conclusionsindicatesthat estimatedlifetimecancer
mortality risks from uniformwhole-bodyirradiationat highdoses (SOto 600 cGy)
and dose rates of low-LETradiationare in the range of 400 to I,I00 per m_llion
person-cGy. For low doses and dose-rates UNSCEAR recommendeddose reduction
factors of between 2 and I0, implyinga range of about 40 to SSO cancer deaths
per millionperson-cGy. The UNSCEARestimatesfor whole-body irradiationbased
primarilyon the Japanesedata (andthe new DS86 dose estimates)are reproduced
in Table A.8 (Table 71 of the UNSCEAR report).

Table A.8. Summaryof ProjectedLifetimeRisks For 1000 Persons (500 of
each sex)"Exposedto 100 cGy of low-LETRadiationat High Dose Rate

Risk Projection Excess Cancer Years of Life
Po_9.p_u.l._ai._j_QD Model M!ortality __Shorteninq

Total Population Absolute 40- 50 950- 1200
Relative 70- 110 950- 1400

Working Population Absolute 40 - 60 880 - 1330
(Ages 25 64) Relative 70 - 80 820 - 970

Adult Population Absolute 50 840
(Age over 25) Relative 60 620

'(Basedon the Japanese Population).

In addition,the UNSCEARCommitteealsodevelopeda projectionof the excess
cancer deaths by site of malignancybased on the current Japanese data (Table
69). A summary table of those projections(both relative and absolute risks)
is reproduced i._Table A.9. Values in parentheses are the calculated 90%
confidence intervals(CI).

Followingis a summaryof the UNSCEAR review for somaticand geneticrisks
of p_rtial body or organ irk'adiationpotentiallyrelevantto this study.
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Table A.9. Projectionof Excess LifetimeMortalityfor SpecificCancers for
1,000 PersonsExposedto I00 cGy of Organ Absorbed Dose of Low-LET
Radiationat High Dose Rate

Multiplicatlve(Relative) Additive (Absolute)
Mallqnancv RIsk projectionModel .... RIsk projectionModel

Leukemia 9.7 (7.1-13) 9.3 (7.7-II)

All Cancers Except 61.0 (48-75) 36.0 (28-44)
Leukemia

Bladder _ 3.9 (1.6-7.3) 2.3 (1.1-4.0)
Breast m 6.0 (2.8-10.5) 4.3 (2.2-6.9)
Colon 7.9 (3.6-13.4) 2,9 (1.4-4.6)
Lung 15.1 (8.4-23.0) 5.9 (3.4-8.8)

Multi)le Myeloma 2.2 (0.6-5.1) 0.9 (0.3-1.7)
Ovary 3.3 (0.9-6.8) 2.6 (0.8-4.8)
Esophagus 3.4 (0.8-7.2) 1.6 (0.3-3.1)
Stomach 12.6 (6.6-19.9) 8.6 (4.5-13.1)

Remainder 11.4 b I O.3b
ll,e: =

Total 70.7 d 45.3 d
71.2" 41.6 e

"These values have to be divided by 2 to calculate the total and other organ
risks.

bThis value is derived by subtracting the sumof the risks at the sites specified
from the risks for all cancers except leukemia.

CThis value is derived by fitting a linear relative risk model to the basic
cancer data at the specific sites listed (Coefficient 0.19 excess relative risk
per Gy (100 fads) and 1.87 per 104 PYGy (million person-yr-cGy)).

dRed bone marrow plus all other cancers.

eRed bone marrow plus all other individual sites including the
remainder.
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A.2.3.1 Cancer Risks

AnnexF of the 1988report provides the update of UNSCEAR'sprior estimates
of radiation Induced cancer risks. UNSCEARacknowledged the major source of
concern which is the cause of this report; the uncertainty associated with
extrapolation of the effects observed "at high doses and dose rates to the low
levels of exposure that may be expected in environmental and occupational
settings." UNSCEARdefines high doses to be 200 to 1,000 cGy, and high dose
rates to be greater than 5 cSv per minute; low doses are less than 20 cGy, and
low dose rates are less than 0.005 cSv per minute.

A.2.3.1.1 In Utero and Childhood Exposures

The first group to be addressed by UNSCEARwas children, beginning with a
consideration of tissue sensitivity in utero. Reviews of emerging cancer data
from children of womenexposed during pregnancy and chtldren exposed as a result
of the nuclear explosions in Japan have produced equivocal data at best.

The so-called Oxford survey (Stewart and Kneale, 1970), reported that in
utero exposureduring the first trimesterof pregnancy resulted in almost an
order of magnitudeincreasein cancerrisk. Subsequentreports,still claim an
increasedrisk of cancer. Unfortunately,neitheranimal studiesnor studies in
Japan, the U.S., or elsewhere have confirmed that hypothesis statistically.
While UNSCEARacknowledgedthat the BEIR III (1980)reportprovideda cumulative
relativerisk of 5.0 for the first trimesterand 1.47for later exposures(total
in utero risk of 53 cancer deaths per million person-year-cSv),it took a much
morecircumspectwait and see attitude,providedno riskestimates,but concluded
itwould be prudentto assumean effect (especiallyfor leukemiainduction)until
there is adequate data to resolve the question. In the interim, UNSCEAR
recommendeda relative risk value of 1.58 for leukemia as in it's ]986 report,
which is described as significantat the 0.05 level. (For a summary of the
availabledata, see UNSCEAR, 1988, Table 14.)

For childrentreatedpost-natallywith radiationfor a primarycancer,there
was agreementthat all secondcancersin the area of irradiationwere due to the
radiationtherapy. However,therewas no quantitativerisLguidance providedby
UNSCEAR.

There is also a substantialbody of informationpresented on children
treatedwith radiationfor a number of other disorders,such as retinoblastoma,
Wilm's tumor, Ewing's sarcoma, and Hodgkin's disease. The usefulness of such
observations for cancer risk estimates for normal populations,however, is
debatable since many of these diseases are related to genetic defects (for
example, Wilm's tumor and retinoblastoma)or other preexisting malignancies
(e.g., Ewing's sarcoma and Hodgkin'sdisease). As a result, our review has
focusedon risks to otherwisenormalchildren.

Cancers induced from irradiationof the head (ringwormof the scalp) and
neck (enlargedthymus, hemangiomas,enlarged tonsils, etr) include primarily
leukemias,and tumorsof the thyroid(malignantand benign). Table 20 indicates
increasedr' k ranges from less than I percentto about 8 percent for leukemias
and thyroidcancer followingabsorbeddoses in the range of 100 to 1,000 cGy, and
excess risks of about I per millionperson-year-cGyfor leukemia,and about 3.5
per million person-year-cGyfor thyroidcancer. Similar resultswere found for
children exposed to nuciear fallout in i,he _arshall i_ia.d_.
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According to UNSCEAR, The best dose-responseinformationfor the risk of
thyroidcancer risk is believedto come fromJapanesebomb survivors(eventhough
the most recent data do not indicate an increasedrisk of thyroid cancer) and
from thymus irradiatedchildren in the U.S. The latter children experienceda
relativerisk of thyroidcancerof 49.1 (2gyears of follow-up),and an absolute
risk of 5.25 per million person-year-cGyfor females and 2.05 for males. In
Japan, exposed persons under ]g years of age exhibited about 2.1 per million
person-year-cGy,with a sex ratio of about Z.g (allages) However, it should be
noted that the dose estimates were based on the older T65D dosimetry, are
undoubtedlyincorrect,and should be consideredapproximationsonly. UNSCEAR
also notes that nearly all these cancersare relativelybenign papillarytype,
and the mortalityrisk after 25 years of follow-upis only about 7%. Further,
children appear to be at higher risk from exposurethan the generalpopulation,
and additionaldata are expectedas the populationunder study continuesto age.
In summary,UNSCEARconcludedthat the studiesof childhoodinductionof cancer
provide convincingevidenceof increasedrisks, but do not provide useful risk
coefficientsfor lifetimerisk projections.

A.2.3.1.2 Cancer Risks among PatientsTreatedwith Radiation

Use of cancerdata from people being treatedfor malignantdiseaseshas two
major problems associatedwith radiationrisk estimation: first, it is known
that some people have genetic predispositionsto cancer (e.g., colorectaland
breast cancer), and second,many cancer patientsare treated with chemotherapy
agents (especially alkylating agents) that greatly increase the risk of
subsequentcancer (and there is always the uncertaintyas to whether subsequent
cancers represent new tumors, or are secondaryas the result of metastasis).
While many of these uncertaintiesresult from medical practices (e.g., lumping
leukemias),confoundingfactorscontinueto makeevaluationof radiogeniccancer
risk very uncertain, since selection of a suitablecontrol population is not
straightforward,and these populationsare probably not representativeof the
entire population(due to predisposition).

Hodqkin'LPatient_

For patientstreatedfor Hodgkin'sdisease,the most notablesecondcancer
is acute non-lymphocyticleukemia (ANL) which is not believed to be associated
with radiotherapy,although solid tumors and other leukemias are observed.
Interestinglyenough,X-ray therapyalonedoe.snot seem to be a major risk factor
for the leukemias. That is probablydue to the factthat most Hodgkin'spatients
also receive chemotherapy,which has been implicated in onset of ANL after
treatment.

A very recent study (Boivin and O'Brien, 1988) of second cancers after
radiotherapyalone indicatesthat the relativerisks for solid tumors were as
follows, all sites, 2.2; bones and joints, 20; soft tissues, 18.3;
non-Hodgkin'slymphomas,8.1; skin melanomas,6.7; buccal cavity and pharynx,
4.1; nervoussystem,3.6; respiratorysystem,2.5; and digestivesystem, 1.8.
There was nodetectable increasein second solidtumors in the chemotherapy-only
group, possiblydue to the shorter follow-uptime.

However, UNSCEAR points to other studieswhere the effect of radiotherapy
when combined with chemotherapyappears to be at most, weak relative to the
effects of chemotherapy alone. Unfortunately,effective cllemotherapyfor
,,vuje,,,_ ui_=_u J_ r_dLmv_y r_EerlL, 50 survivaltime data is S_lll llmited.
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As a result,there are no dose-responsedata availableat this time. However,
the cumulative relative risk of ANL from chemotherapytreatment of Hodgkin's
disease alone is already extremely high, running in the hundreds; for other
leukemiasit is about 10, and for solid tumors,about 3 to 4. Surprisingly,the
risk fromchemotherapyis greaterfor peopleover 40 thanfor the young (just the
reverseof the effectsof radiation). A surprisingside-effectof chemotherapy
was recentlyobserved in femaleHodgkin'sdiseasepatients; a two- to five-fold
increasein the riskof carcinomaof the cervix and anogenitalregion (presumably
from papillomavirus infections in patients with suppressed immune systems).
However, it is not yet possibleto identifyradiationeffects separately.

CervicalCancer Patients

Women treatedby externalX-raybeam therapyor implantationof intra-cavity
radiumsourcestypicallyreceivefractionatedpelvicdoses on the order 2,000 to
7,000 cSv over a 4 to 8 week period. Over 180,000women from eight countries
with over 1.3 million person-yearsof observationare included. The statistical
relativerisks of secondcancersfollowingtherapywere as follows: rectum,1.8;
bladder,3.5; other genitalcancers,3.2; lung, 2.3; breast, 0.7; oral cavity,
1.7;and brain, 0.6. lt is interestingto note that the relativerisks of breast
and brain tumors declined to less than normal rates although these organs
receivedmuch lower doses (about10 cSv) due to distance and attenuationin the
body. (lt is unknownwhetherthese reductionsin risk are due to the effectsof
competingrisks (i.e.,the patientsdied of other causes before they developed
thesecancers),or other complications).Statisticallysignificantcancer risks
and their 90% confidenceintervalsfor women followedfor more than I0 years are
shown in Table A.IO.

While the dose to the red bone marrow is estimatedto have ranged between
300 and 1,500 cGy, and hundredsof cases of leukemiawould have been anticipated,
less than 100 were observed,suggestingthat cell killing in bone marrow must
havebeen a major factor. Other studies,however,did show relativerisks of 2.5
(not statisticallysignificant- av_.ragered marrow closeof about 780 cGy) and
2.3 (95%confidenceinterval:0.2-24.4). Furtherstudieswith the international
data mentionedearlier have now confirmed that the leukemia deficit is due to
cell killing, and indicate the maximum relative risk of leukemia is about 5
(higherdoses lead to lower risks per unit of dose due to cell killing).

A prospectivestudy inJapan indicateda relativeleukemiarisk of 11.2from
a mean red marrow dose of 120 cGy (excessrisk of 0.45 per million person-year-
cGy). A subsequent Japanese study of women irradiated for uterine cancer
indicatedthat therelative riskswere 3.9 for leukemiaand 2.9 for cancerof the
rectum.

Ovarian Cancer Patients

Additionalinformationis availablefor women treatedfor ovariancancer in
the U.S. The overall relative risk of cancer was 1.4; 1.5 for irradiated
patients and 1.1 for non-irradiatedpatients. Sites included the endometrium
(highestrate during first two years after treatment),colon, bladder, breast,
and hematopoieticsystem. Relative risks were fairly constant from 2 to 9+
years, which is too early to draw meaningful conclusions about projection
effects,and dose informationwas not available.
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Table A.IO. StatisticallySignificantCancer Risks for Women IO or More Years
Post-Treatmentand the 90% Confidence Intervals

Absolute Risk

Relattve Risk Exces) Cases
Second Cancers at 100 cGv oer 10u PYR_d

Colon 1.00 (0.00-1.02) 0.01 (-0.03-0.181
Cecum 1.02 (0.99-1.09) -
Rectum 1.02 (1.00-1.04) 0.06 (0.00-0.161
Female Genitals (total) I.O1 (1.00-1.021 0.05 (-0.01-0.17)

Ovary 1.01 (0.98-1.14) O.OS (-0.03-0.60)
Vagina 1.01 (0.98-1.14) -
Other Genital 0.98 (0.95-1.07) 0.01 (-0.02-0.03)

Bladder 1.07 (1.02-1.17) 0.12 (0.01-0.30)
Connective Tissue 0.95 (0.89-1.13) -0.01 (-0.02-0.03)
Stomach 1.69 (1.01-3.25) 3.16 (0.05-10.40)
Pancreas I.O0 (0.72-1.62) 0.00 (-0.65-1.43)
Kidney 1.71 (I.03-3.24) l.IO (0.06-3.50)
Breast 1.03 (0.13-2.29) 0.54 (-14.6-21.7)
Thyroid 13.3 (0.00-77.0) 6.87 (-2.04-3g.2)
Leukemiaa

CLL 1.00 (0.g0-1.43) 0.00 (0.00-0.17)
AL and CML 1.14 (1.00-1.45) O.IO (0.00-0.31)

"CLL=chronic lymphocytic leukemia; AL-acute leukemia; CML=chronic myeloid
leukemia.

In one of the U.S. groups treatedfor ovariancancer,leukemiarisks among
irradiatedpatients was not significantlyincreased,but for those undergoing
chemotherapyonly, the relativerisk was 9.3 and statisticallysignificant(95%
confidence interval; CI: 5.2-15.3). Comparisons between patients receiving
radiationand chemotherapyand those receivingonly chemotherapyindicatedno
significantdifference betweenthe two groups (combinedtherapy,RR = 120, 95%
CI: 44-261; chemotherapyalone, RR - 100, 95% CI: 37-218).

However, another large U.S. study provided conflictingresults, with no
explanationyet in sight. Relativerisks of leukemiain patients believedto
have been treated with radiotherapyonly, were estimated at 10, while for
chemotherapyalone,the relativeriskwas 9.5, both statisticallysignificantat
the I% level. What is even more perplexing is that when ANL alone was
considered,the relativerisks among the two groups n_tD_c_r_easedto 21.2 and 22.2,
respectively. These findings are totally inconsistentwith all other study
results.
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Breast Cancer Patients

Second cancer data from women treatedwith radiotherapyonly is generally
consistent,althoughhere too, there are contradictions. A 1983 study reported
no significantevidenceof a radiogenicrisk to the second breast,but did find
a relative risk of 3.2 for all second primary breast cancers relative to the
overallpublic. For breastcancerpatientstreatedonly by surgery,the relative
risk was 1.2 to 1.4 after five years of follow-up. A 1985 study of the same
populationreporteda Felativerisk of 2.0 for a second tumor (gB%CI: 1.9-2.1)
for women treated with radiotherapy,versus a relative risk of 1.5 (95% CI:
1.5-1.6) for women treated without radiation. However, the statistical
differencesvanishedfor those surviving20 years or more after irradiation(RR
- 1.7). Data on other cancers(includingleukemia)are presentedbut with little
confidencethat they are meaningful.

A large 1985 Britishstudy found no evidenceof increasedrisk of cancer in
the secondbreast as a resultof radiationtreatmentof the first breast cancer.
A 1984 U.S. study also found no significantrelativerisk for all leukemias,but
reported a significantrelativerisk of ANL followingradiationtreatment(RR -
3.7, 95%CI: 1.6-7.2),and surgeryor chemotherapy(RR = 6.7, 95% CI: 4.5-32.3).

, The study suggestedthat unreported chemotherapymay have occurred following
radiotherapy,thoughthere may be someradiogeniceffect. No dose-responsedata
were available.

RadiationTreatmentof Patientsfor Immun_Suppression

In recent years, total-body immune suppression has been induced by
irradiationof patients with leukemia or Hodgkin's disease, or for patients
preparing for bone marrow or an organ transplant. The results are still
uncertaindue to the limited follow-uptime and small numbers of survivorsfor
most cases.However,therehave been somecautiousestimatesof radiogeniccancer
risk for bone-marrowtransplantsfollowingradiationkillingof leukemicblood
cells (about 700 to 1,200 cGy to the total body). For 2 to 5 years follow-up,
there is currentlyabout a 2% riskof secondmalignancies,but even those results
may be confounded by the fact that some of the patients also received
chemotherapybefore or accompanyingthe irradiation.

There is some support for such estimatesfrom another study of patients
treatedfor non-Hodgkin'slymphoma(NHL)where there isan observedrelativerisk
of 105 (95% CL: 48-199) following 2,203 person-yearsof observation (average
follow-upof 4.3 years). For total nodalto total body irradiation,the relative
risk of acute non-lymphocyticleukemia (ANL) was 28.0, and 7.0, respectively;
both were statisticallysignificant. This study also found suggestionsof a
correlationbetweencumulativemarrow radiationdose and riskof ANL independent
of chemotherapyeffects,but the numberswere too smallto derivea dose-response
relationship. This apparent contradictionbetween results from treatment of
non-Hodgkin'slymphoma (typicallyI0 cGy per exposurewith up to a few hundred
cGy total) versus those for Hodgkin's disease may be the consequenceof the
largerdoses given Hodgkin'spatients(typically200 cGy per day for a total dose
of thousands of cGy) which killed cells that might have produced acute
non-lymphocyticleukemia.

An additional risk of immune suppression is susceptibility to human
papilloma virus leadingto an increasedrisk of cervical and related cancers.

A-41



However, the result is not a direct radiogenic cancer risk and is not dose
dependent.

Leukemoqenesi$ FQIlowlng RadiotheraDY

In a large U.S. study reported in 1984 followingradiotherapyfor all types
of cancer, there was only a significant increase in relative leukemia risk
associated with chemotherapy. The relative risk of leukemia following
radiotherapywithoutchemotherapywas inconclusive. Relativerisks significant
at the 5% level or better followingradiationtherapy alone were only observed
for endometrialand ovarian cancer, 2.1 and 10.0 respectively. However, the
relative risk for all sites was 1.4 at the I% level. See UNSCEAR,Table 29 for
details.

A 1986 study of radiation-induced leukemias in four states used chronic
lymphocytic leukemia (CLL) as a control for all other leukemias, since it has not
been linked to radiation exposure. The relative risk of CLL after radiotherapy
was 0.7 (not significantly different from 1.0), while the relative risk of all
other leukemias was statistically significant: 1.6 for all irradiated sites and
2.4 for trunk sites alone. However, no dose-response data were available.

Leqkemia_nd MultipleMYeloma

Riskdata fromnon-cancerrelatedradiationtreatmentsare probablythe most
reliablesourceof radiationriskdata. Inthe case of leukemia,the bulk of the
information comes from Japanese bomb survivors and ankylosing spondylitis
patients. Unfortunately,UNSCEARwas unable to factor the DS86 dose estimates
intotheir report;as a result,the conclusionsmust be taken with caution,and
this review will be more limitedthan would be the case if the new JapaneseDS86
data had been used. However, in both studies,the first evidence of increased
risk of leukemia occurred within 5 years after exposure, and has remained
elevatedfor at least 40 years. Yet if bomb survivorsunder 15 years of age are
excludedto permitcomparisonswith the spondylitispatients,the relativerisk
to bomb survivors(13.5)is much greaterthan for the spondlytics(3.37). Part
of the differencecould be due to cell killingamong the spondylitics,or to the
more limited amountof marrow exposed. Neitherstudy showed an increasein the
relative risk of chronic lymphocyticleukemia. The relative risk and excess
cases (UNSCEAR,Table 30) for leukemia among the anklylosingspondyliticsand
Japanese survivors(usingthe incorrectT65D estimates)are shown in Table A.11
(given the recent DS86 dosimetry, the risk among Japanese survivorswould be
revised upwardsabout a factor of two, making the disparityeven larger).

lt shouldbe noted that chrorsicgranulocyticleukemiapeaks within 5 to 10
years post-exposureamong the Japanesesurvivorsregardlessof age at exposure,
then declines to near backgroundwithin about 20 years post-exposure.On the
other hand, for all adults,the peak periodsof expressionoccur later in life
and tend to be spread out over longer periodsof time.

Acute and chronicgranulocyticleukemiasdisplay very similarpatterns of
expressionamong those survivorsunder 15years of age at the time of exposure.
(See UNSCEAR, 1988, Figure V).
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Table A.i]. Relative Risk and Excess (Absolute) Cases for Leukemia

Excess (_ases
,P0pulati__n Relative Risk Der 10.oPY

AnkylosingSpondylitis 4.79 (3.4-6.6) 1.96 (1.24-2.88)

Japanese Survivors 9.38 (7.0-12.6)a 3.95 (3.04-4.86)

alndividualsexposed to >100 cGy vs. those exposedLo <10 cGy (T65D).

In the case of multiplemyeloma,the Japanesedata exhibita 15 to 25 year
latency period with an extended period of risk, but with no differences in
relative risk between the sexes. Excess risk (based on the faulty T65 dose
estimates)was 0.48 per million PYcGy. Relativerisk ranged from about 1.6 to
2.3 for low-LETexposures,and about 4.3 for primarilyhigh-LET exposures.See
UNSCEAR, Table 32 for details.

CAncer Risks in Non-epithelialTisst_

Data on risk for activelydividingmesenchymaltissue are strongest,and
for cancersof the tissuesof the periosteumof the bone (e.g.,osteosarcoma),
radiation is the only well-documentedrisk factor. The internallydeposited,
high-LET alpha-emittersRa-226,228 are among the best known causes of bone
cancer. Radiogenic osteosarcomastend to occur in the same locationsof the
skeletonin which spontaneousosteosarcomasoccur,especiallynear the epiphyses
of rapidlygrowing long bones (e.g.,'theknee joint). Note: this could also be
taken as evidence that the cancers are from osteogenicprogenitorslining the
internalbone surfaces (i.e.,endosteal).

Osteosarcomaswere also observed among German patients given Ra-224 for
treatmentof anklylosingspondylitis,bone tuberculosisand other diseases. The
appearanceof these sarco=nasfollowsthe same timecourseas radiogenicleukemias
among Japanese bomb survivors. The speculation is that the much shorter
biologicalhalf-lifeof Ra-224 makes it's exposure more like a brief exposure
than for Ra-226. The mean dose received ranged from about 205 cGy in adults to
about 1,100 cGy in children, delivered over a period of 6 and I] months,
respectively, ltwas estimatedthat the absoluteriskcoefficientfor Ra-224was
about 27 bone sarcomasper million person-cGy.

EpithelialTj@sues

Epithelialtissuesare oftencharacterizedby populationsof stemcells that
activelydivide throughouttheir life-timesto producethe differentiatedcells
that providethe structureand functionalbasis of someorgan systems. The most
common radiogenic cancers originating from epithelialcells are those of the
breast,lung, and thyroid. Less common are those of the skin, digestiveorgans,
liver, pancreas,and uro-genitalsystem.
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(1) Breast Cancer

A large numberof womenhave received chest X-ray treatments or fluoroscopy
for a variety of medical conditions. These include tuberculosis, post-partum
mastitts, and artificial pneumothorax. In addition, breast irradiation was
experienced by large populations in Japan from the nuclear explosions which ended
World War II. Although UNSCEARhas not yet updated earlier estimates of risk to
account for the new DS86dose estimates, there is no doubt that breast tissue is
very susceptible to radiogenic cancer, especially for those exposed as children.
Relative risk amongJapanese survivors declines from about 9 for children aged
0 - 4, to around 5 for ages 5 - 10, then declines gradually to about 2 - 3 for
ages 20 and older . An average absolute risk was estimated to be 3 - 4 per
million PYcGy(based on faulty dose estimates), and is expected to increase when
the new dosimetry is applied. SAIC notes that when that happens the risk
coefficients should more closely agree with risk coefficients from U.S.
experience with medical exposures, as discussed below.

U.S. mastitis patients exhibitrisk coefficientsabout twice that of the
Japanesesurvivors(6to 8.5 per millionPYcGy),with a relativerisk of 3.2 (90%
CL: 2.3-4.3). The linear dose-responseand multiplicative (relative) risk
projectionwas a better fit of the data. _,

The Canadianfluoroscopydata also indicatea relativerisk on the order of
2 - 3 for doses of 100 to 400 cGy, with higher values for those exposed at a
younger age. However, the Canadiandose-responsedata is best fit by a pure
quadraticmodel, though a linear-quadraticmodel fits almost as weil.

(2) Lung Cancer

Most of the exposuresrelatedto medicalexposuresto the chest and breast,
also resulted in lung irradiation. At thepresent time, UNSCEAR finds no
differencebetweenlungcancerrisksbetweenJapanesemen and women after smoking
effects are accounted for. In addition,there is a large body of information
from exposureof undergroundminers exposed to radon progeny.

For brief low-LET exposures (primarily Japanese bomb survivors and
ankylosingspondylitispatients),relativerisks appear to be about 1.2 - 2.0.
Miners exposedto high-LET radon progeny over long periods of time show mixed
results, dependingon the countrywhere they were exposed. Risks are usually
presented per working-level-month(WLM) of exposure (170 hours exposure to I
working level). Czechoslovakiandata indicateslifetimerisks of about 450 per
million WLM, while Ontario, Canada data indicates about 170 per million WLM.
U.S. data were generally ignored.

Overall.UNSCEAR suggeststhat a range of 150 - 450 lung cancer deaths per
million WLM is reasonable. If one assumes "usual conditions in mines" a

referenceconversion factor of 0.6 cGy to the bronchi per WLM can be derived.
That impliesa lifetime risk of about 90 - 270 lung cancer deaths per million
person-cGy (an assumed RBE of 20 would glve a r¢_,geof 4.5 to 13.5 lung cancer
deaths per million person-cSv).

UNSCEARreportedthe relativerisk model developedby BEIR IV (1988)which
also accountsfor age specific risk:

r(a) = ro(a)[1+ O.025g(a)(WI + 0.5W2)
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where r(a) is the lung cancermortalityrate at age a; ro(a) is the baselinelung
cancer mortality rate in the 1980-1984U.S. population;g(a) is a coefficient
equal to 1.2 for ages under 55, ImO for ages 55-64, and 0.4 for ages 65 and
older; WI is the cumulativeradiationexposurein WLM from 5 to 15 years before
age a; and W_ is the cumulativeexposure 15years or more before age a. BEIR IV
concludedthat I WLM per year would increasethe numberof lung cancerdeaths by
a factor of 1.5 for currentpatternsof smoking.

(3) ThyroidCancer

The data on thyroidcancer risk among childrenhas alreadybeen discussed,
and more details are shown in Table 20 of the UNSCEAR report. Adult thyroid
exposuresas a resultof radioiodinetherapyfor hyperthyroidismhas yet to show
any signs of excesscancer,especiallythe most dangerousanaplasticform. Data
from falloutof radioiodinefrom U.S. weaponstest in Nevada alsodo not indicate
any excess thyroidcanceramong the exposedpopulation,althoughdoses have been
as high as 150 cGy followingexposuresfrommultipleweaponstests (primarilyin
children). Estimates of excess risk range from about I to 4 per million PYcGy.

Swedish studies of patients given radioiodinefor diagnosticevaluations
'; have also failed to identifyany excess cancer risk for typicaldoses of 50 to

150 cGy after 17 years of follow-up. An expansionof this study later revealed
sol,,eincreased risk for patients receiving the higher doses for detection of
suspected tumors. Further, it was estimated that the effectivenessof the
prolongedexposurewas about a third to a fourthof that for a singleacutedose.

In Japan, bomb survivors have shown a relative risk of about 4, with an
excess risk of about 0.92 (males)and 2.40 (females)per million PYcGy. The
approximate 3:1 ratio observed is about the same as among the non-exposed
population.

The National Councilon RadiationProtectionand Measurementsderived the
followingabsoluterisk equation:

Risk = R x F x S x A x Y x L

where R is the absolute risk of 2.5 per million PYcGy for both sexes in
ethnically similar populationsof children exposed to X-rays after a minimum
latent period of 5 years, ; F is the dose effectivenessfactor taken as I for
externalX or gamma-irradiationand 1-132,133, and 135, or 0.33 for I- 131 and
125. S is a sex correctionfactor equal 1.33 for females and 0.667 for males;
A is a age-susceptibilitycorrectionfactor equal I for ages under 18, and 0.5
for ages over 18; Y is the averagenumberof years of post-exposurerisk in the
group being evaluated;and L is lethality,taken to be 0.1 (basedon papillary
tumor induction). Calculatedresultsusing this equationfor internalexposures
to 1-125, 131 and external exposuresto X or gamma radiation are presented in
Table 39 of the UNSCEARreport. Lifetimeexcessmortalityrisk rangesfrom 0.274
to 1.45 for males (beforeage 18 and after)and 0.68 to 3.15 for females(before
age 18 and after) per 10,000 individualsexposedto between6 and ]50 cGy.

(4) Other EpithelialCancers

Cancers in other epithelial tissues are still being studied, but dose-
response informationis generallypoor or nonexistent. Some excess risk values
are presented for urogenital, liver and digestive system, but there still
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substantial uncertainty in the estimates, and the further review of that
informationwas judged to be unproductive.

A.2.3.2 Genetic Risks

Annex E of the report UNSCEAR report discussescurrent uncertaintiesand
perspectiveon genetic risks relative to radiationexposure and other causes.
Prevalenceof Mendeliandiseases in the generalpopulationis composedof a_out
50 entiti)s,the individualbirth frequenciesof which range from about 10""to
about 10", with some allowance for as yet undiscovereddiseases. UNSCEAR
estimates that diseases associated with chromosomal defects (particularly
deletions and duplications) have been detected on every human chromosome.
Microdeletionshave been associatedwith malformedchildren,especially those
predisposedto severaltypes of cancer. However,prevalenceand contributionto
diseasehas not yet been quantified. One exceptionhas been "fragilesites"on
X-chromosomeswhich is relatedto mental retardation. This has been estimated
to be about 4xlO"4,making it secondonly in prevalenceto Down's syndromeas a
disease resulting from of a chromosomal abnormality. However, there is no
informationyet regardingthe susceptibilityof the conditionto inductionby
radiation

Previousestimatesof congenitalanomaliesand diseasesof complexetiology
(0.043 prevalence)and other multifactorialdiseases (0.047 prevalence)were
based on a 1974 BritishColumbia survey which was limited to observed effects
from birth to age 21. UNSCEARnotes that more recent studiesof the Hungarian
population, indicates that the prevalence of congenital anomalies and
multifactorialdiseases may be much higher, on the order of 0.06 and 0.6,
respectively,when individualsthrough age 70 are included. Unfortunately,
almost nothing is known regarding the mechanisms or the induction of such
diseases from radiationexposure.

Another current area of interestare movablegenetic elements in the role
of spontaneous mutations and chromosomal aberrations. Recently, short
interspersedelements (SINEs)and long interspersedelements (LINEs),ranging
from less than 500 base pairs, and a few hundredbase pairs up to about 7,000
pairs, respectively,have been observed in mammalian cells as repetitiveDNA
sequences. However,there iscurrentlyno informationlinkingthese transposable
elements to spontaneousmutations in man. Current studies of DNA repair in
mammalian cells indicate that DNA repair takes place preferentiallyon active
(transcribing)genes. As a result, it appearsthat damage to the silentregions
of the human genome may be more likelyto resultin mutations. However,UNSCEAR
believes it is still not possible to define the role of radiation exposure in
germ cell mutagenesis.

UNSCEARnoted the recent studiesof human spermatozoairradiatedin vitro,
which indicatesthat chromosomalaberrationsincreaselinearlywith X-ray dose,
rising from the spontaneousrate of 14% to 19% at 25 cGy, 29% at 50 cGy, 43% at
100 cGy, and 68%at 200 cGy, However,the risks associatedwith such aberrations
has not yet been quantified.

Geneticstudiesof the Hiroshimaand Nagasakipopulationscontinue,but have
not yet revealedany directevidenceof mutationsassociatedwith the exposures.
UNSCEARnoted that new studiesof geneticeffectsin offspringof cancerpatients
exposedto radiationand chemicalagents,and amongthose populationsexposedto
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radiation from the Chernobyl accident have been initiated and may produce useful
informationin the future.

CurrentUNSCEARgeneticrisk estimatesfrom exposure to low level, low LET
radiation are essentially the same as provided in the 1982 and 1986 UNSCEAR
reports, and are summarized in Table A.12.

Table A.12. Genetic Health Effectsper Million-Person-cSv

First GenerationGenetic Effects Equilibrium
Genetic Effect Males Females Average IA]l GeNerations)

DominantMutations 10 - 20 0 - 9 15 100

RecessiveMutations 0 0 0 15

UnbalancedReciprocal
Translocations I- 15 0- 5 2.4 4

TOTALS: 11 - 35 0 - 14 18 119

A.2.4 NationalRadiolooica!Prote.ctionBoard (NRPB) Findings__

InD_cember1988,the NRPBpublishedit'sreport"HealthEffectsModels from
the 1988UNSCEARReport"(NRPB,1988}. Much of the informationused in deriving
the models came from UNSCEAR, Ig88 but the risk coefficientsfor latent effects
selected were specific for UK populations,even though the models were based
primarilyon the JapaneseA-Bomb survivordata (Ibid, pp.14-15). Subsequentto
the RERF efforts in developingthe dose estimatesfor the 185D dose estimates,
the new dosimetrysystemwas developed,entitledDS86 (Roesch,1987). The DS86
dose estimateswere made for approximately76,000 survivors(outof the total of
approximately91,000 in the Life Span Study group; a substantialincreasefrom
the RERF 185D estimates).

The NRPB addressednumerousconcernsassociatedwith applyingthe Japanese
data to otherpopulationssuch, as the UK. These involvedspecialconsiderations
of the differencesin spontaneouscancer rates in the femalebreast (much lower
than in the west), and stomach (much higher than in the west). The NRPB
concludedthat the relative risk model was more appropriatefor use with most
cancers (solidtumors),while the absolute risk model was most appropriatefor
leukemia. In the case of breast cancer, the NRPB used the relative risk
coefficientsderived from North American women irradiatedfor medical reasons
(e.g.,mastitis) rather than the LSS data from the Japanese survivors.

NRPB foundthat for leukemia,the absoluterisk is high for those irradiated
before age 10, then falls, and rises again for older ages at exposure. Age
-specificrelativerisks given by Shimizuet al. (1988)were used for all cancers
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other than leukeata (NRPB, 1988, pp.22-23), leading to htgher project_.d rtsk_ for
solid tumors than would be projected from either an age-averaged relative risk
mode] or from an absolute risk mode]. NRPBdealt with the extrapolation of r'_sk
coefficients based on high doses and/or dose rates (HDR) to low doses and low
dose rates (LDR) by using a dose-rate effectiveness factor (DREF). For dose
rates below 10 cGy/day and low doses (less than 1 cGy), NRPBconcluded a DREFof
2 was applicable for the female breast, while a DREFof 3 applied to all other
tissues. These values are generally consistent with the recommendations of
UNSCEAR(1988) which suggested a range from 2 to 10 as appropriate for most
cancers.

NRPBused two methods of projecting risk over time for the UK population
(baseline cancer rates of England and Wales, and the 1985 UK life table); the
first ,as based on a projection of risks over a full lifetime, and the secund was
based on the actual risk observed to the present time (i.e., 40 years post
exposure). It is the belief of NRPBthat these two methods bound the probable
lifetime risks. The NRPBestimates of the risks from leukemia and other cancers
are summarized in Table A.13, and compared with the earlier ICRP (1977)
estimates.

A.2.4.1 Leukemia

The HDR values for leukemia in ]able A.13 were based on the age and
sex-specific absolute risk coefficients for the Japanese survivors, assuming an
RBE of ]0 for neutrons, although due to the much smaller neutron doses
calculated, the choice of RBE has little effect on the calculated risk. The
expression period was assumedto be 2 to 40 years after exposure. A DREFof 3
was assumedappropriate for LDR, low LET exposures.

A.2.4o2 Breast

The HDRvalues for breast cancer were based on age-specific relative risk
coefficients derived from studies of patients in NewYork given X-ray therapy for
acute postpartummastitis,and from tuberculosispatients in Massachusettswho
received large fluoroscopydoses. The resultswere averaged over a population
of males (approximatelyzero risk) and females. A DREF of 2 was assumed
appropriatefor LDR, Iow LET exposures.

A.2.4.3 Thy'roid

The HDR values for thyroid cancerwere based on age-specificabsoluterisk
coefficientsrecommendedby the NCRP (1985)which in turn were derived from a
review of medicallyexposedchildrenin the U.S. (e.g.,tinea capitisand thymus
irradiation). NRPB assumedthat the expressionperiod commenced5 years after
irradiationand continueduntil the end of life (or 40 years post exposure). The
ratio of mortalityto incidencewas assumedto be 10:I. A DREF of 3 was assumed
appropriatefor LDR, low LET exposures.

A.2.4.4 Bone

The LDR values for bone cancer were based on an absolute risk model,with
coefficientsderivedfrom radiumdial painters in the U.S. The model assumesan
RBE of 20 for alpha radiation,with an expressionperiodbeginning 2 years after
exposure commenced and continuinguntil 40 years post exposure. The DREF for
low-LET exposurewas taken to be three at low dose rates.
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Table A.13. EstimatedExcessCancerMortalityRisks (per 10,000cGy) for the UK
Populationfrom Exposureto Low LET Radiationat High (HDR)and Low
(LDR) Dose Rates

LifetimeMortality,Risk Risk Observed to Date° ICRP-1977
Cancer Twe ....HDRh LDR" HDR ......LDR ,..(Adu_

Leukemia' 0.84 0.28 O.B( 0.28 0.2
Brpastb 1.1 0.55 0.42 0.21 0.25

Lui,t_" 3.5 1.2 1.15 0.38 0.2
Thyrgid c 0.075 0.025 0.055 0.02 0.05
Bone_ O.15 O.05 0.15 0.05 O.05
Liver" 0.45 0.15 0.23 0_08 0.1
LLI/col on" 1.1 0.37 0.38; 0.13 O.1
Stomach" 0.73 0.24 0.14 0.05 0.1

Remainder" f 5.0 1.63 O.565 O.20 O.2

TOTAL- 12.9 4.5 3.93 1.4 1.25

v 'Lower large intestine/colon;based on Japanese_-Bomb survivors.

bBasedon studiesof western women.

CFrom NCRP Report No. 80 (1985);also AppendixA, NRPB (1988).

dBased on radium dial painters;AppendixB, NRPB (1988).

eBased on Thorotrastcases (BEIR, 1988);Appendix B, NRPB {1988).

fDifference;Appendix B, NRPB (1988) for skin.

gBasedon period of follow-upof'Japanese to date (40 years).

"HDR= high dose rate (> I0 cSv/day);LDR = low dose rat_ (< 10 cSv/day); DREF=2
for breast,3 for others.

A.2.4.5 Liver

The LDR values for liver cancer were based on the BEI_ IV (.]988)review of
studiesof Thorotrastpatients (mainlyin Germany). An absolut_ risk moG'elwas
used to projectriskbeginning20 years after startof exposure up to end of life
(or 40 years). The DREF for low-LETexposurewas assumedby NRPB to be 3 for
LDR.

A.2.4.6 Lung, Cole_, Stomach and RemainingTissues

- _ The HDR valuesfor iung,,coion, stomachand remainingtissueswere based on
age and sex-specificrelative risk coefficientsfor the Japanese survivors,
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assuming a neutron RBE of 10. The expression period was assumed to begtn 10
years after exposure and continue until end of life or unttl 40 years post
exposure. One exception was colon cancer where the risk coefficients for
exposure before age 20 were replaced wtth values from the 20 to 29 year group due
to the lack of data for the former. Remaining t|ssucs _nclude cancers of the
esophagus, ovary, bladder, rectum, ktdney, and multtp_ _,eloma. A DREFof 3 was
used to estimate risk coefficients for LDR, low LET exposures.

A.2.4.7 Skin

Thts risk coefficient camefrom ICRP (1977,) recommendedvalues, assuming 1%
of a11 skin cancers are fatal. A DREFof three was assumedfor low dose and LDR,
low LET .radiation exposures. The LDRvalue for cancer mortality was assumedto
be 1x10TM per cGy for low-LET exposures.

Additional information summarizing the results of the UNSCEAR(1988)
relative and absolute risk estimates and assumed fatality rates for
radiation-induced cancer are summarized in Tables A.14 and A.15.

A.2.4.8 In Utero Exposure

A special category of the humanpopulation at risk of cancer from radiation
exposure are those exposed in utero. The principal source of information on such
exposures was the Oxford Survey of Childhood Cancers (OSCC), which ts still
on-going. While the study has produced controversial results during the last 15
years, NRPB feels the recent data has now produced a reasonable estimate of
cancer risks associated with in utero exposures. Arecent revelation is that the
risk of exposure in the first trimester, long thought to be the most sensitive
phase, is now believed to be no greater than the other trimesters (NRPB, ]988,
p.40). The relative risk based on theOSCC is thought to be about 1.4 (t.e., the
risk of childhood cancer following i_ utero X-irradiation is about 40% higher
than normal). NRPBnotes that the risk estimates from Japanese survivors are
extremely uncertain (95% confidence interval is 1.14-13.5 for relative risk), but
bound the OSCCestimate ([bid, p.42).

C_ting UNSCEAR(1988) and BEIR III (]gBo), NRPBconcluded that the risk of
childhood cancer incidence is about 600 per million person-cGy (250 cases of
leukemia and 350 solid tumors). Since about half of these childhood cancers are
fatal, NRPBconcluded that the mortality risk coefficients for leukemia and solid
tumors are about 125 and 175 (300 total) per million person-cGy for LDR, low
dose, low LET e'_osures.

A.2.4.9 Geneti_ Effects

In addition to the future risks of radiation-induced cancer, there is also
a risk associated with future hereditary (genetic) effects. Recognizing the
absence of measurable §enetic risk in the 30,000 off¢pring of Japanese survivors,
NRPB has followed the time-honored method of relying on animal data for
estimating the risks of various types of genetic abnormalities(Ibid.,p.,32).
Although there have been no measurablegeneticeffectsobservedyet in children
of Japanese survivors,the studies to date have permitted an estimate of the
lowerlimit of the "doublingdose" (dosenecessaryto ooublethe spontaneousrate
of genetic damage). One study estimated thac the doubling dose was 46 cGy for
l,',.,.i.l,,_.,_b..,,.. ,,..,..,I 1_1_ ../_. ,l_^,. ,..^_-_.^,.,.. I Tt_._rl _'lrJli _s'l _^,l-ill,'...I,,_ _F,*I,l_, ^t._,lm...i-r_A +t_r_
I Gi,plII_I O Iglll%ll ,All=ill ti,,,.U=]lr IrVI Illli, Jl_lll_;I ,,.3< li= li,.# Illdl . , p. ,.Ilk / , gill=ii illVli, ll'llill ,,li Ik,lUIUi _ lr,ill l illllll li,_li.,_U ill'l=,
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Table A.14. ProjectedLifetimeRisks of Cancer Mortalityper cSv Whole Body
Low-LET Exposuresat HDR (UNSCEAR,1988)

_._ .
',..... _,_

ProjectionModel (x 10'4)
[_xposedPopulation RelativeRisk Absolute Risk

Populationof all ages" 7- II 4- 5

Workers (ages 25-64) 7 - 8 4 - 6

"The ranges reflect the differencesbetween age-specificand age-averagedrisk
coefficients.

Table A.IS. Assumed Fatality Rates for Radiation-lnducedCancers (ICRP, 1985)

_C._[L_. );Fatalities

Leukemia go
Breast 50
Lung g5
Thyroid I0
Bone 80
Liver 95
LLI/colon 75
Stomach g5
Skin I

Remainder(IncludingStomach) 75

Ref" Table 7, NRPB (1988)

doublingdose to be approximately140 to 180 cSv (Ibid,p.33). BEIR III provided
a range of 50 to 250 cGy (BEIR iii, 1980, p.110).

Genetic effects may occur from changes in the base sequences of DNA in
single genes leadingto a mutationthat is not lethal to the cell (i.e.,onlya
non-lethalmutation in a germ cell is heritable). Mutationsmay be dominant,
recessive,and X-linked. Dominantmutations are always expressedin the first
generation (if not lethal) regardlessof the other allele. However, recessive
mutationsare not expressedif they have a matchingnormal allele. As a result,
I"-'I_C_) I ¥_" IIIUbGI,, UII:_ IIl(l_ IIUI, P_" UU,,_I_'I ¥_U I UI Ill(I, Ily _t::ll_l gr, lUll: WlICll t,,IIC )IJCt,,, I I i_

mutations become common enough to be present on matching alleles from both
r
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parents. An exception are mutations of genes on the X chromosome (X-linked)
which may be expressed in males whether dominant or recessive, since the matching
allele is nearly always missing from the Y chromosome.

Changes in normal chromosomenumber in man (46 pairs; 23 from each parent)
is nearly always fatal to a developing fetus, or will lead to sevore physical
and/or mental defects in newborns (e.g., DownsSyndrome).

Other types of hereditary disorders are referred to by NRPB as
"multifactorial" diseases. Relatively commonchronic diseases mayhave a genetic
component but environmental Influences play a role in disease expression.
UNSCEAR(1988) and NRPB estimates of hereditary disorders at equilibrium are
summarized in Table A.16 along with the estimates taken from BEIR III (1980) for
comparison. For comparison, the ICRP (1977) estimated the total risk of genetic
effects was 2 x 10"_ per cSv.

Table A.16. Incidenceof GeneticDiseaseat Equilibriumfrom ParentalExposure
per million cSv per Generationper million Liveborn

Disease BEIR III UNSCEAR Natural Incidence
Classification (1980) (1988) Der millionlive birth_

Chromosomal Slight 4 3,800
Animals Increase

Dominant and 40-200 100 10,000
X-linked

Recessive Very Slow 15 2,500
Increase

Multifactorial - - 60,000-600,000

Irregularly 20-900 - -
Inherited

Total: 60-1,100 (GM = 260) 120 76,000-620,000"

aBEIR III gives an estimate of about 110,000(BEIR, 1980, p.85)o

NRPB recommendsa riskcoefficientof 80 per millionperson-cGyfor low dose
and low dose rate exposureto low LET radiation,and 240 per million person-cGy
for HDR and high doses (NRPB, 1988, p.34). This assumes a genetically
significant dese delivered during the first 30 years of life, with effects
expressedover all future generations.
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A.2.5 Other $¢udies

A.2.5.1 Breast Cancer AmongWomenTreated for Acute Postpartum Mastitis
(APM)

An ongoing study of womengiven X-ray therapy for APMduring the 1940's and
]950's was recently updated (Shore et al., ]986). The study included 60] women
and 1,239 controls, and covers a post-exposure period of up to 45 years, with
an average of 29 years. The study concluded that the relative risk model
provided the best fit to the observed data (e.g., the age and temporal patterns
of cancer occurrence, and the average latency did not vary by dose), and the
response was approximately linear with dose (the doses ranged from 69 to 1,400
cGy, although only 35 breasts received over 800 cGy). Interestingly enough, the
risk per cGy for the various exposure groups appeared to be independent of the
dose fractionation, which ranged from 10 to 230 cGy per treatment. Nevertheless,
the study produced breast cancer absolute risk coefficients of 7 to 9 per million
person-year-cGy, consistent with the BEIR III estimate of 6 per million
person-year-cGy.

A downwardcurvature of the dose-response curve at high doses was attributed
to cell killing.

A.2.5.2 Review of the Risk of Cancer from In Utero Exposure

Following a review of 2,802 individuals who were exposed in utero, and
utilizing the most recent reassessment of doses (DS86), Yoshimoto et al. (1988)
concluded that for all individuals whose dose exceeded ] cGy, the risk of cancer
through 1984 was 40.9% higher. The relative risks are summarized in Table A.17.

Table A.17. Risk of Cancer from In Utero Exposure

Dose RancL_ ExcessCancers RR

] to 2g cGy 7 cancers (].31 excess) out of 682 individuals ].24
30 to 59 cGy 3 cancers (1.13 excess) out of 129 individuals 2.18
Over 60 cGy 3 cancers (2.88 excess)out of 109 individuals 4_78

The 95_ confidenceintervalsare so large that the lower bound for the most
exposedgroup overlaps the upper bound of the two lower exposedgroups.

In order to see iC cancer risks for in utero exposed individualsare higher
than for children exposed postnatally,Yoshimoto et al. (1989) compared the
observed risks with children exposed at 0 to 9 years of age. No significant
differenceswere found for radiogenicleukemia,althoughthe numberof leukemias
is very small (2 cases), and subjectto large uncertainty. Further, a3though
this study found no differencein sensitivitywith gestationalperiod,two cases
are not a sound basis from which to draw any solid inferences(see NRPB study
above, which does draw such inferencesfrom the ongoingOxford (OSCC) study).

_
_

-
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The relative radiosensitivityof fetal tissues to damage and potential
cancer induction has also been reviewed (Brent et al., 1987). That study
concludedthat the estimate of leukemiarisk from Stewartet al. (Ig70) is not
the actualradiationrisk, since lt includesthe spontaneousrisk as weil. When
corrected for the spontaneous rate, Brent et al. (1987) concluded that the
leukemia_risk fearin utero exposure is on the order of I/6,000per cGy for the
10 years _T'<_',_iqwlngexposure.II ,

I, ,

A I9&_ _vie'_ of the OxfordSurveyof ChildhoodCancers (OSCC)by GilmaneO
al. () updatedearlierestimatesby Stewartet al. (1970). As before,dosimetry
data is non-existent,so it was assumedthe total dose was proportionalto the
number of X-ray films taken. The authors concludedt_t the relative risk of
leukemiafollowingin utero exposureduring the first trimesterof pregnancywas
2.73 times t,hat from exposure in the followingtwo trimesters. This study has
a few substantialproblems;first,over g0% of the total number of cases studied
occurred in the 3rd trimester (1,317out of a total of 1,443 cases); second,
only 51 cases out of the total of 1,443 cases resulted from Isr trimester
exposure (i.e., the statisticalpower is weak, compared to the 3rd trimester
data); third, the 3rd trimestershowedno increasedrisk as a resultof in utero
exposure; and 4th, this data is generally inconsistentwith the data from
Japanesebomb survivorsor other studies. Another sourceof concernis the fact
that most of the cases during the Ist trimesterwere the resultof reasonsother
than related to pregnan_:y(e.g., chiefly pyelograms and other contrast media
examinations), and resulted in greater numbers of films than obstetric
examinations. However,there is no informationpresentedregardingdifferences
in dose per film, etc. The ultimate value of these studies remains to be
determined,but it appearsthat the most reliableconclusionis that there is no
increasedrisk from exposureduring the 3rd trimester.

A.2.5.3 Risk of Thyroid Cancer from Thymus Irradiation

Shore et al. (1985) reassessedthe risk of thyroid cancer in a group of
2,652 persons who received X-ray treatmentfor purportedenlarged thymuses in
infancy(erroneousdiagnosesfor most infants). Averagetime since exposurewas
about 2g years. While thyroiddoses rangedfrom 5 to over 1,000 cGy, 62% of the
doses were less than 50 cGy (meandose 120 cGy). To date, 30 thyroidcancersand
59 benignthyroidadenomashave beendetectedas comparedto 1 thyroidcancerand
8 adenomas among a control group of 4,823 siblings. For thyroid cancer, the
absoluterisk model appearedto best fit the data, although there was excess
risk for both cancersand adenomasfor at least 40 years post-exposure. For both
cancers and adenomas, the absolute risk per cGy _),_s2 to 3 times greater in
femalesthan in males,and therewas no indicationthat riskwas affectedby dose
fractionation.

An earlierstudy suggestedthatethnicitymay havebeen important,sincethe
risks appearedto be higher among Jewish patients. However,that was found not
to be the case in this study, and was attributed to the fact that the Jewish
patients in general received larger doses than the other patients due to
differencesin treatments (Shoreet al. (1985),p.II7g).

The absolute risk coefficientderived from this study was 3.46 x I0"6per
person-year-cGy(PYcGy)for cancer and 5.7 x I0"6per PYcGy for adenomas (Ibid,
p.1180). The relativerisk coefficientswere 0.58% per cGy for cancersand 0.44%
per cGy for adenomas. Both models were adequatelydescribed by a linear dn_
responsemodel (therewere smallor insignificantquadraticcomponentsin the RR
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model), and there was no indicationof a multlpllcativerisk with respectto age
(i.e., lt was an additive,absoluterisk).

A.2.5.4 Cancer Risk Associatedwith Irradiationfor Tinea Capltis (Ringwormof
the Scalp)

Ron et al. (1988) reassessed the risk of cancer' among 10,834 patients of
African or Asian parentage who received 75 to 100 kVp X-rays for Tinea capttts
in Israel between 1948 and 1960 compared to 10,834 matched controls and 5,392
siblings. The average follow-up period was 26 years. The organ- specific
relative and excess risk coefficients are summarized below for specific neoplasia
which account for the major risks observed to date (Table A.18).

Table A.18. Relative and Exce_s Risk Coefficients from Irradiation of the Scalp
(Tinea Capitts)'

----m--. ...... ----------------------------------------------------'''''"'--''--'--''--'''----"

RR (95% CI) ER (95% CI) RR (95% CI) ER (95% CI)
' Neoplasia vs. (;ontrols rs, Controls vs. $iblinqs vs, $iblinqs

Head & Neck 2.9 (1.2-7.2) 4.6 (0.5-15.4) 5.0 (1.5-39.5) 6.1(1.3-96.6)

Leukemia 2.8 (1.0-8.7) 3.2 (0.1-13.7) 2.0 (0.6-7.6) 2.9(-1.1-18.9)

Other Cancers 0.9 (0.5-1.9) -0.3 (-2.8-5.1) 0.7 (0.3-3.0) -2.2(-5.0-14.4)

"RR is relatiw _isk, OI is confidence interval, and ER is risk per 10"s PY

For non-leukemias,essentially.allof the excess risk was associatedwith
tumors of the head and neck. 57% of the leukemias, 70% of the head and neck
tumors, and 60% of the brain and CNS tumors were attributed to childhood
irradiation. Absolute risk estimatesper million personsper year per cGy were
0.81 (0.01-2.8)for leukemia (averagebonemarrow dose of 30 cGy), 0.15 (0-0.7)
for CNS neoplasms(assumingan averagebrain dose of 140 cGy). Cancer risk was
highest for those children irradiatedbetweenthe ages of 5 and 10. The highest
period of risk was the five years followingexposure,and was due primarilyto
leukemia (Ibid, p.719). Solid tumors began to appear about 15 years
post-irradiation,and remained elevated until 25 years of observation (Ibid,
p.720).

The results of this study must be viewed with some caution, due to the
potential loss of data due to deaths of study participantsduring the Six Day
(1967)and YomKippur (1973)wars in Israel. Military serviceaccountedfor 21%
of total deaths, while cancer related to therapy accounted for only about 7%
(Ibid, p.720). The presumption must be made that both the controls and
irradiatedsubjectswere at the samecompetingrisk frommilitaryservice. Since
many of the subjectsare now reachingthe age of increasingspontaneouscancer
risk, additionalfollow-upstudieswill be requiredbeforethe risk is accurate!v
known.
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A.2.5.5 Cancer Risks from RadiationTreatmentof AnklylosingSpondylitis

While the UNSCEARand BEIR committeesboth recentlyreviewedthe data still
accumulatingfrom exposureof anklylosingspondylitispatientsto X-rays,there
are some recentreportsthat were not addressedin those reviews. Of particular
interest are two studies in the U.K. which attempt to determine whether the
relative or absoluterisk models best fit the data.

Muirheadand Darby (1987)reviewedthe modelingof the relativeand absolute
risk models in which families of models were examined using data from the
Ankylosing SpondylitisSeries (ASS) and the Life Span Study (LSS) sample for
Hiroshima (Nagasaki was avoided due to the uncertainties in dose). Two
generalizedrisk models were proposed. The relativerisk model:

T

;L4(I) - ).i(0)(I+ exp(xil_)}

or the absolute risk model:

T

_.i(I)- ).i(O)+ exp(xlp),

where the "hazardrate" in stratum i Of the high-dosegroup, _'i,may be related
to correspondingstratum in the low-dose group, ;LI(O), and is a vector of
regressioncoefficients(estimatedfromthedata), and xi is a scaler. These two
models were then embedded in a parametricfamily given by:

T ] 11'f;Li(1)- [Xi(O)+ {I + exp(xi_)}T _ I

The absolute risk model results from ) - 1 (since the difference between the
risks of high and low dose groups is constant),while the relative risk model
arises as approaches0 (the ratio of the risks is constant).

The authorsconcludedthat the ASS data for most cancers is best fittedwith
a relative risk model, even for leukemia. Thus, the authors found their
modeling results consistentwith BEIR III except for leukemia which is quite
different from interpretationsof the LSS data.

In 1988,Muirheadand Darby publisheda follow-onanalysisof the data they
developed in the prior study of the relative and absoluterisks of all cancers
(excludingleukemiaand colon cancer;leukemiawas examinedin their 1987paper,
and "Colon cancer was examined separately since it is associated with the
occurrence of spondylitis"). Variables which could be related to radiogenic
cancer included sex, age at exposure, age at observation, and time since
exposure. Data for the fiveyear periodfollowingexposurewere excludedbecause
"tumorsappearingduring this time may have been caused the symptomsthat were
incorrectlyascribedto spondylitis.'

A major criticism of this paper is that there was no attempt to relate
variationsin dose with response. Instead,the authorschose to fix the dose to
the _ estimateddose. The authors concluded that the mean doses were in
excess of 100 cSv for most organs, and the mean total body dose was 207 cSv.
Given the fact thatthe over 14,000patientsreceivedsimilartreatment(although
the authorsnoted that the doses were non-uniformlydelivered),the variationin
dose may not be significant. However,the authorsnoted that a reportdescribing
the estimatedorgan-specificdoses to the spondyliticswill be publishedsoon.
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The best fit for the relative risk model (RR) included an exponential
expressioncontainingterms relatingto age at exposure,and time since exposure
(linearandquadraticcomponents). The model predictsadecreasing relativerisk
with increasing age at exposure for the ages studied (15 to 64). In one
analysis,male spondyliticsdivided into two age cohorts: 15 to 24 or 35 to 44
and relativerisks in terms of excessdeaths per millionper year were compared.
Both cohorts showed an initially increasing trend with time since exposure,
followed by a sharp drop in risk 20 years after exposure. These results are
quite differentthan observedamongthe Japanesebomb survivorsor other studies
where the absoluterisk for all cancersexceptleukemiacontinueto increasewith
time; the authorswere unable to explainthe differencesat this time.

For the absolute risk model (AR) , the best fit included both linear and
quadraticterms for age at observation,and time since exposure. The authors
concludedthat inclusionof terms for age at observationreflected the need to
take into accountvariationsin the baselinecancer rate when modeling absolute
risk. The authors conclude such a need does not arise for modeling RR,
presumablybecause the relativerisk data inherentlyincludebaselinedata.

The authors then used their best-fitRR and AR models to projecL lifetime
cancerrisks (excludingleukemia)for a hypotheticalmale population,aged 15 'Lo
64 at time of exposure to a 10 cSv low-LET exposure,assuminga 10 year latent
period (same as BEIR III)and expressionuntil the end of life. The resultsare
summarizedin Table A.19.

Table A.19. Relative and Absolute Risks from AnklylosingSpondylitisData

Age at No. of deaths/10,O00 Years of life lost/10,O00
Exposure RR AR RR AR

15-24 1.7 1.6 61 52
25-34 4.4 5.6 110 142
35-44 10.1 10.3 180 196
45-54 14.9 10.1 180 132
55-64 13.5 4.9 106 43
15-64 8.2 6.2 123 112

Interestinglyenough,the RR and AR models arc in reasonableagreementfor
all age cohurts except the 55-64 group, and overall produce very similar
projections. A secondconcernraised by the authorsis that there are no useful
data for spondyliticsthat were under 15 years of age at time of exposure.
Therefore,follow-upof other populations,such as the Japanesebomb survivors,
that includethat age cohortwill be importantin predictinglifetimerisks from
those exposed as children.

A.2.5.6 Mortality of HanfordWorkers: 1945-1981

In January 1989, Gilbertet al. publishedtheir latest findings regarding
the long-termcancerrisk amongHanfordworkersfromoccupationalexposure. With
_I_^ ,.,,,,-,-.,.,..I..¢,,,,-. ,-..l:' ._ .-....f 4 ..,,¢ ..., .-........1_._.. 4C.,.. ,._,,1_,.1.. ,..,,..I..,.._ II')n ,,_: EEW ......
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cSv), no statisticallysignificantpositivecorrelationwas seen between
radiationandmortalityfromallcancerscombined,or fromleukemia.Theworker
populationstillexhibitsa strong'healthyworker"effect,with deathrates
substantiallybelowthoseof the generalU.S. population.Themajor impactof
the studyis that lt allowsan estimateof the upperbound.The RR of multiple
myelomais basedon onlythreecaseswith relativelyhigh exposure,and is not
supportedby the Japanesebomb survivordata (RR of 0.51%per cSv basedon
erroneouslyhigherT65Ddoseestimates).The authorsconcludedthattheHanford
data supportsan upperboundestimateof risksno more thanabout20 timesthe
linear-quadraticestimatepreferredby the BEIR IIIcommittee,or about7 times
the linearestimate.The Hanford-basedupper90% confidencelimitfor absolute
risk of leukemiawas about3 deathspermillionPY comparedwith valuesof 0.8
assumedin ICRPPublication26 {1977)and 1.3derivedby the BEIRIll committee
froma linear-quadraticresponsefunction.

A.2.5.7 PatientsTreatedwith Radiotherapyfor Cancerof the Cervix

In1988,Boice,et al.publishedan updateon therisksof radiogeniccancer
among150,000women irradiatedat 20 oncologycentersand 19 population-based
cancerregistriesin 14countriesfollowingradiotherapyof primarycancerof the
cervix. Of the grouptreated,4,188womenhad secondcancers. This groupwas
comparedwith6,880matchedcontrols.Thedosesto thecervixandnearbytissues
were generallyquite high (severalhundredGy), so therewas much "wasted"
radiationand cell killing.[Thesedoses would almostcertainlyresultin
underestimatesof risk extrapolatedto lowerdoses].One strongpointin this
studyresultsfrom the fact that sinceradiotherapyhas beenthe treatmentof
choicefor nearlya half century,few of thesepatientsreceivedchemotherapy
whichtypicallyconfoundsthe radiationdose-responsedata. Further,survival
is relativelygood,permittinggoodstatisticson long-termrisks,accuratedose
reconstructionispossible,and patientstreatedonlyby surgeryare available
for comparisons.

Radiotherapytreatmentsincludedintracavityradiu_ implants,X-rays,
cobalt-60,van de Graaffgenerators,and betatrons. Dose reconstructionwas
performedby emplacingabout350 TLD'sin a phantomat specificorganlocations
in the body foreach measurement.

Canc riskswere significantlyincreasedfor cancerof the bladder(RR-
4.0),rectum(RR- 1.8),vagina(RR- 2.7), uterinecorpus(RR- 1.3),cecum(RR
- 1.5),non-Hodgkin'slymphoma(RR- 2.5),stomach (RR- 2.1),leukemia(AL+
CHL; RR = 2.0),kidney(RR= 1.2),andpossiblybone {RR- 1.3). Radiationwas
not foundto increasethe overallriskof cancerof the sm_llintestine,colon,
ovary,vulva,connectivetissue,breast,Hodgkin'sdisease,multiplemyeloma
(actuallymuch less than conrols),or chroniclymphocyticleukemia(whichhas
neverbeen linkedwith radiationexposure).

A.3 SUHHARY

There have been few large epidemiologica] studies of the risks of radiation
neoplasia in humanpopulations which have followed the exposedpopulations until
the end of life. As a result, there are substantial uncertainties in both the
shapeof thedose-response curves andlifetime risks. The uncertainties relative
to low dose, low dose-rate exposuresis large becausethe only populations for
whichst_t!st!ce!!ymo_nlnn£B,1 ,_,,l+_h_,,oboona_,_+_+._ _._ +h_ _h,_
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were exposedto relativelylarge doses and usuallyat high dose rates. The size
of the population required to provide statisticallymeaningful results is
approximatelyinverselyproportionalto the squareof the excess cancer. Thus,
if 1,000 samples(humanor animal)in boththe irradiatedand controlpopulations
were required to provideadequate statisticalpower at IGy (100 rad), about a
billion in each group would be required at I mGy (100 mrad; BEIR III Report,
1980, p. 140). Such large populationrequirementsgenerallyprohibitresolution
of the risks of radiation at low doses and low dose rates, due to the
inordinatelylarge costs and lengthsof the studiesthat would be involved.

Given the uncertainties,dose responsemodelsmust be regardedwith caution.
However, the potentialdose-responsecurves shown in Figure 1.2 represent the
best possibilitiesat this time. The most recent humanstudies indicatethat
cancer data are best fit with bya lineardose dependencewhereasleukemiasare
best fit by a linear-quadraticmodel (BEIRV Report,1990; UNSCEARReport,1989;
NRPB Report, 1988). The fact that animaland cell studiesgenerallysupportthe
use of these dose dependenciesin the same dose and dose-rate ranges provides
assurancethat the models are probably adequatefor analyzinghuman risks.

Similaruncertaintiesarise from the use of risk projectionmodels_because
it is necessaryto estimatethe future risk of radiogeniccancer among the many
human populationsbeing studied,and most members are still living. The most
prominentprojectionmodels,which have receivedwidespreaduse, are the absolute
risk model--in which the excess cancer risks are assumed to be directly
proportionalto dose, to be independentof the spontaneousrate of cancer, and
to ad to the latterrate; and the relativeriskmodel--inwhich the excess cancer
risks per unit dose are assumed to be proportionalto the spontaneousrate of
cancer. These models are discussedin Section1.4, and illustratedgraphically
i:_Figure 1.5. As knowledge of radiationrisk has accumulatedover the past
decade,the majorityof radiationepidemiologistsseem to supportthe use of the
relative risk model for human risk projections(BEIR V Report, 1990; UNSCEAR
Report,1988; NRPB Report,1988;and reportsfrom the RadiationEffectsResearch
Foundation,e.g., Shimizu et al, 1987, 1988).

A major factor in the recentreassessmentsof the risk of radiogeniccancer
in humanswas the reevaluationof the radiationdosimetryfor the Hiroshimaand
NagasakiA-bomb survivorswhich was essentiallycompletedin 1987 (Roesch,1987).
These changesare especiallyimportantbecausemost of the currentestimatesof
risks of radiogeniccancer inhumansdependon the Japanesepopulationsthatwere
exposed. The principal changes resulting from the new dosimetry are as
follows:

e In Nagasaki, the gamma-ray kerma (approximatelythe first collision
dose) was about 10 to 30 percent less and the neutron kerma 50 to 65
percent less than previous estimates.

e In Hiroshima,the gamma-raykermawas about 2 to3.5 times larger,while
the neutron kerma was nearly a factor of ]0 lower than previous
estimates.

• The gamma-raytransmissionfactorfor Japanesehomeswas estimatedto be
only about half that of earlierestimates;neutrontransmissionfactors
remained about the same.
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, The averageorgan transmissionfactor for survivorswas estimatedto be
higher than beforecompensatingin large part for the reducedgamma-ray
transmissionfactorsfor houses.

, Due largely to the reductions in neutron and gamma-ray doses, the
earlierdifferencesin the observedrisksbetweenHiroshimaand Nagasaki
survivors have now been resolved,with little difference in the risks
per unit dose betweenthe survivorsin the two cities.

As noted above,the most recent informationregardinghuman risks of cancer
resultingfrom ionizingradiationcomes fromfourmajor reviews;all rely heavily
on the revised dosimetry and recent cancer data from the Japanese survivors.
These studies are:

, The RadiationEffects ResearchFoundation(RERF) in Japan;

, The United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR);

, The U.K. NationalRadiationProtectionBoard (NRPB);and

, The U.S. NationalResearchCouncil'sCommitteeon the BiologicalEffects
of IonizingRadiation(BEIR).

The resultsof these studiesare discussedin some detail and summarizedin
severaltables in AppendixA of this report. The major revisionsresultingfrom
the RERF study, as reflectedin the remainingthree studies, are summarizedin
Section 1.5.16 and Table 1.9. However, the differences between the risk
estimatesin these reviewsappearto be largelythe resultof somewhatdifferent
modellingassumptions,andwhetheror not the estimatesdevelopedfromhigh-dose,
high-dose-ratedatawere usedto estimaterisks for low-dosesat low-dose-rates.

In the f_regoingreviews,only that of the NRPB (1988) electedexplicitly
to include dose rate effectivenessfactors (DREFs). The report of the NRPB
(1988)applied a DREF of 2 for breast cancer and 3 for all other cancerswhen
extrapolatingrisk from high dcses and high dose rates to low doses at low dose
rates. The lifetime cancer mortality risks of leukemias (absoluterisk) and
non-leukemiccancers (relativerisk)were estimatedto be 28 and 420 per million
person-cSv,respectively;not greatlydifferent from the estimatesin the BEIR
III Report (1980) based upon the use of the relative-risk, linear-response
model).

The Reportof UNSCEAR(1988)recognizedthatdata from both the anklylosing
spondyliticpatients and from animal studiesclearlyshowed reducedcancer risk
when the same dose given at high dose rates was protracLedover long periodsof
time. Although this Committeerecognizedthe need for DREF adjustmentsin the
ran§e of 2 to 10 when extrapolatingfrom the permissiblerisks for radiation
workers to that for the general public,they declined to provide that specific
guidance pending further study. The estimates of the UNSCEAR Committee for
leukemias and non-leukemiccancers from high dose, high dose-rate exposures
(e.g.,as might resultfrom seriousaccidentsat nuclearpower plants)were about
93 (absoluterisk) and 610 (relativerisk) per millionperson-cSv,respectively.

Inthe BEIRV Report (1990),while relyingon somewhatdifferentmodelsthan
the Committees of the NRPB and the UNSCEAR,simi!_r estimates of risk were
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provided, less than a factor of two difference. The BEIR V Committee argued that
the use of its linear-quadratic dose response model for leukemia induction, h_d
a "built-in" DREFof about 2.1 for estimates of doses below about 50 cSv (i.e.,
where single track events predominate). The estimates in the BEIR V Report
(1990) of lifetime cancer risk for leukemias and non-leukemic cancers are 95
(relative risk model) and 695 (relative risk model) per million person-cSv,
respectively.

Unless the estimates in the BEIR V Report (1990) and in the UNSCEARReport
(1988) are adjusted for dose rate effects, tt is likely that their new estimates
will have major impacts on the dose limits that are applied to radiation workers
and the general public. This possibility follows because the current limits
recommendedby the International Commissionor_Radiological Protection (ICRP) are
based on risks estimates that are about 4 to 6 times lower than in these two
Reports.

i
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APPENDIXB

GLOSSARY

Absoluterisk is the arithmeticdifferencebetweenthe risk among those exposed
and those not exposed, i.e., the excess above normal expectation.

Acentric fragment is a fragmentof a chromosomethat lacks a centromereand is
often lost at cell division.

Adduct usually refers to the addition of a molecule to DNA thus creating
structurallyand chemicallyan abnormalsequence.

Alkylatingagent is a positivelycharged(i.e.,electron-deficient)compound,or
one which may be metabolizedto form such a compound. The reactivegroups
can form covalent linkages with negatively charged chemical groups on
biologicalmoleculessuch as those on the bases of DNA. A monofunctional
alkylatingagent can form a singleadduct,whereasbifunctionalalkylating
agents can form two adducts leading to inter- or intra-strandDNA-DNA
cross-linksor to DNA-proteincross-links.

Allele is one of severalalternateforms of a gene occupyinga given locus on a
chromosome.

Alpha particleis a chargedparticleemittedfrom the nucleus of an atom having
a mass and charge equal in magnitude to a helium nucleus, i.e., two
protons and two neutrons.

Amplificationrefers to the intracellularproductionof additionalcopies of a
genetic sequence, found as either intrachromosomalor extrachromosomal
DNA.

Anaplasia is the histopathologicalappearanceof a tumor which lacks features
allowingeasy identificationwith the tissueof origin. Anaplastictumors
are undifferentiatedand usually rapidlygrowing and have a large number
of cells in mitosis.

Antibody is a solubleproteinproducedby plasma cells in responseto an antigen
and capable of specificallybindingto that antigen.

Antigen is an agent that is foreign (i.e., "non-self") to an animal, is
recognizedby the immune system as foreign, and provokes synthesisof an
antibody (immunoglobulin).

Autocrine is a growth factor or hormonewhich can influencethe metabolism of
the cell which produces it.

Autoradiography detects radioactively labeled molecules by their effect in
creatingan image on photographicfilm.

Autosomes are all of the chromosomesin a celi except for the sex chromosomes.
A diploidcell has two copies of each autosome.
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Back mutation reverses the effect of a mutation that had altered a gene; thus,
it restores wild phenotype.

Bacteriophages are viruses that infect bacteria; often abbreviated phages.

Bands are regions of chromosomesthat retain a stain upon certain chemical
- treatments.

Base palr (bp) is a hydrogen-bondedpartnershipof adeninewith thymine, or of
cytosinewith guanine in a DNA double helix. Other pairs are possible in
RNA under some circumstances.

.

Beta particle is a chargedparticle emittedfrom the nucleus of an atom, having
a mass and charge equal to those of an electron.

Cancer refers to a group of diseases characterized by the uncontrolled
proliferationof cells,usually leadingto local growth, invasion,and to

_ metastasis. Synonymsthat are used are neoplasm,malignancy,or malignant
neoplasm

Carcinogen is a substancewhich causes cancer. Some chemical carcinogenscan
act directly, but others require metabolism in vivo before becoming
effective. Most carcinogensare also mutagens.

Carcinoma is a type of cancer arising from epithelial tissue (i.e., tissue
lining internal or external organs, or glandular tissue, etc.). Most
human cancers are carcinomas.

c banding is a techniquefor generatingstainedregions around centromeres.

cDNA is a DNA copy complementaryto mRNA sequencesthat were transcribedfrom a
given gene or genes, cDNA will thereforehybridizewith these genes and,
if radiolabelled,will allow their detection in chromosomes ("in situ
hybridization") or in DNA extracted from cells and separated by
electrophoresis(as in "Southernblots")or in RNA (Northernblots).

Cell cycle is the period from one cell divisionto the next.

Centromere is a constrictedregion of a chromosome,visible at division, that
includes the site of attachmentto the mitotic or meiotic spindle.

Chromatids are the copies of a chromosomeproduced by replication.

Chromatin is the complex of DNA and protein in the nucleus of the interphase
cell.

Chromosome is the structuralunit containingthe geneticmaterial (DNA)within
a cell. Normal human cells usually have 46 chromosomesconsistingof 22
pairs of autosomesplus the sex chromosomes(XX in females,XY in males).
Differentchromosomesmay be recognizedin metaphasecells by their shape
and by their bandingpatterns.

ci_-acting locus affectsthe activityonly of DNA sequenceson its own molecule
of DNA.
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Clastogentc is a property of a chemical or physical agent that results in the
breakage of chromosomes.

Clone is a family of_ cells all derived from one parent cell. A clonal marker
(e.g., an abnormal chromosomeor protein product) may identify all of the
cells within a given clone. Host human tumors appear to arise from a
single cell and hence are c]onal.

Gloried gene is a gene that has been isolated and inserted into a "vector,"
usually a plasmtd or a bacteria] virus. The vector containing the gene
can be produced in large amounts, thereby providing genetic material
suitable for assays and studies of the function of the gene. Cloned genes
can be used to produce large quantities of pure protein products of cells
(e.g., insulin, interferons).

Coding region is that part of the DN_ which actually codes for a protein. The
part of the DNAmolecule which is initially transcribed into messenger RNA
(mRNA)contains both introns and exons. The introns are regions of BRNA
which are spliced out during post-transcriptional processing. The exons
are the regions in the mRNAwhich comprise the processed message; they
contain the coding regions arid are, therefore, the "expressed" portion of
the gene. The final processed mRNA may have untranslated regions
containing important regulatory signals.

Coding strand of DNAhas the same sequence as BRNA.

Codon is a triplet of nucleotides that codes for an amino acid in a protein or
for the termination of" synthesis.

Complementatton refers to the ability of independent (non-allelic) genes to
provide diffusible products that produce a wild phenotype when two mutants
are tested in a heterozygote condition.

Deletion is loss of DNA. Deletions range from small, affecting only a single
base pair of a gene, or large, resulting in a chromosomal deletion
involving many genes.

Dicentric chromosomeis the product of fusing two chromosomefragments, each of
which has a centromere. It is unstable and Bay be broken when the two
centromeres are pulled to opposite poles in mitosis.

Differentiation is the development by cells of specific characteristics which
provide for the normal functioning of tissues.

Diploid set of chromosomescontains two copies of each autosome and two sex
chromosomes.

Disjunction describes the movementof members of a chromosomepair to opposite
poles during cell division. At mitosis and the second meiotic division,
disjunction applies to sister chromatids; at first meiotic division it
applies to sister chromatic pairs.
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DNArepatr is a complex process that may involve many enzymes and may lead to
repair of damage in one or both strands. Repair may lead to complete
restoration of the DNA(error-free repair) or may result in alteration or
deletion of bases (error-prone repair).

Dominant allele determines the phenotype displayed in a heterozygote with
another (recessive) allele.

Dose is a general term denoting the quantity of radiation or ene_gy absorbed.
For special purposes, it must be appropriately qualified. If unqualified,
it usually refers to absorbed dose.

Absorbed dose is the energy imparted to matter by ionizing radiation per
unit mass of irradiated material at the place of interest. The unit of
absorbed dose is the rad, or the Gray (Gy). 1 rad- 100 ergs/g, or 0.01
O/kg. 1 Gy- lO0 rads - ] J/kg.

Cumulative dose is the total dose resulting from repeated or chronic
exposure to radiation.

Dose-response relationships are the mathematical relationshiTJs that describe the
frequency of a radiation-related event with increasir, g dose.

Dose fractionation is a method of administering radiation in which two or more
doses are applied, each fraction separated by an interval(s).

Dose rate is the absorbed dose delivered per unit time.

Double minute is a small amount of genetic material that is seen in some cells
as a pairedbody resemblinga very small chromosomewithout a centromere.
Because they lack a centromere, double minutes distribute themselves
randomly at mitosis and are easily lost during cell growth. Double
minutes have often been shown to contain amplifiedgenes.

Doubling time is the time taken for an exponentiallygrowing tumor (or cell
population)to double its volume (or number of cells).

Bysplasiarefers to abnormalgrowthof cells characterizedby cytologicatypia.
Some of the atypicalchangesmay resemblethose found in neoplasticcells.
Neoplasms often arise from dysplastic tissues and, in some cases,
dysplasias are consideredpre-cancerous.

Electronvolt (eV) is a unit of energyequai to the energygained by an electren
in passing through a potentialdifference of ] V. Larger multiple units
of the electron volt are frequently used: keV for thousand or kilo-
electronvolts;MeV for _nillionor mega-electronvolts. ] eV = 1.6 X 1C"12
erg.

Endocrine is hormone production by a gland at one site in the body that is
released into the bloodstreamto act on tissues that are distant to that
site.

Endonucleasescleave bonds withina nucleicacid chain; they may be specificfor
RNA or for single-strandedor double-strandedDNA.

B-4



Enhancer is a DNA sequencewhich increasesthe activity of promoter sequences
which are initiatorsof transcription(i.e.,productionof messengerRNA).
Enhancerscan be located anywherein the noncodingregionsof a gene.

Enzymes are proteins that catalyze biochemicalreactions.

Epigeneticchanges influencethe phenotypewithout altering the genotype.

Episome is a circular form of DNA which replicatesin cells independentof the
chromosomes. Viral DNA may form episomes in cells. Plasmids used for
gene cloninggrow as episomes in bacteria.

Euchromatincomprisesall of the genomein the interphasenucleusexcept for the
heterochromatin from which it is distinguishable by its staining
properties.

Exons are the coding regions of a gene that are found in processed RNA,
messenger RNA (_nRNA).

Exonucleasescleave nucleotidesone at a time from the end of a polynucleotide
chain; they may be specificfor eitherthe 5' or the 3' end of DNA or RNA.

Flow cytometry is a techniquein which cells are tagged with a fluorescentdye
and then directed in single file througha laser beam. The intensityof
fluorescenceinduced by the laser light is detected and the number of
cells exhibitingdifferentlevelsof fluorescenceis recorded. Cells may
also be separatedaccerdingto the intensityof their fluorescencein a
process known as fluorescence-activatedcell sorting.

Forwardmutations inactivatea normal,wild-typegene.

G banding is a technique that generates a strlated pattern in metaphase
chromosomesthat distinguishesthe membersof a haploid set.

61 is the period of the eukaryoticcell cycle betweenthe last mitosis and the
start of DNA replication.

Gz is the periodof the eukaryoticcell cycle betweenthe end of DNA replication
and the start of the next mitosis.

Gamete is either type of reproductive(germ) cell--spermor egg--with haploid
chromosomecontent.

Gene is the se(jm=.ntof DNA that is involvedin producinga polypeptidechain; it
includes regions preceding and followingthe coding region (leader and
trailer) as well as interveningsequences (introns)between individual
coding segments (exons).

Gene conversion is the alteration of one strand of a heteroduplexDNA, i.e.,
base-pairunmatchedDNA, to make it complementarywith the other strandat
any position(s)where there were mispairedbases.

Genomic (chromosomal)DNA clones are sequencesof a genome carried by a cloning
vector.
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Genotype is the geneticconstitutionof an organism.

G1ycoproteinis a proteinto which various types of sugar molecule have been
attached. Glycoproteinsform an importantcomponentof the cell surface.

Gray (6y) is the new internationalunit (S.I.unit) of absorbeddose equal to I
J/kg. IGy- 100 rad.

Growth factor is a polypeptideproduced by cells which stimulates either the
same cell or other cells to proliferate. Severaltypes of growth factor
have been isolated and some of these may be associatedwith abnormal
regulationof growth in transformedcells. Growth factors interactwith
cells through specificreceptorsin the cell membrane.

Haploid set of chromosomes contains one copy of each autosome and one sex
chromosome. The sex chromosomes in a male cell are hemizygous because
there is only one copy of the X and Y chromosomes

Heterochromatindescribesregionsof the genomethat are permanentlyin a highly
condensed conditionand normally are not geneticallyexpressed.

Heterogeneity is variability in the properties of cells within an individual
tumor. Wide heterogeneityof many propertiesis found among cancercells.

Heterozygoteis an individualwith differenta11eles at some particularlocus.

Homeostasisis the maintenanceof a normalphysiologicalstate. Homeostasisis
often maintained through a balance between regulatory feedback systems
employingsignals (e.g., hormones)that may have oppositeeffects.

Homogeneously staining region (HSR) is a region which appears uniform on
chromosomesstained'toexaminetheir bandingpattern, lt often represents
amplificationof genes. HSR's tend to be stably inheritedby daughter
cells.

Homologues are chromosomescarrying the same geneticloci; a diploid cell has
two copies of each homologue,one derived from each parent.

Homozygote is an individualwith the same allele at correspondingloci on the
homologouschromosome.

Hotspot is a site at which the frequencyof mutation (or recombination)is very
much increased.

Housekeeping(constitutive)genes are those (theoretically)expressed in all
cells because they provide basic functionsneeded for sustenanceof all
cell types.

Hybridizationis (a) the fusion of two cells to form a single cell, (b) the
associationto each other of complementary(homologous)sequencesof DNA
or RNA. Radiolabelledpieces of DNA or RNA can be used as probes to
identify specific DNA sequences by hybridization. The technique may
localize genes to specific chromosomes in a process known as in situ
hybridization.
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Hyperplasta is an increase in the rate of proliferation of non-neoplastic cells
that exceeds that of normal cells in that particular tissue. Hyperplasttc
changes in tissues sometimes precede the formation of a neoplasm.

ICRP, International Commissionon Radiological Protection.

ICRU, International Commissionon Radiation Units and Measurements.

Im_rtaltzatton is the process which may allow cells to form a continuous cell
line (t.e., proliferate indefinitely) in culture. Normal cells will
proliferate for only a limited number of passages in culture and
immortalization appears to be a necessary but not a sufficient step in
transformation to a neoplastic state.

ImmJne surveillance is a proposed mechanism whereby the immune response
recognizes the development of neoplastic cells at an early stage and
inactivates them before they can develop into tumors.

Immunoglobulln is an antibody molecule.

Incidence is a term used in epidemiology to describe the number of new cases of
a certain disease that is observed in a specific population in a given
interval of time, usually one year.

Incidence rate is the rate of occurrence of a disease within a specified period
of time.

Induced mutations result from the application of a mutagen.

Inducer is a small molecule that triggers gene transcription by binding to a
regulator protein.

Induction is the process by which a virus, whose genetic material is integrated
into the cellular DNA, is caus'ed to be released from the cell as a mature
virus.

Initiationis the first stage in the process of carcinogenesis, lt involves
interactionof the carcinogenwith the DNA of the targetcells to produce,
after DNA replication,a permanent lesion. Subsequent steps include
promotionand progression.

Insertionsare identifiedby the presenceof an additionalstretchof base paJrs
in DNA.

Integrationis the process by which viral DNA, or DNA copies of the RNA of a
retrovirus,are incorporatedinto the chromosomalDNA of a cell.

Interphaseis the period betweenmitoticcell divisions.

Intron is a noncodingregion in the internalportionof a gene. These regions
are spliced out during processingof the initialmRNA transcript.

Invasionis infiltrationby cancercells into neighboringnormaltissues, lt is
one of the distinguishingfeaturesof malignancy.
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Ionizingradiationis radiatlo, (e.g.,X- or gama-rays) which is sufficiently
energeticthat it can cause formationof ions during its passage through
matter (tissue),

Karyotypeis the array of the chromosomalcontentof a particularcell displayed
by photographing the chromosomes in a metaphase cell, cutting the
individualchromosomesout of the photographand orderingthem according
to a standardnotation.

kb is an abbreviationusually for 1000 base pairs of DNA, or 1000 bases of RNA.
kbp can be used to specifybase pairs in DNA.

Latent period is the period or state of seeming inactivitybetween the time of
exposureof tissue ta an injuriousagent and a recognizableresponse. In
the induction of neoplasia, it is the interval between the inducing
treatmentand the detectionof the disease.

Lethal locus is any gene in which a lethalmutation can be obtained.

leukemia refers to a group of neoplasticdiseases affectingthe various cells
of the blood-forming,hematopoieticsystem. All the cell lineagesderived
from the progenitorcell of this system can become manifest as leukemia.
For example,a neoplasmof the neutrophiliccells is calleda granulocytic
or myeloid leukemia,a neoplasm of lymphocytesis called a lymphocytic
leukemia;and a neoplasmof erythrocytesis called an erythroidleukemia.

Ligation is the formationof a phosphodiesterbor,J to link two adjacent bases
separatedby a nick in one strandof a double helix of DNA. (The term can
also be applied to blunt-endligationand to joining of RNA.)

Linear energy transfer (LET) is the average amount of energy lost per unit of
distance traveledby an ionizingradiation.

Low LET is a radiation characteristicof electrons, X-rays, and gamma
rays.

High LET is a radiationcharacteristicof protons or fast neutrons and
alpha particles.

Average LET is specifiedto even out the effect of a particle that is
slowing down near the end of its path and to allow for the fact that
secondaryparticlesfrom photon or neutron beams are not all of the same
energy.

Linear hypothesisis the assumptionthat a dose-effectcurve derived from data
in the highdose and high dose-raterangesmay be extrapolatedthroughthe
low dose and low dose-rate range to zero dose, implying that_
theoretically,any amount of radiationwill cause a dose-lproportionate
amount of damage.

Linkagedescribesthe tendencyo__ genes to be inheritedtogetheras a result of
their locationon the same chromosome;measured by percentrecombination
betweenloci.
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Locus is the position of a chromosomeat which the gene for a particulartrait
resides;locus may be occupied by any one of the allelesfor the gene.

Mallgnancy is an essential property of many kinds of cancer cells, which is
demonstrated by their ability to proliferate indefinitely, to invade
surroundingtissue and to metastasizeto other organs.

Marker (DNA) is a frag_,entof known size used to calibrate an electrophoretic
gel.

Marker (genetic)is any ._lleleof interest in an experiment.

Meiosis occurs by two successivedivisions (meiosis I and II) that reduce the
starting number of 4n chromosomesto In in each of four product cells.
Productsmay mature to germ cel_s (spermor eggs).

Metastasisis the spreadof cells from a primarytumor to a noncontiguoussite,
usually via the bloodstreamor lymphatics, and the establishmentof a
secondarygrowth.

Mitotic delay is delay in passage of a cell through its growth cycle that is
inducedby radiation.

Mitosis is the divisionof a eukaryoticsomaticcell.

Modified bases are all those except the usual four from which DNA (T, C, A, G)
or RNA (U, C, A, G) are synthesized;they result from postsynthetic
changes in the nucleic acid.

Mutagens increasethe rate of mutationusua]ly by causing changes in DNA.

Mutation is a change in one or more of the DNA bases in a gene. Changes can
include insertionof extra bases or deletion of a base(s) or the entire
gene. Mutations in coding exons lead to altered protein products;
mutations in noncodingregions can lead to altered amountsof protein.

Myeloma is a neoplasmof immunoglobulin-producingplasma cells derivedfrom a B
lymphocyte.

Myelopr¢1|ferativedisordersare diseases involvingthe abnormal proliferation
of various bone marrow cells and are related to the leukemias. They
representa spectrumof bonemarrow disordersrangingfrom non-neoplastic,
bone marrow fibrozis and hematopoieticcell dysplasias {which can be
fatal) to the leukemias. These disordersa;'ewell knownafter radiation
exposure.

NCRP, National Councilon RadiationProtectionand Measurements.

Necrosis is death of cells which often occurs in solid tumors leadingto areas
containingdegeneratingcells.

Neoplasmsare, by definition,new growthsof cells. They are proliferationsof
cells, which are no longer under the normal physiologicalgrowth control
of the body, and that exceed the growth of the normal tissues from which
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they are derived. Neoplasms may be benign or malignant (cancerous). In
the latter case, they may spread by invasion or

Nondisjunction describes the failure of chromatids (duplicate or duplicated
chromosomes)to go to opposite poles of a cell during division (t_itosts or
meiosis) with the result that one daughter cell has both copies of a
chromosomeand the other has none.

Northern blot analysis is a technique for determining the presence of specific
messenger RNAsequences in cells. Nessenger RNAmolecules are separated
by electrophoresis and then blotted onto a matrix. A radtolabelled probe
containing DNAsequences (cDNA), or RNAsequences complementary tothe RNA
that is to be detected, is applted to the blot and allowed to hybridize.
The labeled cDNA is then detected by autoradiography,

Nucletc acid is the general chemical term to describe polymers of deoxyribose-
or ribose-nucleic acids which, in turn, consist of repeating units of
nucleotides, a base-sugar-phosphate molecule.

Nuclear _trtx is a network of fibers surrounding and penetrating the nucleus.

Nude mouse is a mouse which congenitally lacks a thymus and hence mature T-
cells. Xenografts of human tumors will often grow in such animals. For
unknownreasons these mice are also hairless, hence the tem "nude."

Oncogeneis a gene whose protein product may be involved in processes leading to
the neoplastic transformation of a ,_onnal cell.

Operator is the site on DNA at which a repressor protein binds to prevent
transcription from initiating at the adjacent promoter.

Operon is a complete unit of bacterial gene expression and regulation, including
structural genes, regulator gene(s), and control elements in DNA
recognized by regulator gene product(s).

Person-rem is the unit of collective population exposure obtained as the product
of the average individual do_e in a population ttn_es the number of *
individuals in the population. Thus, the number of person-rem contributed
by I person exposed to 100 rem is equal to thai; contributed by 100 people
each exposed to 1 rem.

Phage (bacteriophage) is a virus that _nfects a bacterium.

Phenotype comprises the characteristics of a cell or tissue resu]ttng from the
expression of specific genes.

Plasmtd is a circular piece of DNA which may reproduce separately from
chromosomal DNAwithin cells, bacteria, or other organisms.

Ploidy is a description of the chromosomecontent of the cell. Normal mammalian
cells contain two copies of each chromosome (except for the s':x
chromosomes in males) and are diploid. Germ cells contain only one copy
and are haploid. Cells in tumors often have missing or addtttc;_]
chromosomes (Aneuploidy), and/or may have one or more chromosome
aberrat ions.
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Point lutattons are substitutions of single base pairs tn a gene.

Probe is a cloned gene or fragment of a cloned gene which can be made
radioactive and used to detect homologousDNA(Southern blot or fn s_tu
hybridization) nr RNA(Northern blot).

Progression refers to the tendency of growing neoplasmsto undergo sequential
phenotyptc changesover a period of tim accompanied,presumably, by the
selection of clones of cells that have a growth advantage. Thts process
frequently leads to the progressive developmentof increastngdegrees of
ml tgnancy.

Prokaryote is an organism (bacteria) that lacks a nucleus.

Promoter is (a) a compoundthat may not ttself be carcinogenic, but that
stimulates zr allows the prc'4feratton of Initiated cells; and (b) a DNA
sequence where transcrtpttc'_ initiates. Promoters, in contrast to
enhancers, havedirection andare always located near the beginning of the
first exon.

Protein kinase is an enzymethat catalyses the phosphorylation of proteins.
Phosphorylation and dephosphorylatton of proteins appear to be major
mech_,ltsmscontrolling enzymefunction. Manyoncogenescode for protein
kinases.

Proto-oncogene is a gene in a nomal cell that may be homologousto a viral
transforminggene° Some proto-oncogenesencodeproteinsthat influence
the controlof normalcellularproliferationand differentiation.

Provlrusis theDNA copyof theRNAof a retrovlruswhichis integratedintothe
chromosomalDNA of a cell.

Radiosensitivityis the relativesusceptibilityof cells, tissues,organs,
organisms,or any 11vlngsubst_anceto the injuriousactionof radiation.
Radiosensitivityand itsantonym,radioresistance,are generallyusedin
a co_arativesense_

Rearrangementsare changes in the sequenceof genes or of DNAsequenceswithin
genes that Bay lead to alteration in their protein products.
Rearrangementof genes is important in suchprocessesas the generation of
diversity of antibody molecules.

Receptor is a molecule inside, or on the surface of, cells which recognizes a
specific hormone, growth factor, or other biologically active molecule.
The receptor may serve as a transducer of signals within the cell.

Recessiveallele is obscured tn the phenotype of a heterozygote by the dominant
allele, often due to inactivity or absenceof the product of the recessive
allele.

Recessive lethal i. an allele that is lethal whenthe cell is homozygousfor it.

Recombinantprogeny have a different genotype from that of either parent as the
result of the combining of their DNAinto a single cell.
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Recowbtnatton repair is a mode of ftlltng a gap in one strand of duplex DNAby
retrieving a homologous single strand from another duplex.

Regulatory gene codes for an RNAor protein product whose function is to control
the expression of other genes.

Relative biological effectiveness (RBE) of a given type of tontztng radiation is
a factor used to compare the biological effectiveness of absorbed
radiation doses (i.e., rads) due to one type of ionizing radiation with
that of other types of ionizing radiation.

Relative risk is the ratio of the risk in those exposed to those not exposed
(incidence or mortality in exposed population to incidence or mortality in
the comparison population).

Rem is a special unit of dose equivalent. The dose eo,uivalent tn rem is
nunerically equal to the absorbed dose in rad multiplied by the quality
factor, the dist' Jbution factor, and _ny other necessary modifying
factors. The rem representsthat quantity of absorbed radiationtha_ is
equivalent--inbiologicaldamage of a specifiedsort--to ! rad of 250 kVp
X.-rays.

Restriction enzymes are enzymes obtained from bacteria which make cuts at
specificsequencesof 4-8 base pairs in double-strandedDNA.

Restrictionfragment length polymorphlsm(RFLP) analysis is a method which may
be used to identify unique DNA sequenceson two homologous chromosomes
within a cell.

Retrovlrus is a virus in which the genome is RNA insteadof DNA.

Reversetranscrlptaseis an enzyme found mostly in retroviruseswhich catalyses
the productionof a complementaryDNA strand from an RNA strand.

Reversetranscriptionis synthesisof DI4Aon a templateof RNA accomplishedby
a reversetranscriptaseenzym:.

S phase is the part of the eukaryoticcell cycle during which synthesisrjfDNA
occurs.

Sarcomais a malignantneoplasmderivedfrommesenchymalcells (e.g.,connective
tissue, vasculartissue, bone, etc.).

Screening is the app}icationuf a test that may detect disease in a population
of individualswho have no symptomsof the disease.

Segregation is the process by which the chromosomes are separated during
meiosis.

Sex chromosomesare the chromosomesthat are different'inthe two sexes;usually
labeled X and Y. Femaleshave XX, and males have XY.

Sex linkage is the pattern of inheritanceshown by genes carried on a sex
chromosome (usuallythe X).
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Sievert(Sv) is the internationalunit (S.I. unit) of dose equivalent. The dose
equivalent in Sv is numerically equal to the absorbed dose in Gy
multiplied by the quality factor. I Sv - 100 rem.

Silent mutationsdo not change the productof a gene as, for examplethose that
may occur in introns.

Sister chromatids are the copies of a chromosomeproduced by its replication.

Somaticcells are all the cells of an organismexcept those of the germ line.

Southern blotting (named for its developer, Earl Southern) describes the
procedurefor transferringdenaturedDNA fror,,an agarosegel to a matrix
where it can be hybridizedwith a complementarynucleicacid.

Stem cell is a cell that has the capacity to repopulatethe various functional
cell- within a given tissue.

Stochastic effects are effects whose probabilityof occurrence in an exposed
population (ratherthan severity in an affected individual)is a direct
functionof dose. Hereditaryeffectsand some somaticeffects,especially
carcinogenesis,are regardedas being stochastic.

Structuralgene codes for any RNA or protein product, other than a regulator,
and may consistof exons plus introns.

Sublethal damage is damage to a cell which may be caused by radiation or
chemicals and which may be repaired in a few hours after the treatment°
Frequently, repair of subletha_ damage is revealed by giving two
treatmentsseparatedby a variable time intervalor by irradiatingat a
reduceddose rate.

S_chronlzed cells are a population of cells in which most of them are at a
given stage of the growth cycle at any one time and move throughthe cell
cycle as a cohort.

Target theory (hit theory) is a theory explainingsome biological effects of
radiation on the basis that ionization,occurring in a discrete volume
(the target)within the cell, directly causes a lesion that subsequently
results in a physiologicalresponseto the damage at that location.

Tel_ere is the structuralend of a chromosomeu

Thresholdhypothesis is the assumptionthat no radiation injury occurs below a
certain dose level because injury is observedonly above that level.

rI_ configuration of two sites refers to t_eir presence on two difCerent
moleculesof DNA (chromosomes).

Transcription is synthesis of RNA on a DNA template. The RNA may be
subsequently processed to produce messenger RNA, mRNA. Reverse
transcriptionis synthesisof DNA from RNA.

!

Transductlonis excision of viral sequences in cells from chromatin together
with cellular sequences and their packagingas mature viral particles.
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This process providesa method by which DNA sequencesmay be transferred
from one cell to anotherwith the virus acting as an intermediary.

Transfectlonis the direct transfr.,rof DNA moleculesinto a cell. Transfection
of specificgenes is a powerfultool for determiningtheir function.

Transformationof eukaryoticcells generally refers to their conversion to a
state of neoplasticgrowth in culture.

Transgenicanimals are created by introducingnew DNA sequences into the germ
line as the result of their additirn to the egg.

Transitionis a mutation inwhich one pyrimidineis substitutedby the other,or
in which one purine is substitutedby the other.

Translatlonis the process by which _.sser_gerRNA (mRNA)directs the synthes_s
of protein.

Translocationis the displacementof one part of a chromosome to a different
chromosomeor to a differentpart of the same chromosome. An example is
the translocation between chromosomes 9 and 22 that leads to the
appearanceof the Philadelphiachromosomein chronicmyelogenousleukemia.

Transverslonis a mutationin which a purine is replacedby a pyrimidineor vice
versa.

Tumor is a swelling or growth, but the term is often used as a synonym for
neoplasm. A tumor may be benign (i.e., the cells do not invade or
metastasize)or malignant.

UNSCEAR,UnitedNationsScientificCommitteeon the Effectsof Atomic Radiation.

lesternblot analysis is a procedureanalogous to Southern and Northern blot
analysis which allows the detectionof specific proteins. Proteins are
separatedby electrophores_,and blotted onto a matrix. They are usually
identified by autoradiography following binding of radiolabelled
antibodies.

Xenograft is tissue that is transplanted from one species of animal into
another. Most commonly,this refers to the transplantationof a human
tumor into a nude or immune-deficientmouse.

Zygote is produced by the fusion of two gametes; thal_ is, it is a fertilized
egg.
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