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EXECUTIVE SUMMARY

Public Law 97-414, the Orphan Drug Act, passed by rthe Congress and
enacted on January &, 1983, directed the Secretary of Health and Human
Sarvices to construct tadioepldemiologiczl tables showing the probabllity
that ecertaln cancers could result from prior exposure to radiation.

To ensure as far as possible that the tadicepidemioloegical tables
would represent the best possible scientific judgment, the Secretary of
Health and Human Services established the NI1H A2 Hoc Working Group to
Develop Radioepldemioclogical Tables. To assist the Working Group, the
NIH and the Assistant Secretsry for Health requested the National Academy
of Selences to form an advisary committee {the National Academy of Sclences
Oversight Committee on Radioepidemiologic Tables). The Working Group would
like to thank Dr. C. Frederick Mosteller and the other memhers of the
Oversight Committee for their comstructive criticisms, which have been of
great benefir during the preparation of the report. The Working Group
also benefited greatly from the groundwork lald by the National Council
on Radiation Protection and Measuvements {NCRP) Committee No. 71, which
already was addressing the question of probabiliry of causation (PC) for
radiogenic cancers. Finally, the Working Group has had an opportunity to
interact with the Science Panel of the Committee on Interagency Radiatlon
Research and Policy Coordination, Office of Science and Technology Policy,
Executive Office of the President, during the course of the Panel's
evaluation of the tables, and has its report dated November, 1984.

In constructing the tables, the NIR Working Group and the Oversight
Committee identified the same set of problems involved in the calculatien
of probability of causation for cancer following exposure to ionizing
radiation. Additionally, the Oversight Committee has made several important
suggestions that a future committee, whose task is to wvpdate this report,
should find useful.

The Working Group determined that it could not attempt a new analysis
of the epidemiologic data but should base manv of its calculations on the
report issued in 1980 by the Narional Academy of Sciences Committee on the
Bliological Effects of Tonizing Radiationm {BEIR III) {1} that itself had
reguired more than three years to complete. The Working Group, however,
did depart from the BEIR III report in several impertant detalls because
of the availability of new data. These include adoption of a new “wave
function™ time-response model for leukemla and bone cancer, different co-
efficients for leukemia and cancers of the lung, thyroid and breast,
addition of cancer of the salivary gland, omlssion of lymphoma as a
radiaticn~induced cancer, and avoidance of PC calculations for certain
cancers following exposure at younger ages. Overall, of the 78 age-,
sex=, and site-specific risk coefficients employed in the present report,
40 were taken directly from the BEIR III report and 38 were obtained from
more Tecent sources. :

The problems recognized by both groups can be reselved more accurately
in the future through the accumulation of more human data, and especially
bv new inslghts into the mechanisms of carcinogenesis, and perhaps, rather
less by mathematical ingenuity or further in-depth analysis of existing




data, although more refined analysis of newer data will be useful. The
Warking Croup interpreted its mandate from the Orphan Nrug Act as requiring
assessment of currently available dataz and the exercise of its best
Judgment regarding the harndling of the scientific uncertainties that ars

At present unrasolved. )

Histarically, not long after ionizing radiation was discovered in 1895
and methods for producing and utllizing varicus types of radiation hecame
avallable, it was demonstrated that such radiation could he sericusly
damaging. first came the recognition that radiation to the skin could
cause a serious, sunburnlike effect. By 1904 it was learned that radiastion
could cause skin cancetrs, and somewhar later (1911) it was shown that the
lncidence of leukemia was elevated ino radiolopgists.,

In 1928 the International Congress of Radiology adepted the first
internacional recommendation for radiation protection. At that time, it
was believed that there was a threshold for the deleterious effoctg af
radiation, that is, a dose below which there would be no damage. Work an
the genetic effects of radiation in the 1930's suggested that any dose of
radiation had a cerrain likelihood of producing a damaging effect on germ
cells. Concern over the genetic effects of radiation (2), so prevalent in
the 1950's, has lessened in the last two decades, whereas the carcinogenic
effects of radiation have become much more evident.

Radiation acts to cause cancers in a largely random manner. In a
situation in which a large number of pevsple have received a moderate~to-
large amount of radiation, the numbers of cancers of specific sices (e.g.,
breast cancer, lenkemia, ete.) produced by that amount ¢of radiatien can
be estimated. We cannot, however, predict which individuals will develop
cancer. FEven after the caancer has developed, we cannot state with certainty
whether it was caused by radiation, since it is usitally impossible to
differentiate cancers induced by irradiatior from these which oceur
“normally” in the population.

Cancers appear to he associated with a large aumber of environmental
factors and generic suscepribilities although, in any individual case, it
is usually not possible to be sure of the exact cause of the cancer. The
events that may cause or predispose to cancer interact In several ways,
but only a few of these interactieons are known and understood. Moreover,
different individuals are exposed differently, and to a greater or lesser
extent, to various carcinogenic factors as the resulr of clgarette smoking,
alcohol consumption, viral infection, dietary habits, occupation, heredity,
etc. If detailed knowledge were available about the effects of all these
#xXposutres and inreractions, it would be possible theoretically to classify
itdividuals into a large number of groups among which the probability of
causation of a particular cancer by a given agent could be calculated
moTe accurately, TFor any carcinogen, however, including radiation, che
aumber of such groups is severely limited at present; i.e., from available
data we can, with some assurance, partition populations into categories
hased only oan a few factors, including age at diagnosis, sex, smoking
history and age at exposure to tadiation. Except for these subdivisions
we calculate probabilities of causarion only for aggregate groups in which
unkaown variations among individuals may be appraciable. However, probabili-
tries of causation based on even the most minimal partitioning are wvalid
nrobabilities for these groups.
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Attempts to estimate the probability that an observed effect resul-
ted from one of several possible causes are not uncommon, even In the
more exact physical sclences. Decay of short=lived subatomle particles,
where only a small number of events can be observed and several potentiazl
mechanisms exist, 1s in some respects analogous to the problems involved
in constructing rtadicepidemioclogical tables. In beth cases, probabilities
are calculated from a small number of events. There 1s, however, an
important difference. In physics a large number of well~tested and
comprehensive theocries exists to gulde calcularions, whereas in biology
and medicine there are few well-established general and predictive theories
and the systems are immeasurably more complex, This becomes particularly
important for calculation of the probability that radiation caused a
certain cancer when the dose of radiation was small. Such caleculations
are therefore subject to great uncertainty {see Chapter VII).

In order toc construct the radicepideniological tables, several
fundamental decisions were made, which are explained in the remalnder of
this Summary.

I. The Workimg Group first had to decide what data should be used
to develop the numbers in the tables. 1In general, epldemiologic data
derived from radiarion exposure to humans were utilized. However, effects
in experimental anlmals, largely rodents, and additional data from in
vitro studies of effects of radiation on cell cultures, which can provide

useful information on principles, were also considered. The animal data

on low levels of ionizing radiation are constrained by the sawe limirations
as the data on bumens-~-the difficulty that the small effects requlre very
large numbers of animals. Furthermore, the studies on rodents have been
restricted almosrt entirely to highly inbdbred ‘strains of animals and to

types of tumors that occur with high frequency. Hence their relevance to
the carcinogenic effects of low-level irradiation in the human population
is uncertain. The in vitro experiments suffer because the cells are
studied under conditions that differ profoundly from those in vivo, and

are of uncertain relevance to the carcinogenic effects of irradiation In
man (3).

I1. Secondly, the Working Group had to resclve how to estimate the
risks from low doses of rediation. Although effects of moderate—to-kigh
doses on large populations can be estimated reascnsbly well, several gov-
ernment Teports, such as the 1379 Report of the Work Group on Science of
the Interagency Task Force on the Health Effects of Ionizing Radiatiom
(4), the 1981 report of the Comptroller Generazl to the U.5. Congress
(5), and the 1981 report of the Interagency Radiation Research Committee
(6), as well as such authoritative reports as the 1980 (BEIR II1)} report
of the Narional Academy of Sciences (1) and the 1977 report of the United
Nations Scientific Coumittee on the Effects of Atomlc Radiation (7},
testify to the uncertainty of the carcincgenic effects of very low deses
of radiation. Thus, the BEIR TII committee was unwilling to make estimatres
of the carcinogenic effects of radiation for acute doses below 10 raé or
for continuing exposure to doses below 1 rad per year. Alrhough the
non-~threshold hypothesis is accepted for radiaclon protectlon purposes,
empirical evidence as to the existence of a threshold 1s lacking.

&




Some enviroomental and occupational doses are quite small, on the
order of those resulting from natural background radiation to which we
are all exposed (about G.08 to 0.2 rem per year in the United States),
It might be supposed, therefore, that studies of populations living in
Tregions where background levels vary greatly would yield estimates of
carcinogenic risks assoclated with such differences. Several such studies
have been attempted, but the risks are so low that any effect of variation
in background radiation is overshadowed by the natural variations in
cancer incidence (1,7-9). Ar the present time, estimations of effects at
low doses are based upon assumptlons as to the mathematical form governing
the dependence of effect upon dose, since we must extrapolate from the
dose region where we have evidence of effects, to lower doses where
effects have not been observed or may not be large enough 1o be detectible.

In general, the Working Group has sought to use the dose~effect
model for each cancer which Is most consistent with both the human epl-
demlologlc data and the radiobiclogical data. For leukemla, the datz are
consistent with a so-called linear-quadratie model; hence this model is
the basls for the PC tables calculated for leukemia. This model utilizes
two constants and, in general, prediers that small doses of radiation
have a lesser effect per rad than do higher doses. There are radiobioclog-
ical reasons for assuming that a linear-quadratic dose-effect model is
generally applicable to other cancers, which are discussed both in the REIR
L1l report and in Chapter III of the present reporr. Accovdingly, we
have used this appreach for all cancers except those of the thyroid and
breast. For carcinoma of the breast and thyroid, the data appear to be
best described by a simple linear relatlonship in which the carcinogenic
effect of radiation is direckly proportional to the dose; again, the
tables are based on this Interpretation.

IT1i. The Working Group also had to consider the relztive effective—
ness of radiation delivered at different dese rates. Although there are
no conclusive human data on the carcinogenic effect of radfation delivered
at a vary low dose rate relative to that delivered at a high dose rate
{atom bomb survivors, therapautic radiation), several nattonal and inter-
ratienal bodies have suggested that radiation of low linear energy transfer
(low LET} is considerably less carcinegenic at a low dose rate than at a
Nigh dose rate {6,7,10). 1If & linear—quadratic model is used, no separate
dose-rate correction is necessary for protracted radiation exposures, given
a certaln partitioning of the dose {see Chapters IIT-I and V=B). In the
case of carcinoma of the breast and thyroid, rhe use of the linear dose-
effect model implies that cthere should be no dose-rate effect; data
available for both of these cancers are consistent with this prediction.

V. An additional assumption required for calculation of PC values
concerns the relaticnship between the number of cancers produced at any
given time after radiation and the number normally occurring in a similar
population of the same age and sex not exposed to radiation. The BEIR
[IT report vtilized both 2 relative risk time projection medel and an

.ahsolute risk time-iandependent model. The absolute risk model assumes

that the radiation—induced risk of develeping cancer is constant after a
suitable latent period following irradlation. The relative risk time
projection model states that, at any time after a latent period, a given
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dose of radiation increases the probability of developing cancer by a
constant fraction of the baseline risk., Available data, particularly on
breast and lung cancer in Japanese atomic bomb survivers, which have
appeared since the preparation of the BEIR 1II1 report, support the relative
risk time-projection model more convincingly. Therefore, the Ad Hoe Group
has adopted this wodel, as discussed in Chapter III.

There 1s a substantial body of data on the risk of developing leukemia
{both acute leukemia and chronic granulocytic leukemia) after radiatien.
Hence, it is possible to ¢velop a model that accurately follows rhe observed
data. This model is basically wave-like in form, following neither the con-
stant absolute risk nor the constant relative risk time-prejection model.
Accordingly, we have used the wave-like model to describe the risk of
developing leukemia as a functlon of time after radiation.

V., A problem awairing resolution is the relative garclnogenicley of
high-LET radiation. This is the type of radiation delivered ®»y large,
highly energetic particles such as neutrons or alpha particles. For the
same absorbed dose this kind of radiation appears to be more effective In
causing cancers than low-LET radiation, such as that delivered by X rays
or gamma rays. All the tables except for bome cancer, and for lung cancer
after exposure to radon {which occurs principally in uranium winers}, deal

"with the more commonly occurring low-LET radiation. Several committees

are currently investigating the carcinogenic effects of high-LET radiation.
Pending their conclusions, it is not possible to use these tables relevant
to low-lET radiation for the calculation of PC estimates for high-LET
radiation unless a blologically equivalent dose can be determined for the
individual case.

Orther estimates of probabllity of causation, or thelr equivalent,
have been prepared by British Nuclear Fuels, Limited (BNFL), by Gofman
(11), and by Stewart {12), The BNFL procedure is not available to the
public, and certain objections have been raised to the Gofman calculations
{13). Stewart's analysis was based on data from the Hanford workers (14},
which are much too limited to provide any basis for a compensation system
{15,16), The present report represents a CONSEnsus of the Working Group,
alded by its interaction with the Oversight Committee of the National
Academy of Sciences and the 8cience Panel of the Committee on Interagency
Radiation Research and Policy Coordination.

Chapter 1 of the report outlines the Congressfonal actions that
mandated its preparation; Chapter Il describes briefly what 1s known
about human cancer. Chapter IIT describes relations between radiation
and cancer, ilncluding a listieg of those cancers which may be caused by
radiatien and for which adequate data are available to calculate PC, and
those for which an association with radiation is not proved. Chapter TV
describes concepts invelved in calculating the probabilicy that any given
amount of radiation was the cause of any particular cancer. Chapter V
liste dara sources and assumptions that are required for calculations of
PC values and justifies these cholces. Chapter VI describes how the cal-
culations have been performed. Uncertainties in the bastc data and
assumptions which are necessary ingredients in the calculation of proba-
bilities of causarion are reflected in uncertainties in the final PC
values themselves. An attempt has been made in Chapter VII to identify




and assess the various sources of uncerktainty and to combine these uncer-—
tainties into single measures for individual cancers. The combined un-
certzinties, while not small, are not so large as to negate the useful-

ness of the PC's, especially at the low and high ends of the scale.

Chapter VIII discusses how the present PC estimates may ®e updated and
describes what new information may become available, and how it might be
handled. Chapter IX describes how to caleulate the probability of rausation
for any radiation dose and any cancer using only a few tables, which appear
in Chaprer X. 1In Chapter X each cancer for which a probability of causation
can be calculated is discussed and specific examples of calculations are
presented, together with tables of the constants necessary for these
¢alculations. This arrangement has necessarily given rise to some redund-
ancy, but the Working Group helieves that the present format pervuits any-
one to obtain all the basic information for caleulation of PC for a specific
cancer in any specific case from just one of the subsections of Chapter X.

In Appendix I, tahles of the probabllity of causation for individual
cancers are presented for radiation deoses of 1, 10 and 100 rad. For any
specific case, the reader is ¢ncouraged to use the simple formulae in
Chapter X for calculation of a probabllity of causation.

In Appendix II, the Working Group has reproduced the specific recom-—
mendations of the NAS Oversight Committee with respect to the July, 1984
draft of the present report and its future vevisions (17). - Since this
final version of the Tables incorporates most of the recommendations made
by the Oversight Committee, each recommendation 1s aanotated as to its
status in the final report presented here.

Appendix IIT is a glossary of some of € erms used in this repert.

J. £. Rall, M.D., Ph.D., Chairman,

NIH Ad Hoc Working Group to Develop

. Radioepidemiological Tables
Janeary &, 1985
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Chapter I: LEGISLATIVE AUTHORITY

A Eackground

On January &, 1983 the President of the United States signed Public
Law 97-414 (known as the "Orphan Drug Act"), an act to amend the Federal
Food, Drug and Cosmetic Act to facilitate the develepment of drugs for
rare diseases and conditions, and for other purposes. This legislation
includes a provision (Section 7 (b) of the bill)} directing the Secretary
of Health and Human Services to "devise and publish radicepidemioclogical
tables that estimare the likelihood that persons who have or have had any
of the radiation-telated cancers and who have received specific doses
prior to the onset of such disease developed cancer as a result of these
dogces.” The complete text of section 7 (b) of the bill and an excerpt
from President Reagan's statement, on the occaslon of his signing the .
orphan Drug Act, are included in section B of this chapter.

Ou February 25, Dr. Edward N. Brandr, Jr., Assistant Secretary for i
Health, Department of Health and Human Services, assigned lead Tespons-—
ibility for the implementarion of this charge to the National Institutes i
of Health. An Ad Hoc Working Group, chaired by Dr. J. E. Rall, Deputy
Director for Intramural Research, NIH, was established; this group has
met regularly since April 5, 1983. Subsequently (August 4, 1983}, the
gSecretary of Health and Human Services approved the Charter for an "Ad
Hoc Working Group to Develop Radioepidemiolegical Tables™ to carry out
this mandate. The text of the Charter is included as section C.

1t may be noted that the section of P.L. 97-414 perraining to the i
development of radivepidemiological tables originally was introduced by -
Senator Orrin Hatch (Utah) as a part of Senate bill 5 1483: "Radiation a
Exposure Compensation Act” to provide for damages due to radiation exposure !
from nugclear weapons tests in Nevada. Since neither this bill nor the ' .
companion House bill (H.R. 6052) was reported out of the respective

committees, the section relating to radioepidemiological tables was

attached as an amendment to the “Orphan Drug Act”™ which was passed by

both houses and signed into law on January 4, 1983. On March 23, 1983,

Senator Hatch introduced the "Radiogenic Cancer Compensation Act™ which

jntends to use as the basis for award of compensation the tables of

probabllity of causation of cancer from radiation exposures, prepared in

response to the requirements of the "Orphan Drug Act.”

B. Public Law 97-414 - January 4, 1983

"7(b)(1) Within one year after the date of enactment of this Act, the
Secretary of Health and Human Services shall devise and publish radio-
epideniological tables that estimate the likelihood that persons who have
or have had any of the radiation-related cancers and who have received
specific doses prior to the onset of such disease developed cancer sg a
result of these doses. These tables shall show a probabllity of causation
of developing each radiation related cancar assoclated with receipt of
doses ranging from 1 millirad to 1,000 rads in terms of sex, age at time
of exposure, time from exposure to the onset of the cancer in questian,



and such other categories as the Secretarv, after consulting with approp-
riate sciearific experts, determines to be relevant. Fach probability of
cauvsaticon shall be calculated and displayed as a single percentage figure.

(2) At the time the Secretary of Health and Human Secvices publishes
the tables pursuaat teo paragaph (1), such Jecretary shall also publish—

(A) for the tables of each radiation related cancer, an
evaluation which will assess the credibilicy, validity,
and degree of certainty associated with such tables; and

(B) a compilation of the formulas that yielded the prob-
abllities of causation listed in such tables. Such
formulas shall be published in such a manner and togethar
with iaformation necessary to decermine the probability
of causation of any individual who has or has had a
radiation related cancer and has received any given dose,

(3) The tables specified in paragraph (1) and the formulas specified
in paragraph (2) shall be devised from the best available data that are
most applicable to the United States, and shall be devised in accordance
with the best available scientific procedures and expertise. The Secretary
of Health and Human Services shall update these tables and formulas BVErY
four years, or whenever he deems it necessary to insure that they coatinue
to represent the hest available scientific data and expertise,”

Excerpt from President Reagan's statement on the occasion of his
signing the Orphan Drug Act

“e « « there is as vet no consensus among radiarion experts
in relating human cancers and exposure to low levels of
radiarion, Yet, Section 7 mandates that probability of
cdusation rables he calculated for even very small dose
levels. Accordingly, I am dirscting the Secretary of
Health and Human Services to complete the tables

to the extant that may be possible and scientifically
tesponsible, in light of the analysis also mandated by
Jection 7, which requires him to ‘assess the credibility,

validity, and degree of uncertainty asscciated with such
tablESO e

C. Charter - Ad Hoc Working Group to Develop Radicepidemiological Tahles

FurEcse

Section 7(b) of Public Law 97-414 directs the Secretary of Health and
Human Services to devise and publish radipepidemioclegical tables that
estimate the likelihood that persons with any radiation-related cancer
wity received specifis radiation doses before the onset of the cancer
developed the disease as a result of such exposure. The tables must show
the preobability of causation for each cancer associated with receipt of
doses ranging from 1 millivad to 1,000 rads in terms of sex, apge at time
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of exposure, time from exposure to disease onset, and such other categories
as the Secretary, after consultation with appropriate scientific experts,
determines to be relevant,

In earrying out this mandate, the Secretary deems it necessary to establish
an Ad Hoc Workimg Group to Develop Radioepidemiological Tables comprised

of scientific experts whose gualifications will insure a thorough, competent,
and timely completion of the task.

“Authority
42 U.8. Code 217a, Section 222 of the Public Health Service Aﬁt, as amended.

This Ad Hoc Working Group to Develop Radioepidemiological Tables is governed
by the provisions of Public¢ Law 902-463, which sets forth standards for the
formation and use of advisory committees,

"Functicon

In additiom to developing radioepidemicological tables, the ad Hoe Working
Group shall:

1. Assess the credibility, validity, and dégree of certalnty associated
with such tables; and

2. Compile the formulas that vielded the probabilities of causation
listed in such tables. Such formulas shall be published in such a
manner and together with infeormztion necessary to determine the
probability of causation of any individual who has or has had a
radiation-related cancer and has teceived any given dose,

The tables specified in pargaraph (1) and the formulas specified in
patagraph (?}) shall be devised from the best availsble data that are most
applicable to the United States, and shall be devised in accordance with
the best available scientific procedures and expertise. The Secrerary of
Health and Human Services shall undate these tables and formulas every
four years, or whenever necessary, to insure that they continue to repres-
ent the best available scientific datz and expertise.

"Structure

The Ad Hoc Working Group to Develop Radiocepidemiological Tables shall
consist of eight members, including the chairperson. Members and chair-
person shall be selected by the Secrerary, or designee, from outstanding
authorities in the fields of endocrinclogy, radiation biclogy and pathology,
radioepidemiology, bicstatistics, and radicblology. Members shall be 1n-
vited ro serve for a period of one year. Management and support services
shall be provided by the Office of the Directer, Kational Institutes of
Health.,

Meetings

Approximately eight meetings shall be held at the caill of the chairperson
who shall also approve the agenda. A government official shall be present
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at all meetings. Meetings shall be conducrted and records of proceedings

kept as reguired by applicable laws and Department regulations. Meetings
shall be open to the publle, except as detoermined otherwise by the Secretary;
notice of all meetings shall be given to the public.

“"Compensation

Members who are not full-time Federal employees shall be paid at the rate - j
of 5100 per day, plus per-diem and travel expenses in accordance with
Standard Government Travel Regulations.

cond

"Annual Cost Estimate

Estimated annual cost for operating the Ad Hoc Working Group, ineluding
compensation and travel expenses for members but excluding staff suppert,
is 536,700, Estimared annual man years of staff support required is one
at an estimated amnual cost of §549,213,

“"Reports

Section 7{b) of Public Law 97-414 directs that within one year after the
dace of enactimenc of this Act {January &4, 1983), the Secretary of Health
and Human Services shall publish the radicepidemiological tables. The Ad
Hoce Working Growp will complete its task as outlined La the Function
section of this document and submit these findings to the Director,
National Institutes of Healrth, by Qctober 15, 1983.

"Termination Date

Unless renewed by appropriate action prior to its expiration, the Ad Hoc
Working Group ko Develop Radieepidemiological Tables will terminate on
May 15, 19R4.

Approved:

g-4-33 (signed) Margaret M. Heckler "
Dace Secretary




Chapter IT: THE ETIOLOGY OF CANCER

A. Introduction

Cancer is the second leading cause of death in the United Stares
and has recently become one of the most Intensively studied of diseases.
Many forms of human cancer are now recognized to have multiple ceuses.
In addition, a number of theories have been proposed to explaln the
biological mechanisms of carcinogenesis. While our understanding of such
mechanisms is still very limited, it is apparent that the overall incidence
of cancer is related in large measure to cancer—causing facters in the
"envirtonment” defined breadly to encompass alr, water, food, &nd such
other factors as individual lifestyle, occupation, smoking hablts, sexuval
activity, ete. _ :

This chapter surveys briefly some of the current theories of cancer.
It also summarizes what 1Is known about the more important riek factors
that determine the likellhood ¢f cancer in an Individual.

B. Current Theories of Carcinogenesis

For many carcinogens the process of tumor development is postulated
to involve successive phases, three of which have traditionally been des-
ignated the Injtiation phase, the promotion phase, and the progressionm
phase. During the initiation phase, the DNA of the target tell, which
contains the genetic code, is presumed to be damaged or structurally
altered as the result of exposure to radiation, 2 carcinogenic chemical,
or some cther initiating agent. A varlety of molecular mechanisms has
been hypethesized to explain the alteratlion of cellular DHA, including
tandom point murarion, gene rearrangement, chromosomal translocation, and
altered DNA methylation {1,2).

The promotional phase of cancer development is concerned with the
subsequent changes in the {nitiated cell that lead to development of an
overt tumor. 1t differs from initiation in a number of respects, being a
mich slower process, which may cover a majoer portion of the human lifespan.
While & single exposure to an Initiating substance can suffice to alter
DHA, promoting effects typlcally are induced only by prolonged contact
with the agent in guestion {(2). Promotion may thus be based on different
mechanisms; for example, Interference with normal regulation of cell
growth or with the body's natural defense mechanisms, including repair of
D4 damage, conjugation and detexification of toxicants, immunological
resistance, hormonre balance, ete. The progressive phase involves the out-
growth of progressively more malignant variants of the original neoplasm.

Tegether, the promotion and progressicu of neoplasia are envisioned
to involve a series of changes in the regulation of cell growth, with
variations in the malignancy of the Tesulting tumors by .the time they
become detectable clinically. Some forms of cancer, for example, are
known to grow rapidly and metastasize early, while others grow slowly and
remsin localized indefinitely. These differences, which remain to be
fully explained, affect the probability of ascertalnment of the cancers
in question.




Although much of the research on carcinogenesis has been focused
an the initiarion phase, promotion may ultimately be of greater importance
{n determining the incidence of cancer (3)., It is noteworthy moreover,
that the distinetion between initiating and promoring agents is not
always clear-cut (2). Radiation and certain chemicals appear ta be
capable of acring both as inltiarors and promoters; il.e,, zs complete
carcinogens (4).

Genetlc effects leading to cancer may ilnvolve germ cells as well as
somatic cells. Evidence for the influence of germ cell mutations on
human carcinogenesis comes primarily from studies of single-gene defects
assoclated with cancer, family aggregations of neoplasia, and cytegenetic
studies showing some cancers to be associated with inherited chromosomal
abnormalities. Every form of cancer probably has a heritable component
of some magnitude. For some forms it can be large.

It is difficult toc estimate the carcinogenic risks of radiation by
extrapolation without further knowledge of the precise mechanisms involved
In radiatiocn carcinogenesis., Advances in the molecuylar blology of cancer
should eventually lead to new understanding of how radiation induces
malignancy and to refinement i{n our approaches to risk assessment.
significant advances in cancer biology have already come from studies of
the genes invelved in walignacnt transformation, some of which are called
"oncogenes” (5). Oncogenes discovered originally in tumor viruses have
since been found te have homologues la normal cells {&), where they can
be "activated” to produce malignant transFormation by {a) linking them to
powerful rerroviral promoters, (b) nmutations which may be produced by
chemical carcinogens like nitrosomethylurea {7,8), or (¢) chromosomal
translocations (6-9)., Since lonizing radiation is known ro cause both
point mutations and chromosomal aberrations, it is cenceivable thar
radiation carcinogenesis may, In some instances at least, lovelve activa-
tion of cellular concogenes, Recently, direct evidence for activation of
the c-K-ras oncogene by gamma radiation, through a single base mutation,
has been reported (10).

Recent studies of malignant transformation by wiral oncogenes and
activated cellular oncogenes suggest that the transformation of cells to
malignancy may require activation of more than one ceilular oncogene. It
ts thus possible that the long "latent” period that characteriscically
elapses between radiation and the clinical appearance of a cancer may
result from the need for successive oncogenes to be activated or for
other types of sequential changes to take place.

C. Environmental and life Style Risk Factors

It has been inferred that as much as 75-~80% (3} of fatal cancers in
the United States tesults from the influence of life stvle and ocher non-
hereditary, or envirsnmental, factors. Epidemiological studies imply that
the largest effects avre related to smoking, alcohol consumption, diet and

other facrors related to Life style. Occupational exposures and the effects

of radiation, chemical poliution, medical therapy, sexual activity, and

infections are thought te contribute to a lesser extent, In some Instances,

heredity may reader an individual more vulnerable to the effects of an
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environmental carcinogen, as is illustrated by the heightened suscepti-
bility of individuals suffering from xercderma pigmentosum to the develop-
ment of skin cancer as a result of exposure to the ultraviolet radiation
in sunlight. 1In evaluating the importance of the various emnvirommental
risk factors, one should consider the potentizl influence of host-related
characteristics as well as the possibility that a cancer may have multiple
CAUSES,

1. Swoking

Smoking of tobacco, particularly in the forwm of cigarettes, is
generally recognized as the single most important extermal risk factor
for human cancer, being estimated to cause 25-40% of all cancer deaths in
the U.8. (3,11,12). It is the primary cause of lung cancer im both men
and women, and is also associated with an increased risk of cancer of the
larynx, oral cavity, esophagus, bladder, kidney, and pancreas. Although
the percentage of the smokers in the population has declined from 42% in
1965 to a current level of approximately 33%, the number of active smokers
in the United States is estimated to be about 53 million {12}, and there
is concern about the potential risks from “passive” smoking in non-smokers
(13-15). A&lthough the specific mechanism(s) by which tobaceo smoke
contribures to an increased risk of various types of cancer is not yet
known, a variety of carcinogenic chemicals are known to be components of
tobacco smoke (12).

2. Alcghol congumption

Alcohol consumption is thought to play a role in the onset of
cancer at a variety of sites, inc¢luding the mouth, pharynx, larynx,
esophagus, liver, and lung; and some investigators have associated 3-5%
of all cancer deaths with the drinking of alecholic beverages (3). Al-
though approximately one~third of the adult U.$. population drivks alccho-
li¢c beverages at least once a week, and about 10 miilion members of the
population are estimated to be problem drinkers (4), the specific impact
of alcohol per se on human cancer risk is difficult to assess since,
among the complexities, reliable guantitative dats on consumption are
difficult to obtain. Furthermore, many investigators helieve that aleohnl
acts chiefly by enhancing the effects of other primary carcinogens such
as those in tobacco smoke (4).

3. Diet

Alrhough there is a growing recognition thar diet can influence the
risks of specific types of cancer, the mechanisms and magnitudes of
dietary effects are poorly understood. Deoll and Pete infer that diet may
be involved in 10-70% of all cancers in this country {3). WHumans are
exposed to a multitude of agents that can enhance or inhibit the onset of
cancer, through the dietary intake of meats and fats, fibers, vitamins,
and naturally occurring carcinogens and their precursors (16). Carcinogens
in the diet also arise as by-products of food preparation {polycyclic
aromatic hydrocarbons), or may be introduced as natural contaminants
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{aflatoxin), environmental contamlnants (pesticide residues, heavy metals,
PCBs, ete.), and additives for coloring, flavor (cyclamates and saccharin),
and food preservation. Dietary carcinogens may act as tumotr initiaters

or promoters, may facilitate the formation of carcinogens in the body, or
may affect the transport, activation, or deactivation of carcinogens
dlready present in the body {4).

4. Ocecupational exposures

Exposure to various occupational risk factors can increase the
likelihood of cancer. Carcinogens that have been identified in the
workplace Include arsenic, asbestos, benzene, coal rtar picch volatiles,
2-naphthylamine, vinyl chlorlde, nickel and radiarien. MoTeover, there
are a number of industries such as the petrochemical industry, the rubber
Industry, and coal wmining, {n which workers seem to have an excess risk
of developing cancer, even though the specific risk factor or agent has
yet to be identifled. Because of the relatively long latencies associated
with most forms of occupationaliy related cancers, current incidences of,
ot deaths from, occupationally related cancers are typically the result
of exposures that occurred one or more decades ia the past, when exposure
levels were usually much less well-controlled and not as well-documented
a5 are present-day levels. Furthermore, since workers frequently change
jobs, both within and between industries, they may be exposed to a variety
of potentially carcinogenic agents, the individual effects of which are
not easily isolated.

5+ Pollution

Manmade pollution of air and water 1s another sourece of potaential
cancer tisk for humans. The frequently observed increase in lung cancer
death rates among inhabitants of the more urban areas of the United States
has been laterpreted as evidence that air pollution, primarily polycyclic
aromatic hydrocarbons from auto exhaust contributes to the risk of cancer.
This argument is confounded, however, by the fact that the typical urban
dweller is more likely to smoke than his rwral counterpart and more
likely to come into contact with a variety of occupational/ industrial
risk factors as well. Although it i extremely hard to separate the
impact of polluted air from the effects of these other risk factors, most
researchers seem to believe that the actual percentage cf all cancers
specifically attributable to alr pollution, while perhaps not negligible,
1s likely to be small {4).

The carcinogenic effects of water contanination, which may arise as
a result of industrial pellutior, agricultural runofi, waste duap seepage,
and as a byproduct of drinking water purification {17}, are even more
difficule to assess than those associated with air pollution (4}, Even
in the few Instances whera case-contral studies have been conducted,
results have not always been coansistent (4).
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6., Medical therapy and diagnosis

Some agents used In the past to diagnose or treat various diseases
have subsequently been shown to Increase the risk of cancer, and their
their use has been curtailed. Examples include inorganic trivalent
arsenic (skin caencer), chloronaphazine (bladder cancer), the radioactive
contrast agent, thorotrast {(cancer at the organ of concentration), and
diethylstilbestrol (vaginal adenocarcinoma) (4). Tomizing radiatfon and
some of the drugs that have been found to possess carcinogenic potemtial,
such as certaim alkylating agents used to treat different types of cancer
and various immunosuppressive drugs employed in organ transplantation,
continue to be used with discretfon, Insofar as their expected benefits
are considered to outweigh their known risks.

7. Sexual development and behavior

Hormonal stimulation associated with normal sexual development
influences the risk of cancer in humans. ' For example, the risk of breast
cancer in women is affected by age ar menarche, age at first childbirth,
and age at mencpause. The incidence of tesricular cancer 1z elevated in
men born with cryptorchidism or undescended testes. The likelihood of
developing cancer cof the uterine cervix increases with the number of
different sexual partnets that a woman has had (4).

8. Viral infecrions

Viral Infections are a known cause of varlous cancers in animal
speciegs and have been regarded as potential -risk facters in the developrment
of human tumors. The Epstein-Barr virus is thought to act as a causative
¢cofactor In the onset of Burkitt's lymphoma (In Central Africa and New
Guinea) and nasopharyugeal carcinoma (in the Far East, especially South
China). Hepatitis B virus evidently plays a role in the develeopment of
hepatocellular carcinoma, particularly in Asia and Africa {3,4).

Other viruses of possible importance in human reproductive tract
cancer development include herpes simplex virus (4) and cytomegalovirus
(4). Human T-cell leukemia virus {I18) has been isolatad and sequenced
and is clearly the etiologic agent in this type of leukemia. At the
present time, the role of retroviruses or oncogenes in other cancers is
unclear, but it could well be that activation or mutatlion of oncogenes
are important factors in the genesis of many cancers.

9, Interactive effects

The preceding discussion of carcinogenic Tisk factors concerned
primarily the effects of individual agents, whereas humans are ordimarily
exposed to & varlety of agents. The porential for interactions among the
effects of different risk factors should alsoc thus be considered. The
interaction of two factors can be expressed In a variety of ways. For
example, one mavy act a5 & vector that carries the other to a critical
target site; the first may promote or enhante the carcinogenie accivity
of the second; the two may act independently; or they may produce a joint
effect which markedly exceeds the sum of their separate effects.
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Although epidemiology has anot focused to any great extent on inter-
active effects berween suspected or known carcinogenic risk factors,
there are a f{ew well-known examples of such phenomena. It has already
been noted that alcohol consumption is generally regavded as a co—factor
that combines with cigarette smoking to elevate the risk of escphageal
cancer. Similarly, the jolnt action of infection with hepatitis B virus
and dietary intake of aflatoxin has been cited as a cause of liver cancer
in certain African and Far Eastern populations. Dietary zinc deficleacy
may also loteract with alcohol consumption te¢ increase the likelihcod of
developing esophageal cancer {(4), Furthermore, some investigators have
suggested that air pollutants combine with carcinogens in cigarette smoke
to enhance the production of lung cancer (4). However, the most striking
axample of an enhanced response resulting from the joint action of two

environmental carcinogens is the combined effect of asbestos and cigarettes,

The mortality vatios for workers exposed to either asbestos or cigarettes
individually were observed in one industrial study to be approximately 5-
and 10-fold, respectively, whereas the corresponding ratio for workers
exposed to borh (i.e., asbestos-exposed workers who smoked) was in excess
of 30-fold (4). Cigarette smoking also appears capable of altering the
carcinogenic effects of ionizing radiation in certain circumstances, as
is discussed ia a later section of this report (Chapter IV-H).
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Chapter I11: RADIATION AS A CAUSE OF CANCER

A+ Introduction

Although ionizing radiation has been a part of the natural environ—
ment since the world began, only within the past century has man begun
ro study and use radiarion as a tool in industry, binlogy, medicine, and
warfare. The study of ionizing radiation as a cause of cancer has been
particularly productive, with the result that we probably know more about
its carcinogenic effects than abour those of any other environmental
carcinogen {1). This knowledge has been gained because it has been
possible to identify study populations with documented exposures to
fairly high radiation levels, and because fonizing radiation has proved
to be a precisely controllakle means of inducing cancer experiwentally in
laboratory animals. As 2 public health problem, ionizing radiation ranks
well down the Iist of carcinogens: less than 3% of the [,5. cancer burden
can be plausibly attributed to ionizing radiation from natural sources
and human activities (2}, compared to arcund 30X for tebacco smoking (3).
He alse know, however, that large doses of ionlzing radiation can notice-
ably increase the cancer risk, and we are able to quantify these effects
with some confidence {4). For example, among 6,035 atom bomh survivors
in the Life Span Sarple who were exposed to 100 or more rad, there were
498 deaths from cancer in the period 1950-1978, when conly 323 such deaths
would have been expected on the basis of the experience of survivors ex-
posed to less than one rad, an increase of 54 per cent {5). Among the
23,073 exposed to 1-9 rad, however, the observed 1,248 cancer deaths are
no higher {even slightly less) than expected on the same basis.

B. Characteristics of Tonizing Radiation .

Tonizing radiation includes electromagnetic radiation (such as X
reys and gamma rays), and energetic subatomic particles (such as protons,
neutrons and alpha particles}.’ These radiations have the capacity to
produce ions from atoms or molecules in their paths by adding or removing
electrons. A mechanism by which ionfzing radiation induces cancer is
thought ro begin with the absorption of energy within cells, leading to
alterations In the genowe of the cell {1; see also Chapter II). Some
other forms of radiant energy, like ultraviolet light, can affect cellular
DNA directly and induce cancer, but not by fonizatfon.

The energy absorbed per unit mass from the radiation traversing a
Lissue is termed the absorbed dose. Absorbed dose (or, for simplicity,
dose) is measvred in rad (1 rad = 100 erg per gram) or gray (1 gray (Gy}
= 1 joule per kg = 100 rad), In general, the greater the dose, the
Breater the likelihood of an observable biological effect. Different
bioclogical effecre can interfere with one another, however; e.g., it is
Possible for the likelihoed of cancer to decrease with increasing dose
at very high dose levels if cells that wmight otherwise give rise to
Eancer are s0 severely damaged that they lose the abilicy to mulcoiply

1.,4,6}.
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Different types of ionizing radiarion have been compared experi-
meatally with zespect Lo various biclomgical effects, including cell
killing, mutagenesis, and carcinogenesis (6). 1In generzrl, the relative
hiolegical effectiveness {RBE) of a given absorbed dose of charged part-
icle radiation depends on the spatial density of the ionlzatlons (linear
energy kransfer, otv LET) produced along the tracks of the radiation, the
heavy particle radiations tending to produce very closely spaced ioniza-—
tions (hipgh LET), while electrons, X rays and gamma rays tend te have
fewer ionlzations per unit length of track {low LET}. In dealing with
different types of radiation, the practice in radiation protection has
been to telate the doses and effects of a given high-LET radiation to
those of 250 kVp K rays as a standard, by introducing the quantity “dose
enuivalent.” For a given end point, e.g., 50% acute mortality, the RBE
of a certain type of radiation, sav, neutron radiation of a given energy,
is defined as the ratio of the raquired dose of X rays to the required
dose of neutrons for that end point, For other end points, for different
energies and tor different dose rates or total deses, the RBE will have
different values. A variable RBE is difficult to use for radiation pro-
tection purposes, and therefore practical reliance for assessing the
impact of occupational or environmental exposures to high-LET radiacion
has been placed on a "quality facter™, Q, which varies in relation to LET
and is assumed to remain constant in the low-dose range (7,8), By mulri-
plying the absorbed dose {in rad) by the qualicty factor (G) for a given
radiation, one ohtains the "dose equivalent”™ for that type of radiacion
(expressed in rem = "rad equivalent ir man™}. The use of the ¢ factor is
unsatisfactorv, however, for the purpose of estimating cancer risk from
high—LET radiation, ia view of the aforementioned varlations in RBE. In
genaral, data are net available for estimating the site-specific RBE for
each particular set of circumstances;l the necessary informatien includes
the LET nf tha radiarion at the targer tissues. For internal emitters
{deposicad radionuclides), knowledge of the spatial aand temperal distribu-
tion within the target tissue will alseo he reguired. These are factors
that must 52 deternined on a case-by-case basis. For this reasgn, the
Working Group has refrained frem making tables for high-LET radiation
except in the limired rcase of alpha particle radiation from radium-224 in
hone and exposure teo rvadon daughters in the case of lung, for which
epidemiological data exist from direct observations.

Cs Sources o¢f Radiacion Exposure

Each of us L5 continually exposed to ionizineg radiation from c¢osmic
ravs, disintegrating radicactive elements in the earth, and radicactive
elements oceurring naturally ia our bodies (4). People living at sea
level i the Uniced States receive about 80 millirem (1,000 millirem =1
rem) average dose (strictly speaking, average dose equivaleat) to their
internal crgans per year {Fig. I[II-1}; but at higher elevations, where
cosmic ravs are more intense, or in regions where the natural radio-
activity of the soil is fairly high, the dose can be twice that size, or
greaater. Natural background radiation is imcreased by buildiag materials

[The NCRP angd ICRP-ICRU currently have task groups working on high-LET
radiacion,
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- containing radiocactive minerals. People in poorly ventilated bulldings

are exposed to elevated levels of the radioactive gas radon, given off by
building material and by the natural radicactivity in the underlving soil
(9,10). The average dose equivalent to the bronchial epithelium, which
reflects exposure to radon, is now thought to be 3 rem annually (11}.
This represents an increase of the previous estimate of 0.5 rem and re-
flects (a} a decision te employ a quality facter of 20 in place of the
factor of 10 previously used, and (b)) recent measurements cof the indoor
exposure teo radon daughters inhalation, which hag increased because of
reduced exchange with the ourside air.

Averapge rvadiation doses from man-made sounrces are of the same
order of magnitude as from natural background, about 100 millirem per
year (4). By far the largest contribution is from medical diazgnosis,
Individuals receiving radiarion cherapy for benign or malignant disease
can get very large doses to certain parts of che body, up to several
thouwsand rad, but relatively few people get such treatment. Similarly,
the number of people occupationally exposed to ionizing radiation is not
large and, because the average exposures are within a few hundrad miilirem
per vear, the contribution te the popularion average is quite small (4).
The dose from glebal fallout produced by nuclear weapon tests and from
radiation-emitring components of consumer products like television sets
and smoke detectors is negligibly small (4,6,12).

D. The Evidence for Radiation Carcinogenesis in Man

We know that ionizing radiarion can cause cancer in man because

“studies of different populstions with documented exposures ro high radia- '

tion levels (hundreds or rhousands of times natural background) have
consistently found higher cancer rates than those seen in comparable,
non-exposed populations {13). Ionizing radiation was used in dizgnosis
and to cure or alleviate the symptoms of disease long before its carcino-
genic porential was fully appreciated, and is the treatment of cholce for
some diseases (including cancer) for which the porential benefit ocutweighs
the risk of subsequent cancer.

Stulies of patient populations highly exposed to X radiation during
diagnostic or cherapeutic procedures constitute much of the epidemiclogic
basis for our knowledpge of radiation carcinogenesis (14}. Infeormation on
the effects of alpha-particle radiation comes from studies of workers who
Ingested radium while painting instrument dials with luminous paint (15)
and from studies of uranium and other hard-reck miners working in atmos-
pheres heavily contaminated with radon (16-17). There have been intensive
Studies of the survivors of the atomic bombings of Hiroshima and Nagasaki
In 1945 {5), and of natives of the Marshall Islands, who 1a 1954 were
€xposed to radioactive fallour from z nuclear weapons test in the Pacific
(18). The largest number of persons studied who were exposed to low-LET
radlation at low dose and dose rate were patients who received oral
lodine-131 for the treatment of hyperthyroidism {19).

From many studies it appears that, at some lavel of exposure,

lonizing radiation can increase the risk for wmany, and perhaps most, of
the types of cancer that occur in man. In general, it is clear that
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radiation does not create unique forws of cancer, but increases the risk
of some cancers that occur naturally. For the acute forms of leukemia,
chronic granulocytic leukemiz, and female breast cancer, the assoclation
ie €0 strong as to appear certain (4}. There is fairly strong evidence
that ienizing radiation does not cause chronig lymphatic levkemia (4,6).
For most other forms of cancer, the evidence lies somewhere between these
two extremes, although for many the pesitien on this scale is uncertain
because there is very little Information.

The credibility of a presumed causal association between risk and
radiation exposure depends upon several factors, which must be considered
in evaluating the evidence that radiation exposure affects risk for a
particular cancer site:

3} Statistical significance ~ This depends on the total
number of cancer cases ohbserved and the apparent size of
the excess relative to the baseline tisk. TFor a fixed
number of cases, the strength cf the asscciation is
greater if the excess risk 1s relatively large and, for

a fixed relative excess, the assoclation is more credible
if the evidence is based on many cases.

2) Specificity - How certain is it that the assoclation

was not due to something else? Credibility is helped by
comparison with a non-exposed population, otherwise similar
to the exposed population. It is especially important to
satisfy this requirement in studies of medically exposed
populations, for which the conditions leading to exposure
may themselves be related to the risk of subsequent cancer.
Since peopulation groups that have been exposed to radiation
acrually differ in many wavs from the general population,
differences in rares of disease from general population
rates may be difficult to interpret or to attribute to the
radiation exposure.

3} Dose tesponse — The level of risk should appear to

increase with increasing radiation dose to the tissue

of interest. Each of us is exposed to natural background
radiation at the very least, and so the coucept of Increased
risk from additional exposure involves the assumption of a
gradient of risk with increasing exposure. As already
mentloned, it 1s always possible rhat an increased risk among
medically exposed persons may be attributable to the reasons
for exposure rather than bo the exposure itself. This possibility
is less likely if there is an association of risk with level of
exposure among che exposed persons.

4) Consistency - 1s the association seen in a number of
exposed populations, and are the apparent excesses similar
when such Factors as dose, age, and period of cbservation

have been taken into account? “Statistically significant”
associations will eccur as a consequence of mere chance in a
small proportion of studies = and in the field of radiation
carcinogenesis the number of studies is large. Further, spur-
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ious associations can arise by chance between cancer risk and
practically anything, or exposure can be fortuitously related
to a true risk factor. But such spurious associations are very
unlikely to arise in many different populations, exposed under
different circumstances. .We therefore tend to place most
credence in asscciations thar turn up frequently and under
diverse circumstances of exposure, while distrusting isclated
reports not verified by other experience,

E. Ouantification of Risk

Partly because we cannot tell for certain whether or not a person
will develop cancer, even when we have the most detailed information
possible about that person's physical condition, generic background and
life experiences, and partly because, in our present state of knowledge,
carcinogenesis seems bto be largely a tandom process, it is useful to
think in terms of probabilities. In other words, whether or not a person
develops cancer, and the time when that cancer becomes detectable, are
matters of chance. Most of what we know about cause-sffecr relationships
anc cancer rates in different papulation subgrouns is useful to the extent
that it tells us how the probability of cancer diagnosis in a given person
at 3 given time depends upon certain observable facts. Thus, information
that ionizing radiation is associated with a particular type of cancer
should, if it is to be of any help to us, lead to improved estimates of
the probability that cancer will occur follewing radiation exposure.

It is not possible to tell whether or not a particular cancer
observed in a given Individual following exposure to i¢nizing radiation
was caused by that exposure. Cancers occur in nonexposed people and are
in general indistinguishable from radiation-induced cancers. We oftenm
can tell, however, if the number of cancers observed in a group of exposed
pecple is greater than the number that would have been observed in the
absence of exposure and, if se, we can estimate rovughly how many of the
observed cancers were induced by radiation., Thus we can estimate the
excess risk, in an average sense, that perteins to any similar group of
exposed people. Such an estimate pertains to a single individual only to
the extent that that person can be considered "typical” of the group from
which the estimate was obtained. In a particular case of radiation ex-
posure, ouneg must consider a number of relevant factors, including radia-
tion dose; sex; age at exposure; time following exposure; and additicnal
risk factors or modifiers,

F. Sex

For some organ sites, baseline cancer rates vary markedly by sex,
while for others there is ao real difference. Sensitivity to the carcino-
genic effects of ionizing radiation also varies by sex and not always
according Eo the pattern of natural rates. Sex differences in sensitivity
seem to mirror differences in natural rates for leukemia and for thyroid

and breast cancer. For cancers that vary between sexes because of differing

exposures to carcinogens other than ifonizing radiation {(e.e., cigarette
smoxing in the case of lung cancer) sex differences in sensitivity to
radiation otherwise may be small or nonexistent (4), Althouwgh many
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populations studied for radiesenic cancer risk are wholly or predominantly
male or female, the roughly equal sex distribution of the Japanese A-bemb
surviver population allows sex-specific risk estimation for most cancer
sites for which 2 radiation related risk has been established (4),

G. Age at Exposure

One of the most interesting observations to come out of the Japanese
A-bomb survivor studies, which are based on a large population of all ages
in 1943, is that the risk of radiation-induced cancer depends stronglv on
age at exposure {5,20). This dependence is complicated by a strong re-
lationghip between age and the time from exposure to cancer diagnesis but,
in general, children appear to be more sensitive to radiation than are
adults. This pattern has long been recognized for leukemia, for which we
appear to have a more or less complete picture of the excess risk among
A-bomb survivors (21,22). All age groups experienced a temporary increase
in leukemia risk, which was higher relative to the baseline risk awong the
very young. In terms of the absolute number of leukemiazs per capita,
however, the excess among the aldest group was fully as high as that in
the youngest group (Fig., I[I1I-2),

The patternu of age dependence has emerged only gradually for the
s$o0lid tumors, as A-bowb survivors exposed as children have reached ages
at which cancer is ordinarily an important contributor te mortality,
Relative to baseline cancer rates, radiogenic cancer risk appears to
decline with Increasing age at exposure. This pattern is very clear for
cancer of the female breast (Fig., I1I-3) and for the thyroid, but it also
seams to Rhold for all sclid cancers 38 a group {Fig. I1I-4). There is
¢lear evidence of an excess risk following exposure after age 50 for
levkemia and for digestive and other cancers (5), but not for cancers of
the female breast and thvroid (23,24). 1In general, observations on other
exposed populations are consistent with those obtained from the A-bomb
survivers, but do not have a similar breadth of coverage wirth respect to
aga {4).

The bulk of epidemiological data on cancer risk in peopulations
axposed to ionizing radiation is based on follow-up of 35 years or less.
For many cancer sites, no excess risk is discernible until ages at which
baseline population rates are appreciable, and as a result, risk esti-
mation for persons exposed at very young ages can be difficult because,
so far, observations are few. For example, it was not until very recently,
when follow-up of the Japanese A-bomb survivers and thymically-irradiared
children in the United States was extended to 35 vears or so, that it
became clear that there was an excess risk of breast cancer associated
with radiation exposure in early childhood {25,26). Age-specific risk
estimates for cancers of the esophapus, intestine, and pancreas were
formulated by the BEIR III Commlttee through the expedient of assuming
that radicgenic digestive cancers as a group share a common pattern of
varlation by age at exposure {(4). Without such an assumption, it is
difficult to justify estimates for these cancer sites following exposures
at young ages. Reasonable estimates can be calculated, however, for
levkenmia and cancers of the thyroid, breast, bone and salivary glands.
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Although an association appears to be well established between
prenatal X irradiztion and childhood cancer, the extent to which the
association may be causal is highly controversial {4,27-2%8}. More pre-
clsely, ir is difficult to reconcile an order-of-magnitude difference
between risk estimates derived from studies of the freguency of X-ray
pelvimetry, uvsually carried out shortly before birth {4, page 452) and
estimates derived from studies of patients given therapeutic X-radiation
during infanecy (30}, or A-bombd survivors exposed in utero {31) or In
early childhood (3). It is not readily apparent that the association Is
explainable in terms of a wedical indicatlon for pelvimetry that itself
confers an increased risk of childhood cancer; analyses adjusting for
variables such as birth weight, maternal age, and a few others, have not
greatly affected risk esrimates (29,32). Furthermore, analy:.<s restricted
to twin dbirths, for which medical indication for pelvimetry =hould be less
important, have yielded estimates similar to those not restricted to twins
{33,343},

Experimentz]l studies do not support a greater caocer risk from pre-
natal as opposed to postnatal exposure to ionizing radiation (4,35,36).
A particularly thorough experimental investigarion of the influence of
age at exposure on cancer risk has been carrvied out by Sasaki et al. at
the National Institute of Radiologlcazl Sciences in Japan {37-40)., These
studies indicate that mice Iirradiated with ¥ or gamma rays at fetal, peri-
natal, necnatal, pubertal, and voung adult stages of development vary
with respect to the type and frequency of tumors developing after irradia-
tion. The ohserved differences suggest, however, a smocth variarion by
exposure age and, in particular, little if any difference between exposure
at the late fetal, neonatal, and suckling stages. Irradiation during the
middle intrauterine stage, on the other hand, was followed by significantly
lower cancer tisk than that observed among non-irradiated controls, es-
pecially for tumors of lymphoreticular tissue, the lung, and, in females, -
the uterus (38). ’

H. Time tc Response

The plausibility of a causal asscciation between a cancer and a
prior exposure of the patient teo ionizing radiation depends partly upon
the length of time by which diagnosis follows exposure. Detection is
unlikely until hundreds of mitlions of cancer e¢ells have been replicated
from what probably begins as a single transformed celi. Moreover, for
many, but not all, types of cancer the epidemiclegical evidence suggests
that events subsequent to irradiation may be required before any cellular
changes initiated by ionization can tesult in a transformed cell capable
of uncontrolled proliferation. Thus, for example, in irradiasted popula-
tions no excess risk of breast cancer or lung cancer has been seen until
the exposed individuals have reached ages at which these cancers ususally
gre observed in non-irradiated populations, which suggests that cancers
of these sites require other time~dependent eticlogic factors whethey or
not exposure to ionizing radiation plavs 8 role in their causation. Bone
cancer and leukemla, on the other hand, have appeared in excess within a
very few vears after exposure in heavily irradiated populations, suggesting
thar subsequent events follow rapidly, or may not he regquired to complete
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the carcinogenic process. Another marked contrast that gistinguishes
leukemiz and bone cancer from most other cancers that have heen identified
as radiation-related ig that leukemia and bone cancer rtisk appears to
return to near-normal levels within a period of 30 wvears or less afrer
irradiation, whereas for other types of cancer, the pearicd of increased
rigk is much longer and may extend to the end of life.

e

Reports of expert cowmmittees concerned with cancer rvisk from ionizing
radiation have dealt with response time mainly in relatlon teo liferime
estimates of visk, a purpose for which sophisticated modelling is not
always necessary. For example, in the 1980 BEIR report, radiacion-induced
leukemia and bone cancer were judged to have limited expressicn periods
following an exposure of brief duration and lifetime risk was calculated
as 1f excess risk were constant during the third to 29th years after expo-
sure and zere before and after (4). This “"plateau” wmodel gave abeout the
same lifetime risk as would have been ohrained from a bioclogically more
reasonable model. We know, however, as did the BEIR Committee, that
leukemia and bone cancer risk increase over time te a peak followed by a
more gradual decline, and that {(for example) a radiation-induced bone
cancer is much wore likely to be diagnosed during the 10th year after
exposure than during {say) the 4trh or 28th years. The plateau model is
thus unsuitable for calculating probability of causarion, and should be
taplaced by models that more closely reflect observed temporal patterns,

o,

The BEIR Committee rejected a plateau model of finite length for
cancers other than levkemia and bone cancer, because after approximately
30 years of follow-up in the major exposed populatiouns, excess risk has
shown no sign of declining. It was noted that evidence of an excess risk
was much slower to develop than fer leukemia and bone cancer, hawever,
and the first 10 years after exposure were ignored in the risk calcularions.
Alternarive models were used to project estimated risk beyond the periad
of follow-up to the end of life. The "absolute risk” model is a platean
model that extends to the end of 1life; im other words, given that an
exposure of brief duration has cauvsed a cancer, the time to dizgnosis in
different members of the population is assumed to be uniformly distribured
over the remainder of life following the wminimum response time, assumed
by the BEIR Committee to be 10 years. This projection model was used in
parallel with the “"relative risk” model, so called because the ratio
between the risk of a radiation-induced cancer and the average risk in
the absence of exposure, as determined from population rates, is assumed
te be the same for each year of life following the minimal respounse rime.
Under the relative risk model, therefcre, the distribution of response
time is nen-uniform, varying in proportion to baseline rates which depend
upon age at observation.

Depending upon age at exposure, lifetime tvisk projections according
to the absolute and relative risk models can vary markedly, with the .
greatest deviation corresponding to young exposure ages. Averaged over i
all exposure ages, the relative risk model lifetime projection on the :
basis of follew-up dara now available tends to be about 3 times as high
as the absolute risk model lifetime projection (&), because population
rates for the most important cancers tend to increase steeply with increas-—
ing age. Even during the first 30 vears or so after exposure, for which
the total excess risk estimated by the two models must agree because this
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is the length of the follow-up period on which the risk estimates were
baged, the models differ with respect to the likelihood that a radiation-
induced cancer will eccur in any given vear. For example, the 1%30 BEIR
report estimated that, for z 100-rad exposure at age 15, the average ex~
cess breast cancer tisk during years 11-30 following exposure (i.e., from
age 25 through age 44) is 730 cancers per year per million women exposed
(4, page 198). 1Ignoring intercurrent mortality, about 14,600 extras

breast cancers would be predicted during this period under either pro-
jection model, compared to about 10,000 which would be expected according
to population rates. But