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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 the distribution of the excess cases differs
markedly by model. The U.5. Incidence of breast cancer per million women
{(i.e., the number expected to develop breast cancer at a given age) is
about &4 at age 26, 435 at ape 35, and 1,314 at age 44 (41). The absolute
risk model would predict 730 excess cancers at each of these ages following
a 100-rad exposure at age 15, while the relative risk model would predict
3 atr age 26, 635 at age 35, and 1918 ar age 44, Locked at in another way,
in a2 populaticon exposed to 100 rad te breast tissue, 927 of the rotal
breast cancer risk at age 26, or 730 out of 794 cases predicted according
to the absolute risk model, would be radiatiom-trelated compared to 63% of
those at age 35 and 36% of those at age 44, while according to the relative
risk model, 59% of all breast cancers observed abt each of these ages would
be considered radiation-related.

Probability of causation calculations, which pertalin to a parrcicular
cancer diagnosed at a particular time following a particular radiation ex~-
posure, clearly require an approach to tregponse time that is more refined,
and less ambiguous, than that of the BEIR Committee. & number of authors
(42-44) have suggested that the lognormal model applied by Sartwell (45)
to the incubation period for infectious disease may be appropriate for
radlation-induced cancer. This suggestion seems reasonable for those
cancers, like bone cancer {46) and levkemia {47}, that have been observed
to follow a wave-like pattern of an increase in risk followed by a decline;
it seems less plausible, or less practicable, for cancers of sites like the
lung, female breast, and digestive tract, for which radiation-related ex—
cess Tisks were slow to become apparent and showed no signs of declining at
last follow-up (5}.

Epidemiological data permit response-time analyses for only a few
cancer sites: the crucial considerarions are {a) s high excess relative
to background, i.e., 50 high that most of the cancers diagnosed following
exposure can be assumed to be radiation-related; (b} an exposure of brief
duration; and (¢} & lengthy follow-up period. These criteria are sarisfied
best for bone cancer data from a German population given therapeutic in-
jections of radium—224, a bone seeker with a hzlf-life of 3.6 days.
Fifcy-three bone sarcowas were obsarved compared with only 0.2 expected,
$0 that essentially all the cases can be considered to be radiation-induced,
and treatments lasted less than one year (46). Less pure, but nevertheless
uwseful, data pertain to leukemia {21) and breast cancer (48,49) among A-bomb
survivors., The criteria are sarisfied to a lesser extent by lung cancer
mortality amcng A-bomb survivors (5,49) and breast cancer inecidence in
patients treated by X rays for acute postpartum mastitis and in tubercu-
losis patients given multiple chest fluoroscopies {(50), and margimally by
stomach cancer among A-bomb survivors (5,%1}. Thyroid cancer presents
speclal difficulties because it Is usually an indelent disease which may
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g0 undetected for a long rime unless special efforts have been made at
detection, as has been the case for A-homb survivars and practically
every other irradiated group in which an excess has heen demonstrated.
Thus the somewhat anomalous finding of a continuing observation of an
excess among A-bomb survivers who were under 20 years old ia 1945, and an
apparent disappearance of excess risk over rtime ameng colder survivors
(24}, could conceivably be an artifact of screening in which cancers that
might orherwise have been discovered iIn recent years had been picked up
earlier through improved surveillance.

Schematic representations of leukemia risk as a function of time
after exposure based on A-bowb survivoer data resemble iognornal or gamma
distributions., These distributions, moreover, may differ by histological
type and age at exposure (47). Formal statistical comparisons of dates of
diagnosis among heavily exposed A-bomb survivors with rhose smong lighely
exposed survivors or non-exposed residents of Hiroshima and Nagasaki are
consiscent with this interpretation {48).

Comparisons of response time distributions between cancers of the
breast, lung and stomach among heavily exposed persons and otherwise
similar persons with litrle or no exposure are remarkable for the simi-
larity they reveal (5,49,51)., That is, heavily exposed perscns have mote
cancers of the breast, lung, aod stomach than they would otherwise have,
but the temporal distrihutions of the excess cancers are not distinguishable
from those of non-radiogenic cancers. This finding is plausible in tetms
of a multi-stage model for carcinogenesis, in which radiation produces an
early-stage change that can also be produced by other common agents, and
in which late-stage changes are caused by events that are highly age-dependent.
If, in fact, the likelihood of early-stage changes for these sites declines
with increasing age in about the same way that the relative risk of radiarion-
induced cancer declines with increasing age ar exposure, and if the likeli~-
hood of late-stage changes increases with increasing age in about the sape
way as population cancer rates increase with age, the observed temporal pat-
terns of radiation-induced and baseline cancer rates following a radiation
exposure should be very similar {52).

Congruence between radiation-induced and baseline cancer rates of
the same site, in persons of similar ages at observation, with respect to
temporal distribution of risk, 1s equivalent to rhe relative risk projection
model used by the BEIR ITII Commlttee. The relative risk projection model
asgerts that, for a cohort of persons of given age, after the passage of
4 necessary latent period, the relarive risk of radiation—induced cancer
is essentially constant. 1t {s inconsistent with the absolute risk model,
according to which the relative Frequency of radlation~induced cancers
compared to baseline cancers should decline over time for those sites for
which baseline cancer rates inccrease with age, and it is also inconsistent
with another model, proposed by Gofman (53), Iin which this relative
frequency is assumed to increase for about 40 years after exposure, and
then decline. The justification given by Gofman for this model is uncon-
vincing: the increase with time in relative risk that he noted depended
upon an analysis that ignored age; the increase was a consequence of
cohort effects, in which increasing numbers of younger (and more radiation-
sensitive) women entered upon the ages at which breast cancers occur.
The decrease in relative risk postulated by Gofman is entirely speculative,
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The bypothesis is inconsistent with avatlahle data within 35 years after

exposure, and beyond that point there are no data with which to test 1.

When age-specific analyses are done on the data used by Gofman to support
his model, no increase in relative risk with increasing follow-up is

found (5,458,50). ’

Finally, minimal Tesponse time is an essential element of temporal
distribution of risk, and one that is extremely difficult to estinmate.
Tf cancers are of monoclenz) origin, as sesms likely, the development of
a radiation-induced cancer can be considered sequentially in terms of the
transfornation of an affected cell which then becomes capable of unres-
trained proliferation, followed by a growth paricd involving 30 or so
generations of replication tesulting in hundreds of millions nf cancer
cells, at which point detection becomes likely (54, Observed doubling
times for radlographically-meonitored primary and metastatlic Lumers of
various sites 1n human patients appear to he lognormally distributed,
with considerable variation by tvpe (metastatic vs. primary) and site
(54)., These observations, especially those of primary tumors, necessarily
occurred after many generations of replication had already taken place,
and it does not necessarily folliow that the time reguired for the entirve
growth phase can be determined by extrapolation. Doubling time may well
depend upon attained tumor size, the degree of vascularization, or upon
variable factors not influenced by the existence of a tumeor. Also,
lognotmalicy of the doubling time at any stage of tumor growth does not
necessarily imply lognormality for the total time mecessary for growth;
for example, if the process were characterized dy some degree of statistical
independance between growth rates at diiferent times, a more nearly symmetric
temporal distribution would result.

Tumor doubling-time data are intriguing in their implications far
radiation carcinogenesis as a multi-stage process. [f tumor growth tendad
to begin quite socon after irradiation, A wave-like temporal pattern of
excess risk might be expected on the basis of growth kinetics alone. 1f,
on the other hand, the beginnings of tumor growth were distributed over
time in such a2 way as to produce a constant ratio between excess and back-
ground risk, there should be an initial pericd of several years during
which, due to growth kinetics, the Telative excess slowly increases from
an initial value of zero to its eventual value.

I. Models for Dose Response and Dose Kate

To predict the risk of cancer at a given radiation deose from empirical
observations of effects at other doses, one must use a mathematical model
relating cancer incidence to dose. Various mathematical models have been
proposed for the purpose (4,6,55); however, the empirical data are so
imprecise in most instances as to be compatible with any of the available
theoretical models, Hence, the choice of the most appropriate model is a
matter of expart judgement.

For carcinogenesis, in general, and radiation carcinogenesis in
particular, there are strong grounds for questioning rhe assumption that
the dose~response relationship has a threshold (4,5,56-5%). The evidence
thatr many, if not most, cancers arise from a single cell {60), the purtative
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role of DNA or chromesomal damage in carcinogenesis (61-66), the heritable
nature of the neoplastic transformation in somatic cell lines, and the
iinear-nonthreshold nature of the dose-affect rtelationship for radiation-
mutagenesis and chromosome zberration inducticon in the low-dose region
(6,67} imply that radiation-induced damage to the DNA or to the chromosomes
of a single somatic cell may, under certain conditions, exert a poteuntially
carcinogenic stimulus, even at the lowest radiation exposure level.

The extent to which host factors such as immune surveillance can
introduce a practical thresheld by delaying the onser of detectable can-
cer beyond the life span cannot be calculated at present. The existence
of a3 complicated series of enzymes that repair DNA does not faver any par-
ticular medel for interpolarion of cancer incidence at low doses of radia-
tion, since repair does oot operate with total effectiveness. In addition,
unless other carcinogenic agents act through unrelated mechanisms, the
heterogeneity of the human population and the baseline incidence of cancer
are high enough so that any dose of radiation may be conceived to increase
the risk of carcer in the most sensitive members of the population (68-70).
For these and other reasons, the assumption of a threshold for radiatien
carcinogenesis is currently not considered to be tenable for purposes of
risk assessment. :

If we are interested in the risk from lower-dose expoesures, it is
necessary to have an extrapolation rule or dose-response model by which
the estimated high-dose risk determines lower-dose risk estimates., A
fairly simple rule is to assume that excess risk is proportional ra the
number of ionizations produced in the tissue at risk, that ig, proportional

to absorbed dose. This rule is equivalent to drawing a straight line from )

a point rvepresenting zero excess rigsk at zero dose {natural background
radiation levels) to the point representing the excess risk estimated at
whatever dose was received by the population srudied (the so-called linear
model), Other rules, not bHased ou a simple proportionalicy betwesn dose
and risk, cotrespond to curved lines. A general model widely accepted in
experimental and theorerical radiobiology for stochastic effects (muta-
genesis and carcinogenesis) of low-LET vadiation allows for an unspecified
degree of positrive curvature correspending to Interactions hetween two
radiation tracks, and negative curvature, influential mainly at high dose
levels, corresponding to the competing effect of cell imactivation (4).
The model assumes that two fonizing events are more likely to produce a
bioclogical effect if they occur very close together than if they are
separated; because lonizing events tend to be widely spaced along low-LET
tracks, closely-spaced events are likely to be at the intarsections of
differentc tracks and their probabilities are approximately proporticnal to
the square of dose. A frequently observed, and related, ‘phenomencn is
that acute exposurss to low-LlET radiation tend to be more effective than
the same ameunt of radiation delivered continuocusly over time or delivered
in several fractions separated by periods of time. This, toec, 1s thought
to reflect variations in the likeliheod that two lonizing events will
cecur close together in time and space. Such an securrence L5 less

lixely Lif the events are not simultanesus, because the damage caused by
the first ionizing event may be repaired before it can Iinteract with the
damage from the second event,
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The above considerations do mot apply to high-LET radiation, for
which close spacing of the ionizing events along the radiation tracks is
rthe rule, rather than the exception, Both theoretical and experimental
studies suggest that, for high-LET radiation, the dose-response tends to be
linear bur is modified by negativé curvature, mainly at high dose levels,
due to cell inactivation. The data alse indicate that fractionated or
protracted exposures to high-LET radiation tend to be no less effective
than acute exposures for the induction of stochastie effects (4).

Data on laboratory animals can provide principles to guide extra-
polation from effects at high radiation doses to predict effecte at low
doses. TFor measuring small effects, however, such large numbe : of animals
are required that no experiment has been performed on a scale that suffices
to define the dose-incidence relationship for carcinogenesis in different
organs at doses below 10 rad. Furthermore, in most species of laborator.
animals that are convenient to use {mice, rats), the “natural” incidence
of cancers differs markedly among strains, as do the shapes and slopes of
the dose-incidence curves for radiation-induced cancers (6). In some
straing of wmice, for example, breast cancers occur sponfanegusly in nearly
100% of females, whereas the incidence is 1% or less in the females of
other strains; the effects of radiation on the incidence of such cancers
varv similarly. These differences among strains appear to depend on
genetic variations which are magnified by the highly inbred character of
laboratory mice. Because of the highly outbred character of the human
population-—in which the incidence of cancer appears to be influenced
more by differences in the environment, diet, and lifestyle than by gv-
etic factors-—animal-to-human extrapolations are fraught with uncertai: .
Far this reason, quantitative risk estimates for man have generally reli=zd
primarily on human epidemiological data (4,6).

Epidemiological data are not very informative about the choice of a
dose-response model, for the same reasomns that low-dose data tend net te
be informative about excess risk (71}, This is true even when the possi-
biliry of high-dose cell inactivation is ignored. The two cancer siter~ {or
which linearity with low-LET radiation is strongly suggested, rhe thyroid
and rhe female breast, are in fact the only two for which there is much
direct evidence for an excess risk from external exposures under 50 rad
(24,72,73), For other cancers, including leukemia, dose-response an’ +3e€s
using general models, in which details of curvature are not fixed i-
advance, tend to yield risk esrimates with very wide confidence iim.

4180, less general models with specified curvature, which may be loc:-ed
anywhere in the range from linear to pure quadratic, tend te fit the
available data more or less equally but produce a great variation in the
estimated risk at low dose levels (4,71).

The related phenomena of variable increases in risk per rad depen—
ding on dose or dose rate can be handled crudely by the uvuse of a dose-rate
reduction factor, according to which the effectiveness of a high radiation
dose delivared at a low dose rate or in many fractions is assumed to be
several times smaller than that of the same dose delivered acutely. A
more Trefined method uses & linear-guadratic dose-response model in which
the quadratic coefficient is assumed to depend on dose rate - that is,
the model as given corresponds to acute exposures and the quadratic co-
efficient is reduced for protracted exposures. Various official bodies
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have used different approaches. The United Nations Scientific Committee
on the Effects of Atomic Radiation {#) used a dose-rate reduction Ffacter
of 2.5, while the Natlonal Council on Radiation Protection and Measurements
(55) gave a range of 2-10 for this factor and recommended the use of a
linear-quadratic dose-response function. The 1980 BEIR Committee chose a
linear-quadratic¢ model fer low-LET vadiation in which the excess risk is
proportional to D + 0.0086D2, where D 'is the deose in rad (4). The linear
term {proportional to dose} dominates below a so-called crossover dose of
116 (= 1/0.0086) rad and the quadratic term (proportional to dose-squared)
dominates above that dese. This crossover dose, which was obtained by
curve—-fitting to A-bowb survivor leukemia data, is consistent with rthose
obtained for chromosome abervations in c¢civrculating human lymphocytes and
in a number of studies iavolving chromosome aberrations and mutations in
exparimental animals or mammallae cells in culture {74).

P
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It is generally agreaed (4,35) that the linear term of the linear~
quadratic dose~tesponse modael is unaffecred by dose fractionation and by
variations in dose rate, and that the quadratic term should become smaller
as fractionation Increases or the dose rate decreases. Thus, the BEIR
cammittae used only the linear term of the linear-quadratic model to
estimate ris% from continuous exposures te 1 rad per year f4). Based on
the data for mutation preduction in Tradescantia by gamma radiatiana (55),
it appears that one may reasonably apply the linear term alone to continuous
exposures to low LET radiation at dose rates several orders of magnitude
higher (e.g., 0.0l rad per hour which corresponds to about 90 rad per year
continuous exposutre).

For cancers of the breast and thyroid gland, linearity of the dose-
incidence relatlonship is suggested by the available data. Fer example,
the risk coefficients derived from the careinogenic effects of high
thyroid doses in infants treated for thymic enlargement {30) avre similar
to those derived from average thyroid doses of 9 rad in Israeli children
treated with X rays for tinea capitis (73). Similarly, risk coefficients
for breast cancer in A-bomb survivors are essentially the same whether
derived from the effects of doses below 30 rad or from the entire range
of doses (72); furthermore, the incidence of hreast cancer per unit dose
in women who received their {rradiation in daily occupational exposures
as dial paioters {(75) or in many small, widely spaced:exposures duting
multiple fluoroscopic examinations of the chest appears to be essentially
the same as in women who received their f{rradfaticn in a single {nstantan-
eous exposure to atomic bomb radiatlon or in a few brief exposures during
radiation therapy (50).

The BEIR 1ILl Committee did not incorporate the competing effect of
cell inactivation, mainly at high dose levels, into its risk calculations,
although it did consider the problem thecretically (4, p. 182). Thera

- appear to have been three reasons for this: First, the Committee had

great difficulty obtaining useful information by fitting even a linear-
quadratic dose-response wodel to the available dataz, and better rTesults
could not be expected from 2 more complex model. Seacond, the Committee
telied heavily on data from the srudies of Japanese A-bomb survivors, for
whom exposures were fairly uniform over the entire body. Doses high
enough to reduce the carcinogenic response appreciably through the com~
peting effect of cell inactivation might well be in the lethal range for
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man when delivered to the whole body. Moreover, the A-bomb survivor data
gave no clear evidence of a high-dose downturn in the carcinogenic response.
Finally, the BEIR Committee was concerned mainly with applications to low-
dose exposures, for which the competing effect of cell inactivation is

not a serious consideration. Nevertheless, cell Inactivation at high

dose levels is a likely explanation for increases in leukemia risk that
have been lower than would be predicted among patient populations given
partial-body exposures, and partial-organ expesures in terms of active

bone marrow, at therapeutic dose levels for the rrestment of ankylosing
spondylitis (76) and cervical cancer (77).

J. Modifying Effects of Other Exposures

The literature of experimental carcinogenesis abounds with examples
in which a co-carcinogen or promoting agent has been found to modify the
Ievel of effect, or even the shape of the dose-response curve, for radiatien
rarcinogenesis. Examples in tha epidemiological literature are rare, but
not unknosm. Increased skin cancer risk was found among persons given
epilating doses of X rays as children for treatment of tinea capitis, but
the cancers occurraed more commonly in these irradiated areas with high
levels of exposure to sunlight, did not occur in blacks, and among whites
occurred preferentially in persons with light complexions £78). Smoking
and radon expesure were found to interact multiplicatively among U.5.
uranium miners in the causation of lung cancer (79); that is, increased
risk per unit radiatien dose was many times higher among smckers than
anong nonsmokers. On the other hand, an additive rather than multiplica-
tive interaction was found amwong Swedish iron miners (8() and Japanese
A-bowd survivors (81). The similar excess breast cancer risks among
Japanese A-bomb survivors and medicslly irradiated U.S. women {50} suggest
that whatever causes American wonmen to have about 5 times the lifetime
breast cancer tisk of Japanese women does not interact synergistically
with i{cnizing radiation.

In summary, little is known about the influence of other physical
and chemical agents on radiation-induced cancer risk in man, and what
little is known is generally consistent with additive interactions, at
least for low-LET radiation. The experimental literature suggests that
synergistic relationships exist, but they are yet to be discovered in
humans, and we do not know how important they are relsative to other
determinants of risk.

¥.. Extrapolation from One Population to_Another

As mentioned above, epldemiological data relating cancer risk to
radtation exposure come from a variety of exposed populations but predom~
ipantly from patients given diagnestic ox therapeutic ¥ radiation and the
Japanese A-bomb survivors whose exposures were chiefly to hard gamma
radiation. Basing risk estimates on Lhese data Tequires assumptions
about the comparability of the irradiated populations on which the esti-
mates were based with the population to which the esrimates are to he
applied.
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For example, the population rates not influenced by radiation
exposute among the Japanese A-bowb survivors and their non-exposed, local
comparisen group are similar to the USA population rates for leukemia hut
far lower for breast cancer and far higher for stomach cancer {(82). The
question arises: Should the absolute excess risk attributable to radiation
exposure, that is, the difference between total risk and thar expected
according to population rates, be assumed to be the same for an irradiated
USA population as for z similarly exposed group of Japanese A-bomb survivors,
or should the excess be scaled pProportionally to the underlying populatien
rates? Both these extrzpolaticn rules are very simple, even crude, and
there 1s little information ro support more complicated tules. ’

In general, absolute excess leukemia risk appears comparable hetween
Japanese A-bomb survivors and medically irradiated Western populatiens
with similar doses at similar ages (4). Comparisons between the A-bomb
survivors and two medically irradiated USA populations wicth respect to
breast cancer risk suggest that the absolute excess risk is abour the same
in all three populations, for similar ages at exposure, Iin spite of z
five-fold difference in the underlying populaticn rates {50). 4t high
dose levels, the excess stomach cancer risk among British patients given
X ray therapy for ankylosing spondylitis was not much different from chat
in A-bomb survivors of similar ages at exposure (5,83,84),

Radiation is believed ro affect an early stage of the multi-stage
process that results in cancer at least for breast cancer and perhaps feor
other cancers as well. If that is so, then the effect of other agents
which act at an early stage would be simply to add to the effect which
results from radiation. That the causes of excess stomach cancer in
Japan act on early stages is i{mplied by the fact that among Japanese
migrants to the United $tates, alrthough stomach cancer rates do decline
from the Japanese levels to those which characterize the host country,
they do so only after a very long delay—-several decades (85). The
Implication is that the fnitial events had altready occurred before the
migrant lefr Japan.

A possible contradicrion between the constant relative risk madal
for time to response and the absolute risk model for projection from one
population to another has been pointed out by Land et al. (5G) znd by the
National Academy of Sclences Oversight Committee on Radiocepidemiciogic
Tables {(86). Briefly, if the ratios of baseline rates in the tws popula-
tions vary markedly by age at diagnosis, it seems uniikely that both
models can hold. In the case of breasgt cancer, baseline risk is about &
times higher in the United States tham in Japan, based on age-adjusted
rates from the Connecticut, Miyagi Prefecture, and Nagasaki City tumor
registries (82). On an age-specific basis, however, this ratio varies
from less than 3 at ages under 50 to more than & at ages over 70. Thus,
1f the variation of baseline risk over time following some event, like a
radiation exposure, is truly represented in both populatiocns by the
publighed population rates, and if within beth populations the constant
refative risk madel holds, then, for an exposure at age 20 (say), estimates
of average yearly absolute excess risk should not agree batween Japanese
and Americans both for the period 10-30 years after exposure and the
period 40-60 years afrer exposura. Conversely, if measures of absolute
risk agreed between the two populations for any similar follow-up period,
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the distribution of excess risk over time should not follow the constant
relative risk model in both populations. Yet the evidence which suggests
that both models hold, or rather, that the two models are simultavecusly
consistent with epidemiological experience, was obtained largely from
extensive follew-up data on breast cancer among Japanese atomic bomb
survivors and North American populations exposed to medical X ray (49,30).

The apparent contradiction in the case of breast cancer would appear
to have been resolved by Moolgavkar and Lee (87), who point out that pub—
lished age-specific population cancer rates of the type cited above
(e.g., from reference 82) are based on relatively short observatioen
periods, and that rates for different ages at observation correspond to
different birth cohorts. Moreover, they offer evidence that, within
cohorts, the distribution of baseline breast cancer risk amang Japanese
women follows a rcommon pattern, similar to that seen in western societies,
but that the overall level of risk, at similar ages at observatiom, varies
conslderably by birth cohort. Breast cancer risk has steadlily inecreased
in Japan, and women born within the last 50 years or so are at higher
risk rhan women born earlier. This trend is reflecred in published
population rates, which show propertionzlly lower tisks at older ages
hecause the women whose experience contributes to these rates are members
of cohorts whose overall breast cancer risk is low. In the United States,
on the other hand, breast cancer risk has been remarkably stasble over at
least the past 30 years (88), and therefore published age-specific rates
are a better indication of the temporal distribution of baseline risk
within & birth cohort. It should be noted that the analyses of Japanese
atomic bomb survivor dataz, on which the inference of a constant Telative
risk over time after exposure is largely based, involved comparisons of
cancer tisk between heavily exposed and lightly exposed or nonexposed
members of the same birth cohorts (5%,48,49,50).

The zbove discussion demonstrates that no contradictioem exists
between the constant relative risk model for distribution in time and the
constant absclute risk model for projection of risk from one population
to another in the case of breast cancer., It does not demonstrate a
similar lack of contradiction for all other cancers to which the models
might be applied. In general, however, patterns of age-specific cancer
risk do not differ between Japan and the United States te the same extent
for such other cancers as they do for breast cancer (82), and it is there-
fore less likely for a contradiction between the two models to become
apparent. To the extent that risk variation by age in the United States
may reflect cohort effecrs, it would of course be preferable to apply the
constant relative risk model, if appropriate, to cohort-specific haseline
rates. That may be possible decades from now, when extensive cancer
incidence data have been accumulated over many years, but it is not
practicable at the present time.

Overall, the evidence favors absolute, as opposed Lo propoertional
transport of risk from cne irradiated population to another. 1t should be
noted, however, that the choice of the absolute model is based on data
for only a few cancers and populations. For example, some population
differences in cancer risk conceivably might depend upon differential
exposute teo an agent that interacts synergistically, of antagonistically,
with radiation, and in such cases, the absolute model would not hold. AS
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with models for low-dose extrapolation of rigsk, the unresolved issues for

extrapolation from one population to ancther fuvolve questions fundamental
to the nature of carcinogenesis.
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Figure III-1. Radiation exposure of a typleal person in the 0.5.
[Redrawn from ref. 1.]

from natural and man-made sources.
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Chapter IV: THE PROBABILITY OF CAUSATINN

A. General

The word “probabilicy”™ has a number of definitions, but even more
protean Is "cause” or "causatlon.” We are satisfied that the "cause"” of
the light going on 1g the closing of the electric eirecuit. But what is
the “cause’ of a case of tuberculosis? The answer Is usually “infection
with rhe bubercle hacillus, of course.” But the inhalation of a modest
number of tuberele bacilli will be followed by clinical disease in only
4 minority of persons or experimeantal animals. Some individuwals are more
susceptible than others. Ts the "cause” of cliaical disease in a given
person the bacillus or the susceptibility, or both? Thaose who consider
this example strained might reflect that, 100 years ago, virtually everyone
who lived in a crowded, poor, urban environment was Infected by tubercle
bacilli, yet only a minority contracted clinical disease. 1In some sense,
in that situation, the "cause™ of tuberculosis was susceptibiliry.

The above is preliminary to a definition of what we mean here by
“probability of causation.”™ We must define the term not only precisely,
but so that it leads to a unlque mathematical Formulation that will
govern the calculations required for the radicepidemiclogical tables.

The definltion that we give below is the operational definition for this
expresslion. The definicion carries with it certain implications, some of
which reflect important policy decisions.

B, PNefinition

Let a particular possible cutcome event be denoted C. Let X (a
vector) denote the particular set of Individual characteristics. Denote
the presence of a poggzible cause by D and its absence by D,

Then P(C, D;¥) is the probability of outcome C if D is present,
conditinnal on rhe charactevistics ¥, Similarly, P(C, D:X) 1s the prob-

ability of outcome € if D Is not present, Then D is a possible "cause”
of C only if

P{C, D;X) > P(L, D:X).
Define Ex{(C, D;X) = P(C, D;X) - P{(C, D:;X).

as the increase in the probability of € due to the presence of B,  Then,
the probability of causation of € by D, the PC, is defined as:

PC(C, 3;X) = Ex{(C, D;X)/P{C, D;¥X). (1v-1)
In words, the PC is defined as the iucrease in the probabllity of C
due tv D as a proportion of the probability of € given D, everything
condicional on the characteristics X.
Note that the PC does net allocate causation as between character—

isties X and Y. If, for example, the event C is the occurrence of lung
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cancer, and if D is expesure of the lung to 20 rad of gamma radiation,
while X and Y represent, respectively, being a regular c¢ilpgarette smoker,
or a non~smeker, then according to our definition, PCI{C, D;X) measures
the probability of cauvsation of lung cancer from 20 rad ameng smokers and
PC{C, D:;Y) chat among non-smokers.

Although it can be argued that cigarette smoking is a far more
important cause of lung cancer than 1s iorizing radiation, our work
addresses the radiatlon risk exclusively: Given a persen, with whatever
risk factors may apply to him, what 1s the probability that the documented
radlation dose that he received was the "cause”™ of his cancer? This may
be Interpreted as: what proportion of his totzal risk resulted from the
radiation? Although the guestion might be asked (and answered), we do
not address "What proportion of the tisk resulted from smoking?™ or "What
proportion arcse from the combination of smoking and radiation?®”

The phrase "Probability of Causation” is Intuitively appealing, but
the ratios so designated are not probabilities in a mathematiczally rigorous
sense. Lt must be recognized that different persons vary as to their
{prospective) chances of having cancer. Besides age and sex, other
characteristies such as diet, exposures to carcinogenic chemicals, genetic
factors and a host of others, some of which can only be guessed at, zall
combine to increase or decreazse from rhe average value the chance that a
specific person will contract a particular kind of cancer. For present
purpeses it is possible to take account of only a limited number of such
characteristics, principally age, sex and cligarette smoking hablt. The
probabilities of cancer, then, are average values for all persons in a
given class, for example, male non-smokers aged 35 years. The Probability
of Causation that is calculated for an individual in that class will be
more or less correct as his personal characteristics match or vary from
the average in the class. Nevertheless, our preocedure assigns the same
PC to all members of the class. |

Evidently, were the c¢lasses defined differently - for example, by
specification of residence in Utah, the calculated PC might well change.
In effect, ocur procedure partitions the population of the United States
intoe a2 get of mutually exclugive classes, by sex, age and smoking charac-
teristics. These characteristics were chosen because 1) they affect
cancer rates in ilmportant ways which can be specified from avallable
data, and 2) every person can be assigned unequivocally to one of the
classes.

it has been suggested that the term "Assigned Share™ would more
accurately describe the ratios that are calculated (1). We are, however,
constrained by the legislative mandate embodied in Public Law 97-414
wherein the specific term “Probability of Causation™ is employed.

Although the PC as defined can be calculated prospectively, it
would have little meaning for any person because of its specificity as to
type of cancer and date of diagnosis, as well as tissue dose and age at
exposure. Following the imposition of cause D, an individual may be
tnterested in P(C, D;X) - “"What is the probability that C will ceccur?" or
in P{C, D;X) -~ P(C, D;X) - "By how much has the probability that C will
occur been increased?”, but PC{C, D;X) tells hiam that if the event C does
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occur, then PC(C, D:X} {s the probabilityv that D is the “cause” in
the sense described above. In shorr, PC(C, D;X) will usuallv be of
interest only retrospectively; supposing event ¢ (a cancer) has
occurred, what is the probability that D was the cause?

C. Specifics

The discussion above is purpcsely quite general. To be more
specific:

The event € will be the occurrence (clinical detection)

of a particular cancer that is known to be inducible by
Ionizing radiation and for which specific estimates of the
risk from particular radiation doses can he made.

The cause D will be the receipt, by the organ in which the
cancer has atisen, of a2 specified radfation dose.

The charactetistics X of the persen under consideration
will include, at a minimum, the age at which the radiation
was received, the number of years after radiation when the
cancer was diagnosed and the sex of the individual.

We shall usually he concerned with annual rates of occcurrence,
the rate representing the yearly number of cases of C per 100,000 or
per million parsons.

The values P(C, D;X) will be identified with the incidence rates
pravided by the SEER Program (2) for the years L973-1981 for all
areas, excludiag Puerto Rico. Although, formally, an incidence rate
is not a prohability, the numerical difference 1s trivial over any
interval for which the probability of death from all causes is small.
He shall refer to these rates as the “Baseline Rates.”

D. Calculatiornal Formulas

There is a calculational advantage in expressing the PC in terms
of the relative excess risk R = R{C, D:X), defined as the increase
due to T as a prosortion of the probability of C in the absance of D:

R(C, D;X) = Ex(C,D;X}/P(C, D:X).

Writing P{C,D;¥} as the sum of Ex{C,D;X) and F{C, D %) and dividing
both the numerator and denominator in (IV-1) by P{C, o 1X), we obtain

PC(C,D;X) = R{C,D;X)/(1 + R{C,D;X)). {1v-2)

The advantapge of expressing the PC in terms of R is that R is
the simple product of several quantities that are naturally thought of
separately, and that can be either calculated using simple farmulae or
presented in tables. For example, in Chapter X, Section 10, we find
that the relative excess of breast cancer following exposure to radiation
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is proporticonal to dose and thar, for a single exposure to low-LET rtadia-
tion at age 15, the relative excess for a typical American woman is .0107
times dose in rad, at anv time more than 10 vears after exposure (Table
¥=10). 1f & cancer should be diagnosed at age 37, for example, following
exposuTe at age 15 to 30 rad, the relative excess would be R{breast cancer,
30 radjage 15, 22 vears) = (303{(.0107) = 0.321, and the PC would be
0.32171.321 = 243 or 24%.

T, Casegs in which US Baseline Incidence Does not Apply

PC calevlations based on SEER values for baseling ¢ :ger incidence
require the assumption that the individual in whom cance: -=2s dizgnosed
following a documented tadiation exposcre would have heen, in the absence
of thar exposure, “"typical™ of the iIS population for his or her age and
sex with respect to cancer risk., But the subject may have had an atrypical
history of exposure {or nonexposure) to known carcinogens or may have ex-
perienced other life events associated with a higher or lower cancer risk
than average. Or the subject mav be a member, perhaps even a ~typical”
member, of an ethrnie, religious, or other popularion subgroup known (o
have cancer rates higher or lower than the U.S. population as a whole.,
Should the PC calculations be modified in such cases, and if sc, how?

Having introduced the problem, we shovld also make it clear that it
is a problem about which very little is known. Although experimental
studies have demonstrated that levels of carcinogenic response to icnizing
radiation can be modified drastically threugh the use of certain so-called
“promoters™, agents that do not In themselves appear to initiate the car-
cinogenic process, we do not Know whether or not similar agents contri-
bute to human cancer risk associated with radiation. It is by no means
clear, at this time whether people who are at high risk of cancer in the
absence of radiation exposure are more sensitive than other people to the
carcinogenic effects of radiation. Epidemiological research in the area
of combined effects of different risk factors is difficult hecause combin-
ations that might be of interest are relatively rare, and in the case of
radiation and other factors, such epidemiological study is just beginning,

The estimates of cancer risk from radiation exposure presented by
the BEIR III Committee were based on syntheses of data from various ex-
posed populations, some of which, like the Japanese A-bomb survivers,
have cancer incidence levels for certain cancer sites that are very
different from U'.S. rates. Making the estimates invelved the implicit
assumption that the carcinogenic effects of radiatien are additive with
respect to whatever factors are responsible for differences between
population cancer rates. This assumption appears to hold for breast
cancer in the case of Japanese and American women (3), for whom population
rates differ by a factor of 4 or 5, and it is not inconsistent with data
on radiation-induced stomach cancer in A-bomb survivors and British
patients treated with X radiation for ankvlosing spondylitis (4). There
may be other sites for which the assumption does not held, but we have no

-way of knowing at presant.

Clearly, the problem of caleulating PC values in the presence of dif-
ferences in total cancer incidence because of exposure to other carcinogenic
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agents, personal history with respect to factors related to cancer tisk,
or membership in a particular population subgroup, is frauvcht with vocer-
tzintv., The problem is not difficult given certaln assumptions, as
illustrated in subsequent secrions, bub with very few exceptions the
informational hasis for such assumptions is lacking. Withont such inform-
atiaon, any rtule for making use of additicnal cancer data {s necessarily
arbitrarv, and it mavy be preferable simply to proceed as if the subjest
were a4 Lyvpical member of the U.5. population.

F. Multiple Radiation Exposures

If two radiation exposures to doses Dy and Dj, rtespectively, would,
if given alone, vesult in excess risks EB(Dy} and E{Dy} at an age for which
the baseline tisk is I, and if they are separated in time by a day or more so
that they do not interact, it is assumed that the excess from the two expos-
ures is the sum of rhe respective excesses, E(Dy,D9) = E(D1) + E(Dp). The
relative excess for the two exposures, R(Dl,02) = E(Dy,Dy}/I, is therefore
the sum of the separate relarive excesses, each computed as if only one had
occurred:

R(Dy,Dp) = E{Dy,B2)/T = E(Dy)/T + R(Dp)/1 = R(Dy) + R(Dy).

Clearly, a PC calculation should be based on both the exposures
or, if only ome is of interest (perhaps one was voluntary and the cther
involuntary}, the calculatien should take account of the fact that the
total risk was altered by rhe other exposure. If the first exposure is
the one of interest, the calculated relative excess should take account
of thar by replacing I with

I' =1 x (1 + R(Dp}).

It will be convenient to write W(Dp) = 1/(1 + R{P2)), so that I/I' = W(Da).
The relative excess for the first exposure given the second then is

R{D1;02} = (E{D1,D3)-E{D>;}1)/T" = E{D )/ I' = R{[y) x W(Dg). fiv-21

The role of W(D;), therefore, is to put the relative excess due to Dy in the
context of the baseline risk as altered by Dp., The PC value for the first
exposure given the second is

PC(D13Da) = R(Dy;Dp)/(1+ R(D1;D2)) = (R(D{IW(Dy) )/ {1+R(DIW(Dy)),
a number different from and, in this axample, smaller than the value

PC(D;} which would have vresulted if the second exposure had not taken
place.

L. Modification of the PC Formula To Take Account of the Effects
of Exposure to Carcinogens (ther Than Radiation

A person with a malignant neoplasm of 2 kind that can be induced by
radiation may have z history not only of radliatien exposure, but also of
exposure to other carcinogens that may be significant with respect to
that particular cancer. Cigartette smoking or benzene expesure ate examples.
The PC has been defined as being conditional upon individual characteristics,
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among which are included other carcinogenic exposures, but it may vary
depending on the presence {or absence) of exposure to other carcinogens.

Tt is not possible to modify the PC formula to account for every
possible exposure that can he listed. For example, prolonged exposure to
inhaled asbestos fibers is a risk facror for lung cancer and for mesothe-
lioma. Although mesothelioma has anct been showvn definitely to he induced
by ionizing radiation, lung cancer has. If possible, therefore, it would
be desitable o tike exwplicit account of the possible rele of asbestos
exposure ILn the causation of a luns cancer in, for example, a shipvard
worker who had radiation exposures while working as a radiographer examin-
ing welds, who alss had spent several vears installing ashestos imsulation,
and who smoked two packs of cigarettes daily, It is impossible to undertake
so complete an analysis at this time, because datm concerning such combined
exposures are not available, and further because we are not yet able to
classif{y asbestos exposures adequarely with respect to lung cancer risk
in relation to dutation and intensity of exposure or exact type orT fiber
size of mineral.

Models

The way in which exposure to ancther carcinogen affects the PO
depends upon the magnitude of the carcinogenic effect of that factor in
the présence or absence of radiation. Although the interaction between
the two factors might, theoretically, be extremelv complex {even anta-
gonism might oceur), two interaction modes are especially simple and
natural, and we confine our furrher attention to them. Those modes are
the multiplicative and the additive. We avoid using the term "gyonerpgism”
because 1t has been used by different writers with somewhat different
meanings, although some have defined it to mean what we call multiplicative
interaction and others as more than additive interaction,

£1} The Additive Interaction Model {ATM)

1f the total excess risk from 2 radiation exposure and from another
risk factor is assumed to be the sum of the excess risks from each of the
two taken separately, we say that thev interact additively. This is what
was assumed (on the basis of extensive informatiem} for two radiatien
exposures in section F above. As in that section, if R(D) denotes the
relative excess for radiation at dose D and R(Z), the relative excess for
another factor at level Z, the relative excess for both factors combined
is

R{D,Z) = R(D) + R(Z).

Defining, in continuing analogy with section F, the altered baseline due
to 2 as

L' = I x (1+R{Z)) = L/W(2Z},
the relative excess for radiation given the other factor is

R(D;Z) = (E(D,Z}~E(Z}}/I' = (R(D,Z)-R(Z)) x W(Z) = R(DY x W(Z). {(1v-3)




The PC for radiarion given the other factor is

PC(D;Z) = R(D:Z)/(1+R(D:2)) = (R(D} x W(Z))/(1 + R(D) x W(Z}).

{2} The Multiplicative Interaction Model (MIM)

1f the relative risk {the relative excess plus one) due to two risk
factors is the product of the relative risks for the two factors taken
separately, we say the two factors interact multiplicatively., Thus, if
radiation interacts mulriplicatively with anocher factor, the relative
excess for radiation at dose D and the orther factor at level Z is

R(D,Z) = (1 + R(DY) x (1 + R(Z)) - 1,
and the telative excess for D given Z is

R(D;Z) = (E{D,Z}*E(Z}}fl'

i

(R(D,ZI-R{Z}) x W(Z)
= R(D} x (1+R{Z)) x W(Z) = R(D),

and PC(D;2)

PC(D}.

H. Cigarette $moking and Lung Cancer

The most important risk factor which may be coafounded with radiation
in the causation of cancer is cigarette smoking, especially in relation
to cancar of the lung and bronchus.

4s has heen shown, if a multiplicative interaction holds then the
pPC's for radiatien causation do not vary according to the smoking hiscory
(nor would the PC's for smoking history vary according to the radiation
‘history). Whittemore and McMillen (5) concluded that in a group of
nearly 3,400 uranium miners, an MIM appeared to hold as between exposurs
to radon measured in cumularive Working Level Meaths and cigarette smoking
measured as accumilated pack-vears {one pack-year is ome year's experience
smoking one pack daily).

On the othet hand, Prentice et al. (6} found that in a group of
more than 40,000 residents of Hiroshima and Nagasaki, some aof whom were
exposed to a wide range of acute doses of radiation from the atomic bombs
in those cities, the MIM definitely did not hold for death from all
non-hematologic cancers and, specifically for lung cancer, the AIM fit
the data better than the MIM. ’

Further, Blot et al. (7), in a case-contrel study of lung cancer in
Hiroshima and Nagasaki have demonstrated that radiation and smoking inter—
act in an additive way in the causation of lung cancer.

It is possihle that the difference in results obtalned by the
several groups stems from an intrinsic difference between a radiation
dose of sparsely ionizing radiation {gamma rays) teceived in a matter of
seconds (A-bomb) and a dose of densely ionizing radiation {(alpha-particle~
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emitting radon daughters) teceived over a period of years. In anv cace,
we Wwill illustrate the czlculations zppropriate to the AIM.

(1) The Additive Interaction Model for Cigarette Smoking
and Lung Cancer.

The AIM formula {see Chapter IV~G) for a given level s of smoking
is:

R{D;s) = R(D) = ¥(s)
wherte
Wis) = /(1 + ®R(s}), (1v-4)

and where R{s) represents the relative excess for smoking levels as
compered to baseline lung cancer incidence.

Baseline incidence depends upen age; however, from Kahn's data (R},
it is evident that R(s) can be treated as independent of age. Because
baseiine incidence corresponds te the general population of smokers and
nonsmokers, R{s) is negative for smoking levels s corresponding to lung
cancer risks less than average, such as nonsmoking, and the average over
all levels of R{s) is zero. Thus, if{ p{0)}, p{1),...,plk) is the disrribu-
tion of the general population over integer values of s from 5 = 0 for
nonsmokers to 8 = k for heavy smokers,

p{OYCI+R(OI I +. o +p{KI{I+R{Kk))Y = 1. (Iv-5}

Fublished values of the relative risk RR(s) of lung cancer at
various smoking levels compare the rate ar each level to that among
nonsmokers, and can therefore be written as

RR(s) = (l+R(s))I(1+B(O)). (IV=-6)
Therefore equation {IV=5)} can be rewritten =as
p(0) + p(l}RR(1}+...+p(kiRR(k) = L/(I+R(O)) = W(O), (Iv-7)

If the values p(s) and RR{s} are known then W(0) can be calculated from
Iv~7 and W{s) can be calculated from W(0), IV-6, and IV~4 for s =
1,2,...,k as W(s) = W{O)}/RR{s)., {IV-8)

The data on incidence of lung cancer used here refer to the period
1973-1981; we use data concerning smoking habits for the year July, 1964
- June, 1965 published by the Natilonal Center for Health Statistics (9},
Since the 3EER incidence data for the years 1973-1981 center on the year
1977, we apply the smoking percentages obtained in 1964-1865 to the
incidence rates at ages ten years later; that is, for example, we apply
the percentages obtained in 1964-1965 at ages 25-44 to incidence data for
ages 35-54.
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We copy the values of RR(s) from Rogot and Murray (10).

Text Tahle A

pls)*

#R(s) Males Females

Konsmokers 1.00 29.82 59.01
Former smokers*® 3.97 19.23 7.81
Present cigarette smokers - all 11.28  50.95 33.18

Present amount*®*

<10/day 1,89 13.56  13.50
10-20/day 9.63  24.72  15.02
21-39/day 16,70 11.24  4.37
40+/day | 23,70 1.43 0.30

*NCHS 10-34 shows a small number (3.3 percent of male smokers
and 1.6 percent of female smokers) of unknown present amocuant;
we have distributed these proportionately to the categories
of known amount.

**The value of W for former smokers applies to persous who stopped
smoking cigaretres at least five years prior to onset of lung
cancers The dataz of Rogot and Murray (10) show that during the
firse five vears after cessation of smoking, the risk of death
from lung cancer is actually more than one and one-half times
that of current smokers, implying that some stop smoking becaase
of early symntoms of what eventually will prove to be lung cancer.
It seems most appropriate to treat such persens as if they were
current cigarette smokers.

*#*%*The class intervals shown here are those used by Rogec and Murray
t10); rhe NCHS 10~34 intervals are slightly different; less than 11;:
I1-20; 21-40; 41 and over.
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From equacion IV-7 we obtain:
Males V2982 + 3,97 x .1923 + 11.28 x .5095 = 1/(1+R(0)})}

Females .5901 + 3.97 x .0781 + 11.28 x .3318 = 1/(1+R(0))

i .

so that
g Males W(OY = 1/0.1469
T
= Females W(D) = 1/0.2154,

whenee, from equation IV-8 we obtain the values of W(s).

Values of W{s) — Lung Cancer

Smoking Caregory Males Females
Total 1.00 1.00
xonsmokers 6.81 4.64
Former smokers 1.71 i.17
Present cigarette smokers - ‘all 0.604 0.411
<10/day | 1.75 1.1%
10-20/day 707 J4B2
21-39/day 408 278
40+/day . 287 +196

{2} Probability of Causation for Lung Cancer -~ Additlve
Interaction Model.

Referring back to eguation IV-2, it is evident that the smoking
: characteristic can be accounted for in caleculating the PC merely by
o5 multiplying R{D) by the appropriate value of W{s). This process is
exemplified, and illustrative examples are given, in Chapter X-9.

I. Subpopulations with Non-standard Cancer Risks

From a reading of SEER rates for the different reporting areas, it
is easv to select examples in which cancer incidence for a particular
reporting region, and especially a particular ethai¢ group withino a
particular reporting regicn, is markedly higher or lower than rthe rates
used for this report, which were based on all reporting regicns except
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Puerto Rico. Presumably, these differences are due to differential
exposures, and an individual case probably should be evaluated in terus
of rhat individual's exposure history rather than in terms of regional or
ethnle c¢lassification. ¥Yor example, male lung cancer rates in Utah are
about half as high as those in the United States as a whole, but this is
agscribable te the fact that the proportion of smokers in Utah is smaller
than that in the rest of the country, due to the predominance of the
Mormon Church, which proscribes tobacco use among its members. As we
have seen ahove, nonsmokers have less than one sixth the lung cancer rate
among males generally. Clearly, for lung cancer, information aboul
smokling Is more useful than ianformation about area of residence and, =
presumably, about other factors as well {i.e., a member of the Mormon
Church who smokes 1s unlikely to have a lung cancet risk much different
from that of a non-Mormon with the same smoking history}.

R ]

As a2 purely calcularional exercise, it is a simple matter to define
a factor W for membership in a certain subpopulation, as the rario of che
appropriate SEER rate to the corresponding scbpopulation rate. Whether
this should, or can, be done, however, is another matter. Differences
between subpopulations with respect Lo cancer rates may depend mainly
upon differences In exposure hilstories, and except for exposure to tobacco
smoke, In the case of lung cancer, and radiation exposures other than the
one{s) of interest, there appears to be uo basis for a model by which
other exposures way Interact with a radiarion exposure of Ilnterest.
Siwply ignering foformation about a possibly altered cancer rate, on the
other hand, amounfs to treating the factors rtesponsible as 1f they were
krnown to interact multiplicatively with radiation.

Although in the abstract It would be desirtable fo take account of
factors that Interact addicively in the appropriare way, we are ignorant
of the nature of interactions except for smoking and lung cancer. More-
over, even if one wished to take account of a particular Iinteraction as
if it were additive, the necessary data that would enable the calcula-
tions are not available. However, the relative risk rime-response model
for radiation is consistent with existing data, and alsoe with the ldea
that many, 1{ not all, other risk factors de Interact multiplicatively
with radiation. It should be recognized, however, that to use the tables
ignoring the Influvence of any particular other facror, Is equivalent to
treating thart factor as cne that interacts multiplicatively with radiation.
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CHAPTER V: DATA SOURCES, ASSUMPTIONS, AND MODELS

A, Data Sources

The calculation of probabilities of causation for radiogenic cancers
requires baseline data for individual cancers and parallel quantitative
risk estimates for cancer arising from exposure to lonizing radiation.
Although the bulk of the data on the risk of cancer is in the form of
mortality rates, in the late 1930s the National Cancer Institute began
periodic surveys of cancer incidence and survival. As the Surveillance,
Epidemiology, 2nd End Resulrs (SEER) program, this effort, covering about
10 petcent of the .5 population, now provides systematic, national
incidence data for the period beginning with 1973 that are unequivpcally
the best source of data on cancer incidence for the U.S5. Data for 197377
are published (1); the Working Group has had access to the unpublished
tabulations through 1981 (Table V-1). Site-specific baseline incidence
data by age and sex have been used here as the basis For PC calculations
without regard to ethnic or geographiec sources of variation that often
are considerable, .P2 estimatas are necessarily sensitive to the baseline
incidence used in the calculation of relative excess risk, and choices
must be made whenever incidence is known to vary with characteristics of
individuals for whom such estimates are required. Although the SEER data
extend to geographic and ethnic variation, there 1s some uncertainty
about the staristical stability of much of this variation, and the extent
Co which it may reflect the influences of factors whose interaction with
radiation in the causation of cancer 1is simply unknown., With rhe single
exception of smoking related to lung cancer, the methods and calculations
presented here are appropriate to "average” Americans whose baseline risk
levels are represented by the combined SEER registries.,

The use of a single set of rates also takes no account of changes in
population incidence over time, but these have been considerable only for
stomach cancer and lung cancer.

The PC calculations have been limited to sites and types of cancer
for which radiation is known to be a cause and for which reasonahle data
exist for purposes of calculation., (See chapters VII and X for furcher
discussion}. Site-specific estimates of radiation-induced cancer risk in
terms of incidence have been taken from Tables V-14 and V-16 of the 1980
BETR report (2) with updating for several sites and with deletions Appro=
priate to the calculation of PC values (Table V-2). The BEIR report is
the oaly comprehensive source of human, site-specific inciderce data
relating radiation exposure to cancer risk and the time conpstraints
placed upsn the Working Group have precluded any systematic reworking of
the relevant literature, much less the original data upon which it is
basged.

The A-homb survivor data for leukemia (3) were subdivided by ctype to
develop separate sets of risk estimates for acute leukemiz and chronie
granulocytic leukemfa. The BEIR leukemia coefficlents themselves were
medified to achleve a more stable, and plausible, dependence of risk on
age at exposure (see Section N, below). The lung cancer cosfflecients
were revised on the basis of new data from the A-bomb survivor series (4)
(see Chapter X-9), Recent reports of thyrold cancer and breast cancer
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incidence among A-bomb survivers (5,6) provided new information on the
dependence of risk on age at exposure, an issue that had net been resolved
gsatisfactorily by the BEIR 1II Commlttee (see Section D). A recent

review of studies of salivary gland cancer following childhood irradiation
(7} provided a numerical risk estimate for exposure ages 0-14, and the
site was included in the calculations. Finally, BEIR estimares for
certaln sites and exposure ages were evaluated and rejected as ancertain,
and corresponding PC calculations were not performed. Of the 78 age, I
sex, and site-specific risk coefficients employed in the present report,
40 were taken directly from the BEIR report and 38 were taken from meore
recent sources; also other coefficlents presented in the BETR report for
the lvr - -~mas and "miscellaneous other” sites were not used {see Chapter
v1Ii-F).

B. Dose-Response and Dose-Rate-Effect Models ' ’

As discussed in Chapter T11I-E, the weight of radiobiclogical evidence
favors a linear-quadratic dose Tesponsz to low-lET radiation for most
cancers, with a "crossover” dose, at which the components of risk propor-
ticnal to dose and dose-squared are equal, somewhere between 50 and 20C0
rad (8)., In genmeral, the epidemiclogical evidence discriminates pooriy
among competing dose—response models {%). Thyroid cancer and female
breast cancer are exceptional in that the epidemiclogical data strongly
faver linearity (2,5,6). Accordingly, the Working Group has adopted
linearity for breast and thyroid cancer and the BEIR IIT linear~quadratic
model for all other sites, for PC calculations involving exposure to
low-LET radiation. The BEIR III linear—-quadratic model estimates excess
cancer risk, follewing a radiation exposure of short duration, as

Excess = erq ¥ (D.+ Dgfllﬁ),

where eLg 1s a site-specific coefficient depending upon age at expasute and
sex, and D is radlation dose in rad (see Chapter III-H). The linear model,
of course, expresses excess risk as

Excess = ey x D.

The so-called crossover dose of 116 rad in the formulation of the BEIR
linear-gquadratic model, which specifies the degree of curvature in the
RTaph of risk as z function of dose, was originally determined from the
Japanese leukemia data (2,3}, but is also consistent with a number of
other radiobiclogic end points {see Chapter ITI-1). Since no other human
::ncer data are adequate for calculating crossover doses for individual
r‘;e: other than the thyroid gland and female breast, the value of 116
ol as been assumed to apply to all sites for which a linear-quadratic
-response mode} for low-lET radiation is considered appropriate for

low~LET radiation (i.e., all cancers other than those of the thyroid and
female breast),

ent Although the BEIR Committee's site-specific incidence Tisk coeffici-
Iods' except for leukemia, corresponded to the linear dose-response
el, the Committee provided numerical coefficients for both linear and
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linear-quadratic models with respect to total mortality from all types of
cancer other than levkemia, considered as a group (reference 2, Tables
V-i% and V-20). The ratisn of these coefficients,

ELJ"ELO = 3-4?0;1-39? = 24!}8 = 2*5’

and the crossover dose of 115 rad were used by the Working Group to
convert the BEIR IIT linear-model coefficients to the corresponding
linear~quadratic coefficients for the appropriate sites.

The present radicepidemiclogical rables have been prepared primarily
for low-1ET radiation eéxposures. The tables and algorithms may, however, be
applied to high-LET radiation exposures by substituting for dose the "bio-
logically equivalent dose" (BED) determined for the particular eXPosSUTE.
This calculation involves the assumption thar for high-LET radiation the dose-
respouse relationship is approximately linear, which may be justified for doses
below 10 rad. In its simplest form, the BED i{s the product of the dose in rad
and a "relative bilolegical effectiveness” (RBE) factor for the given radiation
{see Chapter III-B). The RBE factor depends on the end point selected and
varies with the dose and with the LET of the radiacion, which 1s a function
not only of the energy of the incident radiation but alse of the attenuation
and scatter in the tissues surrounding the target tissue, For internally
deposited radionuclides, estimates of equivalent doses are further complicated
by spatial and temporal variations in the distribution of the sources of
radiation. Therefore for a best estimate of the cancer yisk from a given
exposure to high-1ET radiarien, biologically equivalent doses must be
calculated on a case-by-case basis, and it clearly would make little sense
to produce separate PC tables for any given high-1ET radiatfon. Exposure
of bone to high~LET radiation from Internally depesited radium=-224 and
lung exposures from radoen daughters are a special case since since thera
is a direct observational basis for risk estimation {see Chapter X-2 and ¥-9).

The calculation of BED is a conplicated process, and particularly seo
for radiation from internally deposited radlionuclides. The Ad Hece Working
Group has made no attempt to pursue the issue beyond this point.

Censiderations of dose rate and dose-fractionation effects influenced
the Working Group's choice of the linear~quadratic model for cancer sites
other than the breasr and thyrold (see Chapter 1II-1). By treating ex-
exposures widely separated in time as lndependent, and therefore additive
in effect, 2 model-dependent approach to dose rate was obtained. The
scientific basis for rhis procedure 1s that repair of DNA sublesions is
rapid, generally occurring withia hours following Ilrradiation. Consider
a4 case in which exposures to D7 and D» rad occurred during successive
months., Under the linear model, the effecrs of the two exposures are
proporcional to Dy and lp, respectively, and their combined effect is
therefore propotrtional to Dy + D2, just as if the two exposures had
occurred simultanesusly., Thus for fast ceutrons and alpha particles {n the
lower-dose rtange (below 10 rad), and for low-LET radiation in the case of
breast cancer er thyroid cancer, there is no reduction in effect due to
fractionation or orotraction of exposure. Under the linear-quadratic
model, on the other hand, the effects of the two exposures are proportional
to Dy + M<“/116 and Dy + D 2!116, respectively. The combined effect is
propertional to the sum of these rtwo numbers, and is less than the effect
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of a single exposute to D) + Dy rad, which is proportional to (Dy + Dy +
(D + N ] /116. Thus for low-LET radiation there 1s a reduction in effect
far fractionation and protraction of exposure, for all cancers except those
of the thyroid gland and the female breast.

In practice, the reduction in effect due to fractionation of exposure
in the above example 1s slight unless the sum of Dy and Dy is greater than
5 rad or sag. (£ + Dy is 1555 than 5 rad, then (Dl + Do} + (Dl +D )zfllﬁ
exceeds Dy + D;°/116 + Dn + Dy {116 by 2% or less.) Accoré;nglv for caﬂcer
sites for which the llnear-quadratic model is appropriate, the Working Group
suggests the following approach for calculating PCs for low-LET exposures
separated in time or protracted over fime: Generally, exposures occurring
within a few months of each other can be combined (i.e., treated as a single
exposure, with dose equal to the sum of the separate doses), provided that
the sum of their doses ig less than 5 rad. Consecutive arcute exposures
should not be combined if the total.combiped dose is greater than 5 rad.
For protracted exposures, accumulations of 5 rad or less need not be
subdivided unless the exposure extended over more than one year. Indepen-
dence of effect cannot bhe assumed for exposures separated by less than 24
hours or S0. 1In the absence of & detailed and reliable model, the Working
Group recommends that cumulative exposures of 5 rad or more w1th1n a peried
of 24 hours or less be treated as if from, a single acute exposure. This
rule may result in the overestimatlon of the effects of exposures separated
by a few hours. For very low dose rates the above approach gives results
that are virtually the same (withip 4%) as would be obtained if the quadratic
{dose~squared) term were ignored. For a detailsd example, see Chapter X,
Example 5. Also, see site-specific examples in Chapter X.

C. Time after Exposure

Clearly, time is required for a single transformed cell to develop
into a clinically detectable cancer, and for that reason alone, a cancer
detected within a few weeks or months after a particular radiation exposure
woeld not be considered z possible consequence of that exposure. More
generally, assumptions about the distribution of excess risk over time
following exposure can strongly influence the PC calgulations. There are
two issues: how long does it take before there is a non-negligible
excess risk, and how does the risk vary over time subsequently?

The BEIR III Committee used a plateau model for leukemia and bone
cancer and both a constant absolute risk projection model and a constant
relative risk projection model for other cancers, in order to extend
their estimates of average excess risk, cohtained from follow-up periecds
of 30 years or so, to estimated lifetime cancer risks. The Working Group
faced a much more difficult problem, for two reasons: First, a PC calcul-
ation pertains to a specific cancer dlagnosis at a particular time following
one or more exposures to radiation, and not to risk averaged over & life-
time. Second, the charge to the Working Group was to provide a single
“"hest" estimate and not an array of more or less plausible ones. Thus it
was necessary Lo use specifie time-to-response models which could, however,
depend upon cancer site and upon individual characteristics such as age
at exposure, sex, and radiation dose. Fortunately, research subseguent
to the 1980 BEIR report, made possible mainly by the increased duration
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of follow-up on the Japanese A-bomb survivors and other irradiated groups
{see Chapter III-H), helped the Working Group to arrive at a number of
asgsumptions needed for its calculations.

The 1980 BETR report, as well as the published analyses reviewed in
Chapter ITI-H, suggested that time from an acute exposure unti} dlagnosis
for radiation-induced bone cancer and leukemia follows wave-like distributions
like the logaormal. Accordingly, the Worging Group conducted analyses of
data on time to diagnosis from a German series of patients treated by
radivu-224 injections for ankylesing spondylitis, and who later developed
bone cancer at a rate more than 250 times that expected from baseline
population rates (10), and leukemia data from A-bombd survivors with high
radiation doses (11), supplemented by leukemia data from a British series
of patients treacted with X radiarion for ankylosing spondylitis (12).
Lognormal time-responsa models were fitted to these data, for atl exposure
ages combined and as partitioned by age at exposure,

The bone cancer data were found to conform closely o a lognormal
distribution for time to response, with minimum 1.52 years, and for which
the mean and variance on the logarithmic scale, after subtractiom of the
minimum, were 2,12 and 0.48, respectively (Figure V-1). The minimum
value was the least precise of the three estimated quantities; vircually
the same ficted probability distribution was obrained when the BEIR I11
minimum of 2 vears was assumed a priori, There was no evidence that the
distribution of time te response depended on age at exposure or on radia-
Ltion dose.

The leukemia data were less easy to work with, partly because the
possibility that a given high-dose case was not radiogenlc could nor he
ruled out with as much confidence as with the boue cancer data, but
mainly becaase the cancer data for the A-bowbdb survivors for the first 5
years after exposure lacked suitable denominators {11)., The REIR IIT
minimum of 7 years for the latent period was assumed. Based on the
British ankylosing spondylitis data (12), it was estimated that the
averzge anzual excess leukemia tate during the period 2-5 vears afrer
exposure was about half that during the next five years. From published
analyses of the A-bomb surviver data (3,13) it was determined that acute
leukemia (AL) and chronlc granuloevtic leukemia (CGL) have different
temporal distributions fellowing exposure, and that for AL, but not £GL,
time to diagnosis depends on age at exposure, (Very few of the leukemias
in the series are of types other than AL or COL.) According to the Work-
ing Group's analysis, the fitted lognormal distribution for COL had mean
2.68 and variance 1,51 on the logarithmic scale of time in years minus
the assumed Z-year minimum (Figure V-?), while that fer AL required an
adjustment for age at exposure. The estimated mean on the logarithmie
scale was 1.61 + 015 4, + 0005 Al » where A, denotes age at eXposure,
and the variance was D.%S. For AL, therefore, the fitted distribution
predicts that with increasing age at exposure, radiation-induced cases tend
to occur longer after exposure and to be more wldely dispersad in time
{Fipure V~3), For leukemia in general, excluding the chrenic lymphocytic
form that apparently is not caused by radiation, the Working Group used a
mixture of the estimated time-to-response curves for CGL and AT, welghted
by .32 and .68, respectively (Figure V-4).
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For leukemia and bone cancetr the temporal distributions of risk
imply that the plausibility of & causal connection between a particular
cancer and a prior radiation exposure may depend strongly upon the length
of the intervening time interval, For example, according to the time-to-
response model deseribed above, 'a radiation-induced bone cancer is about
b times more likely to be diagnesed 5 years after exposure than 20 years
after exposure; therefore, all other things being equal, the plausibility
of a causal connection between a diagnosed bone cancer amnd a prior radiation
exposure is greater for a 5-year interval from exposure to diagnosis than
for a 20-vear interval.

For cancers other than leuvkemia and bone cancer, the estimated
probability of causation is independent of time¢ from radiatfion exposure
until cancer diagnosis, 1f that time is greater than 10 years. This ‘s a
consequence of the constant relative risk model for time fo respons:
which the Working Group adopted on the basis of published studies ¢ -ussed
in Chapter I1I-H. Because these studies prriained mainly bo breas 3
lung cancer, the Working Group carried ou: - comparable analysis ¢
stomach cancer among high-dose A-bomb suri.vors, and cbtained resv...
similar to those obtalined for breast cancer and lung cancer.

The constant telative risk model applies only after some initial
period, which the BEIR IIl Committee fixed at 10 years. The Working
Group felt that this value was consistent with epidemiological findings
for persons exposed at ages at which baseline incidence was zlready high
encugh for an appreciable number of excess cancers to be expected under
the model, and that for vounger exposure ages the practical lmportance of
the initial period was small because few cancers, radlation-1nduced or
otherwise, would be expected until much later than 10 ye:ts after exposure.
On the other hand, the radiation-relared excess risk Is :ero at the time
of exposure, and assumes 1ts eventual full valuve relative to baseline
incidence after about 10 years. The Working Group felt that mot enough
is known about tumor growth kinetics to justify a distributional model
for the time required for a single transformed cell to develop into a
clinically detectable tumor; what is known, however, suggests that the
risk of radiation—induced cancer {other than bone cancer and leukemia) is
negligible for the first 5 vears after exposure (see Chapter ITI-HY. A
discontinuity is biclogically unlikely, and the Working Group therefore
decided upon a cublc function of time to provide a smooth -ansition Irom
an assuymed zero excess for the first 5 years after exposy to the ev - wal
constant reiative excess after 10 years (Figure V-3), to applied ¢
the basis of time in whole numbers of years. 1In the table below, ¥ 1° -
resents the integer part of time 1n years from exposure until diagnos:
{e.g., 11 vears, 10 months corresgponds to ¥ = 11) and T(Y) is the ecorre--
ponding proportion of the eventual relacive excess &pplylung at time Y:

Y 0-4 5 6 7 B 9 10+
T(Y): 0 074 0259 L5000 L741 .926  1.000
PC estimates are most reliable, of course, when they are based
altogether on cbservational data, Unfortunately, there are mo series

that provide followup data beyond 40 years after exposure, and most af
the availabdle leongterm dsta pertain to the interval from exposure Lo
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30-35 years. Use of the constant telative risk model of time-response

for most solid tumors makes the dependence on the present PC tables for
estimates beyond this interval less hazardous than would be the case if

the constant risk model were to have been used. This £5 because absolute
risks within each age-—at-exposure cohort of A-bomb survivors have continued
te rise steadily, tracking baseline mortaliry, well beyoend the 1974 cut-off
that was the basis for many of the BEIR coefficients. The constant rela-—
tive risks resulting from these observations have been published through
1978 (4) and are seen in preliminary drafts of the current analysls that
extend through 1982. For leukemia and bone cancer, the wave-like functions
fall so precipitously after attaining cheir respective peaks that the Work-
ing Group has extended the tables beyond the period of observation to 49
FEars.

D. Age at Exnosure

A rule that appears to hold for all radiation-induced cancers as a
group, and for many cancer sites individually, 1s that excess risk declines
relative Lo baseline risk with increasing age at exposure. Also, however,
because excess risk tends to increase over time proportionally wich
baseline risk and because available data are limited to the pericd 30
years or so after exposure, absolute measures of risk rend to increase
with increasing age at exposure. For cancers of the lung, dipestive
tract, and urinary system, which comprise a large part of both the excess
and baseline cancer risk in exposed populations, this increase appears to
be smooth {2,4). For some cancer sites, like the liver, bone, and, until
recently, the thyroid gland, there was fnsufficient evidence on which to
base estimates of variation by exposure age, and the BEIR age-specific
risk coefficients for these sites are flat. Three Important sites,
however, are exceptions te the general rule.

A recent study of thyroid cancer incidence among A-bomb survivors
indicates strongly that absolute, as well as relative, measures of risk
are markedly reduced for adult compared to childhood exposures (5).

Breast cancer, however, for which the existence of a risk following
exposure during the First decade of life was only recently established
(14,15), shows an increase In absolute risk with increasing age at exposure
over the first two decades of 1ife, bur 2 marked decrease thereafter
(6,16,17). To the 1980 BEIR Committee, which relied mainly on Japanese
A-bowb survivor data for exposures after the age of 40, it seemed possible
that the apparent absence of an excess might reflect a hormonal influence
due to ovarian irradiation, or perthaps a difference betwean Japanese and
western populations (2). Mare recently, however, a large survey of

breast cancer mortality among Canadian women given multiple chest flucros-—
copies during treatment for tuberculosis revealed the same pattern of
greatly reduced risk for exposure after age 40 (17). Accordingly, the
Working Group computed new age-specific breast cancer rigk estimates from
the most recent A-~bomb survivor data {6), relying on a study of Swedish
women given therapeutic X radiation for benign breast disease {158) to
provide a smooth downward rransition in risk from age 40 down to 75, at
which age a zero excess was assumed.
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For leukemia, there is a high absclute excess risk for exposures
during the first decade of life, with a much lower excess for exposure
at ages 10-19, and a steady Increase for exposures at older ages (4).
The BEIR report estimates, which were based on A-bomb survivor incidence
data (3), do not vary smoothly with age, in that the coefficient for
exposure ages 20-34 is higher than those for ages 10-1% and 35-49. The
difference is far from significant staristically, however, and a similar
pattern is not seen in data based on the British spondylitils series {18).
Accordingly, the Working Group replaced the BEIR coefficients for exposure
age intervals 10-19, 20-34, 35-49, and 50+ by values corresponding to a
quadratic function of age, fitted by least squares using weights based on
the variances of the BETR estimates., No adjustment was vade to the BEIR
coefficient for exposure ages 0-9, about which the spondylitis data are
vninformative.

Epidemiclogical data linking fetal radiation exposure to lncreased
cancer tisk largely pertain to exposure from pelvimetry examinations
shortly before birth. The 1980 BEIR report presented an estimate of this
risk based on the results of the Oxford Survey {19%), as 25 excess leukemia
deaths and 78 excess deaths from other cancers per million persouns per
year per tad for the first 12 and 10 years of life, respectively. The
Committee did not, however, explicitly include these estimates in its
tzbulated estimates of lifetime risk following acute and chreonic exposures
to radiation. Even after allowing for the difference in follow-up (5-26
vears for the A-bomb survivors vs. 0-12 years for the Oxford Survey) in
the light of the calculated lognormal time-te-diagnosis distribution for
exposure at age 0 (Table X.1.H), and allowing, with Stewart (20), for the
possibility that estimated radiation doses in the Oxford Survey may have
been too small by a factor of 2, the above estimate for leukemia is three
times as high as an extrapolated estimate based on the leukemia coefflcients
used for the present report (Table VI-1). Experimental studies, in fact,
suggest that there is little or no cancer risk assopiated with expesure
during the middle uterine period, and that exposure during the late
uterine stage is comparable in effect to exposure during infanecy and
early childhood {(21-24). Given the uncertainties that remain about the
magnitude of radiogenic risk of leukemia and other childhood cancers
following fetal itradiation {see Chapter III-G}, the Working Group is
unpersuaded that cancer risk depends strongly upon whether or not the
exposed person was in utero or postnatal, and suggests that in-utero
exposures be treated mo differently than postnatal exposures at age G.
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TABLE V-~2.

Individual Types of Cancer for Which the BEIR III

Report Provides lncidence Risk Coefficients and Those for Which the

Working Group Has Calculated the Probability of Causation

BEIR III

Working Group

Leukenmia (all except CLL)
+ bone cancer

Bone

Thyroid

Breast

Lung

Escphagus
Steomach
Inrestine {calon)
Liver

Pancreas
Urinary organs
Lymphoma

Levkewia, all except CLL
acute forms
chronic granulecytic

Bone and joint*

Thyroid

Breast

Lung

Escophagus

Stomach

Colon

Liver

Pancreas

Kidney and urinary bladder

Salivary gland

*Alphalradiation from radium=-224 only.
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Figure V-1. Fizted tise-to-tumor model for bone sarcoma
induced by a brief exposure to radium-224, T(Y) i3 the
probabilicy of diagrosis within one year after time Y.
{Data from reference 10.}
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Figure V-2. Fitted time-to-tumor model for chronie

granuloctyic leukemia induced by a brief exposure to
tonizing radistion, T(Y) is the probability of dlag-
nosis within one year after time Y. (Dzta from refs.
11 and 12.)
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Figure V-3, Fitted time-to~tumor model for acute
leukemia induced by a brief exposure to ionizing

Tadiatiou at age Aj. T{A],Y) i8 the probability
of diagnosis within one year after time Y.

Numbers within the graph indicate age st exposure.
{Data from tefs. 11 and 12.)
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id Figure V-4, Time-to-tumor model for leukemia (all
types except chronlc lymphocytic leukemia) induced

by a brief expesure to ionlzing radiation at age

Aj. T{A1;,Y) is the probabllity of diagnogie within
one year after time Y. MNumbers within the graph
indicate age at exposure. {Data from refs. 11 and 12.)
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Cubic model 8s 8
smooth function of time

45 1 Values to be epplied
on & whole —year basis
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Figure V=5, Temporal facter T(Y)} to be applied to
Telative excess riegk for tancere other than leukemia
ar bone sarcoma.
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CHAPTER VI: METHOD FOR ESTIMATING RELATIVE EXCESS RISK
AND CALCULATION OF PROBABILITY OF CAUSATION

A. Coefficients of Absolute Excess Risk

The model assumed here for breast and thyrold cancer, for lew-LET
radiation, is that of risk as a lioear function of organ dose, without
thresheld. For all other cancers considevred, the linear-quadratic model
is used for low-LET radiat:on {see Chapter ¥-E).

Table VI-1-4 shows linear and linear -uadrati- model risk coefficients
for the incidence of excess cancers for cpecified periods afrer radiation
exposure, by sire, sex, and age a2t exposure, and for low-LET exposure, as
adapted frowm the 1980 BEIR Report or from more recent data {see Chapter
vV, sections, 4, B, and D), The tabulated coefficients represent the
average absolute excess risks per 190,000 per year per unit increment in D
or D + D?/116, depending upon the dose-response model, where B is given
in rad, over the specified follow-up periods for perscns in the given
ranges of age at exposure, Type-specific coefficients for acute and
chrenie granulocytie leukemia were derived from coefficlents for leukemia
of all types as follows: From &-bomb surviver data (1) it was determined
that acute leukemias {AL) accounted for BBX of the excess leuvkemia risk
due to radiation and chronic granulocytic leukemia (CGL) for the remaining
3%%. Because this proportlon did not appear to vary by age, the tabulated
coafficients for levkemla were distributed accorvdingly. Tables VI-1-B and
VI-1~C are for hipgh-1lFET radiastion and are only applicable to cancers of
bone and joint and te lung cancer assoclated with exposure toe radon.

PC calculations pertain to situations in which exposure age may be
given for 2 single year of age, rather than an interval of 10 or maore
years, and smoothness of transition from one vear of age to another is a
desirable property of any calculatiocnal method that might be devised.
Although the variation by age at exposure of the coefficients in Table
VI-] and in the BEIR report surely has a large random component, the
Working Group did neot, except in the rases of levkemla {see Chapter V-D)
and lung cancer (see Chapter X-9}, feel fustified ir smoothing this
variatien by a2ssuming a pzrametric model for risk as a function of expo-
Sure age.

Accordingly, the tabulated coefficients were made specific to single
years of age at exposure by an interpolation procedure. Each tabulated
value was treated as if it pertzined to the mean age of the corresponding
interval, welghted by the expected length of follow-up, assuming a lifetable
distribution (2) {(gee Table VI-2) of ages at expdsure within the interval.
Coefficients for single vears of age were obtained by a cubie spline
interpolation algorithm {3). For ages outside the range of interpolaticn
{e.g., less than 5 for breast cancer or less than 25 for colon cancer,
and greater than 58 for most sites), for which interpolation wetheds are
noteripusly unreliable, the follewing methods were used to minimize the
effecrs of minor variations in the tabulated coefficlents: BEIR ceoefficier-s
for ages 0-9 or 10-19 deemed by the Working Group to have insufficient
evidential basis for PC calculatieons were used as interpolation points to
extend risk estimates to age 10 (stomach) or 20 (esophagus, colon, and
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others}., For lung cancer, the trend was linear over alil ages (see Chapter
X~9}. For breast and thyreld cancers the trend in Table VI-I fFrom 10-19

to 0~9 was extended linearly to age 0, while for leukemia the interpocla-
tion routine produced an approximately linear exteansiocn which appearsd to
requlre no correction. For extrapolation to older ages an interpolation
endpoint of zero risk at age 75 was used for breast cancer [see Chapter
V-DY, but for other sites the interpolation algorirhm continued a smooth
trend with increasing age ar exposure which seemed ra require no correcticn
in view of the e¢xtremely limited {nformation available on cancer risk from
radiation exposures at age 60 or older.

B. Derivation of Coefficients for Calculating Relative Excess Risk

The interpolated absclute risk coefficients e{A,5), where A denotes
dge at exposure and 5 denotes sex, were used to calculate coefficients
from which the relative excess pertaining to a given year after exposutre
could be computed. For any given cancer site, age at exposure, and sax,
let P{Y) denote the absolute excess risk coefficient for ¥ vears after
exposure. The coefficient £ was based upon observed cancer risk over a
period of years after exposure, vy £ Y £ y7 (see Table Vi-1). The observed
population was subject to attrition, mainly from the usual age-dependent
force of amortality, Therafore, to an acceptable level of approximation,
¢ is defined as the lifetable average of P(Y) over the period ¥1 £ ¥ £ ¥3.
Depending upon the way in which P{Y) varies with time and with the age-
specific baseline rate, the needed coefficients can be defined in terms
of e. Twe algorithms were used, cne for leukemia and bone cancer, and
the sescond for all other cancers.

1. Leukemiaz and bone cancer

For leukemia (AL and CGL) and bone cancer following brief irrad-
iation type-specific lognormal distrikbutlons were obtained by fitecing to
¢ata, and made specific to each age at exposure {see Chapter V-C). The
distribution for all tvpes of leukemia, from which chronic lvmphocvric
leukemia (CLL) was specifically excluded, was defined as & mixture of the
distributions for AL and CGL, weighted by .68 and .32, respectivaly, The
distribution, denoted by T(4;,Y¥) or T{Y), depended upcn age at exposure
{A1) for AL and therefere also for all leukemia except CLL, cousiderad as a
group, but T did not depend upon &1 for CGL or bone cancer.

For each cancer type, for given (41,8}, the time-specific cnefiicient
?{Y) can be written as

P(YY = E x T{Y),
where E = E{Ay,5) denotes the probability that a radiation-induced cancer
will be cbserved at some time after exposure, provided that no other
cause of death intervenes. Therefore the coefficient e, which is the

Iiferable average of P ovar ¥1 £ Y € y3, can be written as the product E,
times the lifetable average of T. Solving for E, we obtain

E=ex [L{ypl+e et llyg) I/ IT(v) JL{y ) #. e o #T(voIL{v7) |-
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In the above formulation, L(y) denotes the lifetable value for the ex-
pected number of person-~years at age A7 + v (the average of the lifetable
probabilities of reaching ages A1 + y and Ay + ¥y + 1}, using the 1970 V.S,
lifetables (2) (see Table VI~2). The relarive excess at age As, Y years
after an exposure at age Ay, is given by

R(A1,49,Y,8) = F x T(A1,Y) x E(A7,5)/1(45,8),

where F denotes an appropriate function of dose. I{A»,5) denctes the
baseline incidence of cancer of the given site and type for a person of
age A and sex 5, as determined from the SEER values in Table VI-3 by an
interpelation process analogous to that used to obrain the values e(4],5).
In the above formulation Y assumes only integer values, being the integer
part of the time in years from exposure to diagnosis {(e.g. Lf that time

is 12 years and 1l months, Y = 12).

Although the 1980 BEIR Committee presented risk coefficients for
bone sarcoma resulting from exposure to low-LET radiation, these ¢coeffici-
ents were derived by the use of conventional quality factors from coeffici-
ents appropriate for exposure to alpha radlation (4, pp. 411-418). Bone
sarcomwas were seen above 67 rad alpha dose to the endostial Ilayer, which
corresponds, using a constant quality factor of 20, to 1300+ rem dose
equivalent. Bone sarcomz has not been observed In excess among the
Japanese atomic bomb survivors (4, p. 416), and in petlients treated by X
radiarion for ankylesing spondylitis cases have been seen only in assocla-
tion with bone doses well above 1000 rad (4, p. 413). The Working Group,
while convinced of the validity of the BEIR estimate for bone sarcoma
fellowing brief irradiation from radium 224, did not feel that there was
a sufficient basis for extending it to low—LET radiation at doses below
1000 rad or to other forms of high-LET radiation. Accordingly, estimates
for bone cancer are presented only for high-LET radiatien, from radium-224
(see Table VI-1-B).

2. Cancers other than leukemiz and bone cancer, following exposures
to low-lET radiation

For other cancers, the temporal distribution of excess risk over
time after exposure was assumed to be proporcional to the variation of
baseline fnecidence by age, at least beyond 10 years after exposure, In
other words, for given (4;,8), the ratio

K = P{Y¥)/1(A2,8),

where (roughly) Ap = A} + Y, was assumed to be constant for Y > 10. It was
eéncugh, therefore, to calculate, and tabulate, thiz ratio. Because the
abgolute risk coefficient e = e(A),5) Is the lifetable average of P{Y) over
the fellow-up period ¥1 £ Y £ vy glven in Table VI-1, it ecan also be expressed
4s the lifetable average over that period of K x I'(Y), whare I'(Y) = 1(A2,5)
for Az = A1 + Y. Because K does not depend upon Y for Y > 10, the relation~
ship can be inverted to solve for X = K(A1,5):

K= e x [Llypd+e o+ Ly ) /Iy Ly +e e o+ 17 (¥ ) Llvo) ]
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For Y > 10 years, the relative excess risk 1s simply K{41,S) multi-
plied by an apprapriate function F of radiation dose., There was, there-
fore, no requirement to tabulate the temporal distribution of risk or the
baseline risk, as was done for leukemia and bone cancer. But becauge the
relative excess must begin at zero and reach its full value after 10
years, and because biological considerations demand a smooth transition
{see Chapter ITI-H), we have represented this transition by T, as given

below and in Chapter V-C, in the case of cancers other than Ieukemfa or
bone cancer.

¥: 0-4 5 ) 7 8 ) 10+
T(Y): G 074 0259 ,500 .74l .926 1.000

As before, Y denotes rhe integer part of time in years from exposure
until cancer diagnosis. Thus, the relative exXcess Y years following
radiation exposure at age Al, for a person of sex §, is

R(A},Y,8) = F x T(Y) x K(4y,5).

3. The special case of lung cancer followling exposure to inhaled radon

daughters

The 1980 BEIR report (4} gave a single set of linear-model coefficients
to be applied to low=LET vadiation and, with a suitable @ factor, to high-
LET radiation from inhaled raden daughter products. The Working Group found
the BEIR coefficients to be difffeult to use, as discussed in Chapter X-9,
and calculated separate absolute risk coefficlents for exposures from extern—

al, low-LET radiation based on A~bomb survivor data. For inhaled radon daugh-

ter products, the Working Group adopted relative risk coefficients based on
a2 review by Jacobl (5) of data from various studies of uranium miner popula-
ticns. These estimates, as discussed in Chapter X~9, pertain to cugulative
exposure in Working Level Months (WLM), and eXpress excess risk as a percen-
tage of underlying risk per %IM. The estimares do not depend upon sex or
age al exposure, but take acegunt of a pessible difference in the method

of measuring radon levels in U.5. mines before about 1961 as compared to
afrer that time and in other countries (Table VI-1-C).
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Table VI-1-A. Abgolute Risk Coefficlents: Absolute Excess Cancer Incidence
per 100,000 Persona per Year per Rad (Organ Dose) at Low Levels nf Low-LET
Rediation, by Sire, Sex, and and Exposure Age, Averaged over the
Specified Follow—up Pericd

Site Exposure Yeargl Dose-response Model Sex
Age Follow=up M F
Levkemial -2 5-26 Linear-Quadratic 173 110
{all types 10-19 526 JDB54 L0543
. emcept CLL) 20-34 5-26 D846 0538
35-49 5-26 . 103 L0670
50+ 5-26 .156 -£990
Salivery?l 0-14 10-30 Linesr—Quadratic 00104 00104
Esophagusl 20-34 10-30 Linear-Quadratic L0052 0052
35-39 10-30 20DB4 0084
50+ 10-30 D224 .0224
Stoach3 to-19 10-3¢ Linear-Quadratic 0160 .0140
20-34 10-30 L0308 +0308
35-49 10-30 0508 0508
S0+ 10-30 134 L134
Colon? 20-3 10-30, Linear=Quadratie 0208 .0208
15-49 10-30 0336 0336
S0+ 10-30 20892 .0892
Liver3 20-34 10-30 Linear=Quadratic .028 028
35-49 10-30 -028 028
50+ 10-30 028 028
Pancreas’ 20-34 10-30 Linear~Quadratic 018 018
35-49 10-30 .030 .030
50+ 10-30 .b7as L0788
Lung? 10-19 10-32 Linear~(uadratic .030 030
20~34 10-33 ' 056 056
35-49 10-33 086 -086
50+ 10=33 «120 120
Breast? o9 10=135 Linear - +38
10-19 10~35 - .76
20-29 10-15 - 49
-39 10-35 - A%
L0=49 10=35 - .13
50+ 10-35% - .08
Trinaryd 20-34 10-30 Linear-Quadratic -0200 L0200
35-49 10-30 0368 -0368
S04+ 10-30 . L0648 0648
TayroidZ -9 10-34 Linear al3 .50
10-19 10-34 ) .15 .50
20'3£‘ 10=-34 -05 +15
35-45 10-34 .05 .15
50+ 10-34 .05 .15
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Table ¥I-1-B. Linear-wmodel BEIR Absoclute Risk Coefficients by Sex for
Bone and Joivt Cancer Following Exposure to Alpha Particle Radiation
from Injected Radium—224: Absolute Excess Incidence per 100,000
Persons per Year per Rad to the Endosteal Layer

Exposure Age Years Follow-upl Sex
M F

All ' 0-130 .10 .10

Table VI-1-C. linear-Model Relative Risk Ceoefficient B for Lung
Cancer Following Exposure to Alpha Particle Radlation from Inhaled
Radon Daughters: Percent Excess Incidence per Working
Level Month, by Source of Data (Reference 5)

Exposure Age Source of Data Estimate (R)
All Combined Uranium Miner Data 1.2
All VeS. Miners, Fuposed Before 1961 D.7
All U.5. Miners, Exposed 1961 or Later 1.5

lobserved vears of expression over which excess risk was averaged to
produce the risk ceefficients shown. PC estimates for events beyond the
intervals shown lack a direct observational basis.

2Coefficlents derived by Working Group; see Chapter X for details.
3coefficients derived from BEIR {reference 4, p. 198, Table v-14),
Conversion o0f the linear-model BEIR coefficients to linear coefficients

in a linear-quadratie medel involved dividiné them by 2.5. Note that the
original BEIR coefficients were given per 10% person-year-rad.
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Chapter VII: SOURCES OF UNCERTAINTY

A. Introduction

P.L 97-414 requires that the tables on probability of causation
"shall be devised from the best available data that are most applicable
to the United States, 2and shall he devised in aceordance with the
best avallable scientific procedures and expertise.”

The statement by the President, on the oecasion of his signing
the Orphan Drug Act, expresses the Administration's reservations im
Tegard to the preparation of the tables:

"essthere is as yet no consensus among radiation experts in
relating human cancers and exposure to low levels of radiation.
Yet, Section 7 mandates that probabllity of causation tables
be calculated for even very small dose levels. Accordingly, I
am directing the Secretary of Health and Human Services to
complete rhe tables to the extent that may be possible and
scientifically responsible, in light of the analysis also
mandated by Section 7, which requires him to ‘assess the
credibility, validity, and degree of uncertainty associated
with such tables.'"

What follows 1s a discussion of the many sources of uncertainty that
should be recognized in connection with the use of the tables,

The prebabiliry-of-causation (PC) tables bring to bear on the adjudi-
cation of claims the very extensive information available on the risk of
radiogenic cancer. Although we know more about the effects of fonizing
Tadiation than any other carcinogen, and much of the knowledge is quanti-
tatlve in form, our present knowledge is far from complete, and the tables
can be regarded as no wore than a gulde te causation in the particular
case. However, even an imperfect guilde that summarizes the Televant
literature Iin such a way that it can be brought to bear on the individual
case should be helpful in determining whether a prior exposure to radiation
was a significant facror. '

Each e¢lement of the PC calculation has its own uncertainties, some
of which are interdependent: choice of sites and cell-types for which
tables can be prepared, baseline incidence, absorbed radiation dose, dose
rate, minimum latent peried, time to tumor recognition, choice of dose-
response functicn, radlarion risk coefficient, choice of time-response
funetion, and the influence of individual host factors and competing
etiologic influences. 1In Section VII-O an effort has been made to
integrate most of these sources of uncertainties into an overall =ssess-
ment of the accuracy that can be ascribed to any value of PC.

B. Sites of Capcer and Cell-Types

Although ionizing radiation has been shown to produce a very wide
array of human cancers, for certain cell-types, e.g., chronic lvmphocytic
leukemia, radiation seems not to be detectably carcinogenic. For many
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sites and cell-types, the empirical evidence 135 simply Linadequate tao
establish or deny carcinogenicity, and for some, e.g., multiple ayeloma,

the evidence seems rather controversial (see Chapter X, Section 13).
Authoritative lists of cancers considered to be radlogenie {(1-4) are

based on judgment as to the sufficlency of the human dara avallable and

the cogency of the evidence lavelving radiation as a cause. As a practical
matter, however, even if a particular tissue is considered to be sensitcive
to the carcinogenic force of ilonlzing radiation, useful PC tables cannot

be calculated in the absence of reasonably good estimates of risk coeffici-
ents, It i3 this requirement, for example, that limits the preparation

of tables by cell-type to the leukemias. There are recent reports, for
example, linking brain cancer with exposure to fonizing radiation (5,6)

but none provides the kind of infeormation that would be required for PC
calculations. Further, as has been noted for the varicus types of leukemia,
it remains possible that differentials may ultimately be established for the
risks of certain cell-types among the solid tumors. If there are large
probabilities of causation that involve sites of cancer other than those
selected for the PC tables, those cancer sites must be quite rare.

The Working Group accepted the BEIR 1II list of radiogenlc cancers
with the fellowing modifications: (a) lymphomas (including multiple
myelema) were deleted; (b} salivary gland cancers wetre added; and
{e¢) "other" sites, needed by the BEIR III Committee i order ko estlimate
- the totality of radiogenic cancer, and for which no real data exist, were
excluded. Of these changes, the first ig discussed imn Chapter ¥, Sec. 13,
the second in Chapter X, Sec. 3, Sites of cancer for which PC estimates
can be made, but for which the quantftative data are least reliable, are
salivary glands, esophagus, pancreas, liver, urinary bladder and kildnevy.

€. Source Tables of Cancer Tncidence in the U.S. Population

Age— and sex-specific SEER rates for the U.S.A are averages for the
period 1973~1981 and for 10 areas containing about !0 percent of the U.§
population. Although the SEER sample is not a probablility sample, it is
reasonably representative of the U.S population as judged by mortality
rates.’ The quality of the data is very high, only 1.4 percent of reported
cases depending on death certificates alone, and 92 percent beling micro-
scoplcally confirmed (7). Geographic and ethnlc variations are very real,
of course, especially for certaln anatomical sites (7). In additicn, over
the periocd of interest there have been imporrant changes in the incidence
of cancer for certain sites, especially stomach and lung (7-9). Although
incidence data are not available systematically over time in the U.S%.,
there are bench-mark data for 1947 and 1969-1%71, and for scme sites,
especlally lung and stomach, mortality data adaquately reflect incidence.
Incidence and mortality from stomach cancer have been moving down steadily
for some time. For example, the death rate for white males that was 16 per
100,000 per year in 1960 had fallen to 8.2 by 1977. Conversely, death
rates for lung cancer have been increasing rapldly over this period, the
comparable rates for white males belng 38 in 1960 and 6B fn 1977. Changes
in rates for other sites are less dramatic or seem less certain ar the level
of incidence. For example, wortality from thyrold cancer has been falling
bur there are indicatinns of a 10 percent increase in incidence from 1970 to
the average for 1973-198l. There are alsc some changes for non—-whites of
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which the most significant is for the esophagus: the mortality rate I.r
non-white males that was 10 in 1960 had risen to l4 by 1977.

Among the ten SEER regions, there is a fair amount of variabliliey
for some cancer sites (Table VII-l1). For example, the incidence of lung
cancer may vary by as much as a factor of three between the SEER regions
with the lowest and highest rates. Table VII-2 exhibits for each kind of
cancer the largest and smallest ratios for any arez to the All Areas
incidence rate., Although a few of the extreme v+  -s are based on small
numbers of incident cases, and hence are subjec: large sanpling varia-
bility (e.g., the ratio of 0.26 for esophageal . .er io females in Utah
is based on only nine cases) most of the ratios ave fairly stable with
respect to sampling variability: the very high ratic of 2.14 for stomach
cancey in Hawaii males is based upon 442 ceases. Most of the variability
exemplified in Table V1I-2 must be considered real.

Explanations for some of the variation come readily to mind: Hawaii
has & very diverse ethnic mix, and the high ratios for thyroid and stomach
cancer, and the low ratio for breast cancer, result from that fact, as an
examination of ethnicity-specific rates in Hawaiil makes clear {7). The
low ratios in Utah for cancers of the lung and bronchus, esophagus, and
colon presumably result from the well-known differences in life style of
the Mormen populaticens of that state. To the extent that the low ratlos
for lung and bronchus reflect a high proportion of non-smeokers, that
effect will be accounted for if smoking history 1s consldered by the method
explained in Chapters IV and 1X.

. Minimal Latent Period

Time to tumor recognition 1s approximated by the interval from expo-
stre to date of diagnesis. This approximation may be subject to "error,”
in that disgnosis may be delaved beyond the time when it might have been
made, but it would be unusual if the delay were more than a year or twe,
except in the case of thyroid cancer. Most incidence rates for cancer do
not change rapldly over such short age intervals. An “error” of this kind
could be significant only if it affected whether or where the fnterval from
exposure to tumor detectiom fell within the period over which the minimum
latent period is smoothed as described in Chapter V-C; e.g., 5.0-9.%
years for most solid tumors.

The minimum latent periecd assumed in the calculation of PC tables 1s
empirically based, but can be only roughly estimated for solid tumors.
The BEIR III report (1) gives a minimal latent period of Z-4 years between
exposure and tumor detection for leukemia and bone cancer, and this range
seems well established. The BEIR III value of 10 years given as the
minimal latent period for solid tumors 1s very approximate, as it Is not
site—specific and all indications are that the interval varies greatly
with age at exposure, being longer for younger than for older individuals.
For younger individuals especlally, the uncertalnties are appreciable,
but of little practical effect when the comstant telarive risk model of
time-response is used.

Although the Working Group starts from the assumption of minimum
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latent periods of two years for leukemia and bone (brief irradiation
only) and 10 years for the other cancers, to aveid the sharp step-up from
0 to full effect at these points, it has “smoothed™ rhe minimum latent
period as described in Chapter V-C, For leukemia and bene cancer, for
which a fitted "wave” function represents the distribution of excess
rases over time, no such additiensl smoorthing was necessary. For the
other forms of cancer, however, the process of smoothing is rather arbit-
rary as empirical data are lacking. The interval 5.0-9.9 years after
exposure may not be the optimal cheice, and the cuble function used to
graduate the effect of time to diagnosis within this interval may not he
the best function to use.

For bone cancer and leukemia the minimal latent periods, 1.5 and 2
years, respectively, have a range of uncertainty from about 1 ro 4 vears.

For the solid tumors the Working Group has assumed that the full exptession
of the increased relative risk occurs as eavrly as ten years after exposure,

and trhat the increased risk builds up in the interval 5 to 9 vears after
exposure. 1t is rhought that these assumptions, in all probability,
under-estimate the required period of larency. It 1s only with respect
to intervals of 5-14 years between exposure and diagnosis that this
source of uncertainty is meaningful.

E. Dose—-Response Function

In general, it has not been possible to show that doses of a few rad
have any infliuence on the likeiihood of cancer since the risk, if any, is
lost in the background of natural incidence. 1t should be noted that the
BEIR committee was unwilling to make estimates for acute doses below 10
rad or for continucus exposure to less than 1 vad per year. Although it
has been suggested that a dose as low as 2-3 rad during fetal life may be
leukemogenie (10,11}, these studles have been questioned by some because
exposure generally occurred on a selective basis associated with rhe
medical indications for X-ray pelvimerry. Comparable studies in which

radiation exposure occutrred on a non-selective basis from routine pelvimetryy

(12) or atomic bomb radiation (13} do not suggest that doses of 2-3 rad
have any effect, but these series are small {see Chapter 1I1I-G).

In the very low dose region useful sstimates cannot be made without

interpolation between the risk at 0 rad and the demonstrable and measurable

risk in the relatively high dose region, generally at or bevond 100 rad.
In the absence of a satisfactory theory of radiation carcinogenesis to
guide the cheice of mathematical funetion with which to perform the
interpolation, counsiderable uncertainty attaches to interpolated risk
corfficients in the low-dose range. 1In the 3BRIR III report, for exanple,
the calculated linear coefficients (i.e., the limiting slopes of the
dose-response curves at very low doses) for the risk of leukewmlia from
low-LET radiation are Q.99 + 0.93 excess cases per 100 persons per year
peT Tad under the so-called linear-quadratic model and 2.24 + 0.60 under
the linear model. In the "pure” quadratic model, of course, the linear
term vanishes entirely. At 2 rad the risk of leukemia under these three
models is 2.0 per miliion persons per year for the linear—quadratie, 4.5
for the linear, and 0.056 for the “pure” guadratic. Corresponding values
for all forms of cancer, other than lenkemia, considered as a group, are
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2.8, 6.94, and 0,074, The linear model is generally considered to over-
pctimate the risk in the low dose ramge, although it is possible to post-
ulate a distribution of susceptible individueals in the populatien such
that a power curve might better describe the dose-response relationship
(14). 1In this latter case, low-dose Tisk estimates might exceed those
based on the linear model, but the applicability of such estimates to the
calculation of PC values would be questicnable.

Animal experiments in which a wide range of dose is employed cften
show a turn—down in the dose—effect curve at high doses, an observation
attributed to cell-inactivation. The BEIR IIT committee did not employ a
model with a term that brings down the curve at high doses since it was
concerned with low dose estimation and, since the LDsg for acute whole-
body doses to man is in the range of 350-450 rad, the turn-down is not as
definite in the data on the A-bomb survivors. But for partial-body
irradiation this aspect of dose-response may have conslderable importance
when organ doses are very high, as is suggested by the low incldence of
second cancers 1in patients treated with therapeutic doses of radlum and X
radiation for cervical cancer. Failure or inabllicty to correct for this
phencmenon has the effect of over-estimating the PC values at very high
doses. :

As indicated in Chapter V-B, for exposure to lew-LET radiation the
Working Group has chosen the linear-quadratic dose-response medel for all
forms of cancer except cancers of the breast and thyrold., Since the co-
efficient of the linear term of the linear—quadratic dose-response function
was generally derived from the cortesponding coefficient of the linear

function employed in the BEIR report for cancer incidence, and the procedure

was merely to divide the latter by 2.5 to create the coefficients used
here, this factor provides one measure of the uncertainty assoclated with
the choice of the dose-response function, at least in the range of 20 rad
or less. Above 20 rad the DZ/116 term becomes increasingly important;
the risk on the linear model would be less than 2.13 times that on the
linear—-quadratic wodel, not 2.5, 1In addition, there 1s an uncertainty in
the factor 2.5 that rests on the choice of the cross—over dose, estimated
in Section VII~0 below to range from about 1.0 to 6.3,

F. Influence of Age at Exposure

Although the BEIR ITI risk estimates (1) in Table VI-I here represen-
ted a consensus of informed sclentific opinion at the time, there were
few human data to substantiate some of the risk estimates for exposures
below age 10 or, in some cases, below age 20. Although for a few cancers
{thyrold, breast, lung, leukemia) the Working Group has modified the BEIR
1980 risk values on the basls of later data not avallable to the BEIR
Committee, for mosr of the cancer types the BEIR risk estimates have been
adopted. '

The accuracy of a risk estimate is limited by the number of cases of
a particular cancer observed among persons whose doses were at least 10
tad. Even when that number iz reasaonably large, the risk estimate may be
subject to considerable uncertainty but, when the number is small, the
uncertainty may be sc large that the risk estimate is unusable for the
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present purpose. The most recent mortallity data concerning the Japanese
A-bomb survivors that were available teo the BEIR Committee apply to the
period from five to thirty vears followlng the radilatien exposures (15).

Age 0-9 in 1945. For the digestive organs and peritoneum, there
evidencly were barely encugh datz to support an estimate of risk for the
class as a whole; risk estimates for pancreas, liver, etc are supported
by no data. For these cancers In children, ne data were availlable to the
BEIR Committee except those from the Japanese survivors. Table VII-4
provides no basis for calculating PC's for exposures at zges under 10
vears for cancers of any of the digestive or respiratory organs. PC's
cannot be calculated because the underlying BEIR risk coefficients are
nokb supported by adequate data.

Age 10<1% in 1945. The data in Table VII-5 may be sturdy encugh ta
support PC's for stomach cancer, but not for any other individual digestive
organ. The number of deaths from resplratory cancer is also very small,
but the cocefficients in Table VI-] were based on the later 1950-1973
report {10), wicth I35 deaths in this age group from lung cancer. The tables
in Chapter X, therefore, provide the basis for caleulating PC's for this
age group at exposure only for the stomach among the digestive organs, as
well as for lung cancer, bone cancer, leukemia, thyreld cancer, breast
cancer, and cancer of the salivary gland.

The next BEIR report will be able to take advanrage of extensive
data compliled since the BEIR 1980 report (1)} was prepared, lncluding
eight additional years of fellow-up of the Japanese A-bomb survivors.
Risk estimates for young persons, and knowledge of latent perlods applic-
able to them, will be much improved, and future versions of these tables
can then provide PC's for ages and cancer types fer which presently
available data are inadequate.

In addition £o the extreme uncertainties that make it inadvisable
to attempt estimates of risk at the younger ages, the statistical uncer-
tainties in age-specific risk coefficients arising from sampling error,
and the possibly atvplcal character of some of the populations whose
experlence has been drawn upon for epidemiologic studies, there 1s the
technical problen of interpolation among the risk coefficients calculared
for age intervals to produce estimates for single vears of age, as well
as the problem of extrapolation in the age range beyond the glven data
poines. Enowledge of age at exposure as a determinant of risk is too
limited to provide sure guidance for the choice of a fitting procedure
for each site, and different methods naturally give somewhat different
results, especlally at the oldest ages. The BEIR ceoefficients are given
in age-at-exposure intervals of 0-9, [0-19, 20-34, 35-49, and 50+. For
sone sites it makes a great deal of difference, particulariy at ages 65
and older, how the fitting is performed. Linear interpolation between
the midpeluts of adjacent age intervals would produce a sequence of
irregular changes with age and leave undefined the reglons under age 5
and over age 65. A cubic spline interpolation provides z smoother sequence
of values within the range bounded by the midpoints of the extreme age
groups, e.g., 4.5 to 58 or 59 In the case of levkemia, and 24.5 to 58 or
59 in the case of colon cancer, but the behavior of the spline function
outside this range can be difficult to predicrt. These problems have heen
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handled as described in Chapter V-D, by a method that seems reascnahle

and satisfactory to the Working Group. It must be admitted, however,
that other plausible approaches might have vielded different estimates
for very young and very old exposure ages.

G. Sex

Sex differences in the absolute risk of radiogenic cancer are
gpparently small (1), except for breast canrer, thyroid cancer, and
leukewia, but the topic is net {fully developed in the radiation literature.
In the BEIR I1Il report the age-—specific absolute risk coefflclients are
identical for the two sexes, except for the 3 sites nawed, but when, as
here, these coefficients are employed to derive relative risk factors
by sex, such factors differ considerably between the gexes, most notably
for lung cancer, but alsa for major gasrrointestinal and urinary organs
for which SEER baseline rates for males are well in excess of those for
females. There is uncertainty here, but it cannot be gquantified.

K. TDosimerry

The organ dose from external low-LET radiation can usually be esti-
wmated within a factor of 2 in individuals who wear film badpges or other
quantitative detection devices or who work in carefully monirared
areas. The absorbed radiation dose is even more uncertain for any
unbadged individual whose dose estimate depends om an environmental
reading thar may not be in his immediate vicinity, and is subject to
attenuation by environmental shielding as well as body shielding and
thus may vary over time. Exposure from ingestion or from sources
absorbed within the body, such as iodine~131, thovotrast, radium, and
radon daughters, is characterized not only by uncertainties as to level
of dose, but zalse by the lack of precise informatfon on their relative
biological effectiveness. If the absorbed radioisotope 1s long-lived
and can be measured in an individual and in specific organs, dose
estipation mav be much more accurate. The determinatlon of jodine-131
doses to the thyroid afrer the fact, e.g., from weapons tests, will
always be difficult In view ¢f the Indirectness of the exposure through
the food chain and the physiological variazbles affecting the uptake of
the radicisotope by the gland. A major effort, also mandated by PL
97-4)4, is currently in progress to address the radfolodine problem. The
Working GCroup early determined that it should extend its PC estimation
to internal emitters only where adequate epidemiological data were
available, i.e., for radium-224 in relationm t¢ bone cancer.

The absorbed dose to the relevant tissue, generally an average over
the target organ in the case of external radistion, is the quantity em-
pPloyed in these tables because this is the form in which BEIR III
presented its risk estimares. These, in turn, were based on reports om
the effects of diagnostic and therapeutic irradiation that generally
State dose-specific risk estimates in terms of the tissue dose, and on
reports on the A-bomb survivors whose external (kerma) doses were
converted to tissue doses by means of Kerr's table {1). The relevant
dose to @ particular organ will, bowever, in many instances be difficult
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to detevmine for such reasons as the following: {a) artenuation hy
overlying tissues will in general vary with photon enargy: and (b) in

the case of partial-body exposure, or whole-body exposure to highly
directiornal radiation fields, calculation of 2 mean organ dose may be

very uncertain. TIn the case of partial-body irradiation, the dose to an
organ may be markedly non-uniform; this is especially true for an organ
like the acrive bone marrow, which is widely distributed in the body., If
the dose-response function were truly linear, it would be appropriate to
utilize the average dose over the entire organ and, for small doses-—of

the order of 10 rad or less-—linearity can be assumed. If, however, the
maximum and minimum doses to different parts of the organ are very different,
serious errors can result——in either direction. If the maximum dose is nor

too large, and the response function is lirear—-quadratic, then the "effective”

dose wlll be under-estimated by the averaging process, but if rhe maximum
dose is large enough to cause substantlal cell sterilization, the "effective"”
dose can be over-estimated.

The quality of the dosimetry on which risk coefficients are based is
best for series derived from therapeutic irradiation. Treatment plans
are carefully made and wsually recorded In 2 fashion that permits the
calculation of doses, even to organs outside the primary radiation field.
The dose estimates for diagnostic irradiatiom are mote uncertain and can
be difficult to reconstruet and descrihe with precision, e.g., in the
case of fluoroscopy used to monitor artificial preumotherax therapy for
tuberculosis {16). Average values may be fairly accurate, but Individual
doses highly variable,

Because the desimetry for the A-bomb survivors Is now being revised
{17,18), the age- and sex-specific risk estimates which depend on their
experience are now uncertain. WVarious attempts have been made {19-21) to
predict the extent to which the next generarion of dose estimates will
change previously calculared risk coefficlents, and it appears that
certain low-LET risk ccefficients may be increased, but probably by na
more than a factor of 2 (20). The types of cancer for which the co-
efficients depend essentially on the A-bomb data are: Ileukemia and
cancers of the esophagus, stomach, colon, lung, breast, bladder, and
kidney. Sites for which the risk coefficlents are relatively independent
of the A-homb data, at least as to level of risk, are: bone, salivary
gland, llver, pancreas, and thyroid. Charles et al (22) recently reviewed
the 1977 UNSCEAR report {2) tc estimare the overall risk of radiogenic
cancer based on all soutces of human data except the experience of the
A—bomb survivors. Their estimate also differs From current Tisk estimates
by a factor of about 2,

The dosimetry for the British ankylosing spondylitis series (23}, a
major source of data fer the calcularion of risk coefficients, has been
under Investigation by a British team for some time but, except for
leukemia, the only published estimates are the preliminary figures given
in the BEIR III reporc (l}.

& particularly difficult dose-reconstruction has been that Ffor the
thyroids of patients with tinea capitis treated with epilating doses of
X rays in Israel (24), The attribution of exress thyrold cancer to an
average tissue dose of about 9 rad has important implications for the
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shape of the dose~response curve, but even a careful reconstruction with
phantoe simulation may not take full acecount of the Influence of movement
on the part of the patient during the therapeutic procedure, movement
that might have led toc higher doses to the thyrold than those estimared,

I. Coefficients Describing the Dependence of Risk on Dose

Alrhough the risk coefficients are the most complex element in the
PC calculation, it is doubtful whether they are sublect $o errors as large
as those of most dose estimates for persons exposed to falleout, for
example. $Standard statistical wmeasures of uncertainty calculated for
specific data sets are meaningful when data are reasonably numerous, as
iz true for scme sites in the case of A-bomb survivors, but such instances
are few, and sampling variation is enly one part of the uncertalinty
surrounding risk coefficients. As an example, Table VII-3 repreduces the
linear regression estimates and 90 percent confidence intervals for many
types of cancer mortallty associated with ionizing radiation among A-bomb
survivors (25). Only for leukemia, lung cancer, and breast cancer do the
90 percent limits differ from the mean by a factor less than Z. These
coefficients are for all ages at exposure. When one confronts the task
of caleuvlating PC tables over the entire age range, one finds thar ic 1s
only for leukemia, and cancers of the breast, bone, salivary glands, and
thyroid, that there 1s enough experience upor which to base risk coeffie-
lents for those exposed under age 100. Most recorded series pertain to
exposure during adult life, and even the A-bomb survivors exposed before
age )]0 provide very little information on thé risk of radiogenic cancers
of gastrointestinal, urinary, and respliratory organs. This is discussed
more fully above in Sectlion F.

it should be borne in mind that the site-specific risk coefficlents
for cancer incidence in rhe BEIR IIT report are, except for leukemis and
bone cancer, linear coefficients. Thev were derived by the BEIR III
commirtee as an adjunct to the wortality estimates, and represent the
Committes's summary of the evidence from the mediczsl and the environmental
exposures reported in the literature as of 1979, 1In some instances
incidence risk estimates were obtalned by transformiang wortality risk
estimates as explained in the BEIR report (1). The technique employed
the liferime expectations of {a) develeping, and (b} dving of, cancer of
a specific site.

The conversion of BEIR linear—-model risk coefficients to coefficlents
for the BEIR linear—quadratic model, in which the excess risk from an ex-
posure to D rad Is proporticnal to D + D2/116, was accompliched by dividing
the linear coefficients by 2.5 (see Chapter V-B). The results obtained by
this procedure are not necessarily identical to those that would have been
abtained by reanalyses of the original datz using the new model, but this
source of uncertalnty is unimportant relative to that ilnvolved 1in the choice
of the crossover dose of 116 rad. The statistlcal uncertafnties underlying
this proecedure are appreciable. The reliablility of the c¢rossover value
depends more on its agreement with experimental results obtained over a
wide range of bilologic systems than on its statistical stabilicy (See
Chapter V-B).
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Finally, a question has been raisad as to the source of the BEIR IT1
coefficients, especially their considerable dependence upen the expertfence
of the Japanese A-bomb survivors and their applicability to the 11.S.
popularion. The only avallable test here is one of consistency among
sources, and in general the absolute risk coefficients obtained in Japan
are very much like these obtained in the U.8. and U.K. except that their
variances are smaller because the experience Is larger. This subject is
discussed more fully in Chapter III-K.

J. Dose Rate

The linear~quadratic model used for the risk estimates with low~LET
radiation for all cancer other than breast and thyroid, having a “cross-
over” point at 116 tad, is based on acute ({.e., fairly high dose rate)
exposures to radlation. As has already been discussed in Chapter JIII, at
low dose rates the guadratic term becomes less important, and at very low
dose rares it {s assumed that the dose-response function 1s reduced to
the linear term only, The exact dose rate below which the quadratic term
can be ignored is not precisely determined, but experimental studies
indicate that it might be on the order of 0.001 rad/min or 1 rad/day, or
perhaps somewhat greater (see Chapter ITI-I}. For acute exposures below
5 rad, the contriburion of the quadratic term is on the order of 4 percent
or less of that of the linear term alone. The approach being suggested
for the calculation of protracted or fractionated radiation (see Chapter
V) will reduce any dose-rate effact to well within these limits of error.
For thyroid and female breast the available dats suggest a linear dose—
response model which implies that there should be no influence from vari-
ation In dose rate. The latter inference is borne out in the case of the
breast.

In human cells in vitro the greatest change in effect (cell inactiva-
tion) with dose rate occurs in rhe range 100 rad/win to 10 rad/hr (26):
one mav, therefore, as a first approximation, assume no varfarion in
effect with dose rates In the LQ model at dose rates greater than 100
rad/min, For dose rates in the rransition range (10 rad/hr to 100 rad/min),
if one were to treat large exposures as acute doses, the margin of error
would be the contribution of the guadratic term cof the linear-quadratic
model. Below the cross-over polnt (116 rad) that would imply a factor
less than 2.0. It is reasonable to assume that not many exposures will
fall in this dose-rare range, but such exposures should be treated on an
ad hoc basis.

The uncertainty associated with the dose rate is essentially incorpor-

ated in the factor esfimated for the choice of dose-response model,
especizally when account is taken of the uncertainty in the crossover dose.

K. Time-Response Models

Risk coefficients are either absolute, f.e., calculated as an excess
over and above baseline incidence, or relative, l.e., expressed in wmultiples
of the natural incidence. Absclure risks are frequently expressed as
excess cases per million persons per year and per rad {or rem), whereas a
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relative risk estimate may be some (generally constant) fractlon of the
baseline incldence corresponding to the effect of a fixed dose, e.g., a
rad (or rem}. Wher a constant absolute risk is used as a time-response
model it suggests that the risk of radiogenic cancer 1Is viewed as independent
of the underlving baseline risk. A constant relative risk model for time—
Tesponse is suggestive of mechanisms by which radiatfon interacts with
other causes to multiply the baseline risk by some constant {see Chapier
IV-H}. These models, and the measures they generate, have very differc-t
~implications for the caleulation of excess cancers following exposure to
radiaction. Under the constant absolute risk model for distributing
radiogenic cancers over time, once expression has been established, the
axcess per unit of population, dose, and time, 1s constant. Under the
constant :elative risk time-response model, the number of excess cases
during the peried ¢ oxpression is a fixed multiple of baseline incidence
and, therefore, for - st solld tumors, lncreases with a-: . For the
interval observatlior -Tom which the risk estimates are . :nerated, both
measuTes must, of rourse, yield the same Lotal excess, a7 the exi 58
will be distriboted differently over time. For the period beyond -he
interval of observation, the predicted excess will frequently be very
different for the two measures and greater wirh the relative risk model
since baseline rates of cancer generally increase markedly with age.

Although the absolute risk time-response model has dominated the
literature and has been the cholce of such groups as the ICRP (4) and
UNSCEAR (2), in the NAS BEIR I (27} and BEIR III {}} reports it has been
used in parallel with the constant relative risk time-response model.
Recent data on the experifence of the A-bomb survivers (25,28} have
provided a strong basis for employing the relative risk model in preference
to the absolute risk model, especially for breast cancer and lung cancer,
and the working group has adopted the relative risk approach ip calculating
thig first edition of the PC tables (see Chapter V-C). The use that is
made of the constant relative risk approach, however, 1s not based on the
assumption that the relative excess per rad is imvarlant with respect to
age, sex, tumor site, geographic or cultural region, ete. Rather, it is
limited to the assumption of a relative risk that is constant over the
period 10-35 vears after exposure for a particular tumor, a particular
age-group at exposure, a particular sex, and a particular population
laevel of baseline incidence.

Within the period of observation, generally up to 35 years after ex-
posure, the uncertainty introduced by the choice between the two models is
not large, but it does iIncrease thereafter. In the life-time projections
of the EEIR 111 report, where risks are extrapolated beyond the present
range of the available human data, constant relative risk estimates of
the totzl burden of radicgenic cancer from a continuous exposure of
1 rad/year beginning at birth are about 3 times those based on constant
absolute Tisk estimates (1). With continuous exposure beginning at age
20, however, the differential in risk is only about two-fold.

The constant relative risk model is definitely superior to the constant
absolute risk model which simply does not fit the data. But with additional
observations, beyond the 35-~year interval for which data are presently avall-
able, the constant relative risk model may fir less well than it does for the
earlier period. For example, the wultiple of baseline incidence may decline
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after 40 or 50 years. Thus, PC estimates calculated for intervals of more
than about 35 vears after exposure have an additional element of uncertainey,

L. Interaction with Other Carcinogens

The prevalence of carcinogenic influences in one's environment and
life-style suggests that any individual with cancer following exposure ro
lonizing radiation will alsc have been exposed to other carcinogens. The
only competing risk factor for which the Working Group has been able to
find adequately gquantitative dara is smoking in relation te lung cancer.
Smoking 1s a very potent risk farctor for lung cancer. The retarive risk
of lung cancer for heavy smokers versus non-smokers, about 24, is exceeded
for very few risk factors, Unfortunately the literature 1s unclear as to
the nature of the interaction between smoking and fonizing radiation in
this case: a recent analysis of the experience of the U,S, uranium
miners suggests a multiplicative relationship (29), another on Swedish
iren miners suggests an additive relationship (30}, and finally, the data
on the A-bomb survivors suggest additivity (31). In the present report,
additivity has been assumed for low-LET radiation and a amultiplicative
relationship for expesuras to radon daughtrers, The range of vancertainty
surtounding the cheice of model in this case is roughly Indicated by the
values of "W' in Chapter TV-H that vary from 6.8 for non-smoking males to
0.29 for males with a two-pack-a-day habit, That iz, these are the
multipliers that are considered appropriate for the additive model, while
under the multiplicative model "W" is one.

For many sites of cancer there are factors that seem able to increase
the risk of cancer by a factor of twe or more, and for ail of these it
has been assumed that the multiplicative model 1s more appropriate. This
assumption, it should be noted, is not based, as 1s the cheice of model for
smoking, on empirical studies of radiatien and other specific carcinogens,
but on the fact that, in the few series with relevant aobservations, the
distribution of the radiogenic excess over time appears to be proportional
te baseline incidence. If another carcinogenic factor is present In
addition to the radliation, and to a degree greater than average for the
taseline population, and the two factors are additive in effact, the
normal cancer incidence assumed for the PC calculation is too low and the
resulting PC value, toc high. If, on the other hand, they interact
multiplicatively, no adjustmenr is required. The problem 15 discussed
further in Chapter IV.

M. Other Sources of Uncertainty

In addition to the above sources of uncertainty, for which there is
some information, others can be named for which information is campletely
lacking: hormonal status, genetic or ather differences in DNA repair
capability, add other host Factors, particularly immune status. It is
extremely difficelt to establish the etiology of an individual tumor, but
epidemiclogic and toxlcologic studies have identified a number of speclfic
carcinogens for man, and any instance of a cancer following exposure to
ionizing radiation should 1deally be reviewed in the context of exposures
to other carcinogens that may, in fact, have baen responsible for initiating
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the tumor. Asslgning to each known carcinogen its share of responsibility
in the process, however, reguires far more informaetion thanm is presently
available in quanticative form, and the Working Group has been able to go

no farther In this directien than to account for the influence of smoking
status In fnstances of lung cancer (see Chapter VI-H). The PC calculations
are unaffected, however, by exposure teo carcinogens which interact multi-
plicatively with lonizing radiation. Finally, if comwpleteness of ascertain-
ment for slowly progressing tumors, like thyrold cancer, has been greater
for exposed subjects than for the general population, an upward bias is
introduced into any PC calculation.

N. Effects of Varilation in Density of Energy Deposition (LET)

The above discussion has dealr largely with low-LET radiation. There
are, however, two exceptions: the tables for bone cancer apply only ta alpha
radiation from radium~224, and tentative estimates have been provided for lung
cancer following exposure to alpha particles from inhaled radon daughters. -
Data on the induction of bone cancer by low-LET radiation are inadequate
as a basis for PC estimation and the Working Group, follewing the BEIR
111 report, has used the medical experience with radfum-224 as a basis for
PC estimation, but with no intention thar it be applisd to the long-lived
isotopes of radium much less to low-LET radiation., Thils means that the
bone tables are of very restricted applicability.

Although the Working Group has assumed, throughout, that X and garma
radiation are equivalent in terms of RBE, this is not strictly so since the
LET and, therefore, generally the RBE for any given type of radiation,
will diminish 28 the energy is Increased. For this reason, energetic
gamma radiation 1s less effective than 250kVp X rays. The difference is
relatively small at higher doses and dose rates, but may be quite signifi-
cant at low doses and dose rates. For example, for mutatlons in Tradescantla
ané chrowosome aberrations in animal cells, cobalt-60 gamwa radiation at
low doses was abserved to be between 1/3 to 1/2 as effective as the
reference 250kVp ¥ radiarion (32,33), This implies that at low doses and
dose rates exposures to energetic gamma radiation 1s less damaging than
exposure to so-called ortho-voltage X rays and that the tables will yield
PC's in excess of the true values. It alsc Iimplies that, insofar as some
of the site-specific risk facrors derive in part from the Hiroshima-Nagasaki
experience, these risk factors may be somewhat lower than they would for
kVp %X tays. The Working Group does not have the data that would allow it
teo address this issue at the computational level.

0. Propagation of Unecertainties and Their Effect upon the Probability of
Causation

Table VII+6 summarlizes the various sources of uncertalnty, how they
were handled, thelr estimated magnitude and how their resclution by the
Working Group may have iInfluenced the PC values that can be calculated
from the procedures detailed here, It is desirable ro estimate the
effect that these uncertainties, acting jointly, may have on the calculated
value of the PC.
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The excess relative risks are considered to be subject to uncartainties
that have lognormal distributions. The logarithms of the "best estimates™
which are tabulated then correspond to the mean valiyes 0of normal discribu—
tions.

A normal distribution is symmetric abour its mean, and deviations from
that mean are expressible In standard form as wultiples of the standard

deviation of the distribution. Thus, for example, 95% of a normal distri- 4

bution with mean u and standard deviation ¢ 1lies between p — 1.96; and ; +
1.969. & lognormal distribution alse 1s symueiric about L1ts geometric

meant G, but in a wultiplicative sense. £ is the exponential of the arith- 7

metic mean on the logarithmic scale. Defining the "geometric standard de-
viation” (G.5.D.), 8§, as the exponential of the standard deviation on the
logarithmic scale, it follows, for example, that 95% of the distributicn
lies between

G x g-1.%6 . exp {1aG - 1.96 InS)

N
1]

and

U=06x5%96 = axp {InC + 1.96 1nS).

In the above formulation, if G and S are estimated, then the inrerval
{L,U} cotresponds approximately to a 95% confidence interval for the true
geometric¢ mean. In some applications no value of § may be obtainable
directly from data, but if a 95% “eredibllity interval® of the form {L,1)
can be constructed for the true geometric mean, 2 subjective astimate for
5 can be calculated by solving the relationship

L/U = 83.92,

The G.S.D. for a logneormally distributed estimate G, which 15 itself the
product of K independent estimates, each with G.5.D. §4, can be caleulated as

P 2

= 2
11‘[ S - ].n Sl + - - [ + ln SK,
and a credibility interval for the true value can be ¢alculated in terms of

G and S.

Where G.S5.D.5 could be calculated from avallable data, as for variation
in baseline rates, the values $; were esrimated as the exponentials of the
standard deviations of the Iogarithms of the rates. In other instances the
values of 5; were esgtimaced as described above, relying on estimates of U and L.

The uncertainties are of twe kinds: Those which may equally well be in
either direction and those, like that which derives frow the reassessment of
the A-bomb dosimetry, which are considered more likely to be in one direction

than the other. We refer to thenm briefly as unbiassed and biassed uncertainties. 3

1. Inbiassed uncertalinties

¢ Baseline values. The All Areas SEER incidence rates are
appropriate for an average member of the population of the United
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Srateg: a different baseline rate may, however, apply to a parti-
cular individual, based on geography of residence. Table VII-]
shows, for each of the ten SEER areas, the age~adjusted incldence
rate for each cancer. Geometric standard deviations (G.S5.D.s} of
the rates have been calculated for each cancer for males and females
separately; they ranged from a low of 1.076 for acute leukemia in
males to a high of 1.636 for liver cancer in males. Imn general, the
G.5.D.s for particular cancers were of similar magnitude for males
and females. Upon pooling the G.S5.D.s for cancers for which the
values were similar, the following values were obtained:

GeometTic Standard Deviation
among SEER Registries

Eind of Cancer S
All leukemia except chronic 1.10
Ivmphatlic

Acute oT chronic granulocytic leukemisa,
bone, breast, pancreas, colon and

kidney and bladder 1.17
Salivary glands, thyroid, lung and

stomach 1.36
Esophagus and liver 1.53

o Influence of Age at Exposure. Risk estimates have been
provided for only those ages at exposure for which adequate data
are available. From Table VI-1 ir can be seen that for most
cancers excess risk per rad varies by a factor of about 4 as
between ages 20-34 and 50+. Exceptions are leukemia, liver,
breast and thyroid cancer. Taking account of the stepwise
nature of the age variations shown in Table VI-1, & total wn-—
certainty of about 50 percent is suggested. 1If U and L are
estimated as 1.5 and 0.667 times the stated values, then U/L =
2.25, and the G.5.D. is calculated as §4 = 1.23.

¢ Time Response. As explained in Chapter V, a wave-
like, lognormal functional form has been used to express the
time course following exposure for radiation—induced leukemla
or bone cancer. For all other cancers, following an initial
latent period, relative risks per rad are assumed to be constant.
It is unlikely that the time course for leukemia is in error by
more than about two years - that is, the pesk year for chronic
granuloeytic leukemia ig estimated to be five years after
exposure; the body of data concerning human radiation leukemo-
genesis is sufficiently large and consistent that an error of
more than twe years in the timing of that peak is most unlikely.
The temporal distribution curve following exposure (Table X~
1-A) shows that an error of two years in the placement of the
curve seldom changes the value of the curve by much more than
10 percent, and amounts to about 20 percent as between three
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and five years after exposure. The G.$.D. can be estimated,
then, to be no more thanm 1.19.

With respect to the solid cancers, the Working Group has
adopted the constant relative risk time projection medel,
Avallable datz indicate that rhis wodel is at least an excel-
lent first approximation; there may, however, be some variation
with time In the relarive risk, especially for persons young at
the time of exposure, and after intervals of twenty-five to
thirty vears. $Such uncertainty is assessed to be no more than
a factor of about 1.3} the G.3.D. is estimated as 1.15.

© Ratio of the Linear Coefficfents in the Linear (L} and
Linear—Quadratic (LQ) Dose-Response Models.
A5 explained in Chapter V, the 1980 BEIR regression analyses of
mertality from all forms of cancer except leukemia vielded co-
efficients in the ratio of 2.5. That is,

EL!ELQ = 2.9.

This ratio depended on the assymed crossover dose of 116 rad,
an estimare derived from the data on mortality from leukemia.
Had a different cross-over value been selected, a different
ratio would have vesulted. The ratio depends on the cross-over
dose, €, as follows:

EL."‘ELQ =1 + l?ﬁl.’c-
The consequences of assuming that C 1s as small as 33 rad, or as

large as infinity, in alternative fits to the original data of
the BEIR Committee, are shown below:

Cross-over Value Ratio Ep/Eg

(rgd)

33 . 6.3

50 4.5

75 3.3

lle 2.5

200 1.9

Infinity 1.0

The formula for the "effective” dose is D + D2/C and thus

effective dosze variesg Iittlie with the value € 1f the dose is less

than 5 rad, but uncertainty in the }inear term, 2.5, fllustrated
above, strongly affects the PC,

it 1s thought that the true value of the cress—over dose
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is almost certainly In the range from 33 rad to infinity, The
ratlios which ceorrespond to those valuves are 6.3 and 1, with a
geomerric mean of 2.5. TIf the probability that the stated
range does cover the true valee 1s assessed at 99%, then the
G.8.D. for the ratic is 1,43 = 6,31/5:12, This value applies
to all cancers except breast cancer and thyrold cancer, for
which a linear dose respense model has been used.

An infinite cross-over value, which corresponds to the
value of 1.0 for the ratio Ey/Epy, characterizes the linear
dose-response wodel. The pure quadratic dose response model
would correspond to & cross—over value of zero tad, and an
infinite ratio. Ewven for a cross-over value as low as 33
rad, the dose-squatred term adds no more than 15 percent to
the affective dose for an organ dose of 5 rad,

Blassed Uncertalinties

o Latent Pericd. There seems little doubt that beyoend 13
years from exposure, the full radiation risk applies for all
cancers except leukemia and bone cancer and that at least five
vears 1s requited for a radiation exposure to result in an
overt cancer. The Working Group has chosen to calculate PC's on
the agsumption that full expression occcurs as early as 10 years
after exposure and has assumed that risk rises in a smooth way
from the fifth to the tenth vear. While rhere is little reason
to quastion the estimaces on the basis of latent period except
in the interval 5 to 14 years, within that interval uncertainty
does exist. This uncertainty is biassed, in the sense that the
estimates, if erronecus, are likely to be erroneously high.

If it be suppesed that, In the interval 5 to 15 years, the risk
estimare is, with credibility %5 percent, between one-half of
that embodied in the Working Group's formula, and the full
value, then the range .50 to 1.00, with geometric mean (.71
(bias correction factor) has a £.%.D, of 1.19.

o Risk Coefficients. Many, but not all, of the risk
coefficients used here are based mzinly upon the experience
of the Japanese A-bomd survivors; the exceptiopns are for can-
cers of bonme, salivary glands, liver, pancreas, and thyroid
gland. Recently it has become apparent that the dosi-
metry svstem, designated T-65, upon which the Japanese data
are based, was serfously in error (34-36}. An Intensive
effort to provide a new and better deosimetry system s under
way {(37,38) but has not vetr been completed at this time
{December, 1%84)., Estimates have been provided, however, of
the changes that may result in the dose-effect coefficients
for gamma rays, by Fujita as increases by a factor of 1.2 to
1.7 {39) and by Jablon as 1.6 to 2.2 (40). If it is assumed
that a 95 percent credibility interval on the factor ranges
from 1.2 te 2.2, the geometric mean would be 1.62, with a
G+5.D. of 1,17. These values would apply only to those cancers
for which the BEIR III risk estimates were based, }in large part,
upon the A-bomb surviver experience: the leukermias and cancers
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of the esophagus, stomach, colon, lung, breast and kidney and
hladdar.

In addition to the uncertainty which results From prospect—

ive revision of the A-bomb dosimetry, additional uncertaincy

follows from the fact that the low-LET radiations in that
situation were high-energy gamea rays, while 250kVp X rays, in
experizental situations, have been reported to be more effective
by a factor of 2 or 3 at doses on the order of two or three rad
(32,41,42). This will not affect the use of the tables in

cases where the radiations 1Ia question are hard gamma rays, as
for workers in muclear power plants or persons present at rests
of nuclear weapons. :

Combined Uncertainty

Recapitulating the uncertainties, and combining them, we
have:

Seutce G.5.D.(5)
Baseline values
Esophagus and liver cancer 1.53
Salivary glands, thyroid, lung & stomach cancers 1.36
All leuvkemia except chronic lymphatic 1.10
All other cancers 1.17
Effect of age at exposure ) 1.23

Time responses

Levkemia & bone cancer 1.10
dther cancers 1.15
Ratio of the L to LQ linear coefficient 1.43

(Except breast & thyrold cancer)

Latent period (years 5-14 after exposure only)
{Except leukemia and bone cancer)
with blas correctiom factor = (.71 1.19

Risk coefficleats derived from A-bomb survivors
Levkemia, cancers of esophagus, stomach,
colen, lung, breast, kidney & bladder
with bias correction factor = 1.67 1.17

Risk coefficients for other tabulated cancers 1.17

The combined uncertainties for each form of cancer are shown in
Table VIT-7,

Effect of Uncertainty of Risk upen the Probability of Causaticn

To obtain a 90 percent "eredibilivy interval™ for the PC
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we first obtailn Iiwmits for the value of R In the formula:
PC = R/(1 + R).

1f upper and lower limits on K are substituted in this formula
corresponding limits on the PC are obtained.

Suppose R 1s multiplied by soms factor, V, giving
E" = Rx V.
If PCY is the “"true” value of the PC which correspeonds te R', then
PC' = R x ¥/(1 + R x V).
The value of PC' can be expressed directly in terms of PC and V as:
PCY = Vox PC/(Y « PO x (V = 1)),

Note that in Eq. {1) the PC is expressed as a fraction, rather than a
percent,

The upper limit of the 90 percent "credibllity” interval for.
R 1s obtained by multiplying the value of R by S T the cortes—
ponding lower limit is obtained by multiplying by the reciproecal
of that value. Both limits must then be multiplied by the “bias
factor™ if it 1s different from 1.0.

For exawmple, for bone cancer the value of § 1s 1.57 (Table
VII-7). Raising this to the power 1.645 gives the result 2,10,
The 90 percent cradibility limits on R, for bone cancer, are
cbtained by multiplying by 2.10 and its reciprocal, D.48.

For All Leukemia the value of § is 1.5% which, when raised to
the power 1.645 yields 2.14. For leuvkemla, however, the bias
factor 1.62 applies, so the upper and Iower limit factors

must be multiplied by 1.62, yvielding 3.47 and 0.76. These
values can be used for V in Eg. (1) to obtain the 90% limits
that correspond to any calculated PC. For bone cancer and All
Leukemia, respectively, the 90% limits for a PC calculated as
5% would be

Bone cancer 2% to 16
All leukemia except CLL 4% ra 152

The bounds for leukemia are quite asymmetrical because of the
blas correction factor.

Table VII-8 shows, for each cancer, the factors V to be used
to obtaln lower and upper limits for the 90X credibiliry interval
on any PC.

Table VI1I-% shows for certain PC values and factor ¥V values

the corresponding lower and upper limits for the 90% credibility
Interval on the PC. As examples:
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Acute leukemia -~ PC is calculared as 10%., From Table VII-8
the lower and uppet factors are 0.74 and 3.55. From Table VII-9
the bounds on the credibiliry interval are 7% to 29%.

Breast camcer - PC at 15 or more years post-exposure 1s.
calculated as 5%. The factor bounds (Table VII-B) are 0.93 and
2.82, The bounds omn the credibility Interval {Table VII-9) are
5% ta 137,

Table VII-10 shows the calculated PC for which (with 95%
credibility) the “true” PC is more than 50%. For exanple, from
Table VII-& it fs found that for acute leukemla, the factor for
the lower limit 1s 0.74. From Table VII-10 it is found that the
value of the calculated PC, for which the "true™ PC is at least
50%, with credibility 0.95, is between 56% and 59%. Exact
caleulation inverting Eq. (1) shows the value to be 57%.

In summary, although the effect of uncertainty is somewhat varlable
depending upon the particular cancer and the latent perliod, ¢ertaln gen-
eralizations can be made:

l. If the PC as calculated here {s 2% or less, the "true” PC almost

surely would be 7% at most {upper limit) even If we had sure knowledge
concerning all the unknowns which contribute to the uncertainties.

2. If the PC is in the range of S to 10% the "true” PC might be
quite small (1%}, but might be as large as 30%. .

3. 1f the PC is czleculated to be at least 20%, the "true” PC 1is most
unlikely to be less than 5% and may be as large as 40%.
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Table V1I-2

Lergert and Smallest Ratics ef Individual Registty Ape-Adivated
Cancer Incidence Races toc Al)] Arsay Rate

Mates Fegales
Eite Largest Rarie Swallest Fatio  [argest Ratlc Swmallieft RATlo
Levkenia
Acute 1.0% 0.B2 1.22 0.756
(S5an Franciece) (Decrais) (Hawaii) (Hew Mayico)
Chrendc
Granuloeyric 1.32 .78 136 0. 6i
{lowa} {Utah} (Vtah) {Seartie and
Puget Sound}
All Forme* 1.33 0.5 1.7 0.B86
{Detrolc) [Kew Mexico) (Heweii} (Kew Maxicol
BoneE & Jolnte le3 0.% 1.% 0.7
(AZlanta) (CT & Decrelir) {Drah) {Rawaii)
Enlivary 1.60 Q.53 1.42 Q.75
(Nev Orleans) {lowa) (Sen Francisco) {lowa and
neah)
Esophegua 1.32 047 1.37 f1. 26
(Detroit) {New Mexico} {San Francisco) {Utah)
Stomach FTY Q.70 2.3 Q.66
1. TUTIER: {Atlanta) {Bewaii) { Iown).
Colon 1,20 0.6% i.1k D.73
(Comnecticut} ({Wew Mexico) {Comecticur? facah)
dver % 0.4 2.5 .8
(Hewaii) {Utah) {Hawail} (Seattle and
Puget Spund)
Fancrezs Tald 0.76 1.29 .74
{Atlanta) {Utahl} (¥ew Mexico) {Ucah)
Lung & Bronchue 1.4% .53 1.54 0.38
(New Orlexns} {Utah) {San Francigco) {Crah)
Braact -—  — 1.12 0.83
{5an Francisce) {Ucsh)
" Thyroid 2,48 0. 68 1.91 C.76
{Hawsli) {Tpwal (Hawaid) {lcowa)

* Excluding chronic lvmphocyric leukemia.
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Table VII-3

Absolute Risk Coefficlents fer Fatal Radiogenic Cancers
Among A-Bomb Survivors by Site or Type of Cancer

Site or Type of Cancer

Risk Coefficientd

Leukemia
Esophagus
Stomach
Colon
Lung
Breast?

Urinary tract

1.72 (1.57,
.16 (0.02,
0.79 (0.34,
0.30 (0.16,
0.61 (0,37,
0.50 (0.29,

0.15 (0.04,

1.87)
0.30)
1.24)
0.43)
0.86)
0.72)

0.26)

AExcess deaths/ 108 person-year-rad; linear coefficients

with 90% confidence intervals.
bFemales only

From Kate and Schull, 1982 (25)
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Table VII-4
Kumbers of Deaths from Cancers of Various Organ Systems, 1950~

1974, in A-bomb Survivers under Age 10 in 1945.

Number -f Deaihs
Total Wich 104 Rad

All malignant neoplasms except leukemia 26 11
Digestive organs and peritoneum 16 3
Stomach 12 A
4l1 other digestive organs combined 4 i
Trachea, bronchus and lung 0 1]
Lymphatic and hematopoietic 3 i
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Table VII-S

Numbers of Deaths from Cancers of Various Organ Systems, 1950-

1974, 1in A-bomb Survivors Aged 10-19 in 1945. S

Number of Beaths

R BRI

Total With 10+ Rad
All malignant neoplasms except leukemia 128 45
Digestive organs and peritoneunm 70 21
Stomach 44 11
Colon 3 2
Esophagus, rectum and pancreas 7 3
Other digestive organs 16 5
Trachea, bronchus and lung 5 2
Breast 14 11
Lymphatic and hematopeietic 7 3
All other combined 32 8
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Table VII-6

Summary of Uncertainties and the Effect of Their

Resolution on PC Values

Resolution by the
Source of Uncertainty Working Group

Practical Effect on
PC Calculations

Dose to individual Dutside purview of
Working Group

Source tables on SEEER tables for =all
cancetr ingidence races and regions
comnbined, but
specific by age
and sex; only 1973-
1981 dara usad

Influence of age at Many coefficients for

exposure younger ages omitted:
interpelation is neces-
sary to obtain values
for single years

Sex differences The few known sex dif-
' ferentials are used

Sites and cell-types Lymphomas and multiple
myeloma excluded;
liver, pancreas,
salivary gland included

Minimal latent Minimum of 2 wyears for
period leukemia and bone;
smoothed 5-10 feor solid

Risk coefficients BEIR IIT linear coeffil-
clents for solid tumors
adapted to linear-
quadratic model, except
breast and thyroid

Dosimetfy in As reflected in the
epideminlogic BEIR II1 coefficients
gtudies
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Highly variable,
especially if unbadged

Withour further adjust~
ment for ethnic and re-
gional differences, Wi
values may be high, or
low; ignoring changes
in incidence over time
affects some PC's for
early onset of certaln
cancers

Fewer PC values obtain-
able for younger ages;

PC's for exposure

afrer age 65 epecially

unicertain

Unknown

Excluslon makes PC ap-
proach inapplicable;
inclusion may provide
wrang guidance

There will be fewer
zero PC values within
10 years of exposure

Essential statistical
uncertainty carried
forward inte PC cal-
culations

A-bowb revision may
increase pany risk
coefficlents by facter
of 1.2-2.2 and PL
values somewhat less




Table VII-6 (continued)

Source of Uncertalnty

Resolucion by the
Working Group

Practical Effect on
PC Calculations

Dose-response
funcrion

Dose—rate

Time-response model

Linear-quadratic (LQ)
model assumed for low-
LET exposure, linear
{L) for thyroid and
breast

Fractionated or con-—
tinucus exposures with-
in a 24~hour period

are treated as single
exposures, Other ex-
posures separated in
time are Created in-
dividually, not summed.
Accumulations over
longer periocds are
treated as separate
exposures occurring con
different days

Constant relatlve risk
madal for solid tumors
except bone; wave func-
tion for leukemlia and
bone
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The true PC may be
greater or less, depen-—
ding on the actual form
of the dose-respouse
function. PC's ecalcu~
lated at less than 22
may be too large or too
small by not more than
a factor of 2.5, PC's
aof 5-20%, by not more
than a factor of 2,

and larger PC's, by
lesser amounts

Ignoring fractionation
within a 24-hour period
probably overestimates
risk by an amount no
greater than the quad-
ratic coefficient oul-
tiplied by dose-sguared.
Tader the linear model
fractionation does oot
affect estimated risk

For leukemia and bone
cancer, for which a

wave function 1s clearly
{ndicated, any uncertain-
ty relates not to the
choice of the model but
to its precise foruw.

For other tumots the
effect on PC values
depends on the interval
becween exposure and
diagoosls and whether

it falls outside the
peried of observation.
Within the perioed of
observation PC's will

be lower toward the
beginning of expression,
and higher thereafter,

(continued)
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Table VIT-& (continued)

Source of Uncertainty

Resclution by the
Working Group

Pracrical Effect on
PC Caleculacions

Other risk factors

No adjustment made,
excapt for smoking

than if based on the
canstant absolute

tisk model; after the
pericd of observatfion
PC's will be generally
higher, BRelative risk
models incorporvating
some vatriation over time
might increase or de-
crease particular PC
estimates

Unknown, and depending
on any interaction with
radiation,

- 11t -



Table VII-7

Combined Uncettainties and Bias Correction Factors

Years after Combtined Bias Correction
Kind of Cancer Exposure Uncertainty (S) Factar
411 leukemla Any 1.59 1.62
except CLL
Acute or chronie
granulocytic leukemia Any 1.61 1.62
Bone Any 1.57 1.0¢
Salivary gland 5-14 1.75 0,71
15+ 1.71 1.00
Esophagus S5-14 l1.92 1.15
15+ 1.88 1.62
Stomach, lung 5-14 1.79 1.15
15+ ' 1.74 1.62
Colon, kidney and 5-14 1.68 1.15
bl&ddET 15+ 1.1-63 1.62
Liver 5-14 1.58 0.71
15+ 1.84 1.00
Pancreas 5~-14 1.64 0.71
15+ 1.59 1.00
Breast 5-14 1.46 1.15
15+ 1.40 1.62
Thvroid G~14. 1.54 D.71
15+ 1.49 1.00
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Table VII-B

Factors to be Used for Limits of a 90 Percenr Credibility Interval

Factor for

Loway Upper
Kind of Cancer Years after Exposure Limit
All Jeukemla
gxcept CLL Any 0.76 3.47
Acute or chronie
granulocytic leukemla Any 0.74 3.55
Bone Any .48 2.10
Salivary gland 5-14 0.28 1.78
15+ 0.41 2,42
Escphagus 5-14 0.39 3.36
15+ . 0.57 4,58
Stomach, lung ' 5-14 0444 3.00
: 15+ .65 4,03
Colon, kidney and 5-14 0.49 2.70
bladder 15+ 00?3 3062
Liver 5-14 0.25 1.01
15+ 0.37 2.73
Pancreas 5-14 .31 1.80
15+ G.47 2.14
Breast 5-14 .62 2.14
15+ 0.93 2.82
Thyreid 5-14 .35 1.44
15+ 0.52 1.93
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Table VII-9

Limits for 90 Percent Credibility Intervals on Probabilities of Causation

(A) Lower Limits (95 percent)

Factor PC = 5% 10% 20% 0% 50%
Percent
0.2 1 2 5 B 17
0.3 2 ) 7 11 23
0.4 2 4 9 15 29
0.5 3 5 11 18 X
D6 3 & 13 20 38
0.7 4 7- 15 23 41
0.8 4 2] 17 26 &4
0.9 5 g I8 28 47

{(B) Upper Limits (95 percent)

Factor PC = 2% 5% 10% 20% 0%
Percent

1.4 3 ? 13 26 ag
1.4 3 8 15 29 41
1.8 4 g 17 31 44
2.0 4 10 i8 a3 46
2.2 4 10 20 35 49
2.4 3 11 21 38 3l
2.6 5 12 22 39 53
2.8 5 13 24 41 55
3.0 & 14 25 43 56
3.2 ) 14 26 44 58
1.4 6 15 27 46 5%
3.6 7 16 249 47 &l
3.8 7 17 o 49 67
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Table VI1I~10

Values of the PC for which a 95 Fercent

Lower Credibility Limit is 50 Percent

PC for which 50% is the Lower Limic

Factor for Lower Limit Percent
0.2 B3
0.3 77
0.4 71
0.5 67
0.6 62
0.7 59
0.8 56
0.9 53
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CHAPTER VIII - FUTURE REVISION OF THE TABLES

The tables cannot now provide preclse measures of the probability
that certain cancers have resulted from previous exposures to known
doses of lonizing radiation. The tables represent, however, a first
and important step in the direction of a rational basis for assigning teo
radiarion exposure a measure of the likelihoad of 1ts role in the causation
of individual cancars.

The PC tables will have to be revised perlodically as new Iinformation
and new Insights become available. The Orphan Drug Act provides a criterion
for the frequency of revision: every 4 years or whenever the Secretary of
Health and Human Services “"deems it necessary to ensure that they continue
to represent the best available scientific data and expertise.” The
United MNations Sc¢ientifie Committee on the Effects of Atomle Radiation
(UNSCEAR) has in preparation another of its perifodic reports that is
scheduled to include a section on carcinogenesis, the last such section
haviag been published in the 1977 report. The National Academy of Sciances
is forming a new committee that will first study the effects of high-LET
radiation and then move on to low-LET radiation. In perhaps two years
the revision of the dosimetry of the Japanese A-bomb survivors may have
begun to yleld revised risk estimates based on that experience. The BEIR
ITl report was based on the world literature as it existed in 1979, and
the mortality data on the A-bomb survivoers at that time had been reported
only threough 1974, Their mortality through 1978 has now been reported
and within a year or two there should be an update through 1982. These
several efforts, at least, ocught to be completed before any overall
revision of the tables would seem useful, unless the effort to revise the
tables were to duplicate those efforts.

On the other hand, it would be well to keep in mind the possibility
that some portion of the data on which this first version of the tables
rests may become obsclete bafore a general revision Is indicated. 1In
that event, a supplement might well be issued with respect to a particular
site for which greatly improved estimates could be provided, or for a site
excluded from the present report. Or, perhaps as a result of the initial
deliberations of the new NAS Committee, it may be evident that estimates
could be made for certain exposurss to high~LET radiation. Another possible
candidate for a supplement i1s a revision of the material on thyroid cancer
to include the effects of exposure to internally deposited iodine-131 for
which the Working Group concluded that PC estimates could not be made at
this time. Section 7a of the Orphan Drug Act also provided for a study
of the effect of iodine-131 on the likelihood of thyrolid cancer, and an
Ad Hoe Working Group on Thyrold/Iodine-131 Assessments has been formed fo
address thils task.

The BEIR III report was not created with the needs of rhe radiocepi-
demiologic tables in view and the Working Group has found that some of
the factors developed in that report to enable estimates to bhe made for
the effect of continuous exposure of the entire population from birth to
the end of life lack the reliabllity needed for the present purpose {cf
Chapter VII}. The BEIR Report also provided no systematic bhasis for
estimating the effects of exposure to internal emitters, a difficult
subject at best and one for which few data adequate for PC estimation
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exist. Internal enitters are Important sources of exposure, especially
pluteniue and radon daughters, and a comprehensive set of procedures for
PC calculations ideally should make provision for them. The NAS committee
preparing the next BEIR report should be sensitive to the need for

PC estimates and provide the kind of statistical informatlon that is re-
quired for their calculation. If che Department of Health and Human
Services were to malntaln a standing group charged with responsibility for
the tables, liaison between this group and the NAS committee will alsc be
necessary 1f supplements to the tables are to be issued as updates on
particular sites of cancer prior te any full-scale revision. A4 standing
commnittee might alsc ohbserve the use of the PC tables in compensation
cases by the courts or by administrative boards and consider how the
tables might be improved for judicial use.

In brief, four cor five vears hence, authoritative Information concern—
ing the radiation induction of solid tumors will be much Improved from
its present state; not only will rhe data be more robust sratistically im
consegquence of larger numbers, but the data on A~bomb survivors, now
available only through 1978, will have been extended te 1952 or 1986.
Thus, it should be possible either to verify that the relative risk
tipe-response wodel spplies to follow=-up perlods as long as 40 years, or
to learn what meodificarions are required; additional evidence concerning
the shape of the necessary dose-response curves should help to clarify
this controversial subject and data from other human studies way cast
additional light on the general applicability of risk estimates generated
from particular populations. Further, greater confidence in the appropriate-
ness and reliability of some of the key assumptions, especially those relat-
ing co dose-rate effect, dese-response model, and time-response model, will
depend on a2 better understanding of the mechanisams of wmalignant trarsformation
at the meolecular and cellular levels where research is presently very active.
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CHAPTER IX: THE GENERAL FORM OF THE PC CALCULATION

The probability of causation (PC) for a cancer dizgnosed after one
oT more exposures te lonlzing radiation has the general form, simplified
from formula IV-2,

PC = R/{1 + R).

The relative excess, R, in the case of a tingle exposure of short duration
to a subject typlcal of the US populatien, is given by the product of
three quantities:

BR=FxTx K.

In the above expression F quantifies the dependence of R on the radiation
dose to the relevant tissue, and jts quality. The use of a mere badge or
environmental reading would lead to erronecus PC values; absorbed tissue
dose must be used in the procedures described here., T Eivas the dependence
of R on time after exposure. K indicates the dependence of R on age at
exposure, sex, and, for some cancers, age at diagnosis.

For low-LET radiation, the exposure factor F depends only upon radia-
tion dose D and whether the assumed dose-response function is linear or
linear-—quadratic, The value of F is presected below as a function of
absorbed tissue dose (D), weasured in rad, by cancer site znd radiation
quality:

Radiation Quality Cancer Site

Bone Thyrold or Breast Other
Low LET -— D D+ D2/116
High LET D -— -—

The above procedures are not intended to be used for cases involving
exposure from internal emicters, with the exception of radfum-224 in rel-
ation to bone cancer.

The factor T = T(A1,Y) represents the relative likelihood that a can-
cer induced by an exposure at age 43 will be diagnosed after Y yvears {(l.e.,
at least Y years but less than Y + | years). In this report hoth age and Y
are integer-valued variables: a person exposed 17 years and 4 months
after birth is considered to be 17 years old at exposure, and if a cancer
1s diagnosed 12 years, 11 months after exposure Y is considered to be
12 years.

Under the constant relative risk model, which has been used here for

cancers other than leukemia and bone cancer, T depends cnly on Y, and this
dependence {s extremely simple (see Chapter V):
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Y 0-4 5 6 7 8 o 10+
T{Y) 0 LO074 2259 500 V4L .926  1.000

The constant relative risk mcdel has not been assumed to hold for
leukemia and bone cancer. For these cancers T denores the conditional
probabllicy, assuming that a cancer has been caused by an exposure at
age Ay, that it will be diagnosed Y years later. T 1s calculated as
the lognormal probability that a radlation-induced cancer is dlagnosed
between Y and Y + 1 vears after exposure at age Aj. For bene cancer
and chronic granulocyric leukemia, T depends only upon ¥, while for acute
leukemia and for leukemia generally, without regard to type, T depends
upon’ exposure age A} as well as Y. T 1s tabulated separately in Chapter
X for each of these sites, for integer values of ¥ between 0 and 49
and, where requlred, for Ay between 0 and 75.

As noted {u Table VI-1l, the observational base for the risk co-
efficients is generally no more than 30 or 35 vears after exposure,.
The varlous specifications of T(Y) or T(A1,Y) for specific cancer sites
invite application beyond the period of 30-35 years ot so0 of fellow-up
that form the observational basis for the Tigk coefficients used inp
this report, and indeed this seems the most reasonable course to take
if estimates must be made for cancer cases occurring long after exposure.
But It should be recognized that we do not in fact have much Information
on the risk -f radiarion-induced cancer for periods beyond 35 vears or
so after exposure. Unpublished data on cancer mortality amocng A-bomb
survivors through 1982 (H. Kato, personal communication) appear to be
supportive of a2 continued increase In risk in absolute terms, a finding
consistent with the constant relative risk model, and excess leukemia
risk, which already had fallen to & level difficult to detect, remains
low, as would be predicted according to a lognormal model for temporal
distribution of risk. The fact remains, however, that msking probabilicy
of causation estimates for cancers diagnosed more than 35 wvears or so
after exposure involves projections in time beyond our present observa—
tienal basis, and that there Is more uncertalnty luvolved in such pro-
jectlons as they are remeoved farther and farther in time from that
obhservational basis.

The factor X = K(Aj,A2,5) 1s the relative excess at age Ap for a
person of sex S exposed at age Ay, when F = ] and T = 1. For cancers other
than leukemia and bone cancer K does not depend upon Ag and 1s tabulated
by site. For leukemiz and bone cancer

K = EJ”IO

In this formulation E = E(A],5) has the following theoretical interpreta-
tion: it 1s the estimated probability, for F=1, that a radlation-i-":ced
cancer will be diagnosed at some time after an exposure at age A, swided
that no other cauvse of death Intervenes, A quantity of more practical
importance is T{Y) x E, which is the probability of cancer Y vyezrs after
exposure, assuming survival to that year. I{A3,5) is the {(site~specific}
bazeline cancer incidence for persons of age A; and sex 5. E and I are
tabulated separately for bone cancer and for each leukemia type considered,
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it must be emphasized here, following the discussion in Chapter IV-§
to G, that the use of the SEER values for baseline incidence presupposas
that the calculation 1s being wade for an individual who, apart from che
particular radiation exposure of interest, is “"typical” of the US population
for his age and sex with respect to cancer risk, The only exceptions that
are made here pertain to the smoking histeory of an individuzl with lung
cancer (see Chapter IV-H) and to prior and unrelated exposure to fonizing
radiation itself (see Chapter IV-E). It has not been possible to take into
account atyplcal exposure to other carcinogens such as asbestos, for example,
for which quantitative data adequate for the present purpose do not exist.
Glven an atypically high exposure to a known carcinogen other than fonizing
radiatlon or cigarette swoking {in the case of lung cancer), which interacts
additively with radiation expcsure, it is clear rhat the bias fn the calcula-
ted PC value would be upward. That i1s, 1f it were possible to take into
account the influence of the other carcinogen, as is done for smoking in the
case of lung cancer, the adjustment would increase the baseline incidence
above the average SEER rate and thus raduce the PC vazlue below that found by
means of the tables presented in this repott. The opposite would be true
for an atyplcally low exposure, On the other hand, the other carcinogen
might well interact multiplicatively with radiation, for example if the
other agent acted by promotion, that is, by increasing the likelihoed that
a radiation-induced cancer would develop. In that case the PC would have
o blas (see Chapter IV-G). Concelvably, other interaction models might
also apply, which would zffect bias differently.

Example } {Breast Cancer):

A woman dlagnosed with a breast cancer at age 45, 19.7 years after an X-ray
exposure at age 25 that delivered !0 rad to breast tissue.

F{D) = F{10) = 10
T(Y) = T(19) = ]
K(41,5) = K(25,f) = .00325 (Table X-1Q)

R FxTxK=102%21x .003129 = ,0329

PC = R/(1+R) = .0329/1.0329 = .0319 = 3%,

E] E *

Example 2 (Bone Cancer):

_ A man diagnosed with bone cancer at age 20, 5.4 years after an exposure of
70 tad dose to the endosteal layer from alpha particle radlation at age 15.
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(D) = F(70) = 70
T{Y) = T(5) = .0814 {Table X-2-A}
E(Ap,5) = E(15,m) = 2.79 (Table X-2-B)

1€4y,5) = 1(20,m) = 1.12 (Table X~2-()

K=E/I = 2.79/1.12 = 2.49

]

R=FxT=x K 70 x JOBl4 x 2.45% = 14.19

PC = B/(1+R)

14.19/15.19 = 934 = 932

* x *

The calculation of the relative excess where diagnosls occurred fol-
lowing several radiation exposures should be made by adding the relative
excesses for each exposure. If doses D(1)}, D(2), and D{3) occurred at
ages A{l), a(2), and A(3), respectively, the relarive excess for the
<combined exposures is given by

R o= R(1) + R{2) + R({3},
The PC of all these exposures is
PC = R/(1+R).

The PC for any one ¢f them (say the first}, given the change 1n risk ¢ ad
by the others, 1s

PC{1) = R(1})/{1+R).

* * *

Example 3 (Ihyroid Cancer):

A& man diagnosed with thyroid cancer at age 25, following a 30-rad X
Tay exposure to the thyrold at age 17, 8.2 vears previously. As an
infant (age 0, 24.7 years prior to diagnosis of thyroid cancer) the man
was successfully treated by high-voltage X radiation for Wilms' tumer and
it is estimated that his thyrold gland received 100 rad because of X-ray
scatter, The PC for the combined exposures is calculated as follows:
For the first exposure, completely ignering the second,

F(D) = F(100} = 100
T{Y} = T{24) = ]
K{A1,8) = K(0,m) = .106 (Table X-12}

R(IY = Fx Tx K=100x1 x .106 = 10.6
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For the second, ignoring the first,
F(D) = F(30) = 30
T{¥) = T{B) = .741

K(A,8) = K{(17,m) = .0397 (Table ¥-12)

[ Sy

R(2) = F x T x K= 130 x .741 x .0397 = «B83
The relative excess R and the PC for the combined exposures are -
R=R(1) + R(2Z) = 10.6 + .883 = 11.5

PC = R/(L + R) = 11.5 / 12,5 = ,920 = 92%

* * *

Wilms' tumor is nearly always fatal unless treated, and it is highly
likely that in the preceding example rthe high-voltage ¥ ray therapy saved
the patieat's life. Thus the ecalculation of greatest interest might well
concera the extent to which the patient's cancer is arrributable to his
second exposure alone. Simply ignoring the first exposura gives R = R(2)
and

PC(2) = R{2)/(1 + R(2)) = .8813/1.883 = 0.468 = 47%, .

This caleularion treats the patient as if he were a member of the general
population; 1t is clear, however, that he is not. The radiation that saved
the subject’s 1life from Wilms' tumor aiso, as a slde effect, increased his
chances of getting thyreid later in life. Therefore he ls a member of a
subpopulation with a baseline rate that is different from the general
populaticn. As a group, men given a 100-rad thyroid dose in infancy have

a thyroid cancer risk, in the absence of other axposure, 1 +'R(1) times

as large as that of the general population. Therefore the relative

excess, in the context of that subpopulation, is

R'(2) = R(2Y/(1 + R(1)) = B83/12.6 = L0761,
The PC calculated from R'(2) 1is
PCT(2) = R'"(2)/(1 + R'(2)) = .0761/1.076) = 0707 = 7%.

The Ad Hoc Working Group considers the last caleulation the nost appropriate
in this case.

In Chapter IV-F the quantity W 1s introduced as the ratio of base-
tine rates in the general population and the subpopulation. In the above
example W = 1/(1 + R(1)), and R'{(2) = RB(2Z) x W. This methed allows the
computation of a8 PC for a member of a population having a baseline risi
different from the general population by méans of the formula

R=FxTxXKxW,

provided cthat the factors causing the subpopulation to have a baseline risk
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different from that of the general population are additive in effect with
respect to radiation exposute, ;

Example 4 (Lung Cancer):

A lung cancer has been diagnosed In a 55-year-old man who was exposed
to gamma rays at age 28 resulting in a 40-rad dese to the bronchial area
of the lungs. He i5 a lifelong nonsmoker. 1f the PC calculation were
carried out without regard teo smoking history, it would be as follows:

F{D) = F(40) = 40 + 40/116 = 53.8
T{Y) = T(27) =1
K(A},5) = K(28,m) = .000619 (Table X-%-A)
R=FxT=xX-=2338x1x .000619 = ,0333
PC = R/{14R) = .0333/1.0333 = .0322 = 3%,

From Table X—9-A, however, the lung cancer rate cf male nonswmokers is
gmaller than that of the general population by a factor of 6.81, and it
appears rthat swoking and radiation interact additively in the causation

of lung cancer (see Chapter IV-H). Thus W = 6.81, and the revised relative
excess s

E=F xTx KxW=>53,8x1x .0006019 x 6.8} = .206,
from which

PC = R/(1+R) = .206/1.206 = ,171 = 17X.

* ® *

Age at exposure, age at diagnosis, and tipe from exposure to dlag~
nosis are tabulated in annual- increments. TFor multiple, fractionated, or
protracted exposures taking place at a single year of age A] and corre-
ponding to the same value of ¥, the doses can be summed provided thar a
linear dose-response model 1is appropriate for each exposure. If the
linear—-quadratic model applies, however, doses should be glven for discrete
24-hour periods and treated as pertaining to separate exposures. In
ptactice, however, there iz little purpose to subdivide accumulated doses
of less than 5 rad.

Example 5 (Acute Leukemia):

An acute leukemia was dlagnosed at age 44 in a woman followlng several
exposutes to low-LET radiation at various ages. The first, to one rad
average bone-marrow dose, occurred at age 20, 24 years and 2 months before
diagnesis {Y=24). The second, te 2 rad, occurred 4 months later, at the
same age (A=20) but 23 years and 17 months before diagneosis (Y=23). At
age 21, 23 vears and 3 months before diagnosis, % rad total dese was
received over a 36-hour period at the continuous rate of 250 millirad per
hour. Finally, at age 35, three exposures, to 1.1, 0.6, and 0.7 rad,
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respectively, were received on consecutive days, 9 years and 2 months
prior to diagnosis. .

The first, second, and third exposures should be considered separately,
because exposures 1 and 2 correspond to different values of Y, and exposures
2 and 3 to different exposure ages. The 9-rad continuous exposure delfvered
over 36 hours should be rreated as 2 exposures because 1t required more than
one day, but less than two. The partition giving the maximum risk estimate
assigns 3 rad to one 24-hour period and 6 rad to another. The three ex—
posures at age 35 can be treated as one because they correspond to the
same values of A; and Y, and because the total dose 1s less than 5 rad.

Exposure 1:
F{(D) = F(1) = 1 + 12/116 = 1.0]

T(A1,¥) = T(20,24) = .0101 (Table X~1-D)

E{A1,8) = B(20,f) = .%14 (Table %-1-E)

1(A2,5) = I(44,f) = 2.73 (Table X-1-F)

K =E/I = .914/2.73 = 0,335
Rt =FxTxK=1.01 x .0101 x .335 = .00342.
Exposure 2:
F(2) = 2 + 22/115 = 2.03
T(20,23) = 0114
E(20,f) = .914
I{44,f) = 2.73
K =E/l =.914/2.73 = 0.335
Ry = FxTxK=2,03x.0114 x .335 = .0G775
Exposure 3a:
F(3) = 3 + 32/116 = 3.08
T(21,23) = .0120
E(21,f) = .912
I{44,£f) = 2,73
K=E/T=.912/2.73 = 0.334

R3g = Fx Tx K= 3.08 x .0120 x .34 = »0123
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Exposute 3b:

F(6) = 6 + 62/116 = 6.31

T(21,23) = 0120
E{21,f) = .912
{44,y = 2.73

K =E/T=.912/2.73 = 0.334
Rap = F x T x K= 6.31 x .0120 x .334 = .0253
Exposutes 4, 5, and 6:
F(l.l + 0.6 + 0.7) = F(2.4) = 2.4 + 2.42/116 = 2.45
T(35,9) = .0436
E(35,f) = 1.24
1(44,f) = 2.73
K = E/L = 1.24/2.73 = 0.454
Rys5.6 = F x T x K = 2.45 x 0436 x .454 = .0485
R = Ry + Ry + Ry, + Ry, + Rg,5,5 = 00342 + 00775 + .0123 + ,0253 + .D485 = ,0973

* * *
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CHAPTER K: THE CALCULATION OF PROBABILITIES OF CAUSATION FOR CANCERS

OF SPECIFIC TISSUES

1. Leukemia {204-207, except 204.1, in 8th International Classificarion
of Diseases Adapted for Use In the United States [ICDA))

The derivation of PC values, described in Chapters IV-¥I and I¥, is
more complex for the leukemlias than for the solid tumors. The leukemogenic
effect of ifonizing radiation does not extend to all forms of leukemia,
chronlc lymphocytic leukemia {CLL) being the notable exception and there
being possibly others of lesser importance, such as hairy-cell leukemia.

The major forms of leukemia known to he caused by radiation, the acute

forms (AL} and chronic granulacytic leukemia (CGL), differ in the likelihood
of their occurrence following exposure to tadiation, in their dependence
upen .age at exposure, and in their distribution over time following
expasure,

The only series of radiation~induced leukemias that even approaches
the size needed to descridbe the leukemogenic effect of radiation derives
from the studies of A-bomb survivors {1}, and for the present purpose it
was necessary to analyze those data in greater depth than was required
for the BEIR IIT report in whieh the risk coefficients for leukemia were
derived from the same source. Other human data on radiation leukemogenesis
are in reasonable agreement as to the general magnitude of the risk per
rad, the tole of apge at exposure, and the diseribution of the radiogenic
excess over time (2-4). There is, however, a question as to the compara-
bility of risk coefficlents based on partial-body irradiation with those
based on whole-body exposute. As a working hypothesis for radiation
pretection purposes it has generally been assumed that a dose to a portion
of the marrow can be averaged over the entire marrow so that, e.g., a dose
of 800 rad to 40 percent of the marrow would average 320 over the whola
bedy. This hypothesis, whils consistent with a linear dose response,
clearly is inconsistent with a model incorporating terms that are quadraric
or otherwise nonlinear in dose. For example, if partial-bedy doses are
high enough to kill or otherwise render ineffective a significant number
of cells, as seems to be the case, e.Z., with X-ray therapy for cervical
cancer (5), the hypothesis is surely invalid,

The Working Group has employed the linear-quadratic dose-Tesponse
function preferred by the BEIR committee for low-LET radiation, but che
present tables for calculating PC values distinguish between acute Forms
and chronie granulecytic leukemia, while providing coefficients for
all forms considered as a group but excluding CLL., The material for ail
forms except CLL may be used in thase instances where the precise type
cannot be established and for chronic leukemias other than CL1, and CGL.
The A-bomb surviver materisl on which the BEIR estimates were based
reflects diagnoses that generally were the latest and most definitive
obtainable, Leukemia that ig neither acute nor chronie at initial diag=-
nogis eventually becomes acure. Therefore, the acute leukemla coeffliclents
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probably should be used for such cases in preference to the all-types
coefficients in the PC calculation. Death certificates may not specify
histologic type, but are generally relilable for leukemla, The present
report also differs from the BEIR report in 1ts use of & "wave” function
to distribute the radiogenic levkemia over time, the BEIR report having
emploved a2 plateau.

Data from the A-bomdb surviver serles (1) and the British ankylosing
spondylitis series (3) were used to derive lognormal time~to-response models
(sea Chapter V-C)}. Time from exposure to response was assumed to be log-
normally distributed with a two~year minimum. For chronic granulocytic
leukemia (CGL) the fictted distributien of log{time in years - 2} was
independent of age at exposure and sex, with mean 2.68 and variance 1.531,
while for acute leukemia the variance was 0.65 and the mean 1.61 + .0134] +
.00054,%, where A denotes age at exposure.

The age-specific linear-quadratic risk coefficients In the BEIR III
repert for all types of leukemia except chronic lymphocytic leukemia
{CLL) in fact pertained to eonly AL plus CGL. These were made specific to
Al apd CGL in the ratio 68:32, based on a reanalysis of the A-bomb surviver
data (1). Coefficlents for single vears of age at exposure were derived
by the procedure described in Chapter V-D.

Several studies {6,7) have reported excess childhood leukemlas follow-
ing fetal irradiaztion. Given the well-established assoclation of leukemia
with ¢hildhood exposure, the causality is less in doubt than the magnitude
of the effect. The Working Group has made no distinction between fetal
exposure and exposure during the first year of life.

The SEER data on the incidence of leukemia for the period 1973-1981
have been used as the source of age-, sex—, and type-specific 1ncldence
of leukemia in the general United States population (see Chapter vIiI-¢).
The ICDA-8 code egquivalents used were:

chronic granuloeytic — 205.1
acute - 204.0, 204.9, 305.0, 205.%, 206.0
206.9, 207.0, 207.2, 207.9
all except CLL - 204.0. 204.9, 205.1, 205.%, 206.0,
266.1, 206.9, 207.0, 207.2, 207.9

The reporting areas for the SEER program (8} are relatively homogeneous
as to their incidence of leukemia {see Tables VII-1, and VII-2).

Although the leukemogenic potential of a varlety of chemlcals is
much discussed, it is eonly for benzene that reasonably cogent evidence is
in hand {9). Thus, it ic not often thart risk facrtors other tham radiation
will be identified and appear to compete with radiation. The Influence
of tisk factors other than lonilzing radiation is discussed in Chapter IV,
Sections E to G and in Chapter IX-.
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For leukemia, the relative éxcess, R, In the basic equation
PC = R/(1 + R)
is found as the product of three functions, 1i.e.,
R = F(D) x T(A;,Y) x K(A],47,S)
where D is the tissue dose in rad for low-LET radiatfon; T(41,Y)
represents the conditioning influence of age at exposure A; and time to
diagnosis (¥); and K(A],47,S) represents the relative excess of leukemia
for a person of sex 5, age at exposure Ai, and age at diagnosis As, when
both F and T = 1. The standardized relative excess K = K(4y,A7,5) for an
exposute at age A] and diagnosis at age A3 is the ratio of the estimated
Iifetime absolute excess E = E{A;,S) and the background incidence I =
I{Ay,8):
K (A1,A7,8) = E(47,5)/1(4A2,8).
The coefficient E was derfved from the BEIR TI1I coefficients, fitted to a
quadratic. function In age Ay {see Chapter V-D), and is an estimate of the
probability that a radiation-induced leukemia of the specified type will be
dlagnosed at some time after exposure givenw ¥(D) = 1. For each exposure
age A) and sex S, E(A1,S) was determined such that the average of E(A1,8)
x T{Ay,Y) over the period Y = 2 through 28 was equal to the interpelated
BEIR coefficient for age A, and sex §.
The following lock-up tables are provided below:
for CGL: T{Y), Table X-1-A;
E{47,5)}, Table X-1-B;
I(A],5), Table X-1-C:
for all acute forws of leukemia: T(A1,Y), Table X-1-D;
E(A1,5), Table X-~1-E;
I(A7,5), Table X-i-F;
for all forms of leukemla except CLL: T{A;,Y), Table X-1-G;
E(4;,5), Table X-1-H;
1{A9,8), Table %-1-T,

Under the linear-quadratic model assumed for levkemla when exposute 1is
low-1ET radiation, and the dose, D, 1s expressed in rad,

F=D+D2/116.
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The comstant relative risk model for time to response does not hold
for leukemia, which appears to fellow a “"wave” function. The factor T is
the probability that a cancer caused by an exposure to radiation at age
Ay will be diagnosed Y years later, T depends only on ¥ for CGL, but on
both Y and 4y for AL and for all types considered as a group.

U Several examples are provided to illustrate the procedures for calcula-
ting individual PC values:

;fj Example #1 A typical female aged 5 at exposure to 5 rad of low-LET radis-
i tion to the bone marrow, with a diagnosis of acute leukemia at age 9, 4.2

years after exposure. Here, D=5, &) = 5, A2 = 9, and ¥ = 4.

F(D) = 5+ 52/116 = 5.22;

T(A1,¥) = T(5,4) = .122, Table X-1-D;
E(A],8) = E(5,f) = 2,04, Table X-1-E;
I(a5,5) = 1(9,f) = 2.22, Table X=1~F;

R{A),A7,5) = K(5,9,f) = £/I = 2.04/2.22 = .919;
then R = Fx Tx K = 5.22 x 122 x .919 = .585;
and, finally, PC = Rf(l + R) = .369 or 37%.
Example #2 A typical female, exposed at age 45 to 5 rad of low-LET radia-
tion to the marrow, with a dlagnosis of leukemia at age 33, 8 vears after
exposure, the leukemia not belng well-established as to chronicity. In
this case, omne would use the acute leukemla tables: D = 5, A; = 45,
Ay = 53, and Y = 8;
F(D) = 5 + 52/116 = 5.22;

T{A1) = T(45,8) = .0139, Table X-1-G;

E{A],5) = E{45,f) = 2.37, Table X-1-H;
1(A1,8) = I{53,f) = 4,21, Table X~1-I;

and K = E/I = 2.37/4.21 = ,563

then R = Fx T x K =5.22 x .,0159 x .563 = 0467

r

" and PC = R/{1 + RY = 0448 or 4%.

Example #3 A typical male, exposed at age 35 to 10 rad of low-LET radia-
tion, with a2 diagnosis of CLL 2t age 60. 1In this case, no calculation
would be made as CLL is not an eligible diagnosis.

The vncertainty surrsunding PC estimates is discussed in Chapter VII,

and Section VII-0 includes a derivation of approximate 90 percent credibility
intervels for PC estimates.
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To provide a general orientation to the magnitude of the PC walues
that result from the procedures described here, Fig. X~1-A, B, and C have
been prepared for CGL, acute forws, and all forms respectively. They
glve PC values for 1, 10, and 100 rad of low-LET radiation to the bone
marrow by age at diagnosis, separately for males and females, and each
has 8 parts correspending to ages 0, 10, 20, 30, 40, 50, 60, and 70
at exposure. The vertical scale is. logarithmic and curves are presanted
for only three radtation dose levels. For these and cther reasons inter-

polation is to be discouraged.
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Table ¥-1-F. dcute LavKamin: PFaselina Incidence Ifl:.5)
by lge ak Diagnosis L; and Sex S

L Y] Sax [ ¥ Sax
Hals Fenele Male Famals
o é.490 5.70 a3 .17 2.44
1 é&.90 5.TD G 3.47 2.73
2 £.90 5.710 55 .19 31.05
2 4.55 .63 LT 4.10 3.3é
] .72 4.7k 47 Q.44 3.60
5 .69 3.9%4 LT ] %.69 3.713
£ 1.7& J.18 a9 .97 5.74
T .20 2.1 58 5.24 I.81
] 2.%4 2.45 [} 5.82 3.57
¥ .73 2.22 52 £.81 &.00
10 c.54 2.02 s3 &.10 4.29
11 2.45 1.84 £q & .44 4,45
12 2.40 1.70 55 &.87 4.7
13 2.41 $.57 5é 7.45 C.14
14 2.45 1.03% 57 3.23 5.61
15 2.50 1.32 ts .18 . B.Th
18 g.52 1.23 L3 0.2 £.58
17 Z.50 i.2p 4] 11.% 7.22
18 2.38 1.22 61 12,4 T.77
13- .19 1.27 &2 13.86 .5
20 1.%9 1.33 £3 1%. 4 8.8&
21 t.84 1.38 6% 18,2 ¥.04
22 1.80 1.40 &5 16.1 %.%5
23 1.84 f.40 14 17.1 0.5
24 f.88 T.40 7 18.3 1.1
25 f.92 1.60 58 20.2 1.9
26 1.94 .40 &9 2.7 12.9
27 2.00 1.40 70 25.5 141
Za 2.06 1.4D T 8.4 15.3
z9 2.08 f.40 72 31.% 16.5
in 2.12 1.41 T3 3G.4 iT.4
51 2.16 1.64 T4 3T.¢ 18.9
32 2.20 1.53 k- 50.1 0.1
33 2.24 1.58 74 42.9 21.4%
34 2.28 t.68 77 45.8 22.7
35 .12 1.74 b Q. g =L 8 1
34 2.34 1.82 ri 51.4 26.%
17 2.4 1.%0 a3 Ea.1 29.4
is .65 1.8 a 5¢.7 31.5
3% Z2.0% Z.0¢& 82 59.2 xz.7
[} 2.5¢ .74 B3 £1.2 313.4
al 2.70 2.22 -1 £2.4 34.2
he Z2.%8 2.30 §5 63,4 347
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Table X-t-1.

Levkemia: All Typas Ewcept CLLY Byselina
Incidence I{d;:%5) by dge wt Diagnesis 2; and Sex &

i3 Sex
Male Femasle
0 7.00 5.70
1 7.00 5.70
£ 7.00 B.70
3 E.65 .04
g 5.8% 4.BD
[ L ] ] a.01
& 3. 66 3.27
7 3.3 2.BD
-1 .04 £2.54
] 2.81 2.5
0. 2.64 2.10
11 2.54 1.%3
12 2.50Q 1.E0
1% 2,85 1.6
14 z.5@ f.54
15 2.5 1.606
16 2.¢%9 .40
17 2.70 1.60
18 2.61 1.466
19 e L 1.G8
20 g.56 1.52
21 2.2% 1.6&
22 Z2.20 .69
23 2.29 1.64
24 c.&5 1.68
43 2.64 1,72
Tk Z.BD .76
27T Z2.%0 1.80
k4 £-%3 1.64
29 2.-%4 1.88
ip 2.%4 1.%3
1 2.%é 2.00
LY .00 2.10
33 .e7 .22
k1] 2.15 2.316
315 3.21 2.6k
Xé .57 £.58
T 3.40 Z2.70
18 1.49 2.82
39 3.59 £.%6
ad 3.7 3.08
G1 1.E45 3.1E
L¥4 .00 k.20

kg SeM
Hzle Female

q3 L,.22 a.a7
LT 4,82 3.70
(3 o.87 1.%7
Ly 4 8.24 4,25
&7 £.60 &,50
a3 5.%8 4,71
1 €.18 4,95
=14 &.ED 5.1é
51 ¥-25 5.38
LY 771 5.6D
53 B.20 E.E5
L4 E.77 &.15
55 ¥.47 6.51
5& 1.3 £.92
&7 11.4 Y41
E3 12.7 T.97
&9 1.0 B.&0
&0 1£.3 P.C¥
Rt 14.7 10.0
[ T2.0 10.7
63 1%.2 1.5
(14 20.4 12.2
11 it.k 12.0
(11 Z22.9 11.8
&7 2h.2 14.6
BB 26.2 15.5
&9 28.% 16.6
70 1z.3% 17.7
T1 I5.9 ig.9
T2 9.6 202
Tt £3.3 1.8
74 47,4 3.3
s 50.9 25.1
Té Bg.8 7.1
7 E8.& 2%.3
78 2.8 1.5
79 67.2 34 .5
&0 Ti.é i7.5
51 75.8 &f, 2
82 T9.6 42,1
BE az.1 3.5
84 5.0 G4.6
85 85.3 &45.5
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2. Cancer of Bones and Joints {170 Iin ICDA-3)

Bone cancer 1s relatively uncommon and radiogenic bome cancer has
been seen mainly in associaticon with internally deposited isotopes of
radium, especlally in radium=dial painters exposed to long-lived radium—~226
and =228 (10), and in Germau patients treated with short-lived radium-224
for tuberculosis and ankylosing spondylicis (11), Radlogenic bone cancer
has also been reported follewing high doses of X rays (4}, especlally
among ankylosing spondylitis patients. It has not been seen in the
A-bomb survivors {4).

For the BEIR III report, tisk coefficients were first calculated for
repeated acute exposures to radlum—224 and the “provisional™ low~lET co-
efficients, as they are termed in the BEIR report, were derived from them
through the use of the ICRP quality factor of 20 for alpha particles,
Tables were prepared for leukemfa plus bone cancer and not for each
separately. This was done bacause the temporal distribution cf excess
bone cancer is rather like that for leukemia: the latenr perioad is
short, four years or less, and the total period of expression, perhaps
20-2% vears.

Since the only human data on the risk of bone cancer followlng ex-
posure to low-lET radiation pertain to therapeutic levels of dosa, the
Working Group declded that it should not make PC estimates for bone
cancer resulting from low-LET radiation but should confine its calecula-
tiens to the alpha radiation on which the BEIR estimates rest. The BEIR
III linear estimate, based on the radium-224 experience, Is one excess
bone cancer per million persons per year per rad of alpha radiation to
endosteal tissue (4), Hence Table X-2-B will not be used for rhe purpose
of PC estimation for exposure to low-LET radiation, or to greatly protracted
high~LET radiation from, e.g., radium-226.

The BEIR report provides lirtle basls for a choice for either the
dose-response or the time-response model. .The linear function is assumed
for high-1ET tadiation, bur more for consistency with experimental Tesults
for tumors generally rather than because of the empirical evidence on the
Induction of bone cancer in man following exposure to radium—224. For
alpha particles from radium-224 the BEIR risk coefflcient of 1 per million
persons per year per rad of endosteal dose is a fairly stable linear
estimate, being based on 54 cases vs., an expectation of only 0.2 cases
(11). Information on varifation with age 1s only fair, but the indications
ate that younger patients experienced a risk very little higher than that
of adult patients, and no sex differential wag chbserved {4). The lowest
dases at which excess cases have been observed in rhe radium~224 series
are above 50 rad of alpha radiation to the endosteum, so that the applica-
bility of the data to lower doses remains uncertain., The best PC estimates
would be those for doses of radium-224 alpha radiation within the observed
range, average skeletal doses being mostly above 30 rad,

The BEIR committee employed a constant absolure risk (plareau) for
bone cancer in combining 1t with leukemia, with no dose threshold, but
the Working Group has used a wave function, as it has for leukemia, and
for this z2ssumpticn there is good recent evidence (12), Published dara
from the German radium-224 series were used to fit a lognormal induction
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pericd model {13). The fitted model had a minimen induction period of
1452 years and the natural logarichm of time after the minimum had a mean
of 2.12 and a variance of 0.48,

United States incidence data for cancers of bones and jointe have
bean taken from the S5EER data bank for 1973-19B81 (8)., As may be seen
from Tables VII-1 and VII-2, theve is relatively little variation among
the SEER reporring areas {8), although a sex differential is well estab~
lished, females having about 60 percent of the level reported for males.
Radiation is the only environmental factor that Is known to play an
etiologic role in bone cancer {14). Statistical studies of ractal dif-
ferences in the incldence of Ewing's tumor and studies of family aggre-
gatlions point to the influence of genetic factors on some forms of bone
cancer {15}, If an individual 1s known to be a member of a sub—population
with an elevated baseline risk, then the PC estimate obtained on the
basis of the SEER rates will be excessive (see Chapter IV-G and Chapter IX).

For bone cancer, as for leukemla, the relative excess, R, In the basic
equation

PC = R/(1 + R}
is found as the product of three functions, i.e.,
R=FxTxK

where F = F{D) represents the alpha radiarion dose to endosteal tissue
{D}; T = T(Y) represents the influence of the interval from exposure to
diagnosis; and K = K(A],A9,5) Tepresents relative excess of bone cancer
for a person of sex S and ages A)] and Az at exposure and diagnosis,
respectively, when both F and T = 1, Here K iz found as

= E(A],5)/1(43,8)
where E(A),5) 1s derived from BEIR IIT and is an estimate of the probabi-
lity that 2 radiation-induced bone cancer will be disgnosed at some time
after exposure to radium-224, and Is expressed in uvnits of dose. For
each exposure age A) and sex 5, E(A],5) was determined such that the average
of E(41,8%) x T(Y) over the BEIR III plateau period (Y = 2 through 28) was
equal to the BETIR coefficient, 0.1 excess cancers per hundred thousand
peTrsons per year per rad.

Look—up tables are provided below for the following coefficients:

T{¥), Table X-2-A:

E{A;,5), Table X-2-B;

I{Az,5), Table X-2-C.

Here, under the linear model assumed for high-LET radiation, the endosteal
dose in rad 1is

F = D,
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The constant relative risk model for time Lo response was not assumed
to hold for bone cancer, which appears to follow a “wave" function, and
therefore the factor T is the probability that a cancer caused by an
exposure at age Ay will be diagnosed Y years later.

A few examples are given below to illustrate the use of the tables in
deriving the PC values. - '

Example #1 A typlcal male, exposed to 50 rad of brief alpha radistion
to endosteal tlssue at age 10, with a diagnosis of bone cancer 6.5 years
larer, at age |&. Then A; = 10, &> = 16, Y = 6, and D = 50

F(D) 50

T{Y) = T(6) = 0874

E{A1,5) = E(10,m) = 2.79

1.54

It

I(A2,5) = I(i6,m)

K=E/T =2,79/1.54 = 1.812

then R = Fx T x K 50 x .0874 x 1.812 = 7.91

and PC 7.81/8.81 = .89 or 89%.

il

R/(L + &)

Example #2 A typical femzle exposed to 100 rad of brief alpha radiation
to endosteal tissue at age 7, with a diagnosis of bone cancer at age 20,
12.5 years after exposure. Then Ay =7, Ap = 20, Y = 12, and D = 100.

F(D) = 100

T(12) = D485

E(7,f) = 2,81

+ 781

1

(20,1

K=E/1=2.81/.781 = 3.50

1]

then R = F 2T x E= 100 x .0485 x 3.60 = 17.5

and FC R/(CI+R) = 17.5/18.5 = .946 or 95%,

The uncertalnty surrounding PC estimates is discussed in Chapter VII,
and Section VII-0 includes a derivation of approximate 90 percent credibility
intervals for PC estimates,

To provide some orientation to the general magnitude of the PC values
resulting from the procedures described here for bone cancer, Fig. X-2 has
been drawn for endesteal doses of 1, 10, and 100 rad to show the PC
values by age at exposure and sex., The figure 1is in 8 parts corresponding
to ages 0, 10, 20, 30, 40, 50, 60, and 70 at exposure, The vertical scale is
logarithmic and curves are presented for only three radiation dose levels.
For these and other resasons interpolation 1is to ke digscouraged.
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ESTIMATED PROBABILITY OF CAUSATION {PERCENT)
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ESTIMATED PROUABILITY OF CAUSATION {PLRCENT)
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ESTINATED PROBABILITY OF CAUSATION (PERCENT)
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Fig X-2-6
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ESTIMATED PROBABILITY OF CAUSATION (PERCENT)
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ESTIMATED PROBABILITY OF CAUSATION (PERCENT)
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