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FOREWARD

EPIDEMIOLOGISTS AND HEALTH PHYSICISTS: STRANGE BEDFELLOWS?

Increasingly, epidemiologists and health physicists are finding themselves
thrust into a common arena over questions regarding radiation and health. At
first glance this may seem to be a curious mix, "strange bedfellows" to coin a
somewhat trite phrase. After all, health physicists are regarded by some as being
mainly concerned with measuring radiation exposures and ensuring that individuals
are not exposed above certain limits. Epidemiologists, on the other hand, are
sometimes viewed as studying epidemics, conducting mass innoculations or, to the
uninitiated, being somehow involved with "skin." Although both views possess a
measure of verisimilitude, they are at the same time misleading.

The parochial nature and misleading quality of these views may be illustrated
in several ways. One is through a consideration of several definitions. As
H. Cember observes in his Introduction to Health Physics, "Health physicss or
radiological health, as it is frequently called, is that area of environmental
health engineering that deals with the protection of the individual and population
groups against the harmful effects of ionizing radiation." In Foundations of
Epiaemiology, A. M. Lilienfeld defines epidemiology ". . .as the study of the
distribution of a disease or a physiological condition in human populations and of
the factors that influence this distribution." If we accept the essence of these
definitions, we sae both differences and areas of common interest.

The differences tend to be in perspective and method. For instance, the
health physicist is most concerned with radiation protection, in developing and
applying certain engineering principles to meet this goal, and in identifying the
level of protection that is required. He or she may apply modeling techniques
based upon results of experimental studies of radiation exposure and its effects
upon animals, or on results of studies of humans who have been exposed to ionizing
radiation, in order to estimate effects at various exposure levels. Protection
activities tend to focus on individuals. Epidemiologists, however, are interested
in studying health effects among groups of individuals, and in identifying types
and levels of exposure at which effects are seen. An important point is that
groups are studied and not individuals by themselves. This fact exerts
considerable influence on the methods used in epidemiologic investigations, and on
the types of interpretations that are possible. Often lost is a limitation
inherent to studies of groups; namely, that estimates of risk are group estimates
and not estimates of risk to any particular individual. Consequently, the risk
for an individual cannot be determined by epidemiologic means.

At the same time, both health physicists and epidemiologists are interested in
understanding the health consequences of exposure to ionizing radiation. However,
because of the nature of their respective professions, health physicists are more
interested in practical aspects such as defining the levels at which individuals
need to be protected and in developing the means to achieve such levels, whereas
epidemiologists are concerned with investigating and describing the etiological
consequences associated with radiation exposures. It seems obvious that much is
to be gained from closer association and increased communication between members
of both professions. All too often, epidemiologists are ignorant of the
limitations that exist in the area of health physics monitoring. They are
unaware, not only of the limitations in accuracy .f radiation monitoring, but also
of the methods employed to obtain these measures m d the changes they have
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undergone over the years. Rather, they tend to be overjoyed at the propsect of
actually having measurements for individuals of exposures that often were
experienced over an extensive period of time. Health physics has much to offer
epidemiology in terms of understanding the independent (exposure) variable. At
the same time an enhanced understanding of methods employed by epidemiologists,
limitations that are inherent to such an approach and cognizance of the
appropriate interpretations that are possible based on epidemiologic data would be
of value to the health physicist.

This meeting is a first attempt to begin moving toward accomplishing such an
enhanced understanding between health physicists and epidemiologists and fostering
communication between the professions. In this manner, our understanding of
radiation-induced health effects should also be enhanced. Although sponsored by
the Rio Grande Chapter of the Health Physics Society for the purpose of
acquainting radiation protection professionals with epidemiological methods, how
they are used in radiation effects studies, and how these studies have been
applied to current standards, environmental criteria, and risk estimates, an
unstated benefit is the exposure that epidemiologists will have received to those
who have been intimately involved with radiation protection since inception of the
nuclear industry.

The meeting was structured around several topics that were of sufficient
importance to rely upon invited speakers who are known to have considerable
experience in the appropriate subject area. These areas are: epidemiologic
methods and statistics, the relation of epidemiological studies to radiation
protection standards, and risk estimation and application of studies to other
areas. The keynote speaker, Margaret Maxey, has some interesting thoughts on the
imposition of politics and morality upon questions concerning the risks and
benefits associated with radiation. Finally, no meeting would be complete without
the presentation of recent findings from ongoing research in the field. Here, we
relied on contributed papers and received a large number of contributions ranging
from considerations of methodological issues to studies of external radiation,
internal emitters, uranium miners and radon and other topics. The result is an
overview of the field as it now exists. Because of limitations in resources, we
have not covered iatrogenic effects in any depth.

Bedfellows we may not be (and probably do not care to be)! But colleagues we
are if during the course of a portion of our professional endeavors we are engaged
in a common pursuit. Our differing perspectives and methods are complimentary,
not antagonistic. Greater familiarity with them will enhance, not impede progress
in understanding how radiation affects health. This meeting has been an attempt
to move in such a direction.

Gregg S. Wilkinson, Ph.D
Chairman, Technical Program Committee
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Ladies and Gentlemen: As General Chairman and in behalf of the members of
the committee, we hope you have so far enjoyed your visit in New Mexico, and
that the rest of the planned activities will be interesting and informative.
The story of the 16th Midyear Topical Meeting is now nearly history.

The Rio Grande chapter presented a proposal to host the 14th meeting which
was held in Hyannis. During the national meeting in Seattle, the chapter
again presented a proposal to host and was accepted for the 1982-83 Window.
At that time A. John Ahlquist was designated as General Chairman and the
meeting place was scheduled for Santa Fe. Then John accepted an assignment to
the IAEA and forthwith moved to Vienna. The chapter executive council then
tasked me as general chairman since I had been deeply involved in prior
activities associated with the previous proposal to host a meeting.

As plans were initiated for the 15th Midyear Topical Symposium in Santa
Fe, it became clear that the facilities in Santa Fe could not accommodate our
intended activities. After much discussion by the chapter executive council
and guidance from the HPS Secretariat it was decided to move the location to
this facility.

Many hours have been spent, and, because we are so widely scattered, many
miles have been traveled by committee members for planning meetings. The
planning and preparation for this meeting has been a group effort. We
sincerely hope our entrance into an untried subject related to Health Physics
has been successful and that it has been a challenging experience for the
attendees.

Our appreciation and thanks are extended to Mr. Bob Poole and his staff at
the Albuquerque Convention and Visitor Bureau and to the Convention Center and
its staff; to our sponsors Los Alamos National Laboratory, Sandia National
Laboratories, Lovelace Inhalation Toxicology Research Institute and the
Department of Energy. They have provided expert guidance and many services to
the chapter during the preparation, in advertising and the production of this
meeting. Valuable assistance has also been available from HPS Secretariat,
Mr. Richard Burk and Robert Johnson.

If I have missed anyone, I offer my apology. Numerous individuals within
the chapter and outside have provided encouragement and advice from which I
personally am sincerely grateful.

A. Wendell Holmes
General Chairman
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WELCOME

The Rio Grande Chapter of the Health Physics Society welcomes the
participants in this meeting and wishes all of you a pleasant and enlightening
stay in New Mexico.

New Mexico is truly a Land of Enchantment. Most of the members of our
Chapter came from elsewhere and discovered that this fascinating area is
enjoyable to live in and hard to leave. We hope that out-of-state visitors
have an opportunity to become exposed to New Mexico's unique blend of three
cultures, its skiing, and other activities before returning home.

The Local Chapter hosting a Health Physics Mid-Year Meeting has the
responsibility of picking the theme and organizing the technical program for
the meeting. The theme of Epidemiology and Health Physics is obviously an
interdisciplinary one and the technical program was developed to meet three
objectives: (1) give health physicists a deeper understanding of the basics
of epidemiological methods and their use in developing standards, regulations,
and criteria and in risk assessment; (2) present current reports on recently
completed or on-going epidemiology studies; and (3) encourage greater
interaction between the health physics and epidemiology disciplines so there
is a better understanding of common problems.

The program being presented is definitely interdisciplinary and its
balance can be indicated by the observation that about one-third of the papers
are being presented by non-members of the Health Physics Society, about
one-third are presented by members of the Society, and the remainder are
co-authored by both members and non-members. I believe our program is a good
one and with your participation we should have an outstanding meeting.

Thank you all for coming to Albuquerque.

James K. Channell
President, Rio Grande Chapter
Health Physics Society



PRESIDENT'S REMARKS

Rogar J. Cloutier, President of Health Physics Society

Each year a chapter of the Health Physics Society is selected to conduct a
mid-year topical meeting. These meetings are designed to provide our members
and interested guests with a unique opportunity to carefully examine a topic of
specific interest to health physicists. I must begin by thanking the Rio
Grande Chapter for organizing this the 16th mid-year topical meeting. Our
thanks go to Chapter President Jim Channell and President-Elect Gloria Millard.
A very special thank you goes to General Chairman Wendell Holmes, Local
Arrangements Chairman Gene Runkle, Program Chairman Gregg Wilkinson and all the
others that have helped.

The Rio Grande Chapter has brought us to the Land of Enchantment, a land
that contains prehistoric dwellings that attest to the technological skills of
the early inhabitants, a land that was visited by the Spanish adventurer
Francisco Coronado eighty years before the Pilgrims landed in my home state of
Massachusetts, a land where rocket picneer Robert Goddard came in the 1930's to
test fire his experimental liquid-fueled rockets, a land of fantastic beauty,
and a land that includes the Trinity Site where the very first nuclear weapon
was tested on July 16, 1945.

Within a relatively short distance of where we are meeting are several of
this nation's most prestigious laboratories. These include the Los Alamos
National Laboratory, Sandia National Laboratory, and the Lovelace Biomedical
and Environmental Research Institute. This land also contains much of the
uranium reserves of our Nation. But more important to us today is the topic of
the mid-year topical meeting that has brought us together, EPIDEMIOLOGY. APPLIED
TO HEALTH PHYSICS.

As I stated in the Society's November NEWSLETTER, in almost all cases, the
harmful effects of low levels of radiation can only be recognized by careful
epidemiological research. Many of us have only a cursory understanding of
epidemiology and become nervous when asked to explain some of the conclusions
reached by epidemiologists. Speakers at this meeting include experts in
teaching epidemiology, epidemiologists involved in radiation effects studies,
and developers of risks estimates, standards, and criteria. We are counting on
this group of experts to assist us, the general audience, in acquiring a
clearer picture of the complex issues of low-level radiation effects. We want
to know how epidemiological results may be used to establish radiation
protection standards that the general public and the radiation worker will be
willing to follow. We also know that even the experts have much to learn and
we hope that this meeting will provide them with the opportunity to exchange
ideas and be the stimulus for new approaches to a very intractable problem.

About two years ago a meeting on HEALTH RISKS ANALYSIS was sponsored by
the Department of Energy.(1) I would like to use tvo quotes from the
proceedings of that meeting. In the FOREWORD the editors set the stage by
saying "If scientific facts regarding risk are not clearly explained or put in



the proper perspective, neither the public nor its elected representatives can
be expected to understand and correctly use such data in making informed
decisions about the risks." Their comment is equally appropriate for this
meeting. The second quote I would like to use was made by Dr. Chet Richmond in
the opening paper. "There will be many pressures and inquiries from the
public, federal and state agencies, and private interest groups. We must
resist the temptation to provide quick answers to very complex problems, and
above all, we must do good science and be intolerant of those who ignore the
time-honored scientific processes."

As president of the Health Physics Society, I represent over 5000 members,
each with a different opinion of what is right and each watching what is
happening in the scientific and public arena. Hardly a day goes by that I
don't receive a letter or telephone call expressing dissatisfaction with
someone else's opinion of the risks of radiation. Just to name a few of the
items that have been called to my attention: Killing our Own, Nuclear Madness.
Nuclear Waste—The Time Bomb in our Bones. The Warning, and The Cult of the
Atom. From their titles, I believe you can sense the content of these
documents. Most of these documents base their conclusions on "epidemiological
results". The books that I have cited admittedly do not receive scientific
review but I also receive notice of scientific articles. The American
Industrial Hygiene Association Journal had an article by Rosalie Bertell,
Ph.D., entitled "The Nuclear Worker and Ionizing Radiation".(2) In this
article she says "Suicide was also a significantly high cause of death among
the 1920-29 cohort of radiologists. This effect disappeared in the 1930
cohort, presumably because of decreased occupational exposure levels." This
certainly sounds very scientific and epidemiological. To a novice like me, it
certainly has the same ring as a brief report in the U.S. Department of Health
and Human Services publication that says "...epidemiologic study of Hodgkin's
disease among young adults found that persons who were reared in small
families, lived in single-family dwellings, had relatively few neighborhood
playmates and had well-educated mothers were at greater risk of disease than
persons who grew up in large families, ...."(3) This is the first time I have
known that having an educated mother was a risk.

Most health physicists are following with great attention the nuclear
fallout trial in Salt Lake City. The Federal judge is to decide if some of the
cancers downwind of the Nevada test site are due to nuclear fallout. Most of
my knowledge about this subject is from the newspapers. On November 2, 1982,
the Associated Press reported that epidemiologist Carl Johnson and Dr. John
Gofman, physician, believed the Nevada radiation was a cause of each of the 24
cancers. A November 10, 1982 report said Government witnesses testified that
three of the 24 cancers were not radiation related, yet similar witnesses
earlier had said radiation cannot be blamed for six of the 24 cancer cases.
Who are we to believe? In another legal case, a well-known health physicist,
Dr. K. Z. Morgan stated "It is my opinion that Mr. X's cancer, skin lesions,
and respiratory damage were major contributors to his death. Insofar as his
radiation exposure was the cause of these diseases, one would assume that to be
the case."(4) I wonder, as I suppose you do, how any specific cancer can be so
directly linked to radiation. I have little doubt that one of the many causes
of cancer is radiation but the majority of cancers have other causes. I am
intrigued with the concept being put forth by Dr. Victor Bond that the damages



awarded to a cancer victim be based on the size of the "attributable risk" (5);
that is, on the probability the person developed cancer as a result of exposure
to radiation as compared to natural or other causes.

All of us would like to avoid any unnecessary risks but not at all cost.
This problem of analysing risks and making decisions now consumes a great deal
of our effort. A Society for Risk Analysis has been formed to help bring
together some of this effort. One of the central themes of this society and
indeed of the Health Physics Society is "How Safe is Safe Enough?" Derby and
Keeney published an article on this subject in Risk Analysis.(6) Bernard Cohen
has pub'ished similar articles in the Health Physics Journal.(7) When all is
said and done, none of us want to spend an inordinate amount of time and money
reducing a minor risk while major risks go unchecked. This means that at some
point we must accept the concept of a de minimus risk. De minimus is a legal
phrase that means the law does not concern itself with trifles. We as a
society must decide what constitutes de minimus. To do this we need the genius
of an Einstein at the epidemiological level, the judgment of a Solomon at the
decision level, and the sensitivity of a saint at the implementation level.

I believe this cid-year topical meeting speaks directly to the Health
Physics Society's goal "...the development of scientific knowledge and
practical means for the protection of man and his environment from the harmful
effects of radiation thus providing for its utilization for the benefit of
mankind."
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RADIATION RISKS AND BENEFITS: POLITICS AND MORALITY

In a recent issue of the Newsletter of the Health Physics

Society, a letter to the editor expresses concern in the

strongest terms about a problem that—unwittingly or

unwillingly—the Health Physics Society in general and certain

health physicists in particular appear to have created and

nurtured, namely/ public phobia about radiation and nuclear

technologies. In the view of the author, the source of the

entire problem can be traced to a misinterpretation—indeed "a

corruption"—of an early ICRP publication containing this

hypothetical clause: "As any exposure [to radiation] may involve

some degree of risk..." (ICRP-9, SI 52) Over the years, the

transmogrification of may to i^ has resulted not only in the

dissemination of a basic untruth, but also in a widespread,

unwarranted public fear, as well as the passage of illogical laws

and the waste of precious resources that could have been

otherwise allocated to protect public health. The author calls

upon the Health Physics Society to counteract the problem by

issuing an unequivocal statement which sets forth its position

abou* the uncertainties affecting the validity of the linear

hypothesis.

A more precise appreciation of the nature and scope of

uncertainties surrounding dose-effects of radiation exposures has

been detailed by C. E. Land in a 1980 article, "Estimating Cancer

Risks from Low Doses of Ionizing Radiation." Despite a wealth of

epidemiological information and a vast experimental literature

about risks from high-dose exposures, there remains wide residual

disagreement about low-dose risk estimates. Land writes:

...in particular, reasonable men have
disagreed by as much as a factor of 100 or
more in their assessment of the risk from
exposures to a single rad of sparsely
ionizing radiation, like X-ray or gamma
rays.



These disagreements, says Land, result from two difficulties

inherent in the logic of inference from empirical data: (1) to

estimate low-dose risks directly would require prohibitively

large epidemiological studies of population*; (2) to estimate

low-dose risks indirectly is unavoidably dependent upon one's

assumptions about and selection of the shape of a dose-response

curve. Indeed the controversy about low-dose radiation risks

continues to derive from disagreements about which models should

be applied to which data.

If experts with the highest of scientific credentials cannot

agree on seemingly basic questions affecting radiation health

protection—or at least, agree upon a framework that enables

non-experts to judge the relative significance or insignificance

of their disagreements—then far more mischief than innocent

public misunderstanding will continue to tear at the seams of our

social fabric.

Without, for a moment, denigrating the scientific and

professional value of your ensuing discussimjs about

epidemiological studies and research as they may enhance your

endeavors to protect public health, permit me to suggest some

reasons for embedding those discussions in a wider framework of

consideration.

It might seem that nuclear weapons and electricity generated

from nuclear fission are sufficient to absorb an escalation of

public alarm over radiation and radioactivity. That is no longer

the case. For many years, ionizing radiation has been applied by

professionals in medicine and dentistry as an extremely valuable

diagnostic tool. Radiographs have permitted not only early

detection, but also more accurate diagnosis and treatment of many

serious health impairments. Nonetheless, a mounting public

controversy over the health effects of exposure to low-level

radiation has called in question the validity and long term value

of this diagnostic tool. Radiation exposure (even at



undetectably low levels) has been singled out by many as a unique

cause not only of the dread disease of our age, cancer, but also

of genetic mutations affecting distant future generations; its

effects seem all the more insidious because latent and delayed in

their manifestation.

With public perception shaped by such attributes, it appears

to be a foregone cor elusion that—no matter what the benefits to

medical and dental professionals in their enhanced ability to

diagnose and treat individual patients—the use of radioactive

technologies seems tantamount to an immoral violation of human

rights and, by implication, a matter of social injustice to

present and future generations. According to an extreme yet

influential argument, technologies using radioactive substances

have been judged by seme scientists to be an extreme moral evil,

even a criminal act, because their lethal effects not only kill

humans in the present generation, but also reach into countless

future generations. These lethal effects begin at the very

source—that is, when radon and its daughter products are brought

to the earth's surface in the course of mining uranium. They

last until radioactive wastes become harmless, i.e., thousands of

years.

This form of moral argument, when consistently applied,

entails a wholesale rejection of man-made sources of radiation

exposure. It concludes that, no matter what the immediate

benefits to individuals, the long-term risks amount to a

violation of basic human rights, hence a moral wrong. A

utilitarian principle of "the greatest good to the greatest

number" cannot in any way justify a morally wrong act.

What are we to make of a state of affairs in which moral and

ethical issues become transformed into a form of moral argument

for rejecting nuclear technologies already in common, widespread

use? Have professionals in health care and in engineering been

so incompetent, shortsighted and bereft of moral virtue that



unsuspecting citizens are indeed becoming victimized by criminal

acts of "radioactive poisoning?" Or is it perhaps the case that

the bioethical framework from which such moral reasoning has been

derived is both seriously flawed and conceptually inadequate?

The burden of my remarks will be to examine reasons for

concluding that the latter case is a more likely explanation.

The reasons will be arranged in response to three questions.

First, what is the status of alleged scientific evidence from

which moral conclusions about the unacceptability of man-made

radiation exposures are derived? Secondly, what criticisms of

risk assessment reasoning are pertinent to ethical reflection?

Finally, what revisions in an ethical framework are necessary if

risk estimates of low-dose radiation exposure are to be conducted

properly?



I. The Scientific Status of the Linear Hypothesis and

Radiobiological Data

The first set of reasons for calling into question the

adequacy of an ethical framework concerns the status of empirical

data and scientific evidence upon which any moral argument

depends for its legitimacy.

1. Hypothetical Harm

The origin and validity of moral objections to man-made

applications of radioactive substances is said to stand or fall

on the claim that any radiation exposure, no matter how small,

has some health effect which it seems wise to assume does some

harm. This conservative assumption—adopted over the twenty

years of evolution in radiation protection philosophy—carries

the implication that every radiation dose greater than zero

entails some possibility of somatic and/or genetic harm.

Regulatory agencies and their expert advisors have applied a

linear, zero-threshold hypothesis to the development of radiation

standards. Consequently, the public has been lead to believe

that "there is no safe dose of radiation" and "e;ery radiation

dose is an overdose."

It is ethically significant, however, that despite the

vast amount of radiobiological data, there is no conclusive

scientific evidence to prove the existence or absence of a

threshold. A moral argument which categorically condemns

man-made uses of radioactive elements originates from and depends

upon what is taken to be an unassailable scientific conclusion;

but in fact, it is only an untested theory, an extrapolated

hypothesis, an ultra conservative and protective rule of

prudence.

The absence of scientific evidence of harm from exposure

to low levels of radiation is not due to incompetence or
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oversight or lack of attempts to find harmful effects- Lauriston

Taylor's assessment of the situation merits close attention:

"No one has been ider.tifiably injured by
radiation while working within the first
numerical standards set by the NCRP and then
the ICRP in 1934. Let us stop arguing about
the people who are being injured by exposure
to radiation at the levels far below those
where any effects can be found. The fact is,
the effects are not found despite over forty
years of trying to find them. The theories
about people being injured have still not led
to the demonstration of injury and though
considered as facts by some, must only be
looked upon as figments of the
imagination."

A profound misunderstanding of the scientific status of the

zero-threshold, linear hypothesis renders any moral argument

dependent on it inherently flawed. There are, however, more

compelling reasons to question the legitimacy of moral claims

condemning technological uses of radioactivity.

2. Net Beneficial Effects—a Possibility

Since it has been scientifically established that there

are net beneficial effects from low-level exposures to other

toxic elements—e.g., copper, selenium, fluoride—it is

legitimate to ask if professional ethics should not require

competent members of the scientific community to examine

radiobiological data through the lens of an alternative

hypothesis. T. D. Luckey's recent publications--Hormesis with

Ionizing Radiation and "Radiogenic Metabolism" —suggest a

strong case for the need of a definitive scientific study to

determine whether or not exposure to low-level radiation may have

net positive effects. Indeed, it may be essential for the

well-being of living organisms.

11



This study is needed because the mere assumption that

there is no threshold below which harmful effects will not occur

has led to regulatory standards based on the guideline that

exposure levels be "As Low As Reasonably Achievable" (ALARA).

Applied in an ethically dubious manner, this guideline has

engaged regulators in the exercise of finding a maximal cost

which a profession or process or industry can tolerate. In

J. N. Stannard's assessment, the phrase "reasonably achievable"

has been interpreted to mean, "If you can do it technically, you

must do it..." without any regard to excessive economic cost or

other more health-effective protection. Since the effects of

low-level radiation are unknown and virtually unknowable, an

ALARA guideline unjustifiably assumes that any degree of

reduction in radiation exposure will do some good. But as

J. J. Cohen states:

"... some evidence indicates that there might
in fact bs a net beneficial effect of
radiation at low levels. Since we do not in
fact have a complete understanding of
low-level exposure phenomenologically,
perhaps we should recognize the possibility
of beneficial as well as harmful effects. If
the net effects are in fact beneficial, then
by insisting upon the application of
ALARA—rather than being conservative—we may
actually be causing harm."

3. Effects Not Unique

Several other reasons call into question moral arguments

against man-made uses of radioactive substances. There is, to be

sure, clear scientific evidence for this statement: "Ionizing

radiation, delivered in sufficiently large amounts, can cause
g

determinable effects or injuries to any biological system."

However, as Dr. Taylor and others have repeatedly pointed out,

any somatic or genetic effect caused by radiation can also be

caused by at least. 1500 other agents, with no possibility of

positively identifying which one might be the culprit. Besides
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not being unique in its biological effects, radiation dose

effects are not cumulative, since a process of repair or

replacement of cells, both somatic and genetic in nature, has

been demonstrated to occur in radiation therapy techniques.

4. A Practical Threshold

Furthermore, there is an ethically sufficient basis for

recognizing a "practical threshold" for low-level radiation,

namely, a dose level below which the latent period for the

appearance of any likely effect is in excess of one's remaining

life expectancy. For example, a study of Raabe, Book and Parks

has shown that, for bone tumors caused by radium, there is in

fact a practical threshold: if the dose is lower than 39

millirem per day, the latent period for appearance of the tumor

exceeds the life span.

5. Etiology of Cancer

A final reason for questioning the legitimacy of moral

condemnations of technological applications of radioactivity

arises from the scientific status of hypotheses about the

environmental origin of cancer. Thirty years ago John Higginson

formulated a complex theory which, through misinterpretations and

distortion, has led ordinary citizens to believe that some

cancer-causing agent lurks in everything we eat, drink or

breathe. He has attempted to correct distortions of his theory

by pointing out that, when he ascribed the incidence of cancer in

industrialized societies to "environmental causes," he meant the

total environment—cultural components of life-styles such as

diet and behavior, agricultural practices, social pressures—and

not merely or exclusively physical chemicals or other toxic
12elements in the environment.
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In a major public statement on cancer policy, the late

Philip Handler, former President of the National Academy of

Sciences, stated that

"We should lay to rest the idea that it is
these man-made compounds, abroad in the land,
that are responsible for the fact that 25% of
Americans die of cancer. They are not. The
possible effects of all known man-made
chemicals, when totalled, could contribute
only a miniscule fraction of the3total of all
carcinogens in our population."

John Totter reflects on the origin of spontaneous cancer

in a recent article in the Proceedings of the National Academy of

Sciences. He shows that, when corrected for competing risks,

mortality from cancer appears independent of the level of indus-

trialization in a country and, thus, of its man-made pollution.

He suggests that it is not among man-made agents that one should

look for primary carcinogens, but instead, among all-pervasive

"normal" environmental components. Totter suggests that the

culprit is oxygen: it is a recognized mutagen; experiments have

shown that it causes tumors in fruit flies; in the Ames assay

test for screening carcinogens, it shows up positive.

Totter's revolutionary theory has been favorably acknowledged by

an increasing number of distinguished scientists.

To summarize: The moral argument claiming that the

mining of radioactive substances and exposure to low doses from

technological applications renders them morally unjustifiable and

a violation of human rights—-unjustified by any foreseen and

intended benefits—derives from and depends upon unsupportable

scientific assumptions.

(1) The assertion that any and every radiation dose

not only can, but does cause somatic and genetic

hcirm rests on a profound misunderstanding of the

scientific status of the linear hypothesis.
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(2) Enough evidence for the possibility of net

beneficial effects of low-level radiation exposure

exists to merit the scientific investigation of

this alternative hypothesis.

(3) There is no scientific, much less, ethical justi-

fication for singling out radiation as a unique

cause of cancer or genetic mutations when over a

thousand other toxic agents are known to produce

the same health effects at sufficiently high

doses.

(4) There is a scientific and ethical basis for

recognizing a practical threshold (or d_e minimis

dose) below which risks of radiation exposure can

be ignored.

(5) Finally, since the etiology of cancer remains

highly theoretical and uncertain, a moral condem-

nation of technologies using radioactive

substances is seriously flawed since it

unjustifiably presumes, as a scientific fact, that

any exposure to a suspected carcinogen actually

causes harm which can and should be prevented by

government regulation. A hypothetical harm can

entail only a hypothetical violation of rights.

These considerations raise a key issue: What if any

moral oughts or ethical objections can be derived from scientific

premises of a hypothetical standing? If unambiguous scientific

facts do not exist, but instead, mere possibilities or risks of

harms, how should ethical considerations depend upon or derive

from risk assessment reasoning? These questions require us to

examine the reliability of current methods of risk assessment as

tools for ethical reasoning.
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II. Ethically Pertinent Critiques of Risk Assessment Reasoning

As a number of philosophers and humanists in the academic

community have turned their attention to the ethical aspects of

nuclear technologies, there is a striking recurrence in a pattern

of thought which remains fundamental to moral objections. A

virtually unquestioned assumption is that technologies applying

radioactive elements are utterly unique and incomparable

precisely because there will inevitably be errors or accidents

and the possibility of any releases of radioactivity—whether by

leaks from waste repositories or by reactor accidents, by

terrorists or by weapons—will entail catastrophic consequences

to public health, An underlying assumption is firmly entrenched:

"There is no safe dose of radiation; every radiation dose is an

overdose."

1. Radiation Risks: Unique and Unacceptable

To philosopher Robert Goodin, nuclear technologies are

conspicuous in lacking the conditions necessary to allow a

conventional mode of learning by doing or trial and error.

Based on his selection of scientific facts, Goodin avers that the

impacts of accidental emissions from reactors or waste

repositories on human populations or the natural environment are

such that errors would be catastrophic—e.g., widespread disease,

genetic damage, contamination of land masses, e< :. Health

effects are assumed to be latent, involuntary and irreversible.

They may not appear in time for changes in policy or safety

standards to be made. Goodin insists upon a set of criteria that

would predetermine the moral acceptability of new technologies:

There shall be no trial and error learning process unless there

are guarantees that "errors will be small, immediately

recognizable and correctable."

Richard and Val Routley focus on the philosophical

problem of obligations to the future. Based upon an inventory
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and description of the physical properties of radioactive

elements—their length of toxic lifetime, number of lethal doses

contained in small quantities and absence of a technically

demonstrated and guaranteed "safe" disposal method of

wastes—they conclude that continuing deployment of nuclear

technologies is "not only a crime against the distant future, but

also a crime against the present and immediate future" because of

the possibility of catastrophic releases. On the basis of

uncertain effects on future persons alone, the Routleys judge

nuclear technology to be morally unacceptable.

For both Goodin and the Routleys, the characteristic

that makes nuclear technologies most unique, incomparable and

morally unacceptable is that they compel us to live "not merely

with risk, but also with irresolvable uncertainties."

Implicit in these critiques is what Aaron Wildavsky

terms "a new doctrine," namely, "no trials v/ithout prior

guarantees against error." This amounts to a new doctrine of

risk aversion. Moreover, given the extremes to which risk

aversion can be taken, Wildavsky observes that it is probably

futile to point out that "irresolvable uncertainty" is a

necessary condition of human life itself and hardly a unique

property of a new technology.

2. Risk Assessment Methods: Fallacies and Problems

Whereas the foregoing criticisms are concerned with the

presumed uniqueness of radioactive health hazards, a quite

different set of objections is concerned with analytic methods of

assessing such risks. Critics claim that there are both logical

fallacies and problems of measurement in current methods of

establishing not only the moral acceptability of risk, but also a

socially just distribution of risks and benefits.
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Ian Burton offers five examples of what he terms
18"spurious risk assessment reasoning." First is the method of

comparing radiation risks associated with nuclear technologies

with natural background or pre-existing risk levels as a way to

determine what reasonable people should find acceptable. In

Burton's view, this method is a fallacious rationalization for a

simple reason—"It does not show why an increase in risk, however

small, should be acceptable." From the fact that humans already

experience and accept radiation risks—involuntarily as well as

reluctantly—from natural sources, it should not be deduced that

increments over existing or background levels, even if

comparatively small, ought to be morally acceptable.

Secondly, Burton criticizes the method of comparing

risks of alternative ways of achieving the same objective. For

example, it is argued that electricity generated by nuclear

fission reactors entails less risk to public health than coal-

combustion or oil-fired generators, not to mention risks of

deriving the same megawattage from windmills and solar

facilities. Burton maintains that this comparative-risk method

again begs the question of why any increased risk from a new

technology, no matter how small, should be morally acceptable.

Thirdly, Burton finds the method of comparing totally

unrelated risks "the least acceptable form of risk

rationalization." For example, when the public is told that

nuclear technologies are much less risky than those voluntarily

accepted from driving a car, smoking cigarettes or sky-diving and

should therefore be just as acceptable, such reasoning begs the

question in an extreme form. From the fact that people accept

and even seek out some risk-taking activities voluntarily, it

should not be deduced that the involuntary imposition of

additional risks should be morally acceptable.

A fourth method of determining risk acceptability is one

that Burton considers to be sound in theory, but plagued with
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difficulties in practice. This method uses the measurement of

benefits to be gained as a criterion for the acceptability of a

given level of risk. Not only are benefits notoriously difficult

to measure—either with dollar values placed on tangible benefits

or with actuarial studies estimating increased life-expectancy—

but the distribution of benefits through a population does not

necessarily coincide with or offset the aggregations of those

placed at risk. Despite these difficulties, however, Burton

concludes that the analysis of risk-benefit ratios represents a

logical and defensible method of determining risk acceptability.

The fifth and least objectionable method, in Burton's

opinion, is one that measures cost-effectiveness as a substitute

for benefit and utilizes a concept of increased safety in various

sectors of activity as a comparative tool for setting priorities

in risk-reduction expenditures. Burton finds Ernest Sidall's

question extremely instructive: "How many dollars do we have to

spend in order to save a life in various realms or sectors of

activity?" For example, does the marginal dollar spent on

nuclear reactor safety have the same value in purchasing an added

increment of safety that would be acquired if spent on medical

diagnostic tests or water quality protection or toxic waste

management?

Burton concludes that we must move into a new phase in

the evolution of risk assessment. More importantly, we must

focus on the creation of social processes for involving public

participation in more sophisticated understanding of risks so as

to restore confidence in our social institutions and

policy-making procedures.

These critiques of presumably unique risks entailed by

nuclear technologies and of the validity of commonly used methods

of risk assessment are ethically pertinent for at least two

reasons:
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(1) First, they dramatize the urgent need for a more

adequate bioethical framework in which the status

of scientific evidence can be determined as a tool

for resolving competing moral claims.

(2) Secondly, they highlight the deficiencies in

understanding how ethical principles might clarify

the uses and abuses of risk assessment as a

policy-making tool.

III. Toward Revisions in a Bioethical Framework

We have already examined reasons for concluding that the

hypothetical status of scientific interpretations of epidemio-

logical data do not justify the moral conclusion that risks from

normal exposures to radiation from natural sources or

technological applications impose unique and morally unacceptable

risks to human health.

Nevertheless, the proper relation between hypothetical

interpretations of scientific evidence and ethical conclusions

about the moral acceptability of putative risks continues to be a

highly controversial matter in ethical discourse. Several

academic ethicists have leveled a severe form of criticism

against those engaged in technology assessments and regulatory

standard setting. In addition to numerous theoretical errors,
19they are accused of committing "the naturalistic fallacy."

Simply stated, one commits this fallacy

1. whenever scientific reasons alone are used as the sole

justification for ethical conclusions, or

2. when factual "is" propositions are the only basis for

making moral "ought" statements as ethical conclusions, or

20



3. whenever something is defined as good without question

solely because it happens to be a factual matter.

According to these ethicists, the naturalistic fallacy is

committed when regulators and policymakers use a utilitarian

risk/benefit calculus to argue that risks from low-level

radiation ought to be morally acceptable because the are in fact

not only within the range of already accepted risks, but

outweighed by technological benefits and economic advantages of a

lower-cost technology. A utilitarian ethic based upon a

naturalistic fallacy stands accused of being the root cause of

two dangerous consequences: first, it results in a violation of

moral and inalienable civil rights to equal protection and due

process; secondly, it leads to a socially unjust sacrifice of

public health and safety to unprincipled economic growth and

technological development.

When one examines the work of ethicists (and some

scientists) making such serious charges, one discovers a striking

paradox: they reach their ethical conclusions by committing the

very fallacy they repudiate. That is to say, not only do they

misinterpret the linear hypothesis as a scientific fact from

which they presume that a utilitarian risk/benefit calculus seeks

its justification, but their own moral claims and ethical

conclusions have validity on the sole basis of what they presume

to be an established scientific fact, namely, that all radiation

exposure is unequivocally harmful. This is a worst case example

of the naturalistic fallacy.

Even if the naturalistic fallacy functions as a valid

critical tool in ethical theory, it has nothing to do with how,

in practice, ethical consideration should stand in relation to

the hypothetical status of scientific premises such as those

reviewed above. When technology assessment or standard setting

makes use of limited conceptual tools, such as risk analysis or

harm/benefit estimates or economic cost-effective projections for
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optimizing the allocation of a finite amount of money, it does

not follow that this exercise amounts to drawing ethical

conclusions based on a fallacious conversion of a scientific "is"

into a moral "ought."

To illustrate: When a risk analysis concludes that the

hypothetical risks from low-level radiation exposure to

diagnostic X-rays are far below the actual risks of exposure to

many other toxic elements encountered daily in our environment,

one is not converting an "is" to an "ought" by reaching the

conclusion that one set of risks ought to be morally acceptable

because the other i£. This interpretation is a profound

distortion of the ethical problem posed by comparative risk

analysis. Contrary to Burton's critique, the ethical conclusion

to be reached is not that the acceptance of a greater risk should

make the less risk equally, if not more, acceptable. Assessments

of hypothetical versus actual risks (and other comparisons)ihould

induce the ethical conclusion that it is not morally justifiable

to spend more money to reduce already trivial, hypothetical

risks, rather than spend it to reduce other greater risks that

can actually be diminished by that expenditure.

The principle of human rights to equal protection—far from

being violated by using such conceptual tools as risk analysis

and harm/benefit estimates—can best be safeguarded by a method-

ology which surveys a total spectrum of risks to health, proposes

a series of risk-reduction alternatives and associated costs and

enables a policymaker to determine which expenditure of finite

funds will get the most equitable health protection for the most

people.

There can be no achievement of equal protection without an

equitable management of an entire spectrum of potential

biohazards. This basic principle underscores the misconceptions

underlying Burton's criticisms of comparative risk

assessments—whether with naturally occurring hazards, with
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alternative ways of achieving the same objective, or with routine

risks taken in our ordinary behavior however voluntary. A

theoretical distinction between voluntary and involuntary risks

collapses in actual practice for the reason that such voluntary

risks as driving a car or smoking entail involuntary risks to

proximate as well as remote members of society. Moreover it is

fallacious and fraudulent to consider one technology in such a

way that the public is led to conclude that it only represents

incremental risks—as if these were simple additions to a current

risk# background. To the contrary, any "new" risk reorders an

entire system by displacing, offsetting or otherwise

restructuring a prior pattern of benefits and harms. Only

systemic risk-accounting does justice to this modification.

To illustrate: Several recent studies demonstrate that a

positive correlation exists between income, health and life

expectancy. Steady economic growth has meant better housing,

enriched nutrition, improved environmental sanitation, more,

plentiful food from mechanized agriculture and has reduced

accidents in the workplace, etc. Heretofore, programs to improve

health have been based on biomedical epidemiology and

ameliorative projects. However, evidence now indicates that

greater advances in protection of public health could be better

achieved by improving socioeconomic conditions among t* i

disadvantaged segments of society rather than through

sophisticated advances in biomedical knowledge. It can also be

demonstrated that increasing costs of sophisticated medical and

dental care have dramatically affected the decreasing

accessibility and affordability of basic health care, as well as

income levels. Any adequate assessment of the risks associated

with diagnostic radiology practices must be so conducted that it

includes far greater risks from reduced incomes and negative

health effects from the deprivation of prohibitively costly

health care. The economic and social costs of trivial risk

reductions expended on diagnostic radiology cannot be justified

on the basis of any available scientific evidence, nor ethically
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justified simply on the basis of a right to equal protection or

due process.

These considerations imply that public policy for health

protection or "safety" is not bound to guarantee a condition

characterized by absence of risks, nor by public acquiescence in

the "acceptability of risks" as a criterion for "safety." There

is an urgent need to reach a consensus on this key question—just

how much safety are we willing and able to pay for? Moreover, we

must confront and move public discussion beyond "acceptable risk"

to the concept of justifiable harm,—i.e., harm that is undetect-

able or negligible, as well as unavoidable if another greater

harm is to be prevented.

If one accepts statistical estimates based on the linear

hypothesis, diagnostic X-rays may cause some potentially detect-

able harm by "killing" or disrupting repairable cells. But

preventing the greater harm of serious health impairment to a

patient renders a comparatively negligible cellular harm

ethically justifiable. The most lamentable aspect of an

undifferentiated use of "harm" language—or, for that matter, a

statistical estimate to describe biological effects—is that an

unsuspecting citizen is led to think that actual body counts of

certified injury and death to human beings are the scientific

basis for stating that low-level radiation doses cause harm. To

the contrary, the basis is only statistical and hypothetical.

From a bioethical perspective, we do ourselves and our

posterity a grave injustice by allowing our moral concern for

basic rights to health protection and for the life-sustaining

qualities of the biosphere, to be narrowed down to, and in some

cases trivialized by, an obsession with hypothetical health

effects from but one technology. This myopic preoccupation

siphons public attention away from preventable causes of wide-

spread malnutrition, disease and death claiming thousands of

lives daily in our world. It is an inescapable irony that
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certain radiologists and biostatisticians mount cries of alarm

about the health hazards of exposure to high levels of natural

background radiation in Brazil and in India. Infant mortality is

such that one out of four children will die before his first

birthday. Hygienic factors and deprivation of food clearly swamp

any radiation effects. Only systemic risk accounting can change

our perspective and sense of moral responsibility for making

sound social policy.
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IV. Conclusion

The pressure of events should compel us, in conclusion, to

act constructively on the questions posed by Aaron Wildavsky. He

asks how it could happen that the United States has become a

safer place to live in the past century without anyone intending

or acting to achieve this outcome. He observes that "the

greatest industrial revolution that led to (or was produced by)

the mechanization of agriculture was not designed by anyone to

improve the health and safety of the general population. Yet,

the extraordinary improvement in diet that resulted from cheaper

and more plentiful food, which was a major consequence of

mechanization, has done much to improve health and life
18expectancy and also to reduce accidents."

Heretofore, when social risk reduction was an indirect

process or a byproduct resulting from a policy made on other

grounds, everyone shared in the general risks of living and no

one was singled out for protection in some special way. But in

our current cultural climate, "risk reduction becomes a decision

instead of a result" and "a deadly process is put into effect by

which individual or group safety is bought at the expense of the

whole."

What is new about this situation is not really that a

personal quest for safety is more intense (witness the increasing

opportunities for personal risk-taking in sky-diving, white-water

canoeing, mountain climbing, etc.). What is new, observes

Wildavsky, is that "the collective urge to risk reduction is so

much greater than the sum of the individual urges it claims to

represent. Each of us would do less for ourselves than we would

insist the government do for us." He recommends, not a laissez-

faire abandonment of government regulation, but rather a much

more restrictive set of criteria for resorting to regulations as

a means of dealing with risk:
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The dice should be loaded against any 'right1

to protection against risk. Only if risks
are palpable and remedies ascertainable and
populations limitable and danger unavoidable
should government regulate risk, "Killing
people with kindness" is only a subtle form
of verbal aggression. Killing people with
safety would be one of the supreme ironies of
our time.

If that supreme irony is to be avoided, the Health Physics

Society and its members will have to assume a formidable burden

of responsibility in influencing legislators and educating

vulnerable members of the public.
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Warren Winkelstein, Jr., M.H., M.P.H.
Professor of Epidemiology
School of Public Health
University of California

Berkeley, C.k 94720

ABSTRACT

Epidemiology, the study of disease distributions in populations and the
factors which influence these distributions, is an observational science,
i.e., its data base consists of measurements made on free living individuals
characterized by presence or absence of disease states and putative risk fac-
tors. Epidemiological studies are usually classified as descriptive or ana-
lytical. Descriptive studies are primarily used for planning and evaluating
health programs or to generate etiological hypotheses. Analytical studies are
primarily used for testing etiological hypotheses. Analytical studies are
designed either as cohort investigations in which populations with and without
a putative risk factor are followed through time to ascertain their differ-
ential incidence of disease, or case-control investigations in which the his-
tory of exposure to a putative risk factor is compared among persons with a
disease and appropriate controls free of disease. Both descriptive and analy-
tical epidemiological studies have been applied to health physics problems.
Examples of such problems and the epidemiological methods used to explore them
will be presented.

A strong argument can be made that epidemiology and astronomy are the
oldest truly scientific fields. Observations made by ancient epidemiologists
and astronomers are still valid and relevant. The statement in On Air, Waters
and Places, probably authored by Hippocrates, which follows, has not been re-
placed as a most cogent description of the field of epidemiology.

"Whoever wishes to investigate disease properly, should proceed
first to consider the seasons of the yaar, and what effects each of
them produces (for they are not at all alike). Then the winds, the
hot and the cold, especially such as are common to all countries,
and then such as are peculiar to each locality and the qualities
of the waters, and their effects. In the same manner, when one
comes into a city to which ha is a stranger, he ought to consider
its situation, how it lies as to the north or the south, to the
rising or to the setting sun and the waters which the inhabitants
use, whether they be marshy and soft, or hard, and running from
elevated and rocky situations, and then if saltish and unfit for
cooking; and the mode in which the inhabitants live, and what are
their pursuits whether they are fond of drinking and eating to
excess, and given to indolence, or are fond of exercise and labor.
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From these things he must proceed to investigate everything else
For if one knows all these things well, or at least the greater
part of them, he cannot miss knowing, when he comes into a
strange city, either the diseases peculiar to the place, or the
particular nature of common diseases, so that he will not be in
doubt as to the treatment of the diseases, or commit mistakes,
with respect to their diagnosis (*).

The reason why epidemiology and astronomy are ancient in origin is
probably because they are primarily observational sciences. Thus, the data
bases of epidemiology are measurements made on free living individuals, or on
populations characterized by presence or absence of disease states and puta-
tive risk factors. The Hippocratic aphorism "persons who are naturally very
fat are apt to die earlier than those who are slender" was apparently as valid
an inference in 350 BC as it was when reconfirmed by the Society of Actuaries
study of build and blood pressure, published in 1980 (2)# However, ancient
epidemiological observations were qualitative in nature and the inferences
derived from them tended to be speculative and abstract whereas modern epi—
demiological observations are more quantitative and the inferences derived
from them are more objective and precise.

Lilienfeld has suggested that the birth of modern epidemiology came with
the production of the first known life-table by Rdmond Halley, of comet fame,
in 1693 (3). During the following 50 years a number of mathematicians, most
of whom were also astronomers, were involved with the development of the life-
table, or as they called it, tables of mortality. Could it be that this re-
flected some underlying philosophy that the discrete mathematical relation-
ships which governed the movements of the planets had biological counterparts
which could be termed "laws of mortality"? At any rate, their work can be
shown to have provided the stimulus for the development of the numerical
approach to medicine which the French clinician Piere Alexander Louis enun-
ciated and transmitted to English medical scientists like Farr and Budd and
American medical scientists like Shattuck and Holmes.

William Farr, a physician, became the first chief statistician of the
newly established General Register Office of England in 1839 and served in
this role until his death four decades later. He had at his command a wealth
of vital statistical data and, over the years, a variety of special morbidity
information. To these data he applied a variety of statistical techniques in
order to advance the understanding of the dynamics of disease occurrence in
populations. Thus, he was the first to effectively predict the course of
epidemics while they were in their early stages. He also joined with social
reformers like Edwin Chadwick to demonstrate by the use of vital statitics
some of the adverse effects of poverty, urbanization, and crowding.

William Budd, on the other hand, remained a practitioner of medicine.
Over the years from the mid 1840's to the 187O's he observed a number of small
and large epidemics of typhoid fever. By combining a detailed study of its
pathology with careful observation of the sequence of case occurrences, he
correctly inferred the mode of transmission of the disease. This allowed him
to effectively refute the theory of communication by miasmata. Combined with
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Snow's observation of the association between cholera occurrence and use of
water from the sewage contaminated Broad Street pump, the scientific basis for
control of waterborne disease was laid.

I have included these brief references to the work of Farr and Budd
because I believe that they have provided the paradigms for the two major
approaches used by modern epidemiologists to study disease in populations.
Fair's paradigm underlies the study of aggregate data in which populations
are characterized by various attributes and the rates of occurrence are
determined in appropriate subgroupings. Budd's paradigm, on the other hand,
underlies the case-control strategy in which cases are compared to controls
with respect to the presence or absence of particular attributes. Both of
these approaches will be represented in the studies to he discussed at this
meeting during the next four days.

Nineteenth-century epidemiologists like Farr and Budd also defined by
their work the major uses of the field of epidemiology. In Farr's work one
can see an attempt to investigate the natural history of disease as well as to
use epidemiological data to influence and guide public policy. Budd's work
was more restrictive in the sense that sanitary reform was approached in-
directly through the demonstration of the mechanism of contagion. In recent
times we have tended to classify the uses of epidemiology under the rubrics
descriptive and analytic. It would probably be more informative if we con-
sidered the uses of epidemiology as either problem oriented or science
oriented. Again, this meeting will include papers dealing with both of these
interests. However, the balance of this presentation will consider epidemio-
logical methodology as applied to scientific issues, primarily etiology.

It was another French scientist, Claude Bernard, who in Introduction a
l'Etude de la Medicine Experimentale (1865) formulated the paradigm for
biological research, namely: observation to hypothesis to experiment to
conclusion to replication to theory (^)# it is within this framework that I
would like to continue consideration of epidemiological methodology.

Figure I shows the results of an analysis of data collected by the
General Register Office of the United Kingdom (5). fhe figure shows the time
trend of age-specific leukemia mortality in children under 5 years of age from
1931 to 1953. The data show that at each year of age there is an increase in
mortality during the three time periods. However, the increase is not uni-
form, being approximately 35% in those under 3 and over 100% in those 3 to 5.
Such observations, ordinarily labelled descriptive epidemiology, can give
rise to several hypotheses. First, it may be hypothesized that the trend is
spurious, perhaps due to the designation of deaths from some other cause at
an earlier time period to leukemia at a later time. This hypothesis does not
seem very plausible since diagnostic standards in the United Kingdom have been
fairly good even as early as 1930 and the investigator's judgment that diag-
nostic practice did not change very much in the 22-year observation period
seems reasonable. Furthermore, the consistant differential a, e pattern of the
increase suggests some more biological explanation.

A second hypothesis might be that the introduction of chemotherapeutic
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drugs in the 1930's and antibiotics in the 1940's resulted in the survival of
infants otherwise destined to develop leukemia during the first year or two of
life. This hypothesis is more plausible than the first, but would probably
require that the death rate from leukemia would actually drop in the younger
ages over time.

A third hypothesis might be that some new factor in the environment was
producing the increased mortality. Since leukemia is a disease in which a
latent period is considered a part of its natural history, one might look for
the factor in early life or even during fetal development. Since ionizing
radiation had been known to be associated with cancer since 1917, when Sophie
Feygin studied the causes of death of more than 100 of the pioneer scientists
in the field (*>', and since X-ray pelvimetry had become fashionable in the
1930's and 1940's, it was not unreasonable for Alice Stewart and David Hewitt
to hypothesize that the time trend shown in Figure I was caused by irradiation
of the developing fetus " ) #

To test this hypothesis they ascertained whether or not a series of 619
leukemic children had been exposed to X-ray in utero and compared the experi-
ence of these children with an equal number of children born at approxiinately
the same time and in the same locale as the cases. The results of their
study are shown in Table 1. Thirteen percent of the cases had experienced
intrauterine X-ray exposure whereas only seven percent of the controls had
been exposed. The difference was statistically significant and supported the
hypothesis. We call this type of study a case-control or retrospective study.

Table 1. Frequency of fetal irradiation among patients with leukemia
and among controls

Diagnosis

Leukemi a
Control

Total

Irradiated

7<>
44

123

Wot Irradiated

540
575

1,115

Total

61Q
619

1,238

Relative risk estimate: 1.9 (odds ratio)
p= <.O5

After Stewart et al (7)

At about the same time that these studies were being carried out in the
United Kingdom, investigators in upstate New York were also studying the hypo-
thesis that medical use of X-ray might be producing cancer. However, the
methodology was quite different. These investigators knew that for many years
radiologists had been treating a diagnosis in children called enlargement of
the thymus gland by irradiation. The thymus is located in the chest under the
upper part of the sternum. Its function was unknown but many symptoms and
conditions were attributed to it. Whether or not it was possible to determine
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its size is irrelevant to this presentation. Suffice it to say that many
thousands of children were irradiated for enlargment of the thymus gland.
Lenore Simpson and colleagues were able to identify 1722 children who had been
irradiated and were able to trace 1400 W . They also identified 1795 un-
treated siblings. They then ascertained the subsequent medical history of the
treated and untreated children. The results are shown in Table 2. The cancer
rate in the treated group was 4.6 times that in the untreated group, a result
which is statistically significant. This type of study is called a cohort or
prospective study. However, because the cohorts were established prior to the
execution of the study, we should more accurately designate this as an
historical cohort study.

Table 2. Distribution

Treatment
Group

Irradiated
Unirradiated
s iblings

Relative Risk

After Simpson

Number

1,400

1,795

of Cancer

§£-SiaJ£I

of Neoplasia According to

Leukemia

7

0

Thvroid Ca

6

0

(Irradiated/TJnirradiated):

Treatment Group (X-rays)

All
Number

18

5

4.6

Cancers
Rate/1,000

12.9

2.S

The three studies just described represent the major methods used by
epidemiologists to study disease causation. As already indicated, they con-
form to paradigms developed in the nineteenth century. The first approach,
the study of the distributional characteristics of disease occurrence in popu-
lations has been particularly useful in generating hypotheses. The second,
the comparison of the occurrence of putative risk factors in cases and con-
trols has been particularly useful in testing causal hypotheses in diseases
of rare occurrence. The third, the comparisons of the occurrence of disease
in groups exposed or not exposed to a putative risk factor has been particu-
larly useful where the exposures are intense and the exposed population rela-
tively stable. Of course all of these approaches are accompanied by many pit-
falls, a few of which I would like to discuss. But first, it is necessary to
consider how the results of case-control and cohort studies are evaluated.

In studying disease causation, the epidemiologist is attempting to ascer-
tain whether persons posessing certain characteristics (risk factors) are more
likely to develop a disease than those who don't have the characteristic. The
measure of this likelihood is obviously the rate of disease in those with the
characteristic compared to the rate in those without the characteristics. It
can be expressed as the quotient of the two rates and is called the relative
risk. Clearly, the relative risk can be calculated directly from the data
generated in a cohort study. This is demonstrated in Table 2 where all the
data to confirm the calculation of the relative risk of 4.6 are given. How-
ever, the relative risk is not directly derivable in the case control study.
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This is because the measure of association is not the attack rate of disease
but rather the relative prevalence of the characteristic among cases and con-
trols. Nevertheless, it can be shown that under certain circuumstances the
case-control study can provide an estimate of the relative risk. These
circumstances are that the cases are representative of all cases of the parti-
cular disease, that controls are similarly representative of the prevalence
of the characteristic in the population, and that the disease is rare. This
estimate, the odds ratio, is obtained by dividing the product of the number
of cases with the characteristics and by the number of controls without the
characteristics by the product of the number of controls with the character-
istic to the number of cases without the characteristic. For the data in
Table 1, the odds ratio estimate of the relative risk is 1.9.

But a reexamination of Table 1 reminds us that among the leukemia cases
87 percent had no intrauterine exposure to irradiation. Thus, intrauterine
irradiation could hardly be blamed for a very high proportion of leukemia
cases. Similarly, in Table 2, only 1.2 percent of those treated for thymus
enlargement developed cancer. To measure this phenomenon, Levin suggested the
calculation of the attributable risk proportion which shows the proportion of
all cases which can be attributed to the risk factor being measured (9). This
turns out to be a function of the relative risk and the proportion of the
population with the risk factor. For the data shown in Table 1, the attribu-
table risk proportion (AR%) can be determined by application of the following
formula:

AR% = B (R-l) x 1 0 0

B (R-l)+l

where: B = Proportion of the population experiencing intrauterip.e
radiation exposure

R = Relative risk estimated by the odds ratio.

For the Stewart study, the attributable risk proportion turns out to be
5.9%. This means that if the conditions for calculating the odds ratio esti-
mate of the relative risk were met, slightly less than 6% of childhood leuke-
mia is caused by intrauterine exposure to X-rays. Thus it seems unlikely that
much of the upward trend of leukemia mortality shown in Figure 1 can be attri-
buted to fetal irradiation. If we wish, we could adjust the figures to show
how much of the increase could be attributed to fetal irradiation. More im-
portantly, however, we might want to study the phenomenon further to see
whether some additional causal factor might be hypothesized as responsible for
the increased mortality.

Studies of the relationship between intrauterine exposure to X-rays and
childhood leukemia also demonstrate a not uncommon problem encountered in
epidemiological studies, and indeed, in many scientific investigations. This
is the variation in results. Retrospective cohort and prospective cohort
studies have demonstrated relative risks varying from 1.4 to 2.9 for intra-
uterine X-ray exposure and childhood leukemia (10,11). Unlike the laboratory
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study where conditions of the study can be rigidly controlled, the epidemio-
logist makes observations on free-living humans whose behavior is highlv
erratic from place to place and time to time. When relative risks are low,
one must be very cautious in interpreting results since relatively minor flaws
in study design and execution could produce a spurious association. On the
other hand, the differences may be real and reflect different constellations
of confounding or covariable effects. Clearly, in the case of childhood
leukemia, factors other than intrauterine irradiation must have important
etiological influences. The likelihood that such factors will be differen-
tially distributed in different study populations must be high, indeed.

The problem of estimating the influence of unknown confounders has
interested several biostatisticians including Bross, Cornfield and
Schlessleman (12-14), My colleague Richard Brand is currently completing a
paper dealing with this issue which will soon be offered for publication. In
this paper he will show that the lowest common relative risk and relative pre-
valence of an unknown risk factor that can explain away an observed associ-
ation can be estimated by doubling the observed relative risk and subtracting
1/2. Thus, in the Stewart study the findings could be explained by some other
factors whose relative risk and relative prevalence in the population was 3.1.

I want to return one final time to consideration of the three studies
which I have been discussing. Hewitt's study of the time trends of childhood
leukemia mortality is a relatively straightforward example of the application
of Farr's paradigm. It was useful in generating the hypothesis that fetal
irradiation was associated with childhood leukemia. Taken at face value,
Stewart's study supported the hypothesis. However, as we have seen, the
attributable risk proportion revealed by Stewart's study falls far short of
fully explaining the time trend. Other hypotheses must be generated and
tested if we wish to obtain a better explanation of the phenomenon. It is
also clear that little credence would be given to the argument that the time
trend was evidence that the increased practice of X-ray pelvitnetry during the
1930's and 1940's caused the increase in childhood leukemia. The ecological
fallacy could be correctly invoked, i.e. , .iust because phenomena are asso-
ciated in time and place doesn't necessarily imply a causal relationship. On
the other hand, distributions of disease in populations according to charac-
teristics of time, place, and persons must be consistant with the distribu-
tions of risk factors or we must reject the epidemiological paradigm. Thus,
the continued study of vital statistics and registered mortality data in con-
junction with detailed census data is, in my opinion, an important endeavor
for epidemiologists. The current negative attitude toward such studies is
unfortunate. Of course, studies of this type should be rigorous and in-
ferences from them should be cautious. But this admonition applies to all
research.

At Berkeley, my colleagues and I are pursuing such ecological studies.
A few years ago we postulated an association between cigarette smoking and
cancer of the uterine cervix based partially on the observation of a strong
geographic correlation between lung cancer incidence and cervical cancer
incidence in the Third National Cancer Survey. The Oxford epidemiological
group as well as other investigators in Canada and U.S. have now shown that
the hypothesized association is independent of other established risk factors
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and second only to number of sexual partners In strength. We are also con-
tinuing to study the patterns of air pollution and specific cause mortality
and cancer incidence in a number of communities to assess the consistency of
associations and the importance of confounding factors.

Notwithstanding, the case-control strategy is a powerful approach to the
testing of causal hypotheses. There has been intense interest in this metho-
dology over the past several years and discussions of terminology and metho-
dology have crowded the epidemiological literature. With respect to termino-
logy, I must confess that I think the concerns are almost ludicrous. Argu-
ments over whether to call the studies retrospective, case-control, case
referent, on even trohoc (cohort spelled backwards) will, I believe, have
little impact or practice. However, I am concerned about the apparent ten-
dency to employ statistical manipulation to data of questionable validity.
Arguments, which have appeared in prestigious journals, have even questioned
the need for representative samples. I remain committed to the critical im-
portance of careful, valid measurement and rigorous effort to obtain repre-
sentative samples. I believe that Berkson's fallacy is real and constantly
waiting to assert its ugly effect (*!>), JJO amount of statistical manipulation
can repair the effect of biased selection or non-random errors of measurement.

While fewer objections can be raised about the prospective study as
exemplified by the Simpson study, it is not without flaw. For example, only
78 percent of the exposed cohort were followed up. Also, possible confounding
variables such as medication or other conditions associated with thymus gland
enlargement were not ascertained. In general, it may be said that too little
attention has been paid to the representativeness of the cohorts in such
studies. With the present emphasis on historical cohort studies of employed
populations, much more attention is going to be necessary to this issue both
for exposed and control cohorts if serious errors are to be avoided.
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ABSTRACT

Epidemiologic studies of the late effects of ionizing radiation have
utilized the entire spectrum of situacions in which man has been exposed.
These studies have provided insights into the dependence of human effects
upon not only dose to target tissues but also other dimensions of exposure,
host characteristics, and time following exposure. Over the past three
decades studies have progressed from the mere identification of effects to
their measurement.

Because investigators of human effects have no control over the exposure
situation, validity must be sought in the consistency of findings among
independent studies and with accepted biologic principles. Because exposure
may be confounded with factors that are hidden from view, bias may enter into
any study of human exposure. Avoidance of bias and attainment of sufficient
power to detect relationships that are real — these are the methodologic
challenges.

Many methodologic issues, e.g., those associated with the definition and
measurement of specific end-points, or with the selection of appropriate
controls, permeate epidemiologic work in all fields. Others, especially
those concerned with the measurement of exposure, the patterning of events in
time after exposure, and the prediction of events beyond the scope of
existing observations - these give radiation epidemiology its distinctive
character.

INTRODUCTION

Any general discussion of the human health effects of ionizing radiation
is likely to include the statement that we know more about such effects than
about those of any other environmental agent. If this be so, and the
statement always goes unchallenged, why is our vaunted knowledge so
unsatisfactory when we confront the practical issues of predicting and
controlling risks to human health? Perhaps a review of what we are trying to
do in studies of human health effects, of the tools at our disposal, and of
how we use them, will explain why we know so much and yet find it
unsatisfactory.
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Most generally, we are trying to achieve three goals:

(a) the detection of human health effects;
(b) the measurement of such effects in standard units of population and

of exposure; and
(c) the identification of the factors that influence the appearance of

human health effects, again in quantitative terms as differentials
among people and over time.

In searching for the human health effects of ionizing radiation the
epidemiologist, or practitioner of another art or science (for professional
epidemiologists are by no means the only class of investigators contributing
to what we may broadly term the epidemiologic literature) is never on
absolutely certain ground and depends heavily on statistical methods to avoid
both the error of claiming an effect or relationship that is not real and the
error of missing one that is. These methods, of course, are based on random
variable models whose appropriateness he can seldom determine in any rigorous
sense. Only in clinical trials do we usually have the opportunity to
physically randomize subjects, for example, and in the strict sense physical
randomization is one of the theoretical requirements for employing these
models that underlie our hypothesis testing and estimation procedures. And
so we perform statistical manipulations knowing full well that the
assumptions on which they are based are not rigorously satisfied.

In the end, therefore, we must fall back upon consistency of findings
among different independent studies and upon consistency with any relevant
biologic knowledge. Because we cannot employ randomization, but must take as
our subjects people as we find them, our main fear is of bias, e.g., that the
cases and the controls we assume to differ only with respect to radiation
exposure prior to the appearance of disease, in fact do differ and in some
way that may influence the risk of the disease under study. And we can never
know for certain, try as we will to explore their comparability.

The other fear is of having insufficient statistical power to put a
hypothesis to a real test. Statistical power depends on sample size,
duration of observation in many instances, and dose. A study of low
statistical power is one that cannot be expected to show results even when
they are present. It. is also one whose result, if positive, will almost
surely provide an over-estimate of the size of the effect.

SOURCES OF EPIDEMIOLOGIC DATA

Although everyone is exposed to ionizing radiation in one or more ways
if we include background sources, the opportunities for significant studies
are quite limited. They grow out of the effort to diagnose or treat disease
with x or other radiation, great geographic differences in average level of
background radiation, and the explosion of nuclear weapons. Table 1 lists
some of the major studies by type and specific reason for exposure.
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ENDPOINTS OF INTEREST

Certain endpoints, or effects of ionizing radiation, have particular
difficulties associated with them. There may be problems of definition, or
detection, or measurement, problems that are by no means peculiar to
radiation studies. If we should want to study genetic effects, what would we
take as evidence of mutation caused by exposure to ionizing radiation? With
what efficiency can such mutations be detected? Or, if we are to study
cataracts of the eye, how shall we define a cataract and will our definition
be such that different observers examining the same eye will generally agree?
Or, again, if we are to study infertility, how shall we handle relative
degrees or durations of infertility? Apart from problems of definition and
detection there are those that arise from the fact that the endpoint may be
distributed over time in some characteristic fashion. Thus, an observation
made either too soon or too late may miss the event of interest. Was the
study by Rallison et al. (1) of thyroid cancer in relation to fallout from
atmospheric tests at the Nevada Test Site, performed 12 to 18 years after the
heaviest known exposure, done long enough after exposure, and on sufficient
numbers of children, to have had a good chance of detecting any effect if, in
fact, the fallout did produce thyroid cancer? And if only two cancers were
found, neither in an exposed child, could it be that the search was not
thorough enough? Were enough biopsies taken? Were the specimens examined
closely enough? In the review of autopsy material in Hiroshima and Nagasaki,
Sampson et al. (2) found that their estimates of the prevalence of primary
thyroid carcinoma depended heavily on the amount of tissue and the number of
slides available for examination, but in most instances the lesion was
occult, i.e., less than 1.5 cm and not suspected clinically. And when we say
that ionizing radiation causes thyroid cancer, do we mean that it produces
all kinds of thyroid cancer, or is the excess limited to certain cell types?
The more malignant forms of thyroid cancer, e.g., the anaplastic, are
relatively uncommon and it is difficult to obtain a series large enough to
determine whether the more malignant forms, or only the more benign
follicular and papillary types, are caused by ionizing radiation. On this
score we have only case reports (3).

The hypothesis that ionizing radiation is a general carcinogen, capable
of causing cancer in any human tissue, continues to have some heuristic
value, but for many sites, e.g., prostate in the male, it has not been
possible to demonstrate its carcinogenicity. If we examine the range of
standardized risk coefficients for the various forms of cancer for which we
have estimates, we see that it is very wide. It may be that, for some types
of tissue, the risk is too small to be easily detected.

Controls
A most critical factor in the design and analysis of any survey of the

health effects of ionizing radiation is the derivation of the expected number
of events in the absence of radiation, the essential basis of comparison on
which any estimate of excess risk depends. It rarely happens that the range
of dose over which the exposed sample is distributed is wide enough for
regression methods to be used effectively, but these are used whenever
possible. Although there is no guarantee of the underlying homogeneity of
the different dose groups available for such analyses, it is usually the case
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that they differ less from one another in their expectation of the end-result
of choice, apart from their exposure level, than they would differ from an
external control group.

It is convenient to base expected outcome on national statistics with
their great statistical stability and ready availability, but rarely can we
document their adequacy for the purpose. If the exposed are drawn from the
employed population we must cope with the "healthy worker effect" (4) so
called because, for many causes, population rates for mortality or incidence
of disease will lie well above those expected for the screened employed
population. British studies especially have depended on this approach, e.g.,
those on patients with ankylosing spondylitis treated by x ray (5), on
radiologists (6), and on patients with metropathia hemorrhagica treated by x
ray (7). In the study of British radiologists, however, Court-Brown and Doll
also used the mortality rates for the highest social class, Class I, in an
effort to obtain more appropriate expected values. When Seltser and Sartwell
designed the Hopkins study of American radiologists they employed comparison
groups of other medical specialists (8) rather than base expected values on
mortality rates for the U S population. Reports from the Hopkins study have
consistently shown differences between radiologists and other medical
specialists that extend well beyond cancer to other causes of death,
especially cardiovascular-renal disease (9), and it remains uncertain whether
the excess mortality from diseases other than cancer is causally related to
radiation or derives from intrinsic differences between radiologists and
other medical specialists with regard to life-style. The evidence of all
other studies is that the life-shortening effect of radiation doses in the
sub-lethal range occurs through their carcinogenic effect (10).

Once individual dose estimates became available, reports on the Japanese
A-bomb survivors depended mainly on regression techniques for detecting and
measuring the late effects of exposure to ionizing radiation (11,12), but
mortality rates for all Japan have also been used to calculate expected
deaths (13,14). The Standard Mortality Ratios (SMR's) based on the latter
calculations have made it clear that the all-Japan standard is by no means a
useful one if employed directly, for the low-dose survivors of one city may
have an SMR well above 100, while those of the other city have one well
below, and similar findings characterize the different causes of death. In
consequence such expected values are useful only as a normalizing device to
eliminate differences associated with age and sex within city, before
dose-groups are compared, and not for direct inference about the effect of
radiation itself (15). The recently published mortality maps for Japan
provide further documentation of the heterogeneity of the various areas of
Japan, including Hiroshima and Nagasaki, as to mortality with respect to
specific causes (16).

A very informative use of external control groups may be found in a
recent report on a study of breast cancer in woman treated by x ray for acute
postpartum mastitis (17). In that study the investigators compared the
cancer experience of x ray treated patients with that of their sisters, with
mastitis patients not treated by x ray, and of sisters of the non-irradiated
mastitis patients. The three external control groups did not differ as to
breast cancer incidence and hence were pooled for comparison with the
irradiated group.
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Ascertainment bias
Because undetected bias can have a disastrous effect on statistical

inference, those who perform human surveys must always be on guard. The
ascertainment of the end-point of interest can be readily biased, for
example, if the reporting is voluntary and subjects have built-in beliefs
about relationships that influence their response. On a slightly subtler
level one may encounter diagnostic bias on the part of physicians certifying
cause of death. In Hiroshima and Nagasaki ua expected relationship between
leukemia and exposure to radiation from the A-bombs might have led to the
resolution of questionable cases in favor of leukemia more often if the
decedent was known to have been an A-bomb survivor. Investigators at t'>s
Atomic Bomb Casualty Commission protected themselves against this risk by (a)
designating for hematologic review all subjects given any one of about 75
different diagnoses and (b) reviewing all available slides and other clinical
information against standard diagnostic criteria developed by bi-national
advisory groups (18). Although nothing so powerful was available for other
causes of death, a great deal of information about the validity of death
certificate diagnoses was gained through an aggressive autopsy program that
flourished during a critical period, 1961-1970 (19).

Studies of A-bomb survivors have a very great advantage in the Japanese
family registration system under which certain vital events are registered
without fail in the city office serving the community where rhe family has
its legal residence (11). Hence, the migration of younger subjects from
Hiroshima and Nagasaki to other areas of Japan has no real influence on ths
ascertainment of mortality. But studies of disease incidence enjoy no such
advantage. Ascertainment of cancer among subjects who dwell outside the
ill-defined catchment area for the tumor registries is necessarily incomplete
and poses a potentially serious problem for non-fatal tumors, e.g., thyroid
cancer. Fortunately there is good information on the residence of a large
representative subsample showing that migration is unrelated to dose.
Nevertheless, it behooves the analyst to examine his data for evidence of
differential ascertainment in relation to not only dose but also age and
sex.

Diagnostic error
Depending on the choice of endpoint for study, there will be diagnostic

uncertainty if the observer must depend, as is usually the case, on diagnoses
made by others, most obviously those who certify the cause of death. Not too
many causes of death are reported with high reliability on death
certificates, and the errors may be large enough to have a great influence on
any risk estimate derived from a particular experience and even on the
likelihood that a true effect will be observed. Table 2 provides autopsy
confirmation and death certificate detection percentages obtained from the
ABCC autopsy program (19). If the percentage detected is too low, we may
lack the evidence of a true effect, or underestimate its size, even if the
confirmation level is quite good. At one point, for example, we calculated
that we should increase our risk coefficient for lung cancer by about 50
percent on the autopsy evidence of diagnostic error (20). Converselyr a
recent report on the Hanford workers (21) indicates that the evidence of
excess pancreatic cancer reported earlier (22) disappeared when that small
series of cancers was subjected to critical review.
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MEASUREMENT OF EXPOSURE

Units of exposure
Even the choice of unit to be used in measuring exposure may present the

investigator, or the reader of his report, with a difficult problem. The
working-level-month (WLM) is used as a surrogate for a physical unit of dose
and is said to be equivalent to about 0.4 to 0.8 rads to bronchial tissue
(10), but any such average range must conceal a great deal of variation among
mines and over time, variation associated with the physical characteristics
of the work area, ventilation, etc. It seems inevitably difficult to make
close comparisons between risk estimates calculated in terms of WLM and those
based on rads, entirely apart from the problem of estimating the RBE for
alpha radiation.

The internal emitters may present special problems of their own. For
example, it is possible to estimate the body burden of radium-226 many years
after a dial-painter ceased painting dials and, since that burden varies over
time, investigators at the Center for Hunan Radiobiology at Argonne
customarily report results in terms of the calculated intake dose in uCi
(23). Extrapolation of a whole body measurement perhaps 30 to 50 years after
the occupational exposure ceased is then performed for that individual on the
basis of average factors that depend on natural decay rates for radium-226.
I wonder how much we know about individual variation in the metabolic
handling of radium-226 and whether it could be of any numerical importance.
It also seems to me that, since the rad dose is time-dependent and for that
reason may not be given, the reader may experience difficulty in relating
findings reported in uCi to others in the literature.

Quality of radiation
Quality factors for high-LET radiation are very difficult to derive from

human data. Most of the high-LET observations pertain to alpha particles and
high doses, and there is little opportunity to explore variation in RBE with
dose. With exposures of mixed radiation quality, as seemed to be true for
the A-bomb survivors under the T-65 dosimetry (24), one may not know how to
convert the dose in rads to one in rems. If a rera dose was to be calculated,
should the RBE for neutrons be fixed or variable depending on dose? Since
the rad dose in Hiroshima was thought to have a large (20-27 percent)
component of neutrons, and that in Nagasaki to have almost none, the validity
of city comparisons seemed quite dependent on the choice of the RBE. For a
time we thought we had, in the different neutron doses of Hiroshima and
Nagasaki A-bomb survivors, a basis for quantitative RBE estimates for fast
neutrons, and some of this was put into the BEIR III report (10), but it now
seems clear that we were mistaken, that the T-65 dosimetry was seriously in
error with respect to the neutron dose, especially in Hiroshima. It seems
doubtful that we shall obtain useful estimates for neutrons from that
source.

A problem of very timely interest is the RBE of beta particles from
iodine-131. For a long time the most influential work was that of Doniach
(25) which suggested an RBE for thyroid cancer of about 0.1 relative to x
ray. Maxon et al. have argued that x ray may be as much as 70 times as
effective as iodine-131 in producing thyroid cancer (26). Recently Lee et
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al. have published the results of a large experiment on rats in which they
find iodine-131 to have about the same effectiveness as x ray in inducing
cancer of the thyroid (27). Although thyroid cancer was caused by fallout
from the 1954 thermonuclear test near the Marshall Islands in the Pacific,
several radioisotopes of iodine other than 131 were involved, 132, 133, and
135 (28). Follow-up studies of large numbers of patients exposed to
iodine-131 via either therapeutic or diagnostic procedures have provided no
convincing evidence that iodine-131 is carcinogenic in man (29,30). The
uncertainty of the scientific evidence on iodine-131 has been emphasized by
the claims of residents of the area of fallout from atmospheric tests at the
Nevada Test Site that many forms of cancer, including thyroid cancer, have
been caused by such fallout. Should the "probability of causation", to use
the current NCRP term, for thyroid cancer be based on an RBE of unity or on
some much lower value?

Dose reconstruction
Often a given human experience seems valuable but only if the dose can

be reconstructed. If the radiation was administered therapeutically it may
not be difficult to do this, although in the most famous and influential
series based on therapeutic irradiation, the British ankylosing spondylitis
series, the investigators have released only the marrow dose (5). The best
known dose reconstruction is that of AEC/DOE and ABCC for the A-bomb
survivors in Japan (24), but perhaps an even more ambitious effort is
currently under way within DOE on the dosimetry of exposure to the fallout
from the weapons tests.

Breast tissue doses from fluoroscopic monitoring of pneumothorax therapy
for tuberculosis (31,32) have been reconstructed from measurements made on
representative x ray machines of a bygone era, interviews with radiologists
of that era, and assumptions as to average distance, usual position, average
number of exposures per examination, etc.

The pitfalls of retrospective exposure histories obtained from
next-of-kin are dramatically illustrated by the first report on deaths among
former workers at the Portsmouth Naval Shipyard where nuclear-powered
submarines are serviced (33). In that study a Boston Globe newspaper team
obtained death certificates from the relevant jurisdictions and, having been
refused access to the dose information maintained by the yard, telephoned
next-of-kin to ask if the deceased had worked at the yard and, if so, had
been a badged nuclear worker. The resulting data strongly suggested that the
unknown, but presumably low, occupational doses at the yard, almost certainly
below the maximum permissible dose, were creating excess mortality from
leukemia and other forms of cancer. After the Secretary, Health Education,
and Welfare, ordered CDC (NIOSH) to look into the matter more deeply, the
individual doses retained at the yard were made available to NIOSH and showed
such poor correlation with the anecdotal identification of badged workers
that no carcinogenic "effect" was found (34).

When the findings of the Oxford child cancer survey were being
challenged on the ground that the retrospective ascertainment of exposure
history from the mothers of control children might have introduced bias into
the comparison, MacMahon adopted a survey design that would be independent of
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any such recall bias (35). By starting with a sample of births from
participating hospitals in New England, he was able to go back to the
original obstetrical records of cases and controls for documentary evidence
of x-ray pelvimetry.

Reconstruction of the iodine-131 doses to the thyroids of inhabitants of
the area of fallout from the NTS weapons tests also presents difficulties and
one wonders how accurately it can be done. Since the iodine-131 reaches the
thyroid primarily through the food chain, there is a long, complex pathway
over which calculations must be made and, in the end, dose will depend in
large part on how much milk was consumed and from what source. This is not a
reconstruction I would have confidence in, especially now, after the turmoil
that has been raised in Utah over fallout-induced cancer.

Personal dosimeters
Badge data should be best but in the presence of mixed radiation may

measure only one form. Also, recording practices vary from one employer to
another and there appears to be no legal requirement that a man who moves
from one employer to another must have a cumulative record of exposure
covering all employments. The adequacy of film badge readings has been an
issue in the interpretation of the findings for the Hanford workers (22) and
for the veterans exposed at the NTS (36).

"Wasted" radiation
With continuous irradiation, whether from internal or external sources,

there is always the problem of "wasted" radiation, i.e., that part of the
total dose that was presumably delivered after the critical event occurred
that determined the effect of interest. Since that event is beyond our power
to observe, we employ as a marker the date of first diagnosis, or even the
date of death, or we start with such a marker and subtract from it an
arbitrary but uniform interval to approximate what we may think was the time
required for the critical event to generate the observable event. One way of
analysing such data is to compare the dose of the case at the time of the
observable event, or the assumed critical event, with the average dose of
subjects of the same age and sex at that same time (37).

Surrogates for dose
When we must employ a surrogate for the physical dose, e.g., the WLM,

the comparison of the resulting risk estimates from different mining areas
will be influenced by any factors that differentiate the mines as to physical
condition, e.g., ventilation. Measurements of radon and radon daughters are
relatively recent and comparisons of Czech, Canadian, and U S uranium miners
may suffer from some lack of comparability in the unit of exposure, the WLM
(10).

Until about 1965 distance from the hypocenter under each bomb burst was
used as a surrogate for dose in studies of A-bomb survivors. For a given
type of shielding this measure was entirely adequate to reveal much of what
we know about the nature of the early effects, especially leukemia,
cataracts, and birth defects, and to detect the presence of excess thyroid
cancer in the early 1960's. But this measure could not reduce to a common
scale data for different shielding categories and could not support
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quantitative comparisons of the two cities in the absence of a dose-distance
calibration for each. More important, it provided no basis of comparison
with the growing dose-specific literature.

Dose-rate and dose-fractionation
Although for practical purposes the risk estimates we would like to have

would pertain to low doses and low dose-rates, the available human data are
very weak on both counts. The experimental data suggest that low-dose
effects of low-LET radiation, estimated by interpolation between zero and
high doses, should perhaps be reduced by a factor between 2 and 10 (38), but
we have no supporting human data for this position. The risk coefficient for
leukemia among U.S. radiologists is rather like those derived from ankylosing
spondylitis patients and A-bomb survivors, but the events are few and we
cannot be certain that many of the leukemias among the radiologists did not
result from large, acute exposures and not from frequent low-level exposures
(39). The main body of relevant data pertains to cancer of the breast, for
the three series present a marked contrast as to dose-rate. A-bomb survivors
received one instantaneous dose, tuberculosis patients a dose divided into
perhaps 150 fractions, and mastitis patients a dose divided into 1 to 11
fractions. But these three series yield very similar risk estimates when
account is taken of age at exposure and calendar time (40). Unfortunately,
however, the A-bomb survivors also differ markedly from the fluoroscopy
series and the mastitis series with respect to their background incidence of
breast cancer. Thus it is possible that the effect of the high dose-rate of
the Japanese A-bomb survivors was offset by a their much lower background
incidence. There may be still other differences among the three series.

Many of the patients in the British ankylosing spondylitis series had
more than one course of therapy, and in the early reports the risk estimates
were based on a total dose from all courses. The suggestion of linearity of
dose-response for leukemogenesis drawn from that experience was very
influential in the 1950's and 1960's and it was comforting to know that the
average risk coefficient was similar to others that subsequently became
available. The most recent report on the series gives the effect of only the
first course of treatment, based on a greatly reduced number of excess
leukemias and exhibiting no clear-cut dose-response pattern. It will be
interesting to see whether the investigators can draw from this historic
series any clues as to the effect of fractionation on dose-response functions
or on average risk coefficients.

Tissue dose
In order to bring into focus the various human experiences relating to a

given endpoint, e ,g., cancer of the female breast, and to compare different
organs and tissues as to their relative sensitivity to the carcinogenic
action of ionizing radiation, we commonly employ the average absorbed dose
over the mass of the relevant tissue. The absorbed dose is defined as the
mean energy imparted per unit mass at the point of interest and its unit is
the joule per kilogram, now known as the gray (Gr) or 100 rads (41). In the
1977 UNSCEAR report risk coefficients for leukemia are given as a range of
41-67 per million persons per rad for alpha radiation, and 15~25 for low-let
radiation, which suggests an RBE of only 2 or 3 for leukemia (42).
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Table 3 contains an extract of site-specific BEIR III linear
coefficients for radiogenic cancer and of the corresponding incidence rates
for the U.S. population in 1969-1971 taken from the Third National Cancer
Survey (43). Data such as these are useful in considering the relative
sensitivity of different organs and tissues to the carcinogenic action of
ionizing radiation. Although the risk coefficients are based on all the
literature available to the Committee in 1978-1980, they represent a first
effort to present a systematic picture at the level of incidence rather than
mortality and must be regarded as very preliminary. If they are worth
anything as a guide, however, they suggest that (a) radiogenic risks do not
correlate well with normal background rates, (b) any ranking of tissues as to
sensitivity will depend on whether absolute risk coefficients or relative
risk coefficients are used but that the thyroid will be near the top of the
list whichever measure is used, (c) female breast tissue, which seems highly
sensitive to the carcinogenic action of radiation when comparisons are based
on absolute risk estimates, ranks about average on the relative risk scale,
and (d) sex differences in sensitivity may not be large. But a few caveats
may be in order. First, some of the BEIR coefficients are very much better
than others because they rest on multiple sources, e.g., those for leukemia,
breast cancer, and thyroid cancer. Second, the mean tissue dose may not be
the best measure for such comparisons, as it ignores the size or mass of the
target organ or of the target cells. In the case of partial-body
irradiation, say, to the spine, we would customarily average the higher dose
to the spinal marrow over all the marrow in the body to obtain the mean dose.
Or, if one nreast is irradiated, we may calculate a mean dose based on both.
Are these procedures optimal? And, finally, what are we to think of the
markedly non-uniform distribution of deposits of thorotrast in the liver?
Does it make a difference to the risk estimate for alpha radiation?

The problems of radiosensitivity and dose-distribution within an organ
have been thoughtfully dealt with in ICRP 14 but this is not to say that they
have been solved (44).

PROBLEMS RELATED TO THE CHOICE OF SUBJECTS

Samples of people exposed to significant amounts of radiation are none
too plentiful, and we must learn from what is available to us with relatively
few alternatives to choose among. Consider, for example, the probable
differences among people given Thorotrast for the diagnosis of vascular
conditions, women who painted the dials of instruments with luminizing paint,
survivors of the atomic bombings in Japan, and the U.S. veterans who
witnessed weapons tests at the Nevada Test Site and in the Pacific. Some
samples are just too small to justify the investment required for a study; at
best we might merely provide yet another demonstration that radiation causes
cancer and add nothing to scientific understanding.

Because we do not fully understand the limitations and advantages of
relative and absolute risk estimates, marked differences in background
incidence of samples to be compared may be disturbing. Examples are breast
cancer, for which the normal mortality risk in the U S is about 6 times that
in Japan, and stomach cancer, which is more than 5 times as common in Japan
as in the U.S. Also, the Japanese and the Chinese do not suffer from chronic
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lymphocytic leukemia (CLL) which is a very dynamic element in the incidence
of leukemia among people aged 60 or older in the U S. Does this difference
say anything about the applicability of the experience of the A-bomb
survivors to the U.S. population? I rather think not, especially since CLL
is known not to be radiogenic, but nevertheless it is a reminder that there
may be important genetic differences between populations that we don't yet
know how to control for.

The diagnosis for which a sample was treated may set it apart from the
general population and require that a control group be found having the same
diagnosis but not given radiotherapy. For many years questions were raised
about the general applicability of the risk coefficients derived from the
British ankylosing spondylitis series. It was only with the publication of a
report on such patients, from the same clinics but not treated by x ray
(45), that these doubts ceased to be expressed. There has been concern about
the representativeness of the experience of women with mastitis, but these
have been resolved by the elegance of the selection of controls employed in
the more recent reports (17) and by the consistency of the results with those
of other series (40).

An analogous concern has led to reservations about the radiobiologic
significance of the studies of childhood cancer following fetal irradiation
(35,46). The massive Oxford childhood cancer survey and MacMahon's study of
children born in New England hospitals leave no room for doubt as to the
statistical significance of the resulting relative risk estimates, about 1.5,
but they cannot dispose of the question whether there may not have been some
correlation between the choice of pelvimetry and the expectation that the
child might die of cancer by age 10 (47).

Ordinarily we know little about other carcinogenic influences to which
subjects may be exposed and when small differences are seen between cases and
controls as to their radiation exposure we become concerned about their
comparability with respect to exposure to other carcinogens. The absence of
an excess of leukemia among the Hanford workers and the presence of excess
cancer of the pancreas (22) in the face of evidence that chemical workers
exhibit excess mortality from pancreatic cancer (48), caused some concern
about the significance of the prior employment history of some of the Hanford
workers. Much of our information on lung cancer as a consequence of exposure
to ionizing radiation derives from studies of uranium miners in Canada,
Czechoslovakia, and the U S, but such reports rarely take smoking history
into account (10). Early studies of U.S. uranium miners did make this
distinction and came to the tentative conclusion that there was an
interaction between radiation and smoking such that the risk of lung cancer
in smoking miners exceeded the risk one would expect if the separate risks
were independent (49). More recent analyses, however, have suggested that an
additive model, with acceleration in time of appearance among smokers, may
fit the data better (50). An interaction between asbestos and radiation
would be something to look for in nuclear shipyard workers, especially since
an interaction between smoking and asbestos has already been shown (51).
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Stewart has repeatedly argued that the experience of the A-bomb
survivors cannot be taken as representative of the effects of low doses of
ionizing radiation. In a recent statement of her position (52) she argues
that this is because (a) the high acute mortality selected for survival
exceptionally fit individuals whose expectation of later mortality should
therefore have been far below that of the general population, and (b)
survivors must have been afflicted with residual bone marrow damage
sufficient to offset the healthy survivor effect. The two influences, she
indicates, were exactly equal and opposite for individual causes of death
other than cancer and a small group of deaths erroneously attributed in large
part to diseases of blood and blood-forming organs. This, she states, is why
ABCC/RERF investigators have found no effect of radiation on causes of death
other than cancer. She chooses cerebrovascular disease as an entity that
should reveal the effect of selection without its being offset by the effect
of the bone marrow damage, and on the basis of an SMR of 76 percent for the
Hiroshima A-bomb survivor sample she estimates that radiation related deaths
may have numbered 4,400 among 18,500 observed in the period 1950-1972, more
than ten times estimates by ABCC/RERF authors. Unfortunately the argument
overlooks the fact that the "not-in-city" or non-exposed component of the
Hiroshima sample, which she ignores, had a comparably low SMR for
cerebrovascular mortality, the fact that the A-bomb survivors in the Nagasaki
sample had an SMR above 90, and the fact that the SMR's of A-bomb survivors
in the two cities and of the "not-in-city" subjects of the sample are
precisely what one would expect from the pattern of geographic differentials
for mortality from these diseases in Japan (16). A dose- and time-specific
analysis of the mortality of the A-bomb survivors and the "not-in-city"
subjects showed no evidence of either appreciable changes over time of the
kind that is usually associated with the waning influence of selection for
fitness or of differentials with dose of the kind that catastrophic
experiences produce (53). It suggested that any effect of selection for
fitness must have been quite small in relation to the magnitude of the total
mortality experience after 1950.

An especially precarious choice of populations for study is one based on
areas of different levels of background radiation. This is partly because
the signal/noise ratio is low but also because one will usually not know
whether the "cases" have the average characteristics of the place.
Nevertheless, such studies have been attempted in China (54), the U.S. (55),
and elsewhere.

PROBLEMS ASSOCIATED WITH THE DISTRIBUTION OF EFFECTS OVER TIME

For effects whose appearance is well distributed over time following
exposure, e.g., cancer, we may visualize a time-dependent process
characterized by a minimal latent period, a period of active expression, and
a period of subsidence. Although the parameters of this process are not yet
well defined it provides guidance to investigators as to the length of the
follow-up that may be necessary to detect excess cancer, and how to handle
time in the calculation of risk estimates. An effort to detect a solid tumor
is likely to fail if follow-up does not extend well beyond 10 years, and if
the subjects were exposed at a very early age excess tumors may not be
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observable for decades. If the follow-up of the A-bomb survivors had been
stopped in 1960, when the riots in Japan forced the cancellation of President
Eisenhower's visit, none of the solid tumor effects might have been detected;
only for leukemia were there definite findings at that time, 15 years after
the bombings. Similarly, if investigators calculate average risk
coefficients over the entire interval from exposure to the end of follow-up,
their coefficients will average the zero risk of the minimal latent period
with the non-zero risk of whatever part of the period of expression is
covered by the study: inclusion of a ten-year latent period in the
person-years of exposure on which the calculation is based will yield a
coefficent perhaps half what it should be in a 20-year follow-up.

Leukemia and bone cancer are known to have much shorter latent periods
than other types of cancer, perhaps 2-4 years vs 10 or more for low-LET,
external irradiation. Following injection with Thorotrast the minimal latent
period for leukemia seems to be about 8 years. But for certain solid tumors,
especially cancers of the breast, lung, and stomach, where there are enough
cases for analysis, it has been shown (15) that the minimal latent period is
quite age-dependent, the excess not becoming pronounced until a cohort has
reached the age at which the particular tumor typically begins to appear.

Whether minimal latent periods are dose-dependent as well as
age-dependent is less clear (56). Since extreme values are notoriously
difficult to estimate, it is reasonable to suppose that, even if latent
periods are not dose-dependent, they might seem so. This is because It takes
some critical number of excess cases to show that an effect has started, and
a high-dose group would be expected to accumulate excess cases in larger
numbers than a low-dose group.

Only for leukemia are there series followed over a long enough period to
define the length of the interval of expression, and even for leukemia the
agreement among series is not perfect, perhaps because there have been too
few age-specific analyses. Among the British ankylosing spondylitis patients
excess leukemia ceased to appear about 20 years after exposure (5). Among
Nagasaki survivors it was between 17 and 25 years after the bombing, and in
Hiroshima there was a slight excess 26-29 years after the bombing,
contributed by subjects under age 35 in 1945 (12). Perhaps expression runs
from 2-4 years to 25-30 years, covering a 20-25 year span, for external
radiation. For solid tumors we simply have no indication of any limitation
on the interval of expression after exposure. It certainly exceeds that for
leukemia. In making the lifetime estimates of excess mortality attributable
to various levels of exposure to ionizing radiation, the authors of the BEIR
III report chose to extend the period of expression to the end of life.

For cytogenetic abnormalities time after exposure is of concern because
the unstable abnormalities disappear leaving only stable forms to be studied
in the later years (57,58).

Few series have generated enough excess cases for any substantial
analysis over time, but both the A-bomb survivors and the British ankylosing
apondylitis patients show a distinct peak in leukemia incidence during the
period of expression, 6-8 years after exposure to the atomic bombs and 3-5



years after radiotherapy. Further analysis of the Japanese experience shows
that the timing of the peak is both age- and type-dependent (59).

DOSE-RESPONSE AND RISK ESTIMATION

The way in which response depends on dose, and the size of response
relative to dose, are paramount but elusive goals in studies of human health
effects. Even the threshold hypothesis - that no effect will ensue unless
the dose exceeds a certain threshold - is often very difficult to test with
human material. A reasonable case has been made for the existence of
thresholds for such effects as sterility and clinically significant
cataracts, for both of which the thresholds appear to be fairly high (60).
Teratogenesis, on the other hand, has been observed following sufficiently
low doses (61) to make the determination difficult. There may well be
thresholds for effects on growth and Javelopment, but the hard data necessary
for a determination do not exist. For chromosomal aberrations there probably
is no practical threshold. For most radiogenic cancer, also, there may be no
thresholds but the risks of cancer in the region of 5-10 rads are generally
so low that fully satisfactory empirical demonstrations seem unlikely (62).
But for one body of data - bone sarcoma in radium dial painters - a threshold
seems unmistakable, even with some allowance for incomplete ascertainment.
Nevertheless, reports from the Oxford childhood cancer survey (46) suggest
that doses below 5 rads to the fetus may be carcinogenic, and excess thyroid
cancer in the Israeli tinea capitis series occurred after a reported mean
dose of about 9 rads (63). For at least two types of cancer among the A-bomb
survivors, breast cancer (64) and leukemia (65), there is good evidence that
doses below 50 rads can be carcinogenic.

Considerable work has been done to determine the functional form of the
best-fitting curve to describe the dependence of response upon dose, but with
generally inconclusive results. Few human series cover a wide range of dose,
and even for large series such as the A-bomb survivors the number of excess
cancers of a particular type has not seemed large enough to discriminate
among contending dose-response models. Because of disagreement within the
Committee as to the best function to employ in making low-dose estimates from
fitted curves, the BEIR III report (10) employs three models in its analysis
of the Japanese data on leukemia and on all cancers except leukemia. Those
analyses illustrate how difficult it is, even with a relatively large series,
to achieve a purely empirical resolution of uncertainties of this nature.
Ultimately, however, the human data must be the testing-ground for
dose-response models generated from experimental or theoretical work. We are
closer to this goal with breast cancer than with any other type of cancer,
even leukemia. Additional breast cancer series are under study, largely
based on fluoroscopic examinations of patients with tuberculosis, excess
cases are continuing to accumulate in all series, and the major series seem
quite consistent with one another (40). Excess cases among the A-bomb
survivors already number about 80 for breast cancer in comparison with
perhaps 90 for leukemia, and the breast cancers are increasing rapidly
(64,66).

Epidemiologists have looked to the experimentalists and theoreticians
for guidance with respect to dose-response functions, or have simply made
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linear estimates because they lacked the data for anything more complex or
wished to be conservative. Most of the theoretical work has been in the area
of microdosimetry which is concerned with the distribution of energy within
tissue and thus with the very earliest aspects of radiation-induced change.
More and more of the work in carcinogenesis stresses its multi-stage
character and the importance of events and changes subsequent to those
initial ionization events. We can no longer think of these initial
ionization events as surely determinative of the shape of the dose-response
curve. Nor do I believe that we can expect a single functional form to
describe dose-response for all the individual forms of cancer resulting from
the various forms of radiation.

The generalized dose-response curve that experimental work suggests,
i.e.,

y = (ao + ajD + a2D
2)exp-(b2D + b2D

2)

turns down in the high dose region, and this frequently observed effect is
generally attributed to cell-killing. It is not often seen in the human
data. It does appear in the bone sarcomas of radium dial painters (23) and
in the breast cancers following x ray for postpartum mastitis (17), but in
both instances the numbers are very small. On the other hand, the absence of
a leukemogenic effect of high therapeutic doses for cancer of the cervix in
28,500 women followed over a ten-year period for an average of five years,
when 42-85 excess cases would have been expected on the basis of UNSCEAR and
BEIR risk coefficients, is quite suggestive of a cell-killing effect on
marrow in the pelvic area (67). It also provides an illustration of the
hazard that may attach to the averaging of partial-organ doses over the
entire organ.

PROBLEMS ASSOCIATED WITH PREDICTION

The 1972 BEIR report contained probably the first systematic effort to
make life-time predictions of the radiogenic cancer mortality burden based on
the incomplete human data (39). Both relative and absolute risk models were
used with widely differing results, especially for those exposed in the first
decade of life. In addition, estimates were based on two assumptions as to
duration of carcinogenic effect for solid tumors, a 30-year plateau and a
lifetime plateau. The assumptions as to duration produced comparatively
little difference in predicted numbers of cancer deaths when the absolute
risk model was used, but a 3:1 difference when the relative risk projection
model was employed. Also, the relative risk model predicted about 2 to 4
times as many radiogenic tumors as the absolute risk model. Much of the
difference between models and between duration assumptions within the
relative risk model derived from the high forecast for those exposed in the
first decade of life. When the observed relative risks for this group over
the 2-3 decades following exposure were used as multipliers of the high
cancer death rates of the latter decades of life, the predicted excess in
those exposed under age 10 came to dominate the forecast. .
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When the BEIR III Committee updated the 1972 report it also used both
the absolute and the relative risk projection models in predicting lifetime
excess cancer mortality but extended its predictions to include cancer
incidence as well. Although there was still no large human series with
life-time follow-up, the further accumulation of data since the 1972 report
gave some reason to believe that radiogenic solid tumors might continue to
appear to the end of life. Accordingly, the 30-year plateau was dropped.
Also, there were serious doubts about the applicability of relative risk
estimates based on the early decades of follow-up of those under age ten at
exposure in forecasting the lifetime excess, partly on grounds of statistical
stability of the observed risks, and partly because the spectrum of cancer
sites changes so drastically between the early and late decades of life.
Hence, observed relative risks for those under age ten at exposure were not
used in the BEIR III relative risk projection, and those for persons exposed
in the second decade of life were substituted for them. Finally, on the
basis of some further accumulation of evidence that the minimal latent period
for solid tumors was ten or more years, risks for the observed period of
follow-up, both absolute and relative, were re-calculated for years 11-30
following exposure. In the 1972 report a minimum latent period of 15 years
was used.

Extension of the follow-up of A-bomb survivors to 1978 (12) provided
enough additional mortality to permit a fuller scrutiny of relative vs.
absolute risks. Table 4 is taken from Kato and Schull and shows how much
more stable relative risks are, at least for all forms of cancer except
leukemia, than absolute risk estimates. The inadequacy of the absolute risk
projection model in predicting future cancer deaths in an aging sample may be
illustrated by using the 1950-1974 age-at-exposure risk coefficients for the
A-bomb survivor sample to predict 1975—1978 excess deaths. This is done in
Table 5 by type of cancer. The reason, of course, is that the average
absolute risk estimates are rising rapidly as the sample ages. Kato and
Schull give the following average risk coefficients for recent 4-year time
intervals in Hiroshima:

63-66 67-70 71-74 75-78
All except leukemia 4.9 4.7 6.3 12.8
Lung cancer 0.75 0.93 1.3 3.1
Stomach cancer 1.8 1.6 1.2 1.9

The absolute risk predictions could be greatly improved by calculating
coefficients for the period of expression, which means using a variable
latent period by age at exposure. An implication of this age-at-exposure
cohort effect is that it is only after an age cohort has begun to exhibit
excess cancer that any estimate can be made for it, whether absolute or
relative. If predictions are going to be made, as they perhaps often must,
coefficients can be calculated for all age groups only with some substitution
of older age groups for younger. Table 4 suggests that this may not be easy,
as the missing coefficients for the younger cohorts tend to be appreciably
higher than those for older cohorts, whether they be relative or absolute in
form. It seems clear that considerably more work, and additional data, will
be needed to solve the prediction problem.
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TABLE 1

Representative Studies of Human
Health Effects Following Exposure to

Ionizing Radiation, by Source of Exposure

Subj ects/Situations

Tuberculosis (pneumothorax)
Pelvimetry
Thyroid Disease
Vascular Disease (angiography)

Ankylosing spondylitis
Thymic hypertrophy
Hyperthyroidism
Cervical cancer
Castration
Mastitis
Tinea capitis
Tuberculosis

Radiologists
Radium dial painters
Workers in AEC/DOE labs & plants
Miners of uranium, etc.
Nuclear shipyard workers
Cyclotron workers

Survivors of Hiroshima and
Nagasaki

Marshallese

Military personnel at the
Nevada Test Site

People living at different
altitudes

People living on monazite sands

Type of Radiation

Diagnostic Radiation

X-Ray
X-Ray
Iodine-131
Thorium

Therapeutic Radiation

X-Ray, Radium-224
X-Ray
Iodine-131
X-Ray, Radium-226
X-Ray
X-Ray
X-Ray
Radium-224

Occupational Exposure

X-Ray
Radium-226, 228
Various
Radon Daughters
Gamma
Neutron

References

31
35
30
68

5,
70
71
67
7
17
63
69

6,
23
22,
49,
34,
74

Nuclear Explosions and Fallout

Gamma, Neutron
Beta, Gamma, Isotopes

of Iodine

Gamma, Neutron

Environmental Exposure

Cosmic Rays
Thorium

12

28

36

54,
42

, 32
, 46

69

9

, 72
73
57

55

63



TABLE 2

Deaths in the ABCC/RERF Lifespan Study SamDles Classified by Death
Cert i f icate Underlying Cause and Principal Autopsy Diagnosis, 1951-1970

1965
ICD

150

151

153

154

156

157

162

174

180

181-2

204-7

Cancer
Diagnosis

Esophagus

Stomach

Large Bowel

Rectum

Biliary and Liver

Pancreas

Bronchus, Trachea,
and Lung

Breast

Cervix

Uterus, other

Leukemia

DIAGNOSIS

Death
Certificate

44

379

31

42

27

37

145

36

11

53

70

BY

Autopsy

44

445

41

38

140

61

218

43

62

14

65

Number
with Diagnosis
in Agreement

31

318

18

28

18

23

120

35

10

10

58

PERCENTAGE

Confirmed
by Autopsy

70.5

83.9

58.1

66.7

66.7

62.2

82.8

97.2

90.9

18.9

82.9

Detected by
Death Certificate

70.5

71.5

43.9

73.7

12.9

37.7

55.0

81.4

16.1

71.4

89.2

From Steer, et a l . (19)



TABLE 3

Average Linear Risk Coefficients for Various Forms of
Cancer Induced by Low-LET Radiation(lO) and
Average US Incidence Rates, (43) by Sex

MALE FEMALE

Type of Cancer

Leukemia +

Thyroid

Breast

Lung

Esophagus

Stomach

Intestine

Liver

Pancreas

Urinary organs

Lymphoraa

Other

All sites

Coefficient*

3.1

2.2

3.6

.3

1.5

1.0

.7

.9

.8

.3

1.5

15.9

Incidence**

.91

.21

7.2

.57

1.5

5.2

.33

1.2

3.2

1.2

13.2

34.7

Coefficient*

2.0

5.8

5.8

3.9

.3

1.7

1.1

.7

1.0

.9

.3

1.6

25.1

Incidence**

.57

.50

7.4

1.4

.16

.70

4.0

.14

.75

1.0

.79

9.6

27.0

* Excess incident cases per million persons per rad per year,
age-adjusted

** Cases per 10,000 per year, age-adjusted

+ Ex. chronic lymphocytic leukemia
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TABLE 4

Comparison of Absolute* and Relative"*" Risk
Estimates by Age at Exposure and Age at Death

All Cancer Except Leukemia, 1950-1978

Age at
Exposure

0-9

10-19

20-34

35-49

50 +

Type of
Coefficient

Relative
Absolute

Relative
Absolute

Relative
Absolute

Relative
Absolute

Relative
Absolute

<

15
1

1
(0

30

.1

.2

.0

.03)

30-39

5.0
4.4

2.5
1.7

1.8
(1.4)

AGE AT

40-49

6.8
13,4

2.4
4.6

1.9
1.0

1.2
(0.3)

DEATH

50-59

8.2
20.7

2.0
8.0

1.1
-1.0

2.2
(17.4)

60-69

1.6
10.2

1.3
2.1

1.0
(0.5)

70

1
12

1
18

.4

.7

.4

.3

* Excess deaths per million persons per year per rad; values in
parenthesis calculated on 15-year latent period

+ 100+ rads vs. 0 rads
From Kato and Schull, 1982 (12)

TABLE 5

Observed and Predicted* Excess Cancer Deaths
in Life Span Study Sample, 1975-1978

Type of Cancer Observed Predicted

All except leukemia

Lung

Stomach

58

16

10

13

2

3

* Based on risk coefficients for individual
age-at-exposure cohorts for 1950-1974
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Landou 3C16, Bethesda IID 2020T
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5-2 Hijiyama Park, Hiroshima 730, Japan, and Corvallis OR 97331

ABSTRACT

Statistical theory and methodology provide the logical structure
for scientific inference about the cancer risk associated with ex-
posure to ionizing radiation. Although much is known about radiation
carcinogenesis, the risk associated with low-level exposures is
difficult to assess because it is too small to measure directly.
Estimation must therefore depend upon mathematical models which relate
observed risks at high exposure levels to risks at lower exposure
levels. Extrapolated risk estimates obtained using such models are
heavily dependent upon assumptions about the shape of the dose-
response relationship, the temporal distribution of risk follo^l.ig
exposure, and variation of risk according to variables such as age at
exposure, sex, and underlying population cancer rates. Risk estima-
tion therefore requires careful, and critical, consideration of each
component of the process by which estimates are derived from
epidemiologic data.

Expanded statistical models, which make explicit certain assumed
relationships between different data sets, can be used to strengthen
inferences by incorporating relevant information from diverse sources.
Besides providing a needed logical discipline for such inferences,
expanded models also allow the uncertainties inherent in information
from related data sets to be expressed in estimates which partially
depend upon that information.

While opinion is quite properly to be distrusted as a basis for
scientific inference, it is ultimately the basis of public policy. To
the extent that informed opinion is based upon a valid assessment of
scientific data, the larger context of decision theory, which includes
statistical theory, provides a logical framework foz the incorporation
into public policy decisions of the informational content of expert
opinion.

Introduction

The purpose of this paper is to review the statistical basis for
scientific inference in epidemiological studies of radiation car-
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cinogenesis, and to suggest nays in which such inferences fox public
health policy can be communicated noze clearly.

We believe that ionizing radiation can cause cancer because
(1) ue have observed consistent patterns of elevated risk in human

populations exposed to unusually high levels of ionizing radiation,
(2) experimental scientists have demonstrated that cancer risk in

experimental animals varies in predictable ways following exposure to
varying amounts of radiation, and

(3) radiation carcinogenesis is plausible - it fits in uith other
observations on cancer and on ionizing radiation.
The fact of radiation carcinogenesis raises questions about its
nature, and about its implications for public health and public
policy.

In fact, if anything is known to cause cancer, ue uant to knou
more about it. Cancer causes one sixth of all mortality in the United
States, and betueen one fourth and one third of us will contract some
form of cancer at some time in our lives. Controlling cancer risk is
a major societal goal, and any known cause is a potential tool fox
gaining information about cancer and the carcinogenic process.
Radiation is a particularly effective tool, because it is easy to
manipulate experimentally, and because in experiments and in many
epidemiological studies it is possible to quantify uith some precision
the amount (dose), quality, and temporal distribution of the radiation
energy absorbed by tissues of interest.

A question of more immediate practical interest is the extent to
uhich ionizing radiation is a threat to public health which requires
taking action to avoid undue risk. The easy decisions involve ex-
posures at levels uhexe the excess risk is high relative to the
underlying risk obtaining in the absence of exposure, because informa-
tion about excess risk tends in such cases to be of high quality, and
because exposure either offers an overriding benefit or can be con-
trolled. The hard decisions involve exposures associated uith rela-
tively small, and uncertain, excess risks.

Some of the exposed populations on uhich our present knowledge of
radiation carcinogenesis is based received unnecessarily high levels
of exposure because, formerly, public attitudes about the dangers of
radiation were casual - a consequence of ignorance. Public attitudes
about radiation risks are not casual nou; the contrast betueen public
alarm toward low-dose radiation, uhich probably causes very little
cancer (1), and complacency toward smoking, uhich causes a great
deal (2), needs no elaboration. On the other hand, decisions uhich
involve risks shared by large numbers of people, without their volun-
tary participation, present special ethical problems. An excess risk
may be so small that a prudent individual uould not normally bother to
avoid it, but nevertheless, if applied to a large enough population,
may result in a considerable number of deaths.

Although radiation exposure may increase cancer risk, the
relationship must, at least at the present level of knouledge, be
viewed as a probabilistic one. In other uords, uhether ox not one
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dies of cancel is a natter of luck, and the effect of exposure to
radiation oz any other carcinogen is to change the odds by some
amount. It is almost never possible to tell whether or not a par-
ticular cancer in an irradiated person was caused by that exposure.

The statistical inferences made from epidemiclogical studies of
radiation cazcinogenesis aze stated in language that, when translated
into ordinary speech, has a curious, circumlocatory quality: the
statistical jargon that a particular observed difference between two
exposure groups is "significant at the 5J5 level" means, in plain
English, that given certain probabilistic assumptions about the
process by uhich the observations arose, and given the opportunity tc
repeat the study a large number of times using similar (but distinct)
populations, a difference as large as that actually observed would be
expected no more than 5% of the time, if in fact the exposure dif-
ference had no association with risk. This statement is so phrased as
to be true, regardless of whether or not exposure is associated with
risk, provided only that the study was conducted correctly, without
pzoceduzal erzozs oz bias. Scientific objectivity means keeping an
open mind about what the tzuth may be; thus although the observation
of a significant difference between exposure groups may be treated as
evidence in favor of an association between exposure and risk, some
doubt must remain. The observation was not an impossible one in the
absence of an association; unlikely events do happen, although not, of
course, very often (and, we hope, not to us).

The equivocation demanded by the interests of scientific objec-
tivity often is not appreciated by those who must take actions based
on scientific conclusions. Actions, unlike the statistical statement
above, can be wrong, and can lead to recrimination. Scientific
conclusions aze supposed to represent faithfully the informational
content of the observations upon which they are based, including
uncertainty; opinion and conjecture aze supposed to be clearly labeled
as such. Action, on the other hand, must be based upon opinion - that
of a judge, an administrative or legislative body, or even an elec-
torate, and it can be difficult for a non-scientist, unfamiliar with
all aspects of a particular problem, to form an opinion based on the
reported conclusions of careful scientists when there is substantial
uncertainty. Epidemiologic research on quite complex subjects, such
as the risk of cancer following low-dose exposures to ionizing radia-
tion, appears to be having increasing influence on public policy. If
we have a communications problem, perhaps we need a new way to com-
municate in situations where actions must be taken based on uncertain
information.

Detection of risk

Although radiation-induced cancer in man is a well-established
scientific hypothesis in a genezal sense, it is by no means estab-
lished for all cancer sites, or at all dose levels and dose rates.
For example, we do not know whether radiation can cause cancer of the
gall bladder in man. The 1980 BEIR Committee stated in its report
that it did not know whether dose rates of gamma or x rays of about
100 mr/yr are detrimental to man (3, pg. 3). Until vezy
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recently, we did not know whether female breast cancer was increased
following any level of radiation exposure in early childhood. No
elevated level of risk had been observed in exposed women, and it
seemed plausible that a lack of suitable target tissue at the tine of
irradiation might preclude carcinogenesis. Recently, however,
evidence of an excess risk has been observed among A-bomb survivors
who were less than 10 years old at the time of the bombings (ATB);
apparently it uas a natter of waiting until they had reached ages of
normally appreciable breast cancer risk (4).

In a strict sense, detection of an excess cancer risk for a given
site, exposure level, and age at exposure involves observing a statis-
tically significant increase in risk under just these circumstances,
preferably with confirmation from other exposed populations.

Consider the simplest case, in uhich there is a single exposure
group that has been observed for a number of years after exposure, and
uhich can be treated, except for the fact of exposure, as a random
sample from a population for uhich cancer rates are uell knoun.
Suppose that we have observed everyone in the group for 20 years,
starting uith the time of exposure (a single exposure, to keep things
simple). Then someone uho uas 24 at the time of exposure contributes
20 person-years of observation, one each at ages 25, 26, ... , 44.
If i25. rz6, ••• , r«N are the population cancer rates corresponding
to these ages, the sum of these rates is the population-based expecta-
tion of cancer for that person during the period of observation. If
ue repeat the exercise for everyone in the exposure group, and then
sum up all the individual expectations, ue have the expected number of
cancers for the entire group (call it mo), assuming no exposure
effect.

If exposure does have an effect, ue can't use the population
rates to calculate the expected number of cancers, but there is one;
ue just don't have the right tables to calculate it. If ue did, ue
uould need much larger tables, uith rates depending not only on age
but also on dose and time after exposure. Ue can call this unknown
expected number m. If exposure increases cancer risk, then a > Bo: if
it doesn't, then m = mo.

For any very large population, exposed in the same uay as our
group, if ue took repeated random samples from it of the size and age
distribution of our group and observed each sample for 20 years after
exposure, the distribution of observed numbers of cancers uould
correspond closely to a Poisson distribution uith mean m. That is, the
proportion of samples uith x cancers uould be about

x
exp(-m)m /x!

for x - 0 , 1, 2, ... . For any value of m, ue can specify this
distribution (Figure 1). As m increases, the distribution shifts to
the right; that is, for any number x, the proportion of the distribu-
tion that is to the right of x increases uith increasing a.

The statistical procedure for detection of a possible exposure
effect in the simple situation ue are discussing is to treat the
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observed group as one of a vezy large number of possible groups with
similar exposure, demographic composition, and followup* Thus the
observed number of cancers, X, is treated as corresponding to a
Poisson vaziate with the distribution given above, for some mean value
m. Since for any number x the probability that X > x increases with
increasing m, the detection rule is based on observing a value for X
so large as to be unlikely if m * no•

Note that there is no value xo so large that the event X > xo i*
impossible if n = mo (for mo > 0), and if the event is unlikely for •
= mo it is also unlikely for m only slightly larger than mo• For
example, if mo = 4.5 and we choose xo = 8, then the probability that X
> xo given that m = mo is 4%. But this probability is only 7% if m *
5.0, 27% if m = 7.0, 54% if m = 12.0, and 90% if m - 13.0 (Figure 2).
That is, it is only for m greater than tuice 4.5 that we have a better
than even chance of detecting that m > 4.5, and only for m greater
than three times 4.5 that the chance becomes very high.

The likelihood that a study will be informative about excess risk
depends upon the probability that the true underlying risk will be
detected. That is, it depends upon something that is unknoun, but
that, since ue rarely operate in complete ignorance, can often be
guessed at, and upon the statistical properties of the detection rule
given the underlying tzuth. Suppose, in our example, that m is
plausibly as high as 9 oz 13. "Detection" of an effect means merely
that the null hypothesis, m = mo, appears to be somewhat inconsistent
with the data. A much more informative way to summarize the informa-
tion contained in the data is to construct a "confidence interval" of
values of m that are not inconsistent with the data.

A confidence interval can be thought of as the distilled essence
of the results of a whole family of detection rules oz hypothesis
tests that have been applied to the data. Instead of considering only
the null hypothesis m = 4.5 and the alternative m > 4.5, consider
testing m = mo vs. m > mo and m = mo vs. m < mo foz all possible
values mo - that is, all positive numbers. For example, for each
value mo, choose the largest number xi such that P{X<xi) <. .05 when m
: no, and the smallest number X2 such that P{X>xj} < .05. The set of
all values mo such that the observed number of cancezs is between
xi(mo) and xjdno) is a 90% confidence intezval for m, and it is vastly
more informative than the zesult of a single hypothesis test and the
value of X. For example, if X = 9, we would reject the hypothesis m =
4.5 at level .05 (actually, p = .04), and we would estimate m to be 9.
That is, it would appear that there was an effect of exposure, and
that it approximately doubled the risk. The 90% confidence interval
for m, however, would include all values between 5.4 and 15.7, which
gives a better idea of the amount of uncertainty remaining about a.

If, on the other hand, the highest plausible value for m were 5
or 6, as might be the case if m could be estimated from previously
available, higher-dose data, the statistical power, oz detection
probability, would be low for all plausible values of m. In that case,
the study would be nearly irrelevant to the question of whether an
excess risk existed. The observation of 9 or more deaths would be
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unlikely given any plausible value for m, but not impossible. Report-
ing an estimate of 9, say, significant at the .05 level would suggest
a result more at odds with prior information than the 90% confidence
interval, which also would include more plausible values.

Statistical power can be increased by increasing sample size.
For mo = U.5 and m = 11.25, a ratio of 2.5, power for a level 5% test
is 79%. For m = 9, a ratio of 2, power is 54% but doubling the sample
size, and thereby increasing mo to 9.0 and m to 18, increases power to
79%. For m = 6, a ratio of 1.33, power is only 15% and a 16-fold
increase in sample size is required to bring power into the range of
80% or so. As the ratio m/mo decreases toward unity* adequate power
requires that mo> and therefore sample size, be increased
disproportionately; this is the major practical disincentive for
studies designed to detect excess risk on the order of a few percent.
Sample size requirements can easily exceed tens of millions of sub-
jects for studies of the carcinogenic effects of radiation doses on
the order of a single rad (5).

A risk that has not been detected, or that is difficult to
detect, is not necessarily a negligible one. If the underlying
population rate is high, the percentage increase due to exposure need
not be very large for the number of encess cancers to be of concern if
it were known, yet the sample size requirement for adequate power may
be severe. Cancers of the digestive system account for about 35% of
all excess cancer deaths due to radiation observed so far in the
Japanese A-bomb survivors (6) but, because the category accounts
for over 60% of all cancer deaths in that population, the excess risk
was slow to emerge from the studiss carried out by the Atomic Bomb
Casualty Commission and the Padiation Effects Research Foundation.
Conversely, it is conceivable that an extremely rare cancer might be
increased many-fold by an exposure, and therefore be relatively easy
to detect, and yet have a negligible effect on overall death rates for
those exposed.

Before leaving the subject of detection of risk, it is appropri-
ate to point out that there is no statistical procedure for determin-
ing that no excess risk exists. Failure to reject the null hypothesis
ni = sno may simply mean that, although m is greater than mp, it is so
small that statistical power is »ery l->w. Confidence intervals may
fail to include risk values that are very large, and hence cast doubt
on extreme claims about excess risk, but unless radiation exposure
actually decreases risk, as indeed it may in the case of breast cancer
by interfering with ovarian function in women given radiation Iherapy
for pelvic disease (7), it is unlikely that all values of m greater
than mo can be excluded. It is obvious, then, that if low-dose
thresholds exist for radiation carcinogenesis, they will not be found
by epidemiologicai methods. Although it makes a simpler argument to
be able to say that there is no excess risk in a particular situation,
it is very unlikely that we will ever be able to do so in the case of
ionizing radiation and cancer. It may, however, be possible in many
cases to place upper limits on risk that are acceptable because they
are truly negligible in the context of other risks, or because they
ars outweighed by a related reduction in some other risk.
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Induction period

The temporal distribution of excess risk following exposure to
ionizing radiation is of particular importance for questions of public
health because most of our epidemiological observations on exposed
populations cover limited periods after exposure, while decisions
affecting exposure must consider potential risk over an entire
lifetime. Only for radiation-induced leukemia, and possibly for bone
cancer, does it appear that all, or nearly all, of the excess risk due
to exposure occurs in a limited period of time following exposure. In
the Japanese A-bomb survivors, radiation-induced leukemia began to be
seen uithin 2-10 years after 1915, depending on age at exposure and
type of leukemia; it increased to a peak, and then declined until,
after 30 years, it appeared to be little greater than population
levels (8). Excess risk from other cancers, on the other hand, has
tended to increase along with population rates as the A-bomb survivor
population has become older. The data seem consistent with a minimal
induction period of 10 years or so, for people already at or near ages
of substantial cancer risk at the time of the bombings, but for
younger survivors the excess risk appears to have been delayed until
they reached ages at uhich cancer normally appears (9).

Two models of temporal distribution of excess cancer risk were
used by the 1980 BEIR Committee (3) to project risk estimates from
the 30 years after exposure represented by the 1950-1971 A-bomb
survivor data (9) to the end of life. One was the absolute risk
model) uhich assumed that the average yearly excess risk observed
between 10 and 30 years after exposure applied, on a yearly basis,
through the remainder of life. The second, the relative risk model,
assumed that the ratio to expected risk of the excess risk observed
during the same 20-year period applied to age-specific population
rates through the remainder of life. Figure 3 illustrates the ab-
solute and relative risk models as applied to breast cancer risk for a
woman irradiated at age 15 and followed until the end of life. The
1972 BEIR Committee (10) also used a "plateau" model uhich assumed
a uniform distribution of risk over the period from 10 to 40 years
after exposure, but this model was not used by the 1980 committee. In
a work uhich criticized most other risk estimates for radiation-
induced cancer as being far too low, Gofman (11) employed a
projection model under uhich the the distribution of induction period
is concentrated about a peak 40 years after exposure. According to
Gofman's model, the rate of radiation-induced cancers, expressed as a
percentage of the rate that uould have occurred anyway in the absence
of exposure, increases over a period of 40 years or more. According
to the relative risk model this percentage should not vary by time
since exposure, after a minimal induction period, while according to
the absolute risk model it would decrease over time if the underlying
population rate increased (e.g., as the population age increased).

The effect on projected risk of different distributional models
for induction period can be appreciated by contrasting the absolute
and relative risk projections for non-leukemia cancer risk in the 1980
BEIR report, uhich differed by a factor of 3 for exposures evenly
distributed among all ages (3). For exposures after age 50 the
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two projections did not differ, because the expected lifespan follow-
ing exposure uas comparable to the assumed 30-year followup period,
for uhich the tuo projections necessarily agreed. Gofman's model gave
lifetime projections 5-7 times higher than the relative risk model for
exposures evenly distributed by age (11).

Induction period is most easily studied in an exposed population
like the A-bomb survivors, uhich consists of groups of people all
exposed at the same time, to different levels of radiation, and
followed over the same period. For some cancers, like leukemia,
breast cancer, and lung cancer, high-exposure cohorts can be iden-
tified in uhich most of the observed cancers are attributable to
radiation exposure. The distribution of the high-dose cancers with
respect to date of diagnosis can be compared with that of the mostly
non-radiogenic cancers in a comparable group uith minimal exposure.
Such comparisons suggest that while leukemia represents a special case
of a wave-like temporal distribution, breast cancer and lung cancer
conform fairly closely to the relative risk model. Neither the
absolute risk model nor Gofman's model is consistent uith these data
(12).

Since cancer rates are highly age dependent, the relative risk
model must be applied on an age-specific basis, that is, to cohorts
uniform with respect to age at exposure. For example, although excess
breast cancer risk as a percentage of population rate tends to remain
constant over time after exposure within an age cohort (12), it
tends to decrease with increasing age at exposure (t). As a
population of mixed ages is followed after an exposure to radiation,
excess breast cancers are seen first in women already at ages of
normally increased breast cancer risk, and only later from younger
women as they reach these ages. Thus the ratio of excess risk to
population rates first reflects the experience of the older women, but
is gradually dominated by that of the younger women. Although age-
specific relative risks do not change appreciably, the relative risk
for the entire population increases, unless it is specifically ad-
justed for age. Such a comparison, using unadjusted relative risks,
was used erroneously by Gofman to support his projection model (11).

Similarly, the relative risk projection model should be applied
on a site-specific basis, because different sites, uhich may have
different relative risk coefficients, may also vary differently by
age. Table 1 illustrates this principle, comparing site-specific
relative risk projections for breast cancer, thyroid cancer, and
digestive cancers, both separately and as a group. The projection
based on all three sites together is higher than the sum of the
site-specific projections, because during the early years, the period
of observation, very little digestive cancer occurs, and the relative
risk coefficient mainly reflects an excess of breast and thyroid
cancers. As the cohort grows older, however, the population *ate for
digestive cancers increases more rapidly than those for cancers of the
breast and thyroid. Thus the relative risk coefficient for the summed
sites, when applied to lifetime risk, projects an inordinately large
number of digestive cancers, uhich is not compensated by a louer
projection for thyroid cancers because thyroid cancer is relatively



Table 1. Example of absolute and xelative risk projections forward in
time for three classes of cancer sites, using sites individually and
in sun. The example assumes a 1-rad exposure at age 15 to 100,000
women- a 30-year follouup, and a 10-year minimal induction period for
radiation-induced cancers of the thyroid, breast/ and digestive
organs.

Site

Thyroid
Breast
Digestive

Total

Estimate
to

Expected

160
910
200

from observation
age 45

Excess RR

11.3
14.2
2.0

1.0706
1.0156
1.0100

Projected

Expected

400
7300
6700

14400

lifetime

Excess
Abs.

28
36
4.9

69

risk

Rel.

29
114
65

207

Summed Sites 1270 27.5 1.0217 14400 69 312

uncommon at older ages. The absolute risk projection is of course
unaffected by the above considerations.

Estimation of risk

Whether or not an excess cancer risk exists following an exposure
to ionizing radiation can be an absorbing question scientifically!,
because it is related to possible mechanisms of carcinogenesis. From
a public policy viewpoint, however, the interesting question is
whether there is a risk that is large enough to require action. The
crucial information, therefore, is in the form of estimates, both
point estimates and confidence intervals. As ue have seen, uncertain
estimates, as expressed by wide confidence intervals, result from
inadequate statistical power, and can be helped, up to a point, by
increases in sample size. Another problem is uncertainty that attends
estimation of risks for exposure situations uhere no adequate data are
obtainable for direct estimation. Consider the simple example used to
illustrate the section on detection of risk, and suppose that we wish
to know, not the risk for the exposed group, but that corresponding to
an exposure one-tenth the size. Further, suppose that there is no
comparable group exposed to one-tenth the dose of the group that we
have observed. (Ue would need at least 100 times as many people in
the lower-dose group to equal the statistical power of the data
pertaining to the original group, even if data were available.)
Assuming an acceptable estimate of risk to be available for the group
on which observations were made, and assuming the dose range to be one
in which cancer risk increases with increasing dose, we could say with
some assurance that the estimated risk for 1/10 the exposure must be
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somewhat less than that for the observed group. But hou much less?
If risk is proportional to dose, it would be 1/10 as much, if propor-
tional to the square of dose it would be 1/100 as much, and if propor-
tional to the square root of dose it would be a little over 1/3 as
much (Figure 4). In this hypothetical situation, which is by no means
unrealistic, there are no data from the particular study to determine
the choice of rules by which the estimate for a 1/10-scale exposure
risk should be determined. The excess risk (the observed number of
cancers less that expected according to population rates) can, by
choice of dose-response model, be scaled down to almost nothing, or be
reduced hardly at all, and this choice, as far as the data from the
particular study are concerned, is completely arbitrary.

In fact, no responsible scientist would make a frivolous choice
of extrapolation rule, but would base the choice on an observed dose
response from other studies, on a wish to be conservative, or on some
principle of parsimony (e.g., the linear model might be chosen because
it was thought to be the simplest). But the estimate, or its con-
fidence interval, would not reflect the uncertainties inherent in this
choice.

Occasionally, all extrapolated risk estimates, even those using
models tending to minimize low-dose risk (say, the dose-squared
model), may be high enough to inspire alarm. Conversely; all es-
timates may be negligibly small, even those using models tending to
maximize risk (say, the square-root law). In such cases the implica-
tions for policy are clear.

But suppose the extrapolated risk according to the square root
law is alarmingly high, while that according to the dose-squared law
is comfortably low? Simply choosing a model that produces an estimate
in accord with one's prior expectations would be a violation of the
ideal of scientific objectivity that has motivated the development of
statistical methods of inference. Choosing to use a particular rule
in advance (e.g., using the linear model because it is a "simple"
rule, because it occupies middle ground, or because the investigator
considers it to be the most plausible rule), while less subject to the
charge of cynicism, nevertheless would impart an undue degree of
apparent precision to the extrapolated estimate if there were reason
to believe that a model nearer either of the two extremes might be
correct. On the other hand, providing estimates according to every
plausible extrapolation model, without further guidance, would amount
to a considerable abdication of the zesponsibility to provide useful
information for public policy.

The problem, then, is how to provide decision makers with es-
timates that convey a maximum amount of information in a usable form,
without obscuring the real uncertainties that may obtain. For ex-
ample, there may be epidemiological data not directly applicable to
the estimation problem at hand (perhaps from a population with a
different age distribution, or with different age-specific population
rates, or pertaining to a different cancer site), but informative
about the shape of the dose-response curve. To the extent that this
information contributes to the choice of an extrapolation model, this
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contribution, and its inherent uncertainty* should be reflected in the
statistical uncertainty of the estimate.

Modelling

Modelling provides a conceptual framework fox incorporating
information from diverse data sets into inference procedures. Suppose
that for both Japanese and American women, the risk of breast cancer
following exposure to ioni2ing radiation increases linearly with
increasing dose D=

Risk = o0 + a, D.
Suppose further that the excess risk per unit dose is known Cor
assumed) to be the same for both populations, but that the risk in the
absence of exposure is different. The following, expanded model
describes both populations, and allows stronger inferences to be made
about all the risk parameters for both populations by fitting the
model to data from both populations simultaneously:

Risk = ao1(if Japanese) + a.02(if American) + a.\ D.
The fact that the two processes, breast cancer in Japanese and breast
cancer in Americans, share a common parameter, a1( in the expanded
model makes information about breast cancer risk among Americans
relevant to breast cancer risk among Japanese, even at zero dose
(i.e., informative about a0 *, as well a,, if a0, also were unknown and
needed to be estimated from the data).

Decision theory

Decision theory (13) deals with an idealized version of real
life in uhich the set of possible actions (e.g., permitting or forbid-
ding a particular exposure to radiation) and the set of possible
states of nature (e.g., all possible levels of subsequent cancer risk
associated with that exposure) have been enumerated completely. Also,
for each possible combination of an action and a state of nature, it
is possible to state, on a numerical scale, how good or how bad that
combination is (utility). A decision rule is a rule for choosing an
action. A decision rule may depend upon observational data, and the
utility of a given rule is defined for a particular state of nature as
the expected utility of the action chosen by that rule.

If one has an opinion about the state of nature that can be put
in the form of a personal probability distribution over the set of
possible states of nature, any decision rule has an expected utility
with respect to that distribution, provided that the utility function
obeys certain vezy general conditions. A rule whose expected utility
with respect to a given personal probability distribution is maximal
is called a Bayes rule for that distribution. One of the most impor-
tant theorems of decision theory states that every Bayes rule is
"admissible," that is, provided that a particular rule is Bayes with
respect to some distribution, there is no other rule uhove utility is
better for some state of nature and at least as good for all states of
nature. The same theorem also states (roughly) that any admissible
rule is a Bayes rule for some personal probability distribution.

The above theorem says that p. rational decision maker, if he
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knows the consequences of every action given every state of nature,
will choose a decision rule that has maximum expected utility accord-
ing to some personal probability distribution for the state of nature.
It does not say which distribution should be used, but it obviously is
better to use a distribution that puts most of its probability on the
(unknown) true state of nature or on possible states of nature that
are similar to the true state (in the sense that a decision rule
having a high utility for the tzue state of nature also has a high
utility for "similar" states), instead of a distribution that does the
opposite.

If the above assessment is accepted, it follows that the goal of
scientific investigation as it pertains to public policy is to provide
the decision maker with a personal probability distribution that
reflects, as nearly as possible, the available information about the
state of nature. If the relevant state of nature is the cancer risk
associated with a particular exposure, the process by which confidence
intervals for that risk are defined also can be used to define a
personal probability distribution for that risk. In fact, most of us
probably view a confidence interval as a probability statement about
the unknown true risk, rather than as a probability statement about
the random process by which the confidence interval uas derived, uhich
is the classical frequentist vieu of confidence intervals. In the
frequentist view, the true risk either is or is not contained in a
particular confidence interval, and it makes no sense to speak of the
probability that it is contained in the interval. The approach to
inference which has become known as Bayesian is based on the idea that
it 7. s more useful to think of the unknown true risk as a random
variable corresponding to a personal probability distribution deter-
mined by the information at hand. This personal probability distribu-
tion can be modified by the incorporation of new information in the
same way that an estimate can be modified by incorporating more data.

For example, if a statistical analysis produces a risk estimate
that, in the frequentist vieu, corresponds to a normally distributed
random variable with mean equal to the true risk and standard devia-
tion equal to 2 per million, the corresponding Bayesian interpretation
is that the true risk can be thought of a', normally distributed with
mean equal to the value of the estimate and standard deviation equal
to 2 per million. If more data are gathered and incorporated into the
analysis, yielding a new estimate and a new standard deviation, the
Bayesian interpretation modifies the personal probability distribution
accordingly.

The Bayesian approach would seem to have important advantages for
decision making, in that statistical information is incorporated into
the choice of a decision rule in a disciplined and logical way.
Another advantage of the Bayesian approach is that it provides a
similar discipline for the incorporation of expert opinion.

The role of expert opinion

The role of opinion pertains more to estimates provided by
"official" bodies, like the BEIR Committee, appointed to provide
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expert advice concerning lou-dose risk than it does to individual
scientists* and not at all to frank advocates of particular courses of
action. Members of such a committee, who u&xe after all chosen
because of their knowledge about the general problem, are likely to
have informed opinions about technical aspects of a particular estima-
tion problem, and these opinions have informational value. Such an
opinion is not the same as data but, uhen held by a knowledgeable
scientist, nay be said to derive from data uhich, moreover, nay not be
easily available in any other form. Responsible scientific opinions
tend to contain a realistic level of uncertainty, uhich often can be
quantified. In general, the data from uhich a particular expert
opinion derives would be preferable to the opinion itself, houever
unbiased and houever carefully quantified, but in cases uhere it uould
be impracticable to operate directly on these data there is an obvious
value in a disciplined procedure for incorporating the information
contained in an opinion based on these data.

In this context, it is important to distinguish betueen standards
of evidence for purely scientific questions and for public policy
decisions. An expert opinion expressed by a scientist has no status
as scientific evidence, but it has legal status if delivered in a
court of lau under oath. Scientific evidence bears on a question of
fact uhich, moreover, is never closed but always remains open to
further evidence. Legal evidence, on the other hand, bears on the
formation of an opinion, uhich results in a verdict, uhich (perhaps
after several iterations) finishes the natter. Verdicts, laus, and
administrative decisions are recognized to be products of human
understanding, and subject to human error.

Clearly, opinion plays a role in the deliberations of expert
scientific committees set up to provide information on a particular
problem. If a committee should vote on uhether to use a linear or a
quadratic extrapolation rule, for example, it uould be relying on
opinion exclusively at that point. The result of such a vote, uhile
unacceptable as evidence as to the true state of nature, might quite
properly be welcomed by someone seeking guidance for an administrative
decision on acceptable exposure levels. If, houever, the vote ueze a
close one, or if the committee members felt that (say) the linear
model uas merely the most plausible of a number of plausible models,
the resulting risk estimate uould be presented uith more certainty
than uas uarranted by the opinions of the committee members.

An approach to the above problem consistent uith the Bayesian
point of vieu uould be to construct a personal probability distribu-
tion for risk characterizing the committee as a uhole, by combining
distributions derived directly from data uith distributions based on
expert opinions held by individual committee members. Conceptually,
the procedure uould represent each distribution derived from opinion
by a contrived data set that uould yield that opinion, and uould use
an expanded model to fit all data sets, both actual and contrived,
simultaneously. The results of the analysis uould then be used to
construct a personal probability distribution in the usual uay. This
process, uhile simple conceptually, is not necessarily simple in
practice.
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Principles that apply to the combination of data sets would also
apply to the above process. One principle chat might give trouble is
the one proscribing the use of the same data set twice in a single
analysis: for example, a particular data set and an opinion based in
part on that data set could not be fitted together unless the expanded
model specifically allowed for the overlap. Several opinions based at
least in part upon the same information would pose a similar dif-
ficulty, and it might be more efficient to work out a group opinion by
more conventional methods of reaching consensus before combining
opinion with data.

Examples the 1980 BEIR Report

The discussion so far has been mostly in terms of a particularly
simple sampling model, in which the data from the mo&t relevant study
had no bearing on the choice of extrapolation rule. Other studies*
like the studies of the Japanese A-bomb survivors, yield data over a
range of exposure levels, and the observed variation in risk with
increasing dose provides information about the shape of the dose-
response function as well as about risk at particular dose levels. In
this more general case the distributional assumptions about the
observed numbers of cancers are the same as in the simple case dis-
cussed above, but regression methods are employed to test hypotheses
and estimate risk.

The 1980 BEIR Committee (3) based its main risk estimates on
analyses of leukemia incidence during 1950-1971 and mortality from
cancers other than leukemia during 1955-1974 among the members of the
Life Span Study sample of atomic bomb survivors studied by the Radia-
tion Effects Research Foundation. These data present risk as a
function of gamma and neutron components of dose, 7 and £, respec-
tively. The Committee selected a general dose-response model with
linear and quadratic terms in 7 and a linear term in t (LQ-L),

Risk = a0 + a,7 + az72 + 8^t,
to be fitted to these data. When statistically stable risk estimates
could not be obtained using this general model, simpler models were
obtained from it by setting the quadratic coefficient a-z to zero (the
L-L model) and, alternatively, by setting the linear coefficient a.i to
zero (the Q-L model). Instead of relying on a confidence interval for
the LQ-L model coefficient a1, which would include negative values, to
represent the range of uncertainty for leukemia risk at low doses of
gamma radiation, the committee chose to represent that range by
estimates based on the L-L and Q-L models (Table 2). Although the L-L
model point estimate for a1 is larger than, say, a 95% upper con-
fidence bound for <ii based on the LQ-L model, the Q-L model estimate
foi a2 has a lower confidence bound greater than zero. Thus, by
resorting to what the Committee considered extreme models, it was able
to present both a plausible point estimate (the LQ-L model estimate)
but also the uncertainty of that estimate as it involved both the data
and the choice of models (but presenting the range of uncertainty in
terms of point estimates rather than confidence intervals).

The above approach did not work in the case of mortality for
cancers other than leukemia (Table 3). Not only did the data fail to
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Table 2. Regression analyses of leukemia incidence, Hiroshima and
Nagasaki, 1950-1971.

Model Expression for Excess
Risk

Coefficient ± SD, per 10*
i a 2 Pi

LQ-L
L-L
Q-L

01̂  7 +
ai 7

a2 72 -

a2 72 n

•• Pi
I- #1

*
ir
*

0
2
.99 +
.2 ±

— • — • -

.93

.60
.0085 +

.014 +

.0056

.004

27.
25.
31 .

5 ±
4 +
0 ±

7
7
6

.5

.5

.9

discriminate among the three models, but neither «i noz o-z uas
significantly greater than zero for any of the models. Although
simple regression analyses showed that cancer mortality increased with
increasing total dose (7 + t ) , the data ueie clearly not strong enough
to support estimates based on complex models with more than one free
parameter for dose.

The response of the Committee to this dilemma uas to assume that
the shape of each of the dose-response curves corresponding to the
three models uas the same as that of the best-fitting curve obtained
from the leukemia incidence data. That is, the ratios a2/a, and 8\/a.\
(for the LQ-L and L-L models) and 6^/a-z (for the Q-L model) were fixed
according to the values estimated from the leukemia data, as follows:

Risk = ot0 + a, (Y + .0086 7* L_? 7- 8 * } (1Q-T) ,
Risk = a 0 + a, (7 + 11.3 *) (L-L),
Risk = a 0 + a 2 (7* + 2265 *) (S^L).

When these revised models uere fitted to the data, the estimates in
Table Li uere obtained, and used in the same way as the leukemia
estimates in Table 2.

Although the BEIR Committee might justifiably feel pleased uith
itself for having escaped the very aukuard situation represented by
Table 3, one contrast between Tables 3 and t is somewhat troubling:
the estimated standard errors in Table 4 are markedly smaller than

Table 3. Regression analyses for cancer mortality excluding leukemia,
Hiroshima and Nagasaki, 1955-1974.

Model Expression for Excess
Risk

LQ-L a, 7 + a 2 72 + ffi t
L-L a, 7 + + <?i *
Q-L a 2 7« + 01 H

Coefficient ± SD, per 10'
o-i a-

1.4 + 4.6
1.1 + 2.2

«f .0047 i .0104

'Boundary value estimate: a 2 constrained to be non-negative.

62 ± 26
62 + 25
67 ± 22
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Table 4. Constrained regression analysis for cancer mortality other
than leukemia, Hiroshima and Nagasaki, 1955-1974.

Model Expression for Excess Risk Coefficient ± SD, per 10*
Risk a1 a. 2

LCpL a, C7 + .0086 7* + 27.8 *) 1.4 ± 0. t»
I-L o, (7 + 1 1 . 3 * ) 3.5+0.9

a2 (r* + 2,265 *) 0.018 + .005

those in Table 2, yet the leukemia data seem better able than the non-
leukemia cancer data to support complicated models. If the revised
models used for the non-leukemia data ueie fitted to the leukemia
data, the same point estimates would be obtained as in Table 2, but
with markedly reduced standard errors. Clearly this would be il-
legitimate, because the revised models were calculated from the
leukemia data - a case of lifting one's self up by one's own boot-
straps! The standard errors in Table 4 are low because they result
from ignoring the uncertainty introduced by using observational data
to estimate the parameter ratios that are fixed in the revised models.

How might the committee have proceeded to obtain estimates that
allowed for the uncertainty introduced by estimating the ratios of
certain parameters from other data? Ignoring the fact that the
leukemia and non-leukemia data were not truly independent in a statis-
tical sense (probably not an important omission), the desired adjust-
ment could have been obtained by analysing the leukemia and the
non-leukemia data together, using a composite dose-response model in
which the two different responses were assumed to share certain
parameters. Taking the LQ-L model, we could write

Risk = OLOI + a n CT + U 7* + V t)
for the leukemia data, and

Risk = a 0 2 + <*12 C7 + U 7* + V *)
for the non-leukemia data. That is, the relative biological effect-
iveness (RBE) of neutrons at low doses (V) and the "crossover dose" at
which the linear and quadratic components ox gamma dose contribute
equally to risk (1/U) would be assumed to be the same for leukemia and
for solid cancers, while the other parameters of risk would be allowed
to differ. The results of that particular analysis are given in Table
5. The results in Table 5 are slightly different from those in Tables
2 and 4, because they reflect the information on U and V contained in
the non-leukemia data, which the analyses of Tables 2 and 4 ignore.
The estimated RBE is 27 instead of 28, while the estimates of a n and
a-i 2 are slightly different from the corresponding values in Tables 2
and 4. The estimated standard error of a 1 2. however, is increased from
0.4 (rex 10s) in Table 4 to a more realistic 1.5 in Table 5.

The analysis of Table 5 fitted the logarithms of parameters U and
V, rather than U and V themselves, because negative values are not
allowable for either parameter, and because it seemed more natural to
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Table 5. Expanded LQ-L model analysis of leukemia incidence data*
1950-1971, and mortality from other types of cancer, 1955-1974.
Excess risk = { a,, (if leukemia) + «,z Cif other)JIT + U T* + v «}

Parameter Estimate ,+ SB, per 10*

on 1. i + t> 9
«12 1.6 + 1.5

In U -In 186 ± In 5.2
In V In 26,7 + In 2.7

think of them as having asymptotic (large sample) distributions skewed
to the right, as for a lognormal distribution, rather than symmetric,
as for a normal distribution. Also, subjective uncertainty about both
parameters seemed more naturally expressed in te-..•>, of multiplication
and division by an uncertainty factor (e.g., "cr , = t within a factor
of 2"), rather than in terms of addition and suit ction of a standard
error.

Returning to the BEIR Committee, it uould be inaccurate (and
probably unjust) to imply that the committee chose to fix the cross-
over dose at 116 rads and the lou-dose neutron RBE at 27.8 simply
because these uere the estimates obtained in the analysis of Table 2.
These values uere considered to be "reasonable" because they uere in
accord uith values observed in experimental studies. For example, it
might have been more difficult to obtain agreement on a fixed cross-
over dose for the analysis of Table 4 if the leukemia data had yielded
an estimate as lou as 10 rads oz as high as 1000 rads, because these
values are outside the usual range of crossover doses seen in ex-
perimental studies. Expert opinion did, therefore, play a role in the
analysis of Table *•, although the informational content of that
opinion is not reflected in the uncertainty coefficients given for the
various parameter estimates in Tables 4 and 5.

Suppose the committee had managed to.agree on a personal prob-
ability distribution for crossover dose, derived independently of the
A-bomb survivor data. That distribution might, for example, have been
expressed as a lognormal distribution for 1/V, uith median at 100 rads
and some value for the standard deviation of the logarithm of 1/U. An
appropriate contrived data set for this distribution might consist of
an observed value equal to 100, corresponding to a lognormal variate
uith median equal to the unknoun true crossover dose and uith the
specified standard error in the logarithmic scale. An appropriate
expanded model for incorporation of the above information uould
consist of the model used for the analysis of Table 5, to be applied
to the actual data only, plus the equation

E(estimate of In U) = In U,
to be applied to the contrived data only.

Table 6 presents the results of such an analysis, for various
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Table 6. Bayesian analyses combining the data used fox the analysis
of Table 5 with a lognormal prior personal probability distribution
fox the crossover dose, 1/U. In U is assumed to be normally dis-
tributed with mean = -In 100 and standard deviation In S.

s

CO

101
51
21
11
6
3
2
1.5
1.2
1 . 1

t

1.12
1.08
1.07
1.05
1.01
0.97
0.89
0.84
0.81
0.79
0.79

±
±
±
±
±
±
±
±
±
±
±

.94

.89

.87

. 84

.79

.72

.59

.47 1

.38 1

.32 1

.32 1

Coefficient +
CL12

1.63
1 .57
1.55
1.51
1.47
1.40
1.28
.20
. 15
. 12
. 12

±1.47
±1.40
±1.38
±1 .33
+ 1.26
±1.16
±1.95
±1.79
+ 1.67
±1.59
+ 1.59

In
In
In
In
In
In
In
In
In
In
In

SD
-In 1

186
174
170
162
153
140
121
110
104
100
100

±
±
±
±

±
±

±
±
±

3

In
In
In
In
In
In
In
In
In
In
In

5.
4.
4.
4.
3.
3.
2.
1.
1 .
1.
1.

2
7
6
2
9
4
5
9
5
1
05

In
In
In
In
In
In
In
In
In
In
In

In V

27 ± In
28 + In
28 ± In
29 + In
30 + In
31 ± In
33 + In
35 + In
36 ± In
37 ± In
37 + In

2.7
2.6
2.5
2.4
2.3
2.2
1.9
1.8
1 .6
1.6
1.6

levels of uncertainty of opinion as expressed by the value of the
assumed standard error of the estimate of In U. As this factor
decreases, expressing stronger and stronger prior information about
the true crossover dose, the estimates of all the parameters in the
model, and the factors used to express uncertainty, change also.
Extreme uncertainty of opinion, expressed as a large standard error
for the estimate of In U, corresponds closely to the analysis of
Table 5. As the prior uncertainty is decreased, the analysis increas-
ingly resembles that of Table 4, in which the crossover dose uas
assumed to be knoun exactly.

While the question of whether a group like the BEIR Committee
actually could agree upon a group opinion about the value of the
crossover dose, expressed in probabilistic form, can only be resolved
by an actual trial, it uould seem that such a consensus uould be
within the capabilities of a numerically literate group of experts.
It uould seem more feasible to reach a consensus on a "nuisance"
parameter like crossover dose than to reach one on the parameter of
primary interest, the actual excess risk per rad at lou dose levels.
If the BEIR Committee had been able to proceed in this uay, we submit
that the ultimate product uould have been easier to understand, and
easier to use.

Discussion

The goal of statistical inference is to present clearly the
evidence relating to a particular question at hand, including the
attending uncertainty, and to present this evidence in such a uay as
to facilitate its use. As ue have seen, there is a difference between
the information requirements for purely scientific questions» to which



often the most reasonable response is to reserve judgment, and those
for questions of public policy, where usually some action must be
taken even when adequate information is lacking. For the latter type
of question* the most useful presentation of statistical results is in
the form of a personal probability distribution for the unknown state
of nature. Given such a distribution, possible decision rules can be
ranked with respect to their expected utility, and a rule of high
utility chosen.

The above process does not trivialize the role of the decision
maker, as opposed to that of the providers of information about the
state of nature. The assignment of utility values to particular
actions for particular states of nature is a formidable task, involv-
ing an assessment of basic societal values. The utility of an action
that may correspond to, say, 5 excess cancer deaths per year in an
exposed population uith an offsetting societal benefit, which may be
measured in economic terms or in terms of lives saved, or both.- can be
very difficult to ascertain. This ascertainment may be done well or
poorly, but it is a necessary part of the decision process.

For the epidemiologist, the statistician, and the zadiobiologist,
it is important to distinguish between the tuo major components of the
decision-making process-* providing information about the state of
nature and assigning utilities to combinations of actions and states
of nature. An expert opinion about the risk of cancer from a 3-zad
exposure to ionizing radiation does not require, nor should it in-
volve, an assessment of the utility of an exposure limit of 5 rads per
year for nuclear workers. This distinction may, in fact, have the
force of a moral imperative, playing a role in questions of public
policy similar to that played in purely scientific questions by the
distinction between opinion and observation.
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Figure 1. Poisson model distribution functions,
by mean value M.
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Figure 2. Power function for a level .05 test of
M « 4.5 vs. M 4.5.
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Figure 3. Female breast cancer risk: projected risk
following a 10-rad exposure at age 15.
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ABSTRACT

A retrospective cohort mortality study was conducted among employees of the
Oak Ridge National Laboratory. Since 1943, this facility has been the site of
energy-related research, including uranium and plutonium recovery and radioisotope
production. Historical follow-up was conducted for the years 1943-1977 for 8,681
white males who had been employed for at least one month during the period 1943-
1972. Vital status was ascertained for 90 percent of the cohort. Standardized
Mortality Ratios (SMRs) were computed to contrast the workers' mortality experience
with that of the U.S. white male population. The observed number of 1,017 deaths
from all causes was 74 percent of that expected, a finding indicative of the
healthy worker effect and the relatively high socioeconomic status of the cohort.
The SMR for all cancers was 0.75 (195 observed vs. 261.3 expected). Mortality
deficits were seen for non-malignant diseases of all major organ groups and for all
site-specific malignancies except prostate cancer (SMR=1.13), leukemia (SMR=1.16)
and Hodgkin's disease (SMR=1.28). None of the elevations was statistically signif-
icant. There were no consistent trends of cause-specific mortality with either
external or internal radiation exposure levels.

Introduction

Excessive cancer risks have been established as late sequelae of occupational
exposures to high (>100 rads) doses of ionizing radiation from studies of uranium
miners (1), other underground metals miners (2,3) and radiologists (4). The
evidence relating cancer mortality elevations to low-level (<50 rads) occupational
radiation exposures is controversial. A five-fold proportionate mortality excess
for leukemia found among nuclear shipyard workers in New England (5) was not con-
firmed on subsequent identification and historical follow-up of the implied
cohort (6). In 1977, Mancuso and colleagues (7) reported significant excesses of
myeloid leukemia, multiple myeloma and pancreatic and lung cancers among nuclear
workers at the Hanford facility where exposures were generally less than 10 rads.
Mancuso's research methods have been the object of considerable criticism (8,9),
and subsequent reanalyses of these data have confirmed only the radiation-related
associations with multiple myeloma among persons with exposures in excess
of 15 rems (10-12).
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The present investigation is a retrospective cohort mortality study of
workers exposed to low doses of ionizing radiation at the Oak Ridge National
Laboratory (ORNL). This research is one component of a large-scale epidemiologic
study of the health and mortality of U.S. Department of Energy nuclear workers
that is being conducted by the Oak Ridge Associated Universities with i.he
collaboration of the University of North Carolina. The principal objective of
the study of ORNL workers is to examine mortality patterns in relation to occupa-
tional exposures to external and internal sources of radiation and to chemicals,
especially metals and organic compounds. The findings reported here pertain only
to radiation exposures; chemical hazards will be evaluated in subsequent analyses.

Study Setting

The Oak Ridge National Laboratory located in Oak Ridge, Tennessee, was
founded in 1943 as part of the World War II Manhattan Project. Its original
functions were to provide facilities for research and development for the atomic
pile project, to serve as a pilot plant for the Hanford Engineer Works and to
produce small quantities of plutonium. In postwar years ORNL has expanded its
scope of activities to include fission and fusion power research, heavy ion
research, chemical processing and separation of radioisotopes and basic research
in the engineering, physical and biological sciences.

Materials And Methods

During the years 1943-1974, approximately 20,000 workers were ever employed
at ORNL. This population was first enumerated in 1964 by Mancuso and co-workers
from the University of Pittsburgh. The enumeration has been updated subsequently
from ORNL personnel files. The study cohort consists of 8,681 white males who
worked for periods of at least 30 days at any time during the interval, 1/1/43-
12/31/72. The cohort is restricted to persons not known to have worked at any
other facility of the Department of Energy or its predecessor organizations. This
restriction limits the evaluation of exposures and related health effects to those
pertinent to ORNL. Hourly and salaried workers are included in the study
population.

Historical follow-up of the cohort through 12/31/77 was achieved by means of
repeated submissions of names to the Social Security Administration. Ancillary
sources of vital status information were the Tennessee Motor Vehicles Department
and death indexes for Tennessee and surrounding states. Death certificates were
obtained from state bureaus of vital statistics. Causes of death were coded
according to the 8th Revision of the ICD (Adapted) by a nosologist trained by the
National Center for Health Statistics. Table 1 shows the vital status and cause
of death ascertainment for the cohort. Vital status was determined for 90 percent
of the cohort; cause of death information was obtained for 94 percent of the 1,017
identified deaths. Workers with less than 6 months service and foreign consultants
accounted for the majority of the persons with unknown vital status.

Radiation exposure information was obtained from ORNL computer tapes which
contain personal monitoring data for external and internal sources of radiation.
Monitoring for external radiation, primarily gamma rays, has been conducted since
1943. Film badges were used most of the time. Thermoluminescent dosimeters have
been in use since 1975; pocket chambers were used in 1943 and 1944. Until the
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early 7950's external radiation monitoring was required only for workers
entering designated areas where the potential for exposure was presumed to exist.
Film badge monitoring has been routine for all workers since about 1951. From
1944 to 1956 film badges were evaluated weekly; thereafter, the monitoring periods
were quarterly. All external radiation data are expressed in millirems.

Internal sources of radiation exposure were determined from data on urine and
fecal bioassay and from whole body counting (In Vivo Gamma Spectroscopy). The
bioassay program which began in 1951 and whole body counting which was initiated
in 1962 continue to the present. Throughout, only persons suspected of having
received significant internal contamination were monitored. There has been a
great diversity of radionuclide exposures at ORNL; consequently, the results of
internal monitoring were treated in summary fashion rather than on a nuclide-
specific basis. Four categories of exposure, based on the higher of the results
from whole body counting or urine/fecal bioassay, were used in the analysis of the
data. The exposure categories are: 1) not monitored (i.e., presumed unexposed,
2) whole body count readings <]5% of maximum permissible body burden (MPBB), or
bioassay < nuclide action level, (where the action level was some fraction of the
maximum permissible body burden), 3) whole body count 15-49% MPBB or bioassay 1-3
times the nuclide action level, and 4) whole body count >50% MPBB or bioassay >4
times the nuclide action level.

The mortality patterns of the cohort were examined by means of contrasts with
the experience of the U.S. white male population for the years 1943-1977. A modi-
fied life table analysis computer program developed by Monson (13) was used to
compare cause-specific observed numbers of deaths with expected numbers, adjusted
for age and calendar year. Relative risks were approximated as the ratios of
observed to expected numbers of death, henceforth referred to as Standardized
Mortality Ratios (SMRs). Confidence limits for SMRs were approximated assuming
a Poisson distribution of the observed number of deaths (14).

In the evaluation of cause-specific mortality in relation to external
radiation exposure, person-years of observation, by 5-year age and calendar year
groups, were allocated to the following cumulative dose exposure categories:
0, 1-999, 1000-4999, and 5000+ mrems. The allocation of person-years was done
such that a worker contributed person-years in every achieved exposure category.
SMRs were computed for each dose group, using U.S. mortality rates to derive
expected numbers of deaths.

A latency analysis was also performed in which neither observed deaths nor
person-years of observation were counted during the first 10 years of each
worker's experience. Additionally, in the latency analysis exposure levels were
lagged by 10 years such that a worker's person-years for a given calendar year
and age group were allocated to the category of exposure achieved 10 years
previously. For example, if a worker had accrued cumulative external doses of
3000 mrems by age 40 in 1950 and 6000 mrems by age 50 in 1960, then his person-
year for age 50 and calendar year 1960 would be allocated to the 1000-4999 mrem
dose category, and accordingly, his person-years for ages 51-59 would be allocated
to the dose categories achieved at ages 41-49.

Similar analyses were conducted with respect to internal radiation exposure
category. As before, age-and calendar year- specific person-years were allocated
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to the appropriate exposure categories, and analyses were performed assuming
latency periods of 0 and 10 years.

Results

The distributions of age at hire and lengtfi of service are given in Tables 2
and 3, respectively. The majority of workers were hired at young ages (median
age = 28 years) and worked at ORNL for relatively short durations (median = 2.1
years). As seen in Table 4, over 80 percent of the cohort has been followed for
at least 10 years (median = 21 years), which should permit potential mortality
excesses to be demonstrable.

Table 5 presents the distribution of cumulative external doses. The values
are, for the most part, low, with the median dose being 200 mrems. Only 8 percent
of the cohort accrued doses of 5 rems or greater. The total population dose of
external radiation was 15,508 person-rems. The distribution according to internal
radiation exposure is shown in Table 6. Over half of the cohort was never moni-
tored by bioassay or whole body counting, and these workers are thus assumed to
have been unexposed to internally deposited nuclides. Most of the monitored
workers had readings in the low exposure range; only 3 percent of the cohort had
whole body count readings >15 percent MPBB or bioassay exceeding nuclide action
levels. As indicated in the rightmost column of Table 6, external and
internal exposures were highly correlated.

Observed and expected mortality for all causes, all cancers and diseases of
major organ systems are given in Table 7. The SMR of 0.74 for all causes
(1,017 observed vs. 1374.8 expected) was significantly low at the 5 percent
probability level. A low all causes mortality in an occupational cohort,
relative to the general population, is observed frequently and is commonly
attributed to a healthy worker phenomenon (15). Mortality deficits were observed
for all major cause of death groupings except the non-specific category of
"symptoms, senility and ill defined conditions" (SMR = 1.74). The deficits for
all malignant neoplasms (SMR = 0.75) and diseases of blood forming organs
(SMR = 0.62) are notable insofar as these diseases have been associated with
radiation in previous investigations, especially those on atomic bomb survivors
(16).

Table 8 shows SMRs for selected cancer sites. Data are presented for sites
for which mortality excesses had.been reported from previous work and for which
mortality excesses occurred in the present study. Mancuso et al. (7) reported
excesses from lung and pancreatic cancers in their original analysis of the
Hanford Works cohort data; elevated mortality rates for leukemia have been noted
among the Hanford (7) and Portsmouth Naval shipyard (5) populations, and an
excess of brain cancer has been found in a population of nuclear weapons materials
workers (17). The only malignancies for which excesses, however modest, were seen
in the present study were prostate cancer (SMR = 1.13, 14 observed vs. 12.4
expected), leukemia (SMR = 1.16, 13 observed vs. 11.2 expected) and Hodgkin's
disease (SMR = 1.28, 6 observed vs. 4.7 expected). None of these SMRs was
statistically significant at the p<0.05 level. The SMRs for all malignant
neoplasms, and for all other sites, including those for which data are not shown,
were all less than 1.0. Only one death occurred from multiple myeloma, a cause
of death for which excessive mortality was found in the Hanford cohort (10-12).
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SMRs according to external and internal sources of radiation exposure were
calculated for all causes, all cancers, leukemia and prostate cancer. The number
of Hodgkin's disease deaths (6) was too small to permit an evaluation by exposure
level. The results with respect to external radiation exposure are contained in
Table 9. There are no trends of dose-related mortality risks for all causes of
death or for all malignant neoplasms. There is some suggestion of increasing
leukemia risk with increasing dose up to 5 reins; however, no leukemia deaths
occurred in the highest exposed group. A similar, although slightly less
pronounced, trend for leukemia was detected when a 10-year latency period is
assumed. Prostate cancer bore no discernible association with external
exposure dose.

The analyses with respect to internal radiation exposures for the same cause
of death groupings are presented in Table 10. The two highest categories,
monitored-intermediate and monitored-high, were combined in this analysis because
of the small numbers of persons in these groups. That the mortality patterns were
similar to those observed in Table 9 for external exposures was not surprising in
view of the strong correlation between external and internal exposure levels
(Table 6). A suggestive trend of increasing risk was detected only for leukemia,
but, as before, no deaths were found in the highest exposure category.

SMRs were also computed according to length of service at ORNL (Table 11).
This analysis was performed to address the question of whether as yet unspecified
workplace exposures other than ionizing radiation influenced mortality risks. As
with the previous analyses, no effect was found for all causes or for all malignant
neoplasms. The SMRs for leukemia and prostate cancer exhibited patterns suggestive
of an association with length of service; however, these trends diminished because
no deaths were found in the longest service categories. Here again, the failure
to observe deaths in the highest exposure strata, in this instance longest service
durations, is most likely explained by the small number of people, and hence
person-years at risk, in these categories.

Discussion

The most impressive finding from this study is the ORNL workers' apparently
favorable mortality oxperience for most causes of death when comparisons were made
with the U.S. population. As noted previously, deficits in mortality from all
causes and for some specific causes, such as cardiovascular diseases, are commonly
attributed to the healthy worker effect. The essence of this phenomenon is that
overall mortality in a worker population consisting of persons sufficiently healthy
to gain employment should be lower than that in the general population, because
the latter includes the chronically ill and persons otherwise unfit for
employment (15). The healthy worker effect is typically invoked as an explanation
for reduced mortality in worker populations engaged in physically demanding
activities, and may apply in the present context to welders, chemical operators
and maintenance workers at ORNL. The ORNL workforce also contains a sizeable
proportion, perhaps 50 percent or more, of professional and technical persons
of high educational achievement. It can be assumed therefore, that among these
persons from the highest socioeconomic strata, desirable lifestyle characteristics
and health behaviors have been important contributors to their favorable
mortality experience.
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y modest mortality excesses were seen for leukemia., Hodgkin's disease and
prostate cancer. These mortality elevations were based on small numbers and none
reached conventional levels of statistical significance. While neither Hodgkin's
disease nor prostate cancer has been associated strongly with radiation in previous
studies, leukemia has been reported frequently as a late sequela of high dose
radiation exposure (18). It is worth noting that 3 of the 13 leukemia deaths
were chronic lymphocytic leukemia, the type that to date has not been observed in
excess in populations exposed to ionizing radiation (19). Examination of dose-
effect trends of risk with internal and external radiation levels revealed no
discernable pattern for prostate cancer and only moderate, but irregular positive
gradients for leukemia.

The overall assessment of the findings from this study is that there is no
evidence supportive of radiation-related risks for malignant disease among the
cohort of ORNL employees. This conclusion is reached because cancer mortality
from all but three sites was below expectation. Furthermore, the positive trends
observed for leukemia risk and radiation exposures were small in magnitude and did
not increase monotonically.

The external radiation doses experienced occupationally by this cohort were
low, even in contrast with typical background cosmic and terrestrial levels (18).
By way of illustration, an excess of 7 observed more than expected leukemia deaths
would be the minimum needed in this study in order to demonstrate a statistically
significant excess at the p<0.05 level. If the upper value of the estimated
range of 1-6 excess leukemia cases per 10 person-rads (20) is assumed, then a
population dose of 1.2 x 10 rads, which is 7.5 times the actual dose experienced
by this cohort, would have been required to generate 7 excess leukemia deaths.
Nonetheless, while the internal radiation exposures are presumed to be small,
their effects on disease risks have not been evaluated quantitatively.

While there are no compelling indications of cause-specific mortality
excesses related to radiation, the potentially hazardous exposures to organic
chemicals and metals warrant examination for associated adverse health outcomes.
This will be the focus of further investigation of this occupational cohort.
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Table 1

Vital Status and Cause of Death

Ascertainment of Cohort

Status

Alive as of 12/31/77

Dead

Dead with certificate

Dead with no certificate

Unknown vital status

Total

Number

6761

1071

903

8681

955

62

(

(77

(11

(10

(100

%)

.9)

.7)

.4)

.0)

(93

( 6

.9)*

.1)*

*Percent of total dead

Table 2

Age at Hire Distribution

Age Number (%)

<20 641 ( 7,4)

20-29 4587 (52.8)

30-39 2415 (27.8)

40-49 802 ( 9.2)

50-59 206 ( 2.4)

>60 30 C 0.4)

Mean = 29.7 (S.E. = 0.1)

Median =28.0

Range = 16-67
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Length of

Length of Service
(Years)

<1

1- 4

5- 9

10-19

20-29

Table

Service

Number

3395

1941

769

1253

1048

275

3

Distribution

(%)

(39.1)

(22.4)

( 8.9)

(U.4)

(12.1)

( 3.2)

Mean = 7.4 (S.E. = 0.1)

Median = 2.1

Range = <1 - 34.4

Table 4

Length of Follow-up Distribution

Length

Mean

Median

Range

of Follow-up
(Years)

<1

1- 4

5- 9

10-19

20-29

>30

= 19.6 (S.E. =

= 20.6

= <1 - 34.9

Number

433

437

640

2731

2674

1766

0.1)

<%)

( 5.0)

( 5.0)

( 7.4)

(31.5)

(30.8)

(20.3)
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Table 5

Distribution of Cohort According to Cumulative External

Radiation Dose (mRems)

Dose (mRems) Number

Unknown
0
1- 49

50- 99
100- 199
200- 499
500- 999
1000-1999
2000-4999
5000-9999
>10,000

548
2132
747
585
597
820
851
939
812
337
313

( 6.3)
(24.5)
( 8.6)
( 6.7)
( 6.9)
( 9.4)
( 9.8)
(10.8)
( 9.4)
( 3.9)
( 3.6)

Mean = 1786.4 (S.E. = 61.3)
Median = 200.0
Range = 0 - 107,835

Table 6

Distribution of Cohort According to Highest

Internal Radiation Exposure Category* and

Cumulative External Radiation Dose

Internal Radiation
Exposure Category

Not monitored - none

Monitored - low2

Monitored - intermediate3

Monitored - high1*

Number of
Persons (%)

4,859 (56.0)

3,563 (41.0)

144 (1.7)

115 ( 1.3)

Median External
Dose (mRems)

35

920

6,465

13,510

*Higher of whole body count or urine bioassay reading classification.

*Assumed unexposed.
2Whole body count <15% MPBB or bioassay < nuclide action level.
3Whole body count 15-49% MPBB or bioassay 1-3X nuclide action level.

**Whole body count ̂ 50% MPBB or bioassay >bX nuclide action level.
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Table 7

Observed and Expected Mortality Among ORNL White Males, 1943-77,

Selected Causes of Death

Cause of Death OBS EXP* OBS/EXP (95% C.I.)**

All causes
All malignant neoplasms
Ischemic heart disease
Diabetes mellitus
All respiratory diseases
All digestive diseases
All genito-urinary diseases
Disease of blood forming organs
All external causes
Symptoms, senility and ill
defined conditions

1017
195
353
11
42
26
13
2

125
28

1374.8
261.3
479.1
19.1
72.1
75.3
19.0
3.2

183.8
16.1

0.74
0.75
0.74
0.58
0.58
0.35
0.69
0.62
0.68
1.74

(0.69,
(0.65,
(0.66,
(0.29,
(0.42,
(0.23,
(0.36,
(0.07,
(0.57,
(1.16,

0.79)
0.86)
0.82)
1.03)
0.79)
0.51)
1.17)
2.24)
0.81)
2.52)

*Expected based on rates for U.S. white males.

**95 percent confidence limits.

Table 8

Observed and Expected Mortality Among

ORNL White Males, 1943-77,

Selected Cancer Sites

Cause of Death

All malignant neoplasms
Lung cancer
Pancreatic cancer
Brain and CNS cancer
Prostate cancer
Leukemia
Hodgkin's disease

OBS

195
61
11
8
14
13
6

EXP

261.3
83.0
14.2
9.8

12.4
11.2
4.7

OBS/EXP

0.75
0.73
0.77
0.81
1.13
1.16
1.28

(95% C

(0.65,
(0.56,
(0.39,
(0.35,
(0.62,
(0.62,
(0.47,

.1.)**

0.86)
0.94)
0.77)
1.60)
1.89)
1.99)
2.78)

*Expected based on rates for U.S. white males.

**95 percent confidence limits.
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Table 9

Observed and Expected Mortality According to

External Radiation Category and 10-Year

Latency Interval*, Selected Causes of Death

Cause of Death/
Latency

0
(OBS) 0/E

Dose Category
1-999

(OBS) 0/E

(mRems)
1000-4999
<OBS) 0/E

2 5000
(OBS) 0/E

All Causes

0-Yrs. (278) 0.79 (405) 0.72 (270) 0.77 (64) 0.58

10-Yrs. (219) 0.76 (356) 0.76 (179) 0.67 (49) 0.69

All Cancers

0-Yrs. (44) 0.68 (81) 0.78 (57) 0.82 (13) 0.58

10-Yrs. (37) 0.65 (76) 0.81 (38) 0.68 (11) 0.72

Leukemia

0-Yrs. ( 2) 0.69 ( 4) 0.87 ( 7) 2.51 ( 0) —

10-Yrs. ( 1) 0.44 ( 6) 1.64 ( 4) 1.95 ( 0) —

Prostate Cancer

0-Yrs. ( 4) 1.31 ( 5) 0.97 ( 5) 1.53 ( 0) —

10-Yrs. ( 4) 1.34 ( 6) 1.20 ( 4) 1.38 ( 0) —

*Deaths and person-years during first 10 years not counted, and doses
lagged 10 years.
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Table 10

Observed and Expected Mortality According to

Internal Radiation Category and 10-Year Latency

Interval*, Selected Causes of Death

Cause of Death/
Latency

All Causes

0-Yrs.

10-Yrs.

All Cancers

0-Yrs.

10-Yrs.

Leukemia

0-Yrs.

10-Yrs.

Prostate Cancer

0-Yrs.

10-Yrs.

Exposure
Not Monitored
(OBS)

(726)

(621)

(120)

(123)

(4)

(8)

(10)

(12)

0/E

0.80

0.76

0.70

0.75

0.54

1.26

1.15

1.36

Category**
Monitored-Low
(OBS)

(267)

(164)

(70)

(36)

( 9)

( 3)

( 4)

( 2)

> 0/E

0.63

0.66

0.84

0.69

2.58

1.55

1.17

0.80

Monitored
Intermediate + High

(OBS)

(24)

(18)

( 5)

( 3)

( 0)

( 0)

( 0)

( 0)

0/E

0.60

0.68

0.64

0.54

—

—

—

—

*Deaths and person-years during first 10 years not counted, and
doses lagged 10 years.

**See footnotes table 6.
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Table 11

Observed and Expected Mortality According

to Length of Service, Selected Causes of Death

Length of
Service (YRS)

0-4

5-9

10-19

20-29

30-34

All Causes
(OBS)

(651)

(102)

(170)

( 84)

( 10)

0/E

0.78

0.71

0.70

0.58

0.79

CAUSE OF DEATH
All Cancers
(OBS)

(113)

( 22)

( 36)

( 23)

( 1 )

0/E

0.73

0.90

0.77

0.72

0.32

Leukemia
(OBS)

(6)

(1)

(4)

(2)

(0)

0/E

0.87

0.82

2.07

1.87

—

Prostate
(OBS)

(8)

(2)

(4)

(0)

(0)

Cancer
0/E

1.10

1.53

1.71
—

—
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C. C. Lushbaugh, S. A. Fry, C. M. Shy, and E. L. Frome

Medical and Health Sciences Division, Oak Ridge Associated Universities
P. 0. Box 117, Oak Ridge, TN (Lushbaugh and Fry)

University of North Carolina at Chapel Hill, Chapel Hill, NC 27514 (Shy)

Computer Sciences Division, Union Carbide Corporation - Nuclear Division
P. 0. Box Y, Oak Ridge, TN 37830 (Frome)

ABSTRACT

Epidemiologic studies are being conducted of persons (^600,000)
employed by the Department of Energy (DOE) and its. contractors since
1943 at ^80 facilities to determine whether health and mortality are
affected by exposure to radiation, uranium, and other metals involved
in development of nuclear materials. Historic cohort and nested case-
control designs are used to identify excess mortality using the U. S.
population for comparison to determine whether certain jobs or environ-
ments are associated with increased risk of cancer mortality; and to
identify any hazards involved. Procedures include routinized data
collection and management and hazards assessment. Routine biostatis-
tical methods have been extended to enable analyses to be made comparing
mortality rates among more comparable populations than the U. S. popu-
lation at large. Such a comparative study has been completed of the
mortality experience of ^72,000 white male workers employed since 1943
at all four AEC/DOE facilities at Oak Ridge, TN. Results show that:
age-specific death rates determined by Poisson-rate analysis follow
the Gompertz-Makeham law. Mortality experience was different for each
plant or facility and birth year subcohorts. Smoothed estimates of age-
specific death rates from the Gompertz-Makeham model for five plant
worker populations are presented and compared with U. S. white male vital
statistics.

Almost 20 years ago the AEC began putting in place programs designed to
address the emerging concern that working in nuclear research and development
facilities and factories resulted in deleterious biologic effects in spite of
the strict application of one of the most advanced health and safety surveillance
systems in U. S. industry. Initially, a five-year feasibility study was done by
Mancuso, Brodsky and Sanders to audit existing medical, personnel, and health
physics records to determine their suitability for retrospective epidemiologic
evaluation. In addition to finding that a well-structured record system was
indeed operational in all plants and research sites, the data needs for such
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studies were identified and protocols and procedures for record preservation
storage and retrieval were strengthened and extended. As a result, records that
might otherwise have been destroyed over time were identified as being needed for
future "Health and Mortality" studies and preserved in designated files as part of
what is now known as the DOE Federal System of Records which is protected under
the Privacy Act of 1974 (1). Currently, this system comprises the AEC/ERDA/DOE
records of 46 plant sites* and 8 shipyards. Although much of the data remains
in Federal repositories, the records for present and past worker populations have
been collected at four research centers where major epidemiologic studies are in
various stages of completion. These active DOE epidemiologic research programs
are being carried out at Hanford, Washington by Hanford Environmental Health
Foundation and Battelle Northwest Laboratory; at Los Alamos, New Mexico by Los
Alamos National Laboratory; at Oak Ridge by Oak Ridge Associated Universities and
collaborators from Universities of North Carolina and Alabama and at Baltimore,
Maryland by Johns Hopkins University (2).

In Fig. 1 these study populations are diagrammed to show their relationships
to one another and how they have been grouped by geography, the major risk factors
of uranium and plutonium exposures, and by the kind of major technology involved
in the various research laboratories and production plants. One can identify the
"Oak Ridge Segment" and "the Niagara Frontier" as studies containing populations
from the major sites where uranium and radioactive byproducts other than plutonium
are the major hazardous exposures; the blocks of sites and studies where potential
plutonium exposures existed; and those related to naval reactor technology,
weapons research and production, reactors development, and nuclear research and
development in general. Also note that a special epidemiologic study known as
"^ 5 rem" extends across all of these study cohorts recruiting from them all
persons who have ever in the course of one year's employment exceeded the 5 rem/
annum radiation-exposure constraint put into effect by AEC years ago. These
persons (approximately 3,000) constitute a subcohort of the total cohort of
^600,000 employees who are being studied to test the null hypothesis that more
than 5 rem/yr of occupational irradiation does not cause deleterious morbidity
and mortality.

The block diagram in Fig. 2 depicts the standard study process developed by
the ORAU group for the Niagara Frontier, Oak Ridge Segment, Savannah River Plant
and related production plant cohorts. The various steps in record collection and
assembly of a data base for a single facility or cohort of workers are shown
along with the time required to produce the data inventory file around which the
analytical files are constructed. Although the time required in this process to
complete all of these phases may seem extremely long, much more time would be re-
quired than this were it not for good corporate management practices, health
physics, and industrial hygiene. We find consistently that the quality of health
physics records of all sorts exceeds expectations and helps immeasurably with
these studies. The temporal turn-around requirements needed for ascertainment of
death by the Social Security Administration and subsequent efforts to retrieve

* This number results from our considering all Hanford sites as one site and
ignoring now defunct sites where their corporate management no longer exists.
The true number of present and past sites is closer to 80.
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death certificates are also factors that require these studies to be carried out
concurrently rather than consecutively. So at the present time, more than 22
concurrent epidemiologic studies are under way by the four epidemiology research
groups supported by the DOE Office of Health and Environmental Research (1).

In carrying out exploratory analyses for the purpose of hypothesis generation
in these studies, it has become apparent that the surprisingly small amount of
radiation exposure in these worker groups will require analysis of huge popula-
tions and accumulated man-years of exposure that can only be achieved by merging
large sets of data. The validity of such merging is questionable, however, be-
cause of dissimilarities in time, geography, culture, and endemic disease patterns
and life styles. One approach around this problem of valid comparisons is to
study the mortality of a particular disease and then compare the occupational ex-
perience (? radiation exposure) of the identified cases with appropriately matched
controls (persons who did not die from the disease of interest). In Fig. 2, such
special studies are shown in the Oak Ridge Segment block. Such case-control
studies can be done for a single plant or enlarged to include cases of the same
disease from other widely dispersed facilities. Another approach to this problem
is to identify subcohorts among plant populations consisting of a particular kind
of worker (e.g., welders) whose mortality rates can be compared in two or more
plant facilities where the levels of radiation and other occupational hazards
differ. Such subcohort studies, shown in Fig. 2 in the block labeled Oak Ridge
Segment, are our nickel and welder studies reported elsewhere. A health physics
approach to improving the epidemiologic comparability of different plant facili-
ties located across the country is to standardize the exposure variable across
all sites for all operational years. This task, involving study of radiation-
exposure records from 41 USAEC plant sites, is nearing completion. The results
to date are reported elsewhere in this conference along with a comparison paper
discussing problems attending the use of these data to construct radiation dose-
level groupings from site to site.

Another study, under way, is designed ultimately to control for such demo-
graphic variables as worker age, and different hiring practices. Our approach
here is to use Poisson rate analysis (3,4) to compare the mortality experience
of two or more groups of workers from different plants—the Oak Ridge Facility
Comparison (ORFCOM) Project. The two major production plants (K-25 and Y-12)
and the Oak Ridge National Laboratory (X-10), all operated for DOE by the Union
Carbide Corporation's Nuclear Division in Oak Ridge, were chosen to test the
feasibility of this approach. In addition, the data base for Y-12 when it was
operated by Tennessee Eastman Corporation (TEC) was also used. A data base con-
taining demographic and vital status information was at hand for 72,314 white
males employed at one or more of these sites since 1943. A procedure was deve-
loped for constructing person-year tables indexed by Facility, Age, and Birth
Year. This procedure facilitates the use of a data structure compatible with
such Poisson regression models as the Gompertz-Makeham model for age-specific
death rates (5). In Table 1, the maximum likelihood estimates are shown of the
parameters (+ S.D.) for 8 birth year cohorts of populations of workers identified
by Oak Ridge facility (TEC, K-25, Y-12, X-10) and another population of workers
employed at more than one of these sites (2 +). The force of mortality for this
model is -
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a. + Bt
A(t) = Y + e

 J

In the table, age is adjusted by t = Age - 42.5
10

Alpha (a) can be considered the age-specific death rate intercept at about 30
years of age. (Deaths per 1,000 man-years at that age for each facility for
each birth year cohort.)

Fig. 3 graphs the results for a single birth year cohort (white males born
in 1912 +2.5 years) employed at the designated Oak Ridge facilities as shown.
The dotted line connects the age-specific death rates for white males of this
birth year cohort as they aged and died (from all causes) according to U. S.
vital statistics records since 1940. All facilities except X-10 correspond to
this line reasonably well, although TEC is consistently high. These results show
that the age-specific death rates of these workers follow the Gompertz-Makeham
law which states that the age-specific death rate from all causes increases
linearly as a population ages. They also show that the rate of change is similar
for the different populations, suggesting that some initial rate (a, the inter-
cept constant) is responsible for any lack of correspondence of the best fit lines
for these data with one another.

In Fig. 4, the graph of estimated death rates for 8 birth year cohorts of
workers when 45-49 years of age shows that year of birth has a profound effect
upon subsequent death rates of specific birth year cohorts. The graph shows
that (with the exception of the workers at Tennessee Eastman Corporation's Y-12
Plant) eventually there is a slow trend toward lower death rates but to workers
born after 1922 this downward trend accelerates remarkably rapidly. The con-
sistently lower rates at X-10 suggest that past and present workers there may
experience the greatest longevity and the TEC workers the least among Oak Ridge
workers.

While these results show that Poisson rate analysis can provide an effective
methodologxc basis for internal comparisons of groups of workers, they also
demonstrate that the mortality experience in general is different for each group
of workers and their birth year cohorts, suggesting future difficulty for those
planning to merge data bases of different worker groups.

These observations, although preliminary, suggest that unknown factors, more
powerful than levels of low radiation exposures, are affecting subsequent sur-
vival rates and longevity. It has been suggested that these factors are socio-
economic and that health practices and quality of life may be more important
than the working environment and exposure to industrial hazards when these are
stringently controlled as has been the case in the nuclear industry.

Future work will include the development of computer software to facilitate
the routine use of this new method for comparing and describing the mortality
experiences of occupational cohorts. Extensions of this method to evaluate
potential associations between occupational exposures and cancer mortality are
also being developed and evaluated.
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ORAU 82170

TABLE 1.
ORFCOM: GOMPERTZ-MAKEHAM MODEL
MAXIMUM LIKELIHOOD ESTIMATES OF

PARAMETERS AND THEIR STANDARD DEVIATIONS

Birth Year
< 1899 1902 1907 1912 1917 1922 1927 1930+

Facility y j3 a-| a2 0:3 0:4 05 ag «7 ag Dev. df

TEC 0.80 0.892 1.39 1.48 1.51 1.55 1.67 1.75 1.92 — 90.40 55
0.24 0.021 0.07 0.06 0.06 0.06 0.06 0.07 0.10 —

K25 0.61 0.850 1.57 1.72 1.68 1.67 1.65 1.70 1.54 0.72 88.90 61
0.21 0.019 0.06 0.06 0.05 0.05 0.05 0.06 0.10 0.30

Y12 0.05 0.861 1.31 1.45 1.42 1.50 1.53 1.60 1.38 1.14 58.21 55
0.32 0.061 0.21 0.18 0.15 0.13 0.12 0.11 0.15 0.23

X10 0.58 0.876 1.19 1.32 1.23 1.08 0.86 0.87 0.91 0.23 68.46 61
0.22 0.050 0.17 0.14 0.13 0.12 0.13 0.15 0.18 0.41

2+ 0.02 0.901 1.34 1.42 1.46 1.47 1.46 1.44 1.38 0.49 83.46 61
0.20 0.033 0.11 0.10 0.09 0.08 0.08 0.07 0.13 0.34

Note: 2-Plus denotes persons who worked at more than one of the
Oak Ridge faci l i t ies .
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CANCER MORTALITY AT A NAVAL NUCLEAR SHIPYARD
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AND
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ROCKVILLE, MD 20857

ABSTRACT

To evaluate a reported five-fold increase in leukemia mortality among
workers exposed to ionizing radiation at Portsmouth (New Hampshire) Nava]
Shipyard (PNS), a retrospective cohort mortality study of all PNS civilian
workers employed from 1952 to 1977 was done. Three subcohorts were
identified: 7615 workers with radiation exposure of 0.001 to 91.414 rem (mean
2.779 rem, median 0.545), 15,585 nonradiation workers, and 1345 workers
selected for radiation work who received no measureable exposures. Vital
status on 96% of the workers was ascertained and observed cause-specific
mortality was compared with that expected from mortality-rates for United
States white males. Leukemia mortality in radiation and nonradiation workers
at PNS was also compared. There was no excess due to leukemia or any other
cause. The Standardized mortality ratio for leukemia among radiation workers
was 84 (95% confidence interval, 34-194). There was no dose-response relation
with radiation or any increased mortality in radiation over nonradiation
workers. The study was, however, limited by short latency (time since first
radiation); only 53% of the workers had more than 15 years1 latency.
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THYROID CANCER FROM OCCUPATIONAL EXPOSURES TO IODINE-131

Roy E. Shore, PhD, DrPh

Department of Environmental Medicine

New York University Medical Center

New York, NY 10016

ABSTRACT

Studies of external irradiation, primarily of children, suggest that the
thyroid gland is one of the most radiosensitive sites for carcinogenesis. However,
it has generally been thought that 13 lj; confers much less risk (per rad) than ex-
ternal radiation because of its low dose-rate. A review of the epidemiologic lit-
erature indicates that age at irradiation is also an important variable in defining
thyroid cancer risk, with a lesser risk at older ages. The available human studies
are reasonably consistent in affirming that risks following 131j a r e small. How-
ever, the data on 131i exposure are too sparse, particularly for childhood exposure,
to determine how much of the observed diminution in risk is due to older ages at
exposure and how much is attributable to the characteristics of 131i exposure per
se, such as low dose-rate. Since most of the existing studies have inadequacies in
design, dose levels, dosimetry or number of subjects, additional studies are needed
before the risk assessment of 13li at lower dose levels in adult workers can be re-
garded as definitive.

Introduction

Several recent events have prompted concerns over the degree of danger asso-
ciated with exposure to radioactive Iodine. Notable among these were the release
of 131l during the Three Mile Island incident and the current litigation over fall-
out from A-bomb tests in southern Utah. Of course, occupational and medical ex-
posures to 131i a re a chronic problem.

If the risk estimates given in the BEIR Report (1, p. 198) for thyroid cancer
were directly applicable to 13li exposures in occupational and medical settings,
then the risk would be substantial. The estimates were 2.2 per million persons per
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year per rad (per "MPYR") for males and 5.8/MPYR for femaxes at all ages, which are
among the highest risk estimates for any form of radiogenic cancer. However, based
on a combination of empirical observation and radiobiologic theory, it has general-
ly been thought that 131l confers appreciably less carcinogenic risk per rad of
thyroid dose than acute external irradiation doses. The difference is usually at-
tributed to a dose-rate effect. Iodine-131 has an effective half-life of about
seven days, so that its dose is delivered over the course of 3-4 weeks. A "sparing"
effect would presumably result from the low dose-rate of low-LET (primarily) beta
radiation. The question is whether the accumulated data support this conclusion
and how convincing these data are?

Information used in estimating the magnitude of risk from 131i exposures comes
from several sources: animal experiments, human data on external irradiation and
human data on I31i exposures. The first two are examined briefly here principally
because the direct evidence on human exposures to 131i is inadequate. It should
be noted at the outset, that the human thyroid cancers associated with ionizing
radiation are primarily of the papillary type, which has a very low case-fatality
rate (<10%). Thus incidence rather than mortality data must be used for studying
radiation-induced thyroid cancer.

Animal Data

Several animal studies have been performed during the past four decades com-
paring the carcinogenic potency of external radiation, typically x-rays, with 131j
in rats or mice. These studies generally indicated that 131i was a less potent
carcinogen than external radiation by a factor of 10 or more (see [2]). However,
a very recent study by Lee et al (3) indicates that in at least one rat strain the
two may be of equal potency. They established dose-response curves over the range
of 80 to 1000 rads and found comparable risk estimates for x-irradiation and 131i.
They pointed out that previous studies had a variety of weaknesses: small numbers
of animals and inadequate length of follow-up; high doses, probably in the "cell-
sterilization" range; and inaccurate 131j dosimetry such that doses were overesti-
mated by 60-70%. Thus there was some reason to think that their study was more
reliable and credible than previous studies. However, unresolved problems in inter-
preting the study as it may apply to human exposures are that (a) the particular
strain of rates (Long-Evans) used is especially sensitive to thyroid irradiation,
and (b) the thyroid carcinomas were of a different cell type than that typically
found following human irradiation.

Epidemiologic Studies of External Radiation

The studies of external radiation exposures to children cover a broad range of
doses, including thyroid doses below 10 rads. The studies indicate that thyroid
cancers begin appearing about five years after irradiation, but the full force of
the tumor excess is not observed until 10 or more years post-irradiation (4). Ex-
cess cancer incidence is observed until at least 35-40 years post-irradiation, the
maximum length of follow-up in the major studies (4-6). The risk estimates, which
are shown in Table 1 for several studies, are reasonably uniform and average about
3 to 4 per MPYR.

When we turn to external irradiation of adults, there is little information
available. Only the Japanese A-bomb study has substantial data, and these indicate
that the risk is appreciably lower following irradiation at older ages than at
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younger ages (Table 2). Since the number of thyroid cancers following adult irra-
diation is not large, the estimate is not very precise. It nevertheless suggests
that age is an important factor in radiogenic thyroid cancer risk.

Exposure to High Doses of 131i

The first source of information on cancer risk from 131i are the studies of
patients treated for hyperthyroidism (Table 3). In the largest of these, there
were 16,042 patients without pre-existing nodules who were treated with 1311 for
Graves disease and for comparison 9,458 who had only thyroid surgery or antithyroid
drugs (7). Even with those large numbers, no substantial excess of thyroid cancers
was seen in the irradiated group. For the period five or more years post-treatment
there were four thyroid cancers in the irradiated group, when about 2.6 would have
been expected based on the control group rate (p > 0.25). However, the negative
results admit to other interpretations as well. The doses were so high (mean >
8,000 rads) that "cell sterilization" may have prevented carcinogenesis. The aver-
age follow-up time was only 8 years for the irradiated group, too little for the
expression of much radiogenic cancer.

A more recent Swedish study (8) followed for at least five years about 2,430
patients who had had 131i therapy, of whom 95% had been treated for hyperthyroid-
ism and 5% for cardiac disease. The mean follow-up time was about 15 years. No
excess of thyroid cancers was seen; four thyroid cancers were observed when 3.2
were expected based on population rates (see Table 3). Again "cell sterilization"
may account for the negative results.

It should be noted that in the *31i studies above the patients were almost all
adults. In examining the data for those under age 20 aL --^1 therapy, Dobyns et al
(7) reported two thyroid cancers among 322 patients (Table 4). Safa et al (9) re-
ported no thyroid cancers among 87 juveniles treated with 131i. If one combines
the two studies and compares against population values, the excess is significant
(2 observed, M).l expected, p < 0.01). Nevertheless, because of the extremely
small numbers and the fact that these subjects already had thyroid disease, this
nominal excess should be viewed with caution. Given that the thyroid doses in
these studies were on the order of 9,000 rads, the risk per rad is < 0.1/MPYR.

Exposure to Lower Doses of 131i

Two studies have been conducted of thyroid cancer risk at lower level expo-
sures. Holm et al (10) followed up 10,133 patients who had had diagnostic evalua-
tions using 131i. All but 5% were adults at the time of exposure, and the mean thy-
roid dose was about 60 rads (11). The patients were followed for up to 25 years,
with a mean of 17 years. For the period five or more years post-irradiation, 9 thy-
roid cancers were observed while 8.3 were expected based on general-population rates.
By way of contrast, if the (sex-specific) radiation risk estimates given by the
BEIR Report (1) were prevailing, about 37 excess cancers should have been observed.
Among the 494 patients less than 20 years old at the time of 131l administration,
for whom the average thyroid dose was about 160 rads, there were no thyroid cancers
(Table 4). Although this study has certain limitations, notably that a longer
follow-up period and a control group with a similar range of diseases would be de-
sirable, it nevertheless provides the first substantial evidence that, even at
doses below the "cell sterilization" range, the effect of 131l appears to be much
less than has been predicted from conventional estimates based on external irra-

118



diation. Unfortunately, since the patients were largely (95%) adults, it was
impossible to ascertain what fraction of the diminution in effect was due to age
and what fraction was truly an 131i vs. external radiation effect.

The other study of 131j exposures at low-to-moderate doses was the Utah
fallout study reported by Rallison and his colleagues (12-14). They examined the
thyroid glands of almost 1,400 adolescents of ages 11-18 in the fallout-exposed
areas of Utah (Table 4). This screening was performed several times during the
calendar period 1965-71. The exposed population thus had their births and early
childhood during the time of the bomb-test fallout. One would therefore expect
them to have been at maximal risk, due to their small thyroid gland size and their
probable high intake of 131l contaminated milk during the fallout period. For
comparison, the thyroid glands of about 3,450 adolescents in low-fallout areas of
Arizona, Nevada and Utah were similarly examined. The examinations were carefully
done: each gland was independently examined by three physicians. While there
was a marginal excess of solitary nodules in the exposed group (p = 0.07) as com-
pared with controls, there was no excess of thyroid cancer. Only two thyroid
cancers were found, and these were both in the control group. Unfortunately, the
typical thyroid doses are unknown at this time, with estimates ranging all the way
from 20 to several hundred rads. More refined dosimetric studies are underway.

A criticism commonly leveled at the study is that the period from exposure
to examination was too short (11-18 years) to adequately observe a tumor excess.
Given the relatively short minimum latent period (< 10 years) found for radiogenic
thyroid cancer in other studies, it does not appear to be a major criticism.
Nevertheless, other data are now available to examine the question for a somewhat
longer time period and for all ages. The Utah Cancer Registry (15) has published
a volume of tumor rates for 1967-77. They presented a county by county breakdown
of age-adjusted rates. We selected the 17 counties designated by Lyon et al (16)
as the "high fallout" area and compared their rates with those of the entire state.
This comparison would be valid under the assumption that the amount of in-migration
to these counties subsequent to 1962, when the major above-ground atomic testing
ceased, was small. The average of their rates was 3.4 (x 10~5)}whereas the average
thyroid cancer rate for the state as a whole was 4.5. If one selects the five of
these 17 counties with the highest fallout deposition as measured by ;ck and Krey
(17), their thyroid cancer rate of 3.6 was similarly low. Thus there is currently
no evidence for a thyroid cancer excess in the high fallout counties.

Up to this point, the human data appear to present a tidy picture. In all the
studies of 131i exposure the risk to the thyroid gland seems very small, much small-
er than that from external ionizing radiation. The apparent outlier to these ob-
servations is the Marshall Islanders' study. The inhabitants of three islands re-
ceived substantial doses of 131l when the wind direction unexpectedly changed and
carried the fallout cloud from a hydrogen bomb test over them and exposed 127
children (under age 19) and 123 adults. A group of 600 unexposed Marshallese serve
as controls (18). The Islanders were subjected to substantial doses of 131i, but
also to short-lived isotopes of iodine (e.g., 132i, 133l and 135i) and to gamma
radiation (19). Tentative estimates have been made of the total thyroid doses to
children and adults on these islands, which range from about 1010 rads to children
on the Island of Rongelap down to 30 rads among adults on Utirik. Although many
thyroid adenomas have been documented in the exposed group, only seven thyroid
cancers have been observed, four among those irradiated as children (Table 4) and
three among adults (Table 3). Since these seven cancers occurred in a small study
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population, the risk estimates are large, about 2.9/MPYR for children and 4.5/MPYR
for adults.

On the surface of things, these estimates call into question whether the
effects of 131i are indeed much smaller than those of external radiation. However,
there are several reasons to think they do not refute the other evidence for a
small effect of 131i. First, the numbers of cancers were so small that the 95%
confidence intervals on the absolute risk estimates include zero, for either age
group or for all ages together, Secondly, Conard and his colleagues indicate that
the doses may well have been larger than the current estimates (19). Thirdly,
the exposure was not primarily to 131i. The gamma irradiation constituted about
15-20% of the total thyroid dose, and the short-lived isotopes of Iodine delivered
two to three times as large a dose as 131i itself. Thus > 70% of the thyroid
dose was from high dose-rate irradiation and not from 131i, so this study should
perhaps be viewed as largely irrelevant to the question.

In conclusion, all the human data at present on 131j exposure indicate that
it has a smaller thyroid-carcinogenesis effect than has been seen in a number of
studies of external irradiation. However, this conclusion must be strongly qual-
ified. First, all of the available studies have had inadequacies, ranging from
high doses in the "cell sterilization" range, to highly uncertain doses, to inade-
quate lengths of follow-up, to lack of appropriate controls with initially com-
parable thyroid status. Secondly, almost all the 131i data are based on adult ir-
radiation, whereas almost all the external irradiation studies were of populations
of children. Thus it is difficult at this time to sort out how much of the ob-
served diminution of effect seen in 131i studies is an age effect and how much is
due to the low dose-rate irradiation by 131i. It is clear that further studies
are needed concerning this important question of the safety of 131i exposures in
occupational and medical settings.
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Table 1

Thyroid Cancer After Juvenile External Irradiation

X-ray Series
(Ref.)

Irrad. Mean
Persons Dose Observed

(rads)
Expected

Abs.
RR*

Thymus (4)

Tonsil (5)

Head/Neck (20)

Tinea (21,22)

2,651

2,578

1,266

13,060

140

780

290

9

30

181

16

23

0.7

6.8

3.5

^3.6

^1.7

2.8

M.I

Absolute risk = excess cancers/10° persons/yr/rad.

RR = Relative risk, percent increment per rad.

Table 2

Thyroid Cancer—Japanese A-Bomb Study

Age at
A-Bomb

Age < 20 (<

Age _>20 (_>

30)

30)

Persons
( ̂ .50 rads)

4,377

2,782

Mean
Dose
(rads)

M30

M30

Observed

26

6

Expected

2.8

2.6

Abs.
Risk?

3.4

0.3

RR*
(%)

1.6

0.5

Absolute risk = excess cancers/10 persons/yr/rad for ages < 20 or ^20 at
irradiation (6).

RR = Relative risk, percent increment per rad for ages <30 or .>30 at
irradiation (23).
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Table 3

Thyroid Cancer After Iodine-131 Exposure
(Principally in Adulthood)

Series
(Ref.)

Thyrotoxicosis,
!31l Therapy (7)

Thyrotoxicosis,
I31i Therapy (8)

Diagnostic 131I (10,11)

Marshall Islanders
(ages >18) (19)

No.
Persons

16,042

2,430

10,133

123

Thyroid
Dose
(rads)

>8,000

^7,500

^ 0

•VL8lJ

Obs.
Cancers*

4

3

9

3

Expec.
Cancers*

2.6

2.1

8.3

0.9

Abs.
Risk+

<0.01

<0.01

<0.1

4.5

* Observed and expected thyroid cancers for the period 5+ years after initial
131i exposure.

' Absolute risk = excess cancers/10^ persons/yr/rad.

§ Dose not primarily from 131j. s e e explanation in Laxt.

Table 4

Thyroid Cancer After Juvenile (Ages < 20) Iodine-131 Exposure

Series
(Ref.)

No.
Persons

Thyroid
Dose
(rads)

Obs.
Cancers

Expec.
Cancers

Abs.
Risk*

Thyrotoxicosis,

131i Therapy (7,9)

Diagnostic !31l (10,11)

Utah Fallout (14)

Marshall Islanders (19)

409

494

1,378

127

^9,000

160

(?)100

%3 6 0f

2

0

0

4

^0.08

^0.3

0.8

1.2 2.9

* Absolute risk = excess cancers/10^ persons/yr/rad.

"I" Dose not primarily from 131j. s e e explanation in text.
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The Skin Dose and Response for the Head and Neck in Patients
Irradiated with X-Ray for Tinea Capitis: Implications -for

Environmental RadioactivityIV

Naomi_H=._Harley., Allan B. Kolber, Roy E. Shore,
Roy E. Albert, Stuart M. Altman and Bernard S. Pasternack

New York University Medical Center
Institute of Environmental Medicine

550 First Avenue
New York, NY 10016

The dose delivered to the skin of the head and neck in
patients treated with x—ray irradiation for childhood tinea capitis
was reconstructed. This was possible by utilizing a phantom made
•from the skull of a seven year old child and irradiating it with the
same technique and x—ray machine used in tinea capitis therapy two
to four decades ago.

Seventy-eight basal cell carcinomas (BCC) have appeared so far
in 40 of 1727 irradiated white children and none in 500 irradiated
black children. The dose distribution over the face and scalp is
used to estimate the risk of BCC per person per rad. These results
must be considered preliminary due to the relatively young age of
the irradiated group (< 5O years) at the present time. From the
decreased risk per rad for the portion of the scalp that is hair
covered, it appears that environmental ultraviolet radiation may
play a key role in the expression of BCC. A cumulative hazard plot
is utilized to tentatively extend the data to lifetime risk of O.OO3
per rad with an upper limit of 0.006 per rad. Environmental
radiation dose to the skin can possibly account for 2OX of observed
BCC if this tentative risk estimate is valid.

1/ This research is part of center programs supported by Grant ES
00260 from the National Institute of Environmental Health Sciences
and Grant CA 13343, from the National Cancer Institute. All
calculations were performed at New York University Courant Institute
of Mathematical Sciences Computing Center which is supported by DOE
Contract No. EY-76-CO2-3O77. All support is' gratefully
acknowledged.
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Xntrodug.ti.gn

Tinea capitis (ringworm of the scalp) patients irradiated with
the Adamson-Kienbocfc method at the Skin and Cancer Unit of New York
University Hospital -from 1940 to 1959 have been followed by
max 1/telephone survey for an average of 26 years post—treatment,
with a maximum of 35 years. The age of the patients ranged from
1—15 years at the time of treatment with a median of 7 years.
Cooperation from this Unit has been invaluable in reconstructing the
detailed dosimetry for the head and neck during the irradiation as
practiced by them and in locating the 2227 irradiated patients. The
response rates have been consistently high, about 9OX.

The findings so far indicate an excess of brain tumors,
thyroid adenomas and basal cell carcinomas (BCC) on the head. The
purpose of this study is to document the x-ray dose to basal cells
in the epidermis of patients treated with this therapy and to
indicate the preliminary findings for basal cell tumor production as
a function of dose.

The ages of the irradiated group at the time the basal cell
tumors were diagnosed ranged from 26 to 43. The results presented
here can only be considered preliminary since this age group would
be expected to show only 1O7. of the nonradi at ion—related BCC found
in the population as a whole.

The Adamson—Kienbock treatment for tinea capitis by epilation
with x—rays was practiced at the Skin and Cancer Unit from 1940 to
1959 in the following manner. The exposure protocol delivered 37O
Roentgens to each of 5 fields on the scalp (range 3OO-39O R ) . The
details of the exposure are reported by Schultz and Albert (1>.
Briefly, 370 Roentgens were given to the left, right, front, top and
back of the head (in this order) over a period of about 10 minutes.
Oval lead foil shields (O.36 mm thick) covered the eyes and ears in
some of the exposures. A large sheet of the same lead foil covered
the face for the side and front exposures and a leaded rubber apron
was placed snugly around the neck extending down over the shoulders,
chest or back during all irradiations, to shield extraneous areas.

To reconstruct the dose to the skin of the face and neck, the
phantom head and neck used in previous dosimetric studies for this
group was utilized (1, 2). The phantom is constructed from the
skull of a seven year old child (the median age at irradiation) and
is covered with simulated tissue consisting of Mix D tissue
equivalent wax developed by Jones and Raine (3). In this study, the
phantom was irradiated with duplicate Harshaw TLD 700 ribbon (3 x 3
X 1 mm) placed at 3O locations on the surface of the head and neck
to determine skin dose (Figure 1).

The TLD's were calibrated with the cooperation of the
Department of Energy, Environmental Measurements Laboratory (EML)
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and the Department of Radiation Oncology at New York University
Hospital. At EML, the TLD material was exposed one meter -from a
2-curie Cs-137 source (O.66 MeV> at an exposure rate of 3.75 mR/min.
for exposures in the milliroentgen range. The TLD material was also
exposed using the Co-60 therapy source at New York University
Hospital, Radiation Oncology Department at an exposure rate of 110
R/minute. For the latter calibration exposure, the Co—6O
irradiation was performed with the TLD's between 3 mm Lucite plates
to insure complete equilibrium electron build up for the high energy
<1.17, 1.33 MeV> Co-60 gamma rays. The response of the TLD material
in the Harshaw 2000 TLD reader used in this study is linear <9.S
nCoulomb/mR) over the measured range from a few mR to several
hundred R. The Co-60 therapy unit was used thereafter to expose the
10 calibration dosimeters read out with each tinea irradiation.

The x-ray machine used to deliver the Adamson-Kienbock therapy
for most of the patients was an unfiltered Picker Zephyr No. 2(12O
kVp). The tinea capitis irradiations were carried out at 100 kVp.
This same model Picker machine is available for use through the
cooperation of the Department of Radiation Oncology at New York
University Hospital. The first half value layer iHVL) for the
unfiltered machine ue=d during the early 1950*s was reported to be
0.78 mm of aluminum. The first HVL for the model used in this study
was O.85 mm, reasonably close to that of the machine used for
treatment. The effective photon energy for an O.78 mm Al HVL is 2O
fceV. This energy is considerably lower than that used in the
routine calibration of the TLD material and it is known that the
energy absorption of the lower energy photons is enhanced, giving
somewhat higher light output per unit radiation exposure compared
with the Co-60 calibration dosimeters. It was thus necessary to
determine the energy response of this TLD material and this is
reported elsewhere <4). At the effective energy of the Picker
Zephyr operated at 100 keV (20 keV effective) the ratio of the
responses is 1.27.

The output of the Picker Zephyr used in this study was
measured as 333 Roentgens per minute using a Capintec Model 192 with
a low energy model PS 033 ionization chamber. This chamber was
calibrated by the Northeastern Regional Calibration Facility at
Memorial Sloan Kettering Hospital to insure its accuracy over a wide
range of energies.

The phantom head was given 3 separate complete tinea capitis
treatments with all appropriate shielding precautions and the data
were averaged for the duplicate dosimeters in the 3O locations.

The results of the TLD measurements from the machine used in
this study may then be converted to absorbed dose from a nominal
tinea treatment of 370 Roentgens with the following expression
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Absorbed Dose in Rads = R 0.8 7 rad in air (^en/p) skin

(Men/p) air

where: R = exposure in Roentgens measured with TLD for
nominal exposure o-f 370 R to each -field.

en/p = mass energy transfer coe-f-ficient in air or
skin -for x—rays with 0.78 mm aluminum half
value layer (20 keV effective energy.

The measured exposure in Roentgens includes the response
factor of 1.27 since the initial calculation is based on the Co—SO
calibration dosimeters read with each batch of x-ray irradiated
dosimeters.

The ratio of the mass energy transfer coefficients
converts the absorbed dose in air to absorbed dose in skin and is
derived from measurements of skin composition reported by
Hammerstein et al_. , (5). The values of ^en/p for skin and air are
shown in Table 1. The value for water which is commonly used as a
tissue equivalent material is shown for comparison. The conversion
factor is somewhat less than is commonly used, however, as indicated
by Hammerstein et al_. , (5), these data are believed to yield the
best conversion for skin dose estimates currently available.

Results

The measured dose for a typical tinea treatment is shown at
each location, along with the averages for the nine regions, in
Table 2. The x-ray dose profiles are shown in Figure 2 with the
location of the BCC's in the tinea population superimposed.
Seventy-eight BCC were found in 40 individuals, and each BCC was
considered as an independent and primary tumor.

Table 3 summarizes the distribution of the total number of
BCC's in the tinea patients for the nine sites and gives the
corresponding calculated dose-response values.

Kopf i6) has described the appearance of spontaneous
(nonradiation-related basal cell carcinoma) at these same nine
anatomical sites as a function of age. In his study of 2654 persons
with BCC, only 5V. of the lesions occurred in individuals less than
40 years of age. Brodkin et al.., (7) also tabulated the number of
lesions appearing in each region of the head and neck and the area
so that the percentage of spontaneous BCC's appearing per cm2 may be
calculated. These data are also shown in Table 3.

Some correction in the number of BCC's observed in the
irradiated patients must be made to account for the known
spontaneous appearance. Although this is difficult to do precisely,
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the nonmelanotic skin disease reported in the Third National Cancer
survey Scotto et al.., (8) was used to estimate the incidence of
spontaneous BCC in the 1727 white irradiated subjects (no BCC has
been observed in the 500 black subjects and only 3 were found in a
control group of about 1400 children who received only topical
medications). The expected number of BCC's is 8.5 based on
age-specific incidence rates -from reference (8). Kopf <6) has
reported that S5X of BCC's appear on the head and neck, thus 7.2 BCC
would be expected on the head and neck in the tinea capitis
patients. Using the percent expected Brodkin et al.., (7), an
estimate of the spontaneous tumors for each region is subtracted
from the region total to yield the attributable or excess BCC
incidence shown in Table 3. The BCC are normalized per cm2 since
unequal areas are irradiated in the regions and induced BCC lesions
are likely to be proportional to area for a given dose. The area of
each region taken from Brodkin et al.., (7) is also shown in Table 3.
The excess or attributable tinea BCC's per cm2, the regional dose
and the attributable BCC per rad per cm2 are shown in the last 3
columns of Table 3. It is to be noted that 22O irradiated persons
(203 white, 17 black) and 91 controls were examined at the Skin and
Cancer Clinic and in 10 white irradiated individuals, with no
previous diagnosis of BCC, 25 BCC were found. The estimate of
prevalence in the irradiated group from the Clinic exam is thus
4.9X, no BCC were found among controls.

Figure 3 plots the attributable BCC/cm2 as a function of dose.
Only the first six zones of Table 3 are plotted since the other
three areas showed few BCC- In Figure 3, two of the highest dose
points yield a substantially lower attributable risk than lower dose
regions. Two possible reasons are proposed. One is that the lower
attributable risk at the highest dose is due to a cell killing
effect, that is, cells are killed and thus do not have the potential
to form BCC. This sparing effect at high dose levels has been
observed in radiation—induced lung tumors in underground uranium
miners (9) and in breast tumors in women irradiated for post partum
mastitis Shore et al.. <10). The other reason proposed is that the
hair—covered scalp is spared the promotional effect of ultraviolet
radiation (UV) .

It is currently believed that at least two stages are required
to transform a cell into a state capable of proliferating a
malignant clone (11, 12). Ionizing radiation is thought to be
capable of producing either one or both stages. Ultraviolet
radiation, especially wavelengths shorter than 320 nm (13, 14,
15),is also known to produce basal cell carcinoma. The location of
the highest x-ray dose is the hair-covered scalp, however, the x-ray
response may be depressed by the lack of UV relative to other
regions on the head. Thus, the data in Figure 3 may indicate two
relationships, one the attributable risk where ionizing radiation
provides both stages and the other, the attributable risk from
ionizing radiation when UV provides the later stage prcmotion.

Two estimates of attributable risk may then be calculated from
Figure 3. The slope corresponding to attributable BCC*s/cm2 in the
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population of 1727 -for x-ray radiation plus UV is l.O x 10~3 BCC's
per cm2 per rad and 1.2 x 10"** BCC's per cm2 per rad -for primarily
x-ray radiation. From the data of Brodkin, et al_., <7> the area of
facial skin on the head and neck for the adult male is 1317 cm2 and
for the hair covered scalp, 573 cm2. These two risk estimates may
then be expressed per person as

0.O0O8 BCC's on facial skin per person per rad for x—ray
irradiation plus U.V.

0.00004 BCC's on the hair covered scalp per person per rad for
x—ray irradiation only

The values are rounded to one significant figure to indicate lack of
accuracy.

Some support for the role of UV can be inferred from the fact
that no BCC's have been observed in the 500 blacks that were
irradiated in this study. Black skin is known to have only about
2O5i of the UV transmission in the 320 nm wavelength band as
Caucasian skin <16) and the spontaneous BCC incidence in blacks is
known to be low (17, IS, 19). Their attributable BCC's should
primarily reflect the risk from the x-ray irradiation alone. Since
78 BCC's were observed in the white population, this value can be
multiplied by the risk ratio, with and without UV and by the
population ratio (.00013/.00084 x 500/1727) to give the number of
BCC's which should have been induced in the irradiated blacks. This
value is 3, which is higher than but consistent with the observed
value of zero.

Estimatign_gf_Li£etime_BCC_Risk

It is difficult to determine the lifetime risk of BCC per rad
from these data because the age of the exposed population is still
low (< 50 years) and additional BCC's are expected to occur in the
future.

Of the 78 total BCC's in the group, 25 were identified by
examination in the NYU Dermatologic Clinic. Only 53 BCC determined
by follow-up survey are used to estimate a projected lifetime risk
since those found in the clinic exam probably would not have been
diagnosed for some time and introduce a bias. In order to estimate
the approximate magnitude of the lifetime risk, an approach is
adopted based upon the cumulative hazard function. A model for the
probability of BCC by time, t, following irradiation is given by the
cumulative distribution function F(t). This cumulative distribution
function is equal to l-e~H(fc) where H(t) is the cumulative hazard
function. The cumulative hazt J is best estimated by summing the
reciprocal of the tumor free apulation at the appearance of each
lesion (19). If H(t) is numerically small, <<O. 1), then F(t) =
H(t). If the cumulative distribution is exponential, H(t) is simply
the product of a constant appearance rate and the time. This is
commonly used in absolute risk models (9) where the number of excess
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tumors per unit population is divided by a time interval of
expression to obtain the constant appearance rate. Follow up is not
necessarily lifetime and projections are made using the number of
years desired.

BCC can be a multicentric lesion and in one study <6>, 77. of
the patients had 2 or more lesions. For this reason, in calculating
cumulative hazard, the population is not diminished with the
appearance of a BCC assuming the possibility of additional BCC's
which are not dependent on the number of prior tumors.

The cumulative hazards for the hair—covered scalp, the upper
forehead, the lower forehead plus ears and margins and for the
entire number of BCC determined through follow-up survey are shown
in Figures 4 and 5. The cumulative hazard plots indicate that BCC
only begin to appear about 20 years following irradiation. Since
the median age at irradiation was 7, this indicates that x-ray
induced BCC follows the same course as spontaneous BCC, that is,
rarely appearing before age 25.

Although tentative, the cumulative hazard plots are linear
giving some support to the underlying assumption of exponentiality.
Also the cumulative hazard plots appear more stable than the
corresponding time-specific rates as discussed by Breslow and Day
(21).

Extrapolation of the cumulative hazard plots to SO years post
irradiation, as an estimate of the lifetime BCC risk, yields about a
factor of 4 greater incidence for all sites than presently observed.
Applying this value to the risk derived in the previous section
yi elds

32O per 100000 = lifetime BCC per rad(rem) for facial skin on
head and neck

10 per 100000 = lifetime BCC per rad(rem) for hair—covered
scalp

0.003 lifetime BCC per rad(rem) total head and neck
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The excess lifetime risk of BCC from the tinea irradiation
extrapolates to from 3 to 5 percent for the individual sites shown
and about 12% for the entire head and neck. This can be compared
with the normal or "spontaneous" lifetime risk for males of about
20%. However, the extrapolated value of 12% is somewhat high since
it is a pure risk not corrected for intercurrent mortality. On the
other hand, the calculated lifetime risk is thought to be somewhat
low for the following reason. The present risk of 0.0008 for facial
skin and 0.00004 for hair-covered scalp was based upon the 78 BCC's
identified by both survey and Clinic examination. Extrapolation to
lifetime risk using cumulative hazard utilized survey data only,
because Clinic examination identified BCC earlier than would the
survey and would bias the extrapolations. Yet the prevalence
determined by Clinic examination was 4.9% versus 1.7% for survey
sampling, so the number of BCC's actually present in the population
could be about twice as high. An upper limit for the lifetime risk
of BCC could be as high as 0.006 per rad(rem).

Since this lifetime extrapolation is based on only a few years
for expression of BCC out of a total of about 6O years for complete
expression, these results should naturally be applied with extreme
caution. Other follow-up studies of A-bomb survivors or patients
irradiated with x rays (fluoroscopy, thymus, etc.) suggest a lower
BCC response than indicated here (9). However, skin pigmentation or
lack of response due to irradiation of areas normally protected by
clothing may be mitigating factors. Longer follow up of the tinea
patients is needed to determine their actual lifetime excess BCC
risk.

Si§£yiSiQQ_3Qd_ImBLi£3ti_ons_f gr_Enyi.ronmental._Radi_ati.on

The risk coefficient (BCC's per year per person per rad> for
basal cell carcinoma in humans from ionizing radiation is not known
with any certainty. Sevcova et al_., (22) have indicated higher
observed skin cancer incidence among uranium miners exposed to
elevated levels of radon daughters. They observed 103S per 10
workers exposed for more than 1O years where 130 per 1O5 persons was
expected 2/. The dose to the basal layer of the epidermis for the
exposed group was estimated as 1000-2000 rem. This yields an
attributable risk for alpha particle irradiation of (1O38 - 130) 10~5

/1000 to 2OOO rem or 4.5 - 9 per million persons per rem. It is
likely that this attributable risk will increase, since Sevcova et
al.., (1978) indicated that the maximum age of workers in this group
was only 55.

In animals, Albert et al.., (23) reported that rats developed
0.42 BCC's per rat, 90 weeks after exposure to an 1100 rad x-ray
dose. The x-ray exposure was delivered using a 30 kVp x-ray beam

2/ This expected incidence is about a factor of three lower than
that reported in the U.S. Third National Cancer Survey.
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and 24 cm2 of dorsal skin was exposed on each rat. This yields an
attributable lifetime risk for the rat of 16 BCC's per million rats
per rad per cm2 or about 6 times that calculated for the lifetime
risk per cm2 for facial skin in humans as estimated from the tinea
irradiations.

It is naturally of interest to utilize the preliminary results
of lifetime BCC risk per rad estimated from the tinea exposures to
estimate possible effects from normal environmental alpha, beta and
gamma radiation. Sevcova et a.l_., (22) measured alpha activity from
short-lived radon daughters on the skin of underground uranium
miners. They reported an alpha activity of 580 dpm/cm2 per working
level (WL) for an atmosphere containing i/3 WL as the concentration
of short-lived daughters. From their data, an effective deposition
velocity (activity per unit area per unit time for unit concentra-
tion in the atmosphere) of about 2 cm/min may be derived. Knutson
et a^., (24> measured an average deposition velocity of 0.045 cm/min
for radon daughters depositing on stationary surfaces within a
chamber. The deposition velocity is naturally dependent upon the
motion of the surface in question and the mixing or turbulence of
the atmosphere. Knutson et al.. , <24) showed that it is also a
function of atmospheric particle concentration.

It is assumed that indoor environments will yield deposition
velocities close to the low end of the available measurements. A
rounded value of 0.1 cm/min, along with an average indoor radon
daughter concentration of O.OO4 WL, yields an annual alpha dose to
basal cells at 5O ym depth in epidermis of 210 mrem/year (Q=2O>-
External gamma ray radiation, cosmic rays and beta ray radiation
from natural radionuciides in soil add an additional 30% per year to
this value.

210 mrem/yr skin dose from environmental short-lived alpha
emitting radon daughters

60 mrem/yr external gamma-ray and cosmic-ray radiation <25)

8 mrem/yr beta ray radiation from natural radionuciides in
the earth <26>

280 mrem/yr

Applying the lifetime risk of BCC per rem (0.003) for an
environmental exposure of 50 years x 0.28 rem/year or 14 rem yields
O.O4.

The tentative value of 4% BCC risk ascribed to natural
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radionuclides, primarily from airborne short-lived radon daughters
may be compared with the "spontaneous" li-fetime risk of BCC -for
males of about 20%. It is of interest to verify the radon daughter
activities on exposed skin surfaces as they may have a bearing on
the etiology of basal cell carcinoma.
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Table 1

Mass Energy Transfer Coefficients for Skin Tissue
and for Air as a Function of Photon Energy

-*

Energy (KeV)

5

10

15

20

25

urn /o

Skin*

35.2

4.16

1.15

0.460

0.131

cm2
v

rq—)

Water

41.3

4.84

1.34

0.536

0.152

Air

39.

4.

1.

0.

0.

01

65

30

527

150

Skin/Air

0.902

0.895

0.885

0.873

0.873

Calculated for skin tissue of composition given by Hammerstein et al.
(5). H 9.8%, C 17.8%, N5.0<|, O 66.77C and 0.7% ash continuing

C< T\ *J* *"* —S, P, K, Ca.
3

Skin Density 1.09 g/cm



Table 2

Average Skin Dose to Areas of the Head and Neck from TLD Measurements
Performed with Tinea Capitis Phantom

Location
TLD Number

Used in Average

1
2
3
4
13
14
15
16
29

5
21
22

17
18
19
20

9
10
11
12

7
23
24
25
26
27
28

1

8
30

6
7

6
20

Measured
Tinea Dose

(x ± :

220
550
460
430
500
540
370
420
460

300
230
270

29
28
16
18

29
41
17
21

9.1
14
19
10
10
9.1
11

220

6.7
11

13
9.1

13
18

s^Hrads)

± 50
± 20
± 50
± 40
s 4
± 30
± 40
± 13
± 20

± 10
t 5
± 30

± 2
± 2
± 2
± 2

± 4
± 5
t 4
± 0.3

± 0.8
± 1
± 1
± 1
± 1
± 1.4
± 1

± 40

± 1.4
± 3

t 0.8
t .0.8

t 0.8
± 2

Average (£ ± Sg
Zone Dose (rads)

Hair Covered
Scalp

Uppper Forehead

Lower Forehead

cars

Cheek

Upper Neck (Back)

Lower Neck

Nose

Eyes

440 ± 30

270 ± 20

23 + 3

27 ± 6

12 ± 1

220 ± 40

9 ± 2

11 ± 2

16 ± 2
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Table 3

Observed Tinea Capltls BCC Lesions. Calculated Attributable BCC and
Attributable BCC Per Rad Per cm2 of Irradiated Skin

Location

Hair covered scalp

Upper forehead

Lower forehead

Ears and Margin*

Cheek

Upper neck
(back only)

Neck

No»e

Eyes

Total

BCC*

30(13)

20(5)

4(1)

14(5)

4(1)

2

1

2

1

78

Observed Percent Spon-
Tlnea tanwus BCC

in zone
X 7.2/100 -
Expected BCC,**

Excess or Zone Excess
attributable area tinea

BCC (cm2) BCC/cm2

Average ab- Excess
•orbed x-ray BCC
dose (rada) en2.rad

5.07

8.34

8.34

5.61

25.63

0.27

2.67

.38.72

5.34

0.36

0.60

0.60

0.40

1.84

0.019

0.19

2.79

0.38

29.64

19.40

3.4

13.60

2.16

1.98

0.81

0.62

572.6

65.1

65.1

316.4

176.5

61.7

380.6

38.0

214.0

1890

0.052

0.29

0.052

0.043

0.012

0.032

0.002

0.003

440

270

23

27

12

220

9

11

16

0.12 x 10

1.1 x 10

2.3 x 10

-3

-3

1.6 x 10-3

1.0 x 10
"•1

0.15 x 10,-3

,-30.22 x 10

0.19 x 10"3

Value at left is the total number of BCC'a determined through mail/telephone survey and during examination of a 220 person
sample of Irradiated patients at the Skin and Cancer Clinic. Number in parenthesis ara the BCC identified in the Clinic
examination.

**Based on Third National Cancer Survey data apportioned ovn the head according to Brodkln (7). See Text.



FIGURE 1. Location of Thermoluminescent Dosimeters in Reconstructing X-Ray Dose
to Skin of the Face and Neck in Irradiated Tinea Capitis Patients.

Figure 2. X-Ray Dose in Rads for Tinea Treatment and Locations of Basal
Cell Lesions.
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Figure 4. Cumulative Hazard Plots for Basal Cell Carcinoma
in 5 Regions on the Read.
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Figure 5. Cumulative Hazard Plot for all Basal Cell
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* THEORETICAL EPIDEMIOLOGY APPLIED TO HEALTH PHYSICS:
ESTIMATION OP THE RISK OP RADIATION-INDUCED BREAST CANCER

Jeffrey V. Sutherland, Ph.D.
Center for Vitamins and Cancer Research

University of Colorado School of Medicine
Denver, CO 80220

ABSTRACT

Ethical, economic, and experimental design constraints force investigators to
obtain in-vivo carcinogenesis data from animal experiments or human epidemiologic
studies which yield precise estimates of risk only at high exposure levels. Direct
and precise estimation of low-dose radiation effects is not possible due to
inherent s ta t i s t ica l problems associated with extrapolation from high-dose data
into the low-dose region. However, indirect estimation of low-dose radiation
hazards is possible using the multihit model of carcinogenesis. This model is based
on cancer incidence data collected over many decades on tens of millions of people.
Available data on human radiation effects can be introduced into the modeling
process without the requirement that these data precisely define the model to be
used. This reduction in the information demanded from the limited data on human
radiation effects allows a more rational approach to estimation of low-dose
radiation hazards and helps to focus attention on research directed towards
understanding the process of carcinogenesis, rather than on repeating human or
animal experiments that cannot provide sufficient data to resolve the low-dose
estimation problem. Assessment of the risk of radiation-induced breast cancer
provides an excellent example of the utility of multihit modeling procedures.

Introduction

Lilienfeld (1) has defined theoretical epidemiology as the development of
mathematical and s ta t is t ical models to explain aspects of the occurrence of
disease. Such models are useful for (a) gaining insight into disease mechanisms,
(b) clarifying relationships between factors influencing susceptibility, (c)
estimating risk by relating observational data to a biological model of the disease
process, and (d) suggesting directions for future experimentation and observation.

One such model, the multihit model of carcinogenesis, has been the outgrowth of
an extensive l i terature begun in 1951 by Nobel Laureate H. Muller. This model
assumes that the increasing incidence of cancer with age is a simple function of
the probability of occurrence of a series of events leading to a malignant tumor.
Much of the work in this field has been summarized Doll (2). The BEIR (3) Committee
viewed his research as unlikely to be relevant to radiation induced cancer because
of evidence that younger people may be at higher risk than older individuals for
some tumors. Evidence presented here will demonstrate that this effect is to be
expected when the model is applied in a manner consistent with knowledge about
underlying biological factors influencing the occurrence of disease.
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The Low-Dose Extrapolation Problem

The need for application of theoretical epidemiologic models to estimation of
cancer ri3k in human populations is generated by the intractible nature of the
"low-dose extrapolation problem." The problem of uncertainty of the shape of the
radiation dose-response curve in the low-dose region is the result of ethical,
economic, and experimental design constraints which force investigators to obtain
data on in-vivo carcinogenesis from (a) small-sample animal experiments using high-
dose levels of exposure or (b) human epidemiologic studies which give relatively
precise estimates of risk only at high exposure levels.

Large scale animal experiments proposed to provide more precise estimates of
low-dose risk do not appear feasible (4)« Even if a mega-mouse experiment were
successfully completed, the problem of extrapolating risk from mouse to man
remains. Radford (3) concludes that "it is unwise to rely on dose-response data for
cancer induction in experimental animals to support use of any particular dose-
response model for human risk estimates from radiation exposure at low levels."
Dethlefsen et al. (5) have strongly recommended that no further animal experiments
aimed at quantifying risk per rad be funded and that research resources be directed
towards studies which elucidate the cellular and molecular events relating to
carcinogenesis.

Breast Cancer Risk

In order to address the low-dose extrapolation problem it is essential to
focus on a specific cancer site. Breast cancer provides an excellent example
because (a) it is the most predominant cancer in females, (b) mammary tissue is
highly radiosensitive and (c) several recently published studies provide
substantial new data on radiation induced mammary tumors.

The best current estimate of the cumulative incidence of breast cancer in U.S.
females aged 0-74 is 8.3% (6). The cumulative rate is the sum of age specific rates
and is an indicator of the probability of disease over a lifespan. There is,
therefore, an 8.3^ chance that the average U.S. female will experience breast
cancer before she is 75 years old. Breast cancer causes more deaths than any other
cancer in U.S. females. Cumulative mortality for ages 0-74 is 2.6& Because breast
cancer incidence is much higher than breast cancer mortality, the BEIB III
Committee (3) recommended that incidence, rather than mortality, be used as an
indicator of the impact of radiation on an exposed population.

Breast cancer incidence is dependent on geographic location. A relevant
example for radiation studies is Japan (7) where cumulative breast cancer incidence
during 1970-71 in Osaka prefecture was W5% for women aged 0-74. The low incidence
of breast cancer in Japan is probably partially due to genetic differences in the
population because descendants of Japanese who have migrated to the U.S. have only
slightly higher breast cancer rates than women remaining in Japan (8). The shape of
the Japanese breast cancer incidence curve is different from the U.S. curve because
of temporal trends in incidence, i.e. the younger Japanese are at higher risk than
older persons. When curves from the U.S. and other countries are adjusted for
temporal trends the shape of the curves is virtually identical (9), indicating that
the disease is similar in all countries, but that risk varies with genetic
background, diet and other lifestyle factors.

Studies of breast cancer etiology must account for a wide variety of factors
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which have been shown to influence risk. Confounding factors of age, place of
residence, family history of breast cancer, and past history of breast cancer have
been shown to be associated with greater increases in breast cancer incidence than
have average levels of radiation exposure (150-250 rads) reported in most
epidemiologic studies (10). Socioeconomic status, age at menarche, menstrual
history, and reproductive history can influence breast cancer risk to the same
extent as these radiation levels.

Current Estimates of Risk of Badiation-Induced Breast Cancer

Recent followup data on radiation induced breast cancer is available from
three primary sources; tuberculosis patients treated with multiple fluoroscopie
exams (11), Japanese atomic bomb survivors (12), and patients with post-partum
mastitis treated with radiation therapy (13)«

Boice et a l . (14), Land et a l . (15) and the BEIR III Committee (3) have
provided summaries of the implications of these studies. Major conclusions are (a)
risk is proportional to cumulative dose, (b) women under 20 years of age are at
increased risk, (c) breast cancer risk did not decrease during the maximum followup
times of any of the studies (30-45 years), and (d) the multiplicative or relative
risk model is probably the most appropriate for assessing breast cancer risk. The
BEIR III Committee (3) concluded that the risk estimates of Boice et al . (14) were
the best currently available.

Low-DQ3e Extrapolation from Breast Cancer Incidence Data

Radiation dose-response data from U.S. tuberculosis patients examined by
fluoroscopy (11) and mastitis patients treated with radiotherapy (13) are not
inconsistent with a linear dose-response hypothesis, but in both cases (see also
the Japanese data (16)) appear to have a quadratic component in the 0-200 rad
region. While these data may be useful for establishing upper bounds on the risk of
low-level radiation exposure, they remain inadequate for determining the precise
shape of the dose-response curve in the low-dose region.

Consider the sample size requirements of an experiment designed to test the
hypothesis that there is no increase in risk of breast cancer after exposure to
low-dose radiation. In the fluoroscopy series, the estimated increase in relative
risk per rad was 1.11$. In the mastitis series i t was 0.43$. For ten rads of
exposure, relative risk would increase 4.3-11.1$. To state with a 90$ probability
that 10 rads of exposure does not increase relat ive risk by 10$ would require
observation of 3776 cases of breast cancer in exposed and control groups, of which
less than 2706 occur in the exposed group (using the experimental design of Gail
(17)). Since the current U.S. cumulative incidence of breast cancer for women aged
0-74 is 8.3$, 45,494 women would need to be followed for their entire life span. If
an increase of 2$ in relat ive risk were under study, 1,052,976 women would need
life-span followup. The largest currently available data set consists of 360 cases
of breast cancer in exposed and non-exposed Japanese women. This sample size i s
only capable of detecting a 40$ difference in relat ive risk between case and
control groups.

The Multihit Model of Carcinogenesis

Dethlefsen et a l . (5) have summarized the general aspects of mammary
carcinogenesis in animals. Recent work (18-19) indicates that breast cancer
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induction in mice involves four stages. A ce l l undergoes mutation and then
proliferates under proper conditions (promotional stage). A cell in the resulting
clone then undergoes mutation and proliferates. Radiation may be involved in stages
1 and 3 (init iat ion), as well as stages 2 and 4 (promotion). Similar multistage
sequences in tumor development have been observed in a wide variety of animal and
human cancers (20-21).

The multiple mutation theory or multihit model of carcinogenesis was
originally proposed by Muller (22) in 1951. An extensive literature has developed
from this idea during the past 30 years (23). In the past decade, the multihit
model has gained increased acceptance due to (a) Pialkow's demonstration that
v i r tua l ly a l l cancers arise from a single ce l l (24) and (b) Ames1 evidence that
almost a l l carcinogens are mutagens (25).

The current conception of this model assumes that a normal cell is initiated
(rendered potentially malignant) through alteration of cellular DNA by radiation,
chemicals, viruses, or other factors. Initiation may be retarded by DNA repair or
accelerated by promoting agents. An initiated cell is likely to be the result of an
evolutionary process in which a normal cell and/or its progeny pass through several
rate-limiting steps, some of which may be mutations. Prom a mathematical
standpoint, hits may be either mutations or non-mutational rate-limiting events and
the terms may be used interchangeably. Breast cancer may be viewed as a four-hit
process. The f i rs t and third hi ts may be mutations. The second and fourth hi ts
could be epigenetic events that cause proliferation of clones of cells.

Tumor Growth After Induction £f ji Malignant Cell

After the induction of a malignant ce l l , tumors grow at a rate dependent on
the promotional environment. I t may require many years for a ce l l to produce a
c l in ica l ly observable tumor (26). In the case of colon cancer, Sutherland and
Bailar (20) have estimated that the time between a single initiated ce l l and an
observable tumor is typically 21-40 years.

Minimum latent periods for human radiation-induced breast cancer were as low
as 6-8 years at doses over 1000 rads (27). This suggests that at very high doses,
cells may be rendered malignant and grow directly to form a clinically observable
tumor 6-8 years later. Clinical breast tumor doubling times have been observed to
average 95.8 days (28). Typical tumor size at cl inical detection was 3.5 cm in a
1970-75 study of breast cancers diagnosed in a Denver hospital. Approximately 35
doublings are required for a ce l l 10 microns in diameter to grow into a 3-5 cm
tumor (26). Under the assumption of exponential growth, a typical breast tumor
would require 9.2 years to become clinically apparent. However, tumors typically
grow more quickly, often in half the time expected under the exponential assumption
(28). An average latent period of 4.6 years would be expected simply to provide
enough time for tumor growth. The fact that median latent periods are greater than
10 years in a l l reported studies implies that in most cases, the radiation exposure
begins, but does not complete, the process of induction of a single malignant cell .

Fitting the Multihit Model to Breast Cancer Data

I t can be shown that the probability distribution of time to induction of a
malignant ce l l is a Weibull distribution under multihit model assumptions (20).
Cancer incidence can be modeled by the Weibull hazard function since the hazard
function is the probability of a cancer at time t , given no cancer before time t.
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Therefore,

(Equation 1) h(t) = k mk tk"1

where k is the number of hits required to create a malignant cell , m is the average
probability of a hit, and t is the time from the beginning of exposure to risk of a
hit to the appearance of a malignant cell.

In order to allow for time between appearance of a malignant cell and clinical
diagnosis of cancer (tumor growth time), we can make the simplifying assumption
that t is age minus average tumor development time (4.6 years). However, in the
case of breast cancer, females are probably at the same risk as males prior to
menarche. This risk is virtually zero, since cumulative incidence of breast cancer
over the male life span is 0.1$ (6). Then t - age - average age at menarche - tumor
development time.

Breast cancer incidence curves change slope dramatically at about the age of
menopause. However, we can f i t the Weibull hazard function to premenopausal
incidence in Figure 1 and find that the number of hi ts required to induce
malignancy (k) is 4 and the average annual probability of a hit (m) is 0.01080.

Fitting Post-Menopausal Incidence Data

Moolgavkar, Day and Stevens (9) argue that breast cancer is a single two-stage
disease with clonal proliferation between stages and that changes in the slope of
the breast cancer incidence curve can be explained by variation in the number of
breast ce l l s at risk in the average breast at different ages. However, the
assumption that risk decreases at menopause solely because the breast decreases in
size is not consistent with data which relate changes in endocrine function to
cancer incidence. For example, radiation-induced mammary gland cancer in the rat
can be substantially reduced by ovariectomy (29). I t seems unlikely that this
effect can be accounted for simply by loss of mammary gland tissue. More likely,
the combined effect of changes in endocrine function and reduction in breast size
cause a decrease in risk.

Let us assume that both of these factors reduce the probability of a hi t at
menopause, but that the disease remains a four-hit phenomenon consisting of two
stages of mutation and two stages of clonal proliferation. The multihit model is
analogous to the two-stage model of Moolgavkar in that a hit may be viewed as the
probability of a mutation or as the probability of cellular proliferation after a
mutation occurs.

I t is obvious from Equation 1 that a large risk over a short period of time
can generate the same age-specific incidence as a small risk over a large period of
time. Fitting the post-menopausal data in Figure 1, while constraining the number
of hits to be 4, produces an estimate of the probability of a hit of 0.00424. In
order for this level of risk to produce the observed age-specific incidence of
breast cancer at age 47.5, i t is necessary to view this level of exposure as
occurring over age - 15.8 + 73.8 years. Therefore, breast cancer incidence can be
modeled using Equation 1 with,

ra1 = 0.01080; t = age - 15.8; pre-menopause,

m2 = 0.00424; t = age - 15.8 + 78.8; post-menopause,
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where 95$ confidence intervals are (0.01076, 0.01084), (0.00401, 0.00446), and
(15.6, 15.9) for m.|, m2, and average age at menarche plus average tumor development
time respectively. Figure 1 shows that the model provides an excellent fit to the
data.

Introducing Radiation Bisk into the Model

Consider now, adding radiation risk to the equation. This has the effect of
increasing the probability of a hit at the age of exposure, an effect similar to
menopause, but in the opposite direction. The slope of the incidence curve wil l
increase, rather than decrease.

An equation consistent with the work of Sutherland and Bailar (30) is as
follows for a single exposure to radiation,

h(t) = k mi (mit + d f m1)
k~1; i = 1, 2,

where k, m^ , nu,, and t are as described above, d is the dose in rads, and f is a
dose modification factor indicating the proportional increase in the probability of
a hit per rad at the time of irradiation (assuming treatment occurs before
menopause). If age is less than or equal to age at exposure, f i3 equal to zero.

This model was fitted to data on irradiated mastitis patients (15) by the
method of maximum likelihood described by Sutherland and Bailar (30). Data on
patients who received more than 400 rads of exposure were excluded because of
indications of a cell-killing effect. The parameter k was set at 4 and average age
at merarche plus average tumor development time was fixed at 15.8 based on results
generated by analysis of the data on U.S. white females discussed previously.
Besults, with 95$ confidence intervals were,

m1 = 0.01200; (0.01112, 0.01285)

m2 = 0.00355; (0.00320, 0.01229)

f = 0.02742; (0.02468, 0.04391)

Rochester mastitis patients were at higher risk than the general population of U.S.
white females prior to menopause. Post-menopause differences are not statistically
significant. Relative risk of breast cancer for Rochester mastitis patients
compared to the U.S. general population can be summarized in a table similar to
those of Land et a l . (15):

Age at Observation period Dose, in rads to breast
Treatment yrs since treatment 0 40-99 100-199 200-299 300-399

15-19

20-24

5-9
10-14
15-19
20+
5-9
10-14
15-19
20+

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

2.3
2.4
2.1
2.0
1.9
2.1
2.0
1.9

3.4
3-8
2.9
2.6
2.5
2.9
2.6
2.3

5.2
6.1
4.3
3.5
3.3
4.3
3.5
3.0

7.6
9.2
5.9
4.6
4.3
5.9
4.6
3.8
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5-9
10-14
15-19
20+
5-9

10-14
15-19
20+
5-9

10-14
15-19
20+
5-9

10-14
15-19
20+

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.4
1.5
1.5
1.4
1.4

1.8
2 .0
1.9
2 . 0
1.7
1.9
2 .0
1.9
1.7
2 .0
1.9
1.8
1.8
1.9
1.S
1.8

2 .2
2.6
2.3
2.7
2 .0
2.3
2.7
2.6
1.9
2.7
2.6
2.5
2.1
2 .6
2.5
2.3

2 .7
3.5
3.0
3 . 8
2 .4
3.0
3-8
3.6
2.2
3 . 8
3.6
3.4
2.5
3.6
3.4
3.2

3 .2
4.6
3.8
5.2
2 . 8
3.8
5.2
4 . 8
2 .5
5.2
4.8
4.5
3 . 0
4 . 8
4.5
4.2

Age at Observation period Dose, in rads to breast
Treatment yrs since treatment 0 40-99 100-199 200-299 300-399

25-29

30-34

35-39

40-44

The model predicts higher risk for women irradiated at lower ages. Bisk
decreases only slightly with age after irradiation. The number of additional breast
cancer cases expected per million women receiving one rad of exposure is as follows
(using life table adjustment of expected incidence):

95% CONFIDENCE INTERVALS

(148, 599)
(148, 599)
(147, 595)
(145, 586)
(141, 571)
(134, 541)
(124, 500)

No data are available in the Rochester series on post-menopausal irradiation.
Estimates are similar to those of Boice et al. (14) (using a relative risk model
with linear dose-response and cell killing) and are about midway between those
generated by the absolute versus relative risk models.

Conclusion

The low-dose extrapolation problem is unlikely to be resolved by of radiation
data alone. Other resources must be used in the estimation process. Population data
on thousands of breast cancers occuring in millions of women and many years of
research on the multihit model of carcinogenesis may be used to estimate risk of
radiation-induced cancer. The model provides logically consistent results and
provides a rational explanation for several previously unrelated facts. Estimates
generated by the model are similar to those of Boice and coworkers (14). Further
research is necessary to evaluate other data sources, particularly the atom bomb
survivor data (12) and the Massachusetts fluoroscopy ser ies (1 1 ).

AGE AT TREATMENT

15
20
25
30
35
40
45

EXCESS CASES

374
373
371
365
356
338
312
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ABSTRACT

Recognition of the carcinogenic effects of ionizing radiation dates from
the early part of this century, when an increased frequency of skin cancer and
leukemia was first reported in radiologists. In the interim, systematic epide-
miological studies have disclosed additional carcinogenic effects in radiation
workers, A-bomb survivors, patients exposed to diagnostic or therapeutic radiation,
and other groups. The studies have provided sufficient data on dose-incidence
relationships, the distribution of cancer in relation to age at irradiation and
time after exposure, and organ-variations in susceptibility to enable attempts
at quantitative assessment of the risks of low-level irradiation. Such assess-
ments, although tentative and controversial, have exerted an important influence
on developments in radiological protection.

Introduction

Reports of radiation injury began to appear within weeks after Roentgen's
announcement of the discovery of the X-ray, in January 1896 (l). The earliest
cases were preponderantly skin injuries in radiation workers, which resulted
from the handling and operation of primitive x-ray and radium apparatus (2).

The development of safety measures was a logical and necessary response to
the experience of these pioneers. The precautions, which were formulated ini-
tially to guard against acute forms of radiation injury, were gradually made
more stringent as radiation-induced cancer, genetic detriment, and other insidious
effects became recognized. As the threshold hypothesis for such effects gradually
came to be abandoned, the concept of "tolerance dose" gave way to the concept of
"permissible dose". As a consequence, the ALARA principle, the "acceptability"
of a given level of risk, and the goal of optimization of risks and benefits
have come to figure increasingly in strategies for dose limitation (3).

In the evolution of radiation protection standards, particularly those
intended to protect against long-term and stochastic effects, epidemiological
evidence has played an important role (3).

Early observations on oecupationally exposed populations.

As noted above, early effects of radiation on the skin were observed almost
immediately, 69 such cases being reported in one series alone within barely a



year after the discovery of the x-ray (l, 2). Late effects, on the other hand,
hare been more difficult to recognize, and their documentation has depended on
epidemiological approaches. A few of the historical highlights are summarized
•below.

Lung cancer. Since the sixteenth century, miners in the Schneeberg/Jachymov
region of northern Bohemia have been known to develop a characteristic respira-
tory disease. Protective measures against the disease were advocated more than
I4OO years ago by Agricola (h), in the form of improved ventilation of mines and
masking of the nose and mouth to filter out dust particles. About 100 years ago
the disease was recognized as lung cancer, by Haerting and Hesse (5). Only more
recently was its cause identified as irradiation from short-lived radon daughters
adsorbed to dust particles deposited in the air-way (6).

The incidence of lung cancer has since been observed to be increased in
radon-exposed miners in other parts of the world; e.g., in uranium miners of the
U.S. and Canada, fluorspar miners of Newfoundland, and miners of other metals in
Sweden (7). In all groups, the incidence of cancer is increased in relation to
the duration of underground exposure, exceeding 60 per cent in the most heavily
exposed cohorts (T)»

Cancer of the skin. Although the occurrence of occupational lung cancer in
hard-rock miners antedated the discovery of ionizing radiation, as noted above,
cancer of the skin was the first malignancy to be attributed to irradiation.
The earliest reported case arose on the hand of a radiologist, at the site of
long-standing radiodermatitis (8). Another of the early victims was Thomas
Edison's assistant, Clarence Madison Dally, who started to experiment with the
x-ray fluoroscope in 1896 and seven years later developed cancer in a radiation-
induced ulcer on his hand (2). By 19-11, at least 3k such skin cancers had been
reported (9), and scores of pioneer workers developed similar growths in ensuing
decades (2).

The cancers, which were preponderantly basal cell carcinomas and squamous
cell carcinomas, were characteristically preceded by radiodermatitis of long
duration. Hence, it used to be thought that only a dose large enough to cause
such severe and long-standing damage to the skin would lead ultimately to cancer
(10).

Osteosarcoma. In the 1920's, osteosarcomas were recognized to be occurring with
increased frequency among young women who were employed as painters of luminous
dials (ll). Many such women had gradually ingested sufficient quantities of
radium-226 and radium-228, through the process of pointing their fine-tipped
brushes between their lips, to cause them to experience necrosis and fracture of
bones, loss of teeth, aplastic anemia, and other complications, including osteo-
sarcoma. During a period of some 20 years, more than kO victims died from such
effects, 14 with osteosarcomas (ll). As in the early cases of radiation-induced
skin cancer, the development of the tumors was characteristically preceded by
radiographic evidence of toxic bone changes (ll).

The incidence of osteosarcoma has since been observed to be increased by
skeletal irradiation in other populations (7, 12, 13) exceeding 20 per cent at
the highest dose levels.
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Leukemia. As early as 1911, a clustering of leukemia cases in radiation workers
suggested the possibility that this disease might result from occupational
irradiation (ik), but the evidence for this remained largely anecdotal (15)
until the relationship was documented by epidemiologieal studies of U.S. radio-
logists in the l^O's (l6, IT).

These epidemiological observations were quickly followed by reports of
increased mortality from leukemia in atomic-bomb survivors (18, 19), adults
treated with x-rays to the spine for ankylosing spondylitis (20), children
treated in infancy with x-rays to the neck for enlargement of the thymus or
other benign conditions (2l), and children exposed prenatally to diagnostic x-
irradiation (22). Hence, by I960, over 200 cases of radiation-induced leukemia
had been reported in the world's literature (23), along with dose-incidence data
suggesting the possibility that the risk of the disease might increase as a
linear, non-threshold function of the dose (2k).

Cancers of other sites. In addition to the cancers mentioned above, in which
radiation was implicated as a possible causative factor decades ago, many but
not all other types of malignancy have since been observed to be induced by
irradiation (7, 25). The rate of induction has been observed to vary, however,
from one form of cancer to another, and to be influenced by many other vari-
ables. Hence, the nature of the dose-incidence relationship in different
organs, and the mechanisms that account for organ-, sex-, and age- variations in
the carcinogenic response have become major issues of current research.

Epidemiological approaches to risk assessment.

Because susceptibility to the genetic, carcinogenic, and teratogenic effects
of radiation varies, depending on species, sex, organ irradiated, age at irra-
diation, and other variables (7, 25), the potential risks to human populations
from a given exposure to radiation can be predicted confidently only on the
basis of relevant human data. Appropriately designed epidemiological studies
are indispensable, therefore, to the quantitative assessment of risks.

Radiation carcinogenesis. In addition to organ-, sex-, and age-differences in
susceptibility, other parameters of the carcinogenic response call for epidemio-
logic investigation. These include the following: time-distribution of radiation-
induced neoplasms (i.e., duration of "latent" and "plateau" periods) in relation
to the type of neoplasm, age at irradiation, sex, dose of radiation, and other
variables (e.g., to analyze the applicability of "absolute" or "relative" risk
models, among others); influence of both the spatial and the temporal distribution
of the dose on the shape and slope of the dose-response curve; and the interactive
effects of radiation with other physical and chemical agents.

Difficulties complicating analysis of the dose-incidence relationship for
radiation carcinogenesis include the following: l) cancer of any one type occurs
so infrequently (affecting only one person in thousands per annum) that large
populations must be studied to obtain quantitative incidence or mortality data;
2) the interval between irradiation and the subsequent appearance of an induced
cancer is so long (5-^0 years) that it seriously complicates the prospective
follow-up of irradiated populations for any carcinogenic effects they may event-
ually manifest, and it similarly complicates the retrospective analysis of
cancer patients for any relevant radiation they may have received in the distant
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past; 3) the excess risk of cancer per unit dose is generally so small as to toe
virtually undetectable except at relatively high doses (26); k) the distribution
of dose in space and time is seldom uniform, complicating interpretation of
dose-effect relationships; 5) in many, if not all, populations the effects of
radiation are complicated by confounding variables; 6) the natural incidence of
cancer varies sufficiently from organ to organ, and under the influence of so
many other variables (e.g., age, sex, socioeconomic status, life style, etc.),
that dose-incidence relationships which are valid for one situation may not be
applicable to another. In view of these difficulties, the suitability of any
irradiated population for study depends on the number of persons it includes,
the magnitude of their doses, the reliability with which their doses can be
estimated, the availability of an appropriate control group (or groups), the
completeness of case ascertainment, and the adequacy of follow-up.

Genetic (Heritable) effects of radiation. In contrast to carcinogenic effects
of radiation, which have been amply demonstrated in human populations, genetic
effects have yet to be documented in the children of irradiated persons. The
largest relevant human study to date — namely, investigation of the offspring
of atomic-bomb survivors — has sufficed only to establish upper limit estimates
of the risks of radiation-induced genetic effects in humans (7, 27). For the
most part, therefore, estimation of such risks must depend on data derived from
experiments in laboratory animals (7, 25, 27).

Teratogenic effects. Although radiation-induced malformations have been reported
in children who have been exposed in_ utero, the existing data are too sparse to
define the relevant dose-response relationships (25). As in the case of genetic
effects, therefore, the formulation of risk estimates for teratogenic effects
must rely heavily on experimental evidence.

Multidisciplinary approeches to risk assessment.

In view of the uncertainties mentioned above, assessments of the risks of
low-level radiation cannot depend solely on epidemiological approaches. Instead,
such assessments must exploit the relevant experimental data insofar as possible.
Among the questions to be addressed in efforts to integrate experimental and
epidemiological data are: l) the shapes of relevant dose-incidence curves at low
low doses and low dose rates; 2) the influence of LET and dose rate on the dose-
incidence relation; 3) the interactive effects of radiation and other physical
and chemical agents; k) the extent to which susceptibility may vary with age,
sex, organ, cell type, physiological condition, and other biological variables;
5) the extent to which the mechanisms of the different effects may vary, depending
on the nature of the particular effect in question, the stage in its development
at which radiation is applied, and the influence of the variables mentioned
above. Ultimately, of course, to guide in interpretation of data and in analysis
of real-world exposure situations, a better understanding of the detailed mecha-
nisms of radiation-induced carcinogenic effects, mutagenic effects, and terato-
genic effects is needed. Such knowledge, which will be crucial to more-confident
and precise assessment of risks, can be obtained only through interdisciplinary
research at various levels of biological organization.
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ABSTRACT

We are following the health of 898 patients who received repeated injections
of short-lived 2 2 4Ra after World War II, mainly for the treatment of tuberculosis
and ankylosing spondylitis. As of 1980, 53 of these patients had developed bone
sarcoma vs. only 0.2 cases expected naturally. Two patients with bone sarcoma sub-
sequently developed an additional bone sarcoma. No new bone sarcomas have been re-
ported since the end of 197**.

For the patients in each category, the tumor rate at every year after 22ifRa
injection was calculated by dividing the yearly number of bone sarcomas by the
number of patients whose follow-up extended to that year. This corrected for the
effects of death and incomplete follow-up. The yearly tumor rates were then
summed to obtain the cumulative tumor rate. Dividing by the average skeletal dose
in rads yielded the cumulative tumor risk.

The cumulative tumor risk was about 200 bone sarcomas/106 person'rad of aver-
age skeletal dose and, with the dosimetric assumptions used, was not statistically
different for (a) juveniles vs. adults, (b) males vs. females, or (c) TB patients
vs. spondylitic patients.

Description of the Study:

The health status of 898 German patients who received repeated intravenous in-
jections of 22itRa during 19^-1964 is being followed at 3 year intervals. 22i*Ra,
an a-emitting isotope of radium with a half-life of 3-62 days, was given for the
intended treatment of tuberculosis, ankylosing spondylitis, and miscellaneous
other diseases. Details on the patients and our follow-up procedures are in a pre-
vious paper (1). Results as of 1980 are shown in Table 1.

The patients usually had received 1-2 injections per week, and the injection
span averaged 11 months for the 218 juveniles and 6 months for the 680 adults. As
of 1980, about SS% of the juvenile patients and 51% of the adults were still
living. The follow-up times, from first injection to death or last known health,
ranged from 0 to 36 years and averaged 23 years for the juveniles and 20 years for
the adults.

'^Supported by U.S. Department of Energy Contract DE-AC02-76EV-00119 and EURAT0M
Contract BI-D-I46I-D(B).
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TABLE 1. Summary of the 224Ra patients as of April I98O.

Traced patients
Deaths
Average injected Ra-224 (uCi/kg)
Average skeletal dose (rad)

SKELETAL DISEASES

Bone sarcoma
Exostosis (benign)
Growth retardation
Tooth breakage

SOFT-TISSUE DISEASES

Cancer of soft tissue
Leukemi a
Kidney disease
Liver disease
Cataract

Age at

1-20 yr

218

77(nr
29

1098

35
28
50
23(6)

9(4)
0
6(2)
2(1)
11 CO

First Inject

Adult

680
333(83)
15

205

18
0
0
13(6)

55(17)
3
51(18)
24(5)
25(12)

ion

Total

898
410(94)
18

422

53
28
50
36(12)

64(21)
3
57(20)
26(6)
36(16)

(Shown in parentheses are the number of cases since 1974.)

We have calculated that the cumulative injection of 1 yCi 22ifRa/kg body mass
gives an average skeletal dose from a-particles of about 42 rads to children aged
I -15 years; 28 rads to adolescents aged 16-20; and 14 rads to adults (2). Assum-
ing that skeletal 221+Ra decays half on bone surfaces and half within bone volume,
the dose to the endosteal layer, 0-10 ym from bone surfaces, would be about 7.5
times higher; or 315 rads to children, 210 rads to adolescents, and 105 rads to
adults, each receiving 1 yCi 221tRa/kg.

The corresponding doses to human soft tissues have not been evaluated directly,
but may be similar to those evaluated for beagles injected with 1 pCi 224Ra/kg
(with its decay products), namely 13 rads to kidney, 8 rads to liver, 3 rads to
whole blood, and 0.8 rad to testes and ovaries (3). We have presented preliminary
data on soft * je diseases 0,4) and plan a more detailed analysis in the near
future.

221+Ra-induced skeletal effects include: malignant bone sarcomas (2,5,6,7),
benign exostoses (6,8), growth retardation (6), and tooth breakage (6). Bone sar-
comas are the most serious of these skeletal effects.

Life Table Analysis of Cumulative Tumor Rates:

In our previous publications (2,5,6,7) we have computed incidence as the
number of patients with bone sarcoma divided by the original number of patients in
our study. While this procedure is simple, it neglects the yearly decrease in
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patients under observation due to (a) deaths from a variety of causes, (b) some
losses to follow-up due to some untraceable changes in residence or the occasional
refusal to respond, and (c) because some patients are still within the risk period
(which for bone sarcomas becomes negligible after about 25 years after exposure to
brief irradiation).

To correct for these effects, we used the sum-1imit estimate of the cumula-
tive tumor rate, as described by Kellerer and Chmelevsky (9). It is a simple,
yet powerful method. For moderately small values of the cumulative tumor rate,
such as occurred for the 224Ra patients, it gives results similar to the product-
limit estimate of Kaplan and Meier (10).

For each patient category, we listed the number of followed patients present
at each year after 22ifRa, as shown for the combined patients in Table 2. No bone
sarcomas appeared at 0, 1, 2, and 3 years so the tumor rates were zero for those
years. At 4 years, 3 bone sarcomas occurred among 841 followed patients, so for
that year the tumor rate was 3/841 = 0.36% with a standard deviation of N/T/841 =
± 0.20%. At 5 years, an additional 3 sarcomas appeared among 830 followed pa-
tients, giving a tumor rate of 3/830 = 0.36% with a S.D. of vT/830 = ± 0.21%.
Thus, at 5 years after injection, the cumulative tumor rate was (3/841) + (3/830)
= 0.72% with a propagated S.D. of

\/~T\/T/84j)2 + (s/3/830)2 = \/3/84l2 + 3/83O2 = t 0.29%.

The calculation, extended through the time of the last observed tumor, can be writ-
ten mathematically as:

cumulative _
tumor rate ~ A

where: k^= number of tumors appearing in the i year.
Ni= number of followed persons in the i th year,
i = each year in which tumors appeared.

The cumulative tumor rate for the juveniles and adults is plotted, year-bv-
year (Fig. l). The cumulative rate increases at each year a new tumor appears,
but remains constant after the last tumor. Th« rate was much higher for the juve-
niles than for the adults. However, dividing by the average skeletal dose, the
resulting cumulative tumor risk (bone sarcomas/106 person*rad) was quite similar
for juveniles and adults (Fig. 2).

The cumulative tumor rates for various patient categories are shown in Table
3. Also shown for comparison is simple tumor incidence, defined as total number
of observed tumors divided by the starting population. For the 22i+Ra patients,
the ratio of simple incidence/cumulative tumor rate averaged 0.80 (range O.76-
0.94). The close agreement is because most of the bone sarcomas appeared before
the number of patients under observation had decreased appreciably. The percent-
age of the original patients still under observation was 94% when the first bone
sarcoma appeared at 4 years after injection; 82% at the average tumor appearance
time of 11 years; and 48% when the last bone sarcoma was observed at 25 years
(Table 2). The agreement between simple incidence and cumulative tumor rate might
be less good for some other diseases having much longer appearance times.
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TABLE 2. Cumulative tumor rate in combined 224Ra juveniles and
adults (April 1980).

Years after
1st 224Ra

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

(k)
Bone

Sarcomas

3
3
6
5
7
3. .
3 (a;
6\b)
1
2
4
3
1
J
3

2
1

1 (c)

Followed
Persons

898
884
867
851
841
830
818
800
779
765
752
735
720
709
688
673
644
618
604
582
556
532
514
492
463
429
392
346
282
222
134
65
28
14
6
3
1

Tumor
Rate {%)

0.36
0.36
0.73
0.62
0.90
0.39
0.40
0.82
0.14
0.28
0.58
0.45
0.16
0.16
0.50

0.38
0.19

0.23

Cumulative
Tumor

Rate (% + S.D.)

0.36 ± 0.20
0.72 ± 0.29
1.45 ± 0.42
2.07 ± 0.50
2.97 ± 0.61
3-36 + 0.65
3.76 ± 0.69
4.58 ± 0.76
4.72 ± 0.78
5.00 ± 0.80
5.58 ± 0.85
6.03 ± 0.89
6.19 ± 0.90
6.35 + 0.92
6.85 ± 0.96

7.23 ± 1.00
7.42 ± 1.02

7.65 ± 1.04

(a)

(b)

(c)

Assumes that patient SiA was injected in

Includes the 2nd bone sarcoma, 2 years after the 1st, in patient HeF.

Includes the 2nd bone sarcoma, 16 years after the 1st, in patient BeR.
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25-1
CUMULATIVE TUMOR RATE IN 224Ro PATIENTS

JUVENILES
1098 RADS

« . ADULTS
205 RAOS

0 5
YEARS FROM FIRST INJECTION TO TUMOR DIAGNOSIS

Fig. 1. The cumulative tumor rate was higher for the juvenile
patients than for the adults. Note, however, that the average
skeletal dose was much larger in the juveniles.

250-
CUMULATIVE TUMOR RISK IN 224Ra PATIENTS

o
CO
CE
UJ
a

200-j

I50H

100-

50-1

•- JUVENILES
ADULTS

0 5 10 15 20 25
YEARS FROM FIRST INJECTION TO TUMOR DIAGNOSIS

Fig. 2. The cumulative tumor risk (bone sarcomas/106 person«rad)
was similar in the juvenile and adult patients, under the dosim-
etric assumptions used. The standard deviation for each point is
shown.
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TABLE 3- Bone sarcoma incidence and cumulative tumor rates in German 2 2 4Ra patients (April 1980).

Men Ank. spon.
TB
Misc.
Total

Women Ank. s
TB
Misc.
Total

Total

Boys Age

Total

Girls Age

Total

Total
Total adults

men

>pon.

women

adults

1-5
6-10
11-15
16-20
boys

1-5
6-10
11-15
16-20
girls

juveniles
i S Juveni

Skel.
dose
(rad)

139
315
189
182

157
322
157

US

205

1894
1209
1061
764
1152

1198
947
703
1042

1098
les 422

Injected
patients

366
117
25
508

24
123
25
172

680

17
35
28
31
111

17
36
23
31
107

218
898

Bone
sarcomas

6
8
0
14

0
5
0
5

19

4
6
3
3
16

5
9
5
1

20

36
55

Simple

Sar./patients
(S±S.D.)

1.64± 0.
6.84± 2.
0 +3.
2.76± 0.

0 + 4 .
4.07± 1.
0 + 3.
2.91+ 1.

2.79± 0.

23.53±1O.
M.\k± 6.
10.71± 5.
9.68± 5,
14.41± 3

29.4U11
25.00+ 7
21.74± 8
3.23± 3
18.69± 3

16.51+ 2
6.12+ 0

66
33
85"
73

00"
78
85*
.28

.63

.29

.37

.85
• 31
.33

.05

.22

.60

.17

.77

.51

.80

incidence

rBone sarcomas ••
10b person-rad

118+ 48
217± 74
0+204*

151± 40

0+255"
126+ 55
0+245*

106± 47

136+ 31

124± 54
142+ 53
101+ 55
127± 70
125+ 29

202+ 76
209+ 60
230± 91
46+ 45
179± 36

150± 23
145+ 19

Cumulative

Summed
yearly rates

U+S.D.)

2.14± 0.90
8.44+ 3.00
0 + 6.25*
3.55± 0.97

0 + 5.00*
4.99± 2.24
0 + 5.26*
3.68± 1.66

3.58+ O.83

27.20±13.62
19.60± 8.03
11.86± 6.85
12.02± 6.94
17.06± 4.28

38.92+17.51
31.45+10.59
25-13±11-26

22.82± 5.13

19.92± 3.33
7.65± 1.04

tumor rate

rBone sarcomas -i
10& person-rad

154± 65
268+ 95^
0+331'

195± 53

0+318*
155+ 70
0+335*

13^+ 60

175± 40

144± 72
162+ 66
112+ 65
157± 91
148+ 37

268+121
263+ 88
265+119
49+ 49
219± 49

181+ 30
181+ 25

-For a group of "N" persons without a tumor, S.D. = l/(N+l), as derived by John Marshall (11). This
standard deviation equals the incidence that would result from adding to the group 1 additional person
who develops a tumor. In such cases, we have used the average tumor appearance time of 11 years.



The cumulative tumor risks for the most important patient groupings (shown
next) were not statistically different from each other under the doslmetrlc as-
sumptions used.

Major comparison of cumulative tumor rates:

Av. skel. rBone sarcomas •,
Category rads Patients Sarcomas 106 person*rad

Adults 205 680 19 175 ± ̂ 0
Juveniles 1098 218 36 181 ± 30

Males (men and boys) 356 619 30 171 ± 32
Females (women and girls) 569 279 25 195 ± 39

Men with TB 315 117 8 268 ± 95
Men with Ank. Sp. 139 366 6 15*» ± 65

Total patients 422 898 55 T81 ± 25

Summary:

1. Among 898 patients injected with 221tRa, 55 bone sarcomas were observed
between h to 25 years later (11 years average). No new bone sarcomas have been
reported since

2. The 3 leukemias vs. 1 case expected compared to the 55 bone sarcomas vs.
0.2 case expected indicate that the risk from leukemia is trivial, relative to
bone sarcoma, for a-particles emitted from mineral bone.

3. Statistically correcting for the decreasing number of observed patients
at increasing times after injection, the cumulative tumor risk was not statisti-
cally different for (a) juveniles vs. adults, (b) males vs. females, and (c) TB
patients vs. spondylitic patients.
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FOLLOW-UP STUDIES ON A-BOMB SURVIVORS:
IMPLICATIONS FOR RADIOLOGICAL PROTECTION

Seymour JabIon
National Academy of Sciences-National Research Council

2101 Cons t i tu t ion Avenue
Washington, D. C. 20418

ABSTRACT

A-bomb survivor data are the principal basis for risk estimates for late
somatic and genetic effects of radiation on man. The data concern radiation
delivered at high dose rate and the risk estimates are dominated by persons
with doses (kerma) of more than 100 rads. The estimates, therefore, may not
be applicable to low doses received at low dose rates, where some advocate use
of a dose-rate reduction factor of at least two for carcinogenesis.

In contrast with dose-rate factors, little attention has been given to
individual factors such as age. Even after more than 35 years, the experience
of only the oldest A-bomb survivors (aged over 50 in 1945) is essentially
complete. It appears, however, that the risk of carcinogenesis may depend
upon age at exposure and that relative risk may be a more appropriate measure
than absolute risk.

Limits for occupational or population exposures were not developed on the
basis of risk estimates; such estimates can, however, be used to calculate the
possible consequences of exposure standards. In contrast to carcinogenesis,
which has been shown clearly in the data on A-bomb survivors, and despite the
appearance of chromosome aberrations, no evidence of radiation-induced
mutations in the children of survivors has yet been detected.

In an ideal, logical world, standards for protection against exposures
that are detrimental to health would be based upon an exact risk-benefit
analysis. We would know the consequences in terms of health detriment which
would result from any given level of exposure; we would also know just what
economic or other social gain could be obtained only at the price of that
exposure; and society as a whole could then decide what price in terms of
health detriment it is willing to pay to obtain certain benefits. This is,
however, not how things are done. Fortunately, perhaps, we do not live in an
entirely logical world, certainly not an ideal one, and the fact is that if we
attempt to do risk-benefit analysis, more often than not we find that we do
not know very well what is in either pan of the scales.
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If we think specifically about exposuiC; lo ionizing radiation, the
benefits can be described qualitatively, but we find it difficult to specify
them very exactly. You will all recall the controversy that arose just a few
years ago regarding the desirability of routine mammography as a screening
procedure for breast cancer: We were, really, guessing what the detriment
might be and also guessing somewhat about how much benefit might be derived.

My task today is to tell you about a single study, one from which may be
derived estimates of the health detriment to man consequent upon exposure to
ionizing radiation. That study is, of course, the follow-up of the A-bomb
survivors in Hiroshima and Nagasaki. The survivors represent the largest
group of relatively unselected persons who were exposed to amounts of
radiation that varied from the trivial to near lethal. Follow-up studies,
which were begun not long after the bombings, have traced the somatic and the
genetic health of the survivors. There have been, of course, other
epidemiological studies (some very large) of exposed person?: The study of
Hanford workers, for example, has received a lot of attention. There is the
justly famous study by Court Brown and Doll of persons irradiated
therapeutically in the treatment of ankylosing spondylitis. The survivors,
however, are unique in that average doses were fairly large, unlike the
Hanford workers among whom doses were so small that we debate whether
radiation-induced cancer has actually occurred. The possibility of deriving
specific risk per rad numbers from the Hanford experience seems remote.
Unfortunately, some persons have not been deterred and although we are told
that you can't make bricks without straw, it is possible, they think, to make
risk estimates without data, or without very much data. The British
spondylitis study, by contrast, clearly documented the leukemogenic effect of
radiation and derived risk numbers that turned out to be pretty good, although
initially there was a real question whether some, or perhaps even all, of the
excess leukemia might be a hitherto unsuspected consequence of the disease
itself. A general rule seems to be that studies of therapeutically irradiated
populations leave one in doubt concerning possible relations between the
presumed late effect of the radiation and the disease for which it was
administered. Occupationally exposed populations, on the other hand, are
usually marked by such low average doses that little in the way of effects is
seen and, even if effects are seen, any risk estimates which are derived have
such large uncertainty bands as to be almost useless. Of course, like all
general rules this one has exceptions: For example, radium dial painter
studies, and studies of miners and of persons who received multiple
fluoroscopic examinations have contributed much important information.

You all know that, within the space of three days, in August 1945, fission
bombs were exploded at altitudes of five to six hundred meters above, first
Hiroshima and then Nagasaki. We do not, to this day, know just how many
people were in the cities at the time of the bombings, nor just how many died,
either immediately or in the first few weeks after the bombings from the
effects of blast, burns and radiation. The best estimates appear to be that
the two cities contained just over 600,000 persons at the time of the
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bombings, and that the number of deaths, both immediately and during the
following three months, was about 200,000 (1). Because the explosions were
air bursts there was relatively little fallout, and what there was was
concentrated in areas some kilometers outside the cities themselves.
Neutron-induced residual radiation of any consequence was limited to the areas
within a few hundred meters of the hypocenters, where destruction from blast
was almost complete, and decayed to very low levels within a few days. The
survivors, therefore, were subjected to acute doses of radiation, mostly gamma
rays, received in just a few seconds.

The two cities were devastated; Japan, at the end of the war, was
prostrate; the tasks of keeping people alive, feeding them, and reconstructing
houses and businesses almost entirely consumed the energies of the inhabitants
and the authorities, both Japanese and those of the occupation forces.
Nevertheless, in the Fall of 1945 a Joint Commission of American and Japanese
scientists undertook studies of the acute effects of the bombings upon the
populations (2). We owe an enormous debt to the farseeing scientists who
grasped the potential importance of long-term studies of the irradiated
survivors, and who persuaded the government of the U. S. to sponsor such
studies. The Atomic Bomb Casualty Commission (ABCC) was formed as a field
agency of the National Academy of Sciences, with funding supplied by the
Atomic Energy Commission, and began work with an investigation of
hematological disorders in 1947. In 1975, following negotiations between the
governments of Japan and the United States, the ABCC was succeeded by a new,
binationally supported organization, called the Radiation Effects Research
Foundation, or RERF. This change ended an uncomfortable and anomalous
situation in which U. S. scientists managed a study, in Japan, of Japanese
citizens, who had been injured by the United States. In the late 1940's such
an arrangement seemed natural and, indeed, was the only feasible solution to
the immediate problem. By the mid 1970's, however, it had become absolutely
necessary to make a fundamental change.

For 35 years now the AEC and its successor agencies, ERDA and the
Department of Energy, and now the Ministry of Health and Welfare of Japan,
despite budgetary vicissitudes over the years, have continued somehow to find
the funds needed to maintain the studies and we all owe them an enormous debt
of gratitude.

In 1950 the Government of Japan took a National Census and, at the request
of the ABCC, used a supplemental schedule on which every inhabitant of Japan
was asked "Were you in Nagasaki City or Hiroshima City at the time of the
atomic bomb?". In the entire country, 284,000 persons replied affirmatively,
and the schedules for all of the inhabitants of Hiroshima and Nagasaki who so
replied were turned over to ABCC. There were 195,000 persons to be
investigated by field interview to learn whether they had, in fact, been in
one of the cities (10 percent were not), their exact location at the time, of
bombing and other necessary baseline data. No dosimetry information was
available in 1955 when the studies were designed and the samples of persons to
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be studied were, perforce, based upon distance from the hypocenters. At a
later date, collaboration with the Oak Ridge National Laboratory and the
Japanese National Institute of Radiological Sciences did produce and attempt
to validate experimentally dosimetry systems, the most recent version dating
from 1965 and called the T-65 system.

In the T-65 system, data required for kerma dose estimates included not
only the exact location of the survivor at the moment of detonation of" the
bomb, but details concerning possible shielding, as being in a house or
factory building or, in some instances, in the open. For persons in houses,
it was necessary to find out exactly where in the house. This information was
obtained by field interviewers who were armed with pre-strike aerial
photographs so that the survivor could find his house or other location. Some
have expressed doubt concerning the survivors' ability to recall the
circumstances accurately, several years later. The bombing, however, was a
very noticeable event. It turns out that survivors who were sitting in their
living rooms when suddenly the roof fell in retained vivid memories of the
associated circumstances. For those who were in houses - more than 60 percent
of the survivors - drawings were made in horizontal and vertical plan of their
exact situations to permit application of the T-65 formulas.

In both cities, dose estimates were prepared for about 80,000
survivors - more than 30,000 being of less than one-half rad. Detailed
shielding studies were, for logistic reasons, done only for 20,000 survivors,
those who were exposed at the closest distances and for whom the dose
estimates were more than 10 rads in most cases. For survivors at the greater
distances where air doses were not large, average building transmission
factors were used. For fewer than 2,400 survivors it was impossible to create
an estimate because the needed data were unobtainable.

Unfortunately, within the past two years review of the problem by
scientists at Lawrence Livermore has disclosed that the 1965 dosimetry is
probably incorrect in some respects (3) and an intense effort is now under way
to replace that system with a more modern and, we hope, more accurate one.
That effort will not come to fruition, however, for another year or so. In
the meantime, we are forced to depend upon the T-65 system, while recognizing
possible inaccuracies.

The ABCC-RERF program is fairly complex, but an attempt has been made to
link different studies together by the use of a principal, large sample in
which smaller samples for special studies are embedded. Studies are concerned
on the one hand with somatic effects and on the other with genetic. The
largest study on the somatic side is the so-called Life Span Study, in which
110,000 persons - both survivors and a not-in-city unexposed control
group - are traced for mortality. Transcripts of death certificates are
obtained and dates and causes of death, as shown by the certificates, are
coded. The Autopsy Pathology program, which represented an attempt to obtain
autopsies for deaths among survivors still resident in the two cities, covered
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some 70,000 persons, all included in the Life Span Study. Although, as may be
guessed, the autopsy procurement program did not succeed in obtaining
autopsies on even half of the deaths, many thousand of autopsies were done,
and form the basis, at the very least, for careful and detailed evaluation of
various causes of death as reported on death certificates. A still smaller
subgroup of 20,000 persons constitutes the sample for the Adult Health Study
or AHS, a program which involves biennial physical examinations and which has
been marked by an examination rate of about 80 percent. Information
concerning such non-fatal cancers as some breast cancers and, notably, thyroid
cancer, has resulted from the AHS. The program has also investigated the
possible radiation links of cardiovascular and other diseases. Cytological
specimens from members of the AHS sample form the basis for investigations of
radiation-induced chromosomal aberrations among the survivors. Finally, a
small group of less than 3,000 subjects who were in utero at the time of the
bombings are the subjects for studies of the effects of radiation on the fetus.

Another arm of the program investigates genetic effects. Thirty years
ago, when the program was young, there was as much concern, or more, about
genetic effects of radiation as there was about somatic effects and the
earliest large study at ABCC was, in fact, a search for genetic effects in
children born in the first few years after the bombings (4).
Later, the sample of children was expanded somewhat to a little over 50,000
and a continuing study of mortality was instituted. More recently it has been
possible to use deeper and more sensitive probes, and a study of genetic
effects at the biochemical level has been in operation for several years.
Here the idea is to detect mutations by using electrophoresis to identify
variant proteins in a sub-group of about 34,000 children. Cytologic studies,
seeking evidence of damage at the chromosomal level are being pursued in a
smaller group of about 19,000 children. Despite all the intense effort which
has gone into the studies of genetic effects, to this date no definite
evidence of an increased mutation rate has yet been found (5).

Techniques of investigation of genetic material are evolving very rapidly
at this time. Laboratory methods at RERF are constantly being improved and
made more sensitive and, in an attempt to prepare for technology which is only
a few years down the road, there is being started a program for storing
materials so that they will be available when the methodology is ripe. There
is reason to hope that we shall yet be able to measure the specific locus
mutation rate per rad in the children of the survivors despite our inability
thus far to do more than to estimate an upper limit for that number.

The possibility of accomplishing long-term studies on a very large
population is dependent upon local circumstances. Even the large resources of
the Atomic Energy Commission would not have been able to support the ABCC Life
Span Study had it not been possible to make use of the Japanese family
registration system and centralized reporting of mortality through the
Ministry of Health and Welfare. Large scale epidemiological studies are
feasible only when they can take advantage of routine, administrative
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reporting systems. It is fortunate that the Japanese reporting system is
almost ideal from the epidemiologists' point of view and, with the cooperation
of the Ministry of Health and Welfare and of the municipal authorities in the
two cities, it has been possible to collect death certificates for deceased
members of the study cohorts on a timely basis at very reasonable cost. It's
a melancholy thought that such a study would probably not be possible in the
United States.

The only cause of death which has been elevated in irradiated survivors
during the follow-up period is cancer (6). The relative risk of death from
cancer was more than doubled in those with doses estimated at more than 400
rads. Although, superficially, it appears that mortality from causes other
than cancer is slightly elevated in the highest dose groups, if the small
number of deaths ascribed to diseases of the blood and blood-forming organs
are excluded, the apparent effect virtually disappears. Cause of death, it
will be recalled, is taken from the death certificate and the autopsy
pathology studies have shown that certification of cause of death is not
always accurate. It is believed that some deaths really caused by a form of
leukemia were erroneously ascribed to other diseases of the bone marrow.

The relative risk of death from cancer is highest in exposed children and
is a declining function of age at exposure. For leukemia, because of random
noise in the system - there are not very many deaths from leukemia - the
relative risks, although quite high, show no clear pattern of variation with
age at exposure. The absolute risks, however, for both solid cancers and for
leukemia are regularly increasing functions of age at exposure, except for the
very youngest survivors, for whom the absolute leukemia risks are large. To
some extent this picture may be incomplete and therefore deceptive. The data
include deaths through 1978, or 33 years of follow-up after the bombings.
Those who were aged 50 or more in 1945 had virtually completed their mortality
experience 33 years later; however, those below 10 in 1945 were of average age
only 38 in 1978, with most of their cancer experience yet to come. Since
excess cancer rates are still increasing among the survivors it is entirely
possible that the curve for all cancer except leukemia will swing in a
clockwise direction around the right-most, fixed point and the relationship
between age at exposure and absolute cancer risks may become smaller with
increasing length of follow-up. The excess leukemia experience, however,
appears to be virtually complete and the two leukemia curves can hardly change
very much.

It is evident that the time trends for leukemia and for the solid tumors
are very different. The relative risks for most of the solid tumors had risen
by 1960 and did not change much thereafter. If relative risks merely remain
constant as time passes, then the absolute risks must increase, since the
average age of the population is constantly increasing and, with increasing
age the natural, baseline cancer rates are also increasing - and very
rapidly. In fact, the estimates of absolute risk per rad increased
considerably in 1975-78. Since the BEIR 1980 risk estimates (7) were derived
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Table 2

Radiation Risks - All Malignant Meoplsms
Except Leukemia

100+ Rads Versus 0 Rads

Age 20-34 ATB

Absolute Risk
/Thousand PY

Relative Risk

Age 35-49 ATB

Absolute Risk
/Thousand PY

Relative Risk

1950-
1954

- .03

.93

.46

1.28

1955-
1958

.08

1.17

- .03

.99

1959-
1962

.97

2.22

1.87

1.62

1963-
1966

.28

1.21

.45

1.11

1967-
1970

.72

1.48

1.57

1.26

1971-
1974

2.49

2.18

.83

1.11

1975-
1978

3.01

1.91

5.35

1.65
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from data through 1974 only, it seems very possible that any future BEIR
report, for which data through 1982 will be available, will derive sosiewhat
larger risk estimates. If the absolute and relative risk estimates for two
specific age groups are examined, it seems clear that the large increase in
absolute risk in 1975-78 is not parallelled by a corresponding increase in the
relative risk.

It is important, however, not to lose sight of the fact that although we
may be in some doubt as to the exact magnitude of the radiation risk, in
absolute terms it is not large. Kato and Schull have extrapolated that, among
all 283,000 A-bomb survivors in Japan, with a mean dose of around 16 rads,
thus far a little more than 500 excess, radiation-induced cancer deaths have
occurred, out of a total of nearly 68,000 deaths from all causes. That is,
the increase amounts to something under one percent. This can be compared
with the chance that an average American will be killed in an automobile
accident - nearly two and one-half percent. That is, the chance that an
average American will die someday in an automobile accident is about three
times as large as the probability that an average A-bomb survivor will die
from a radiation-induced cancer.

What is the implication of all this for radiological protection? Using
A-bomb survivor data through 1974, the BEIR Committee, on the basis of a
relative risk model, estimated that one million persons exposed to one rad of
low LET radiation annually, from age 20 through 65, would generate about 5,500
extra deaths from leukemia and other cancer, compared with over 170,000
naturally occurring cancer deaths (7). This is about a one-half of one
percent increase in cancer.

As you know, the T-65 dosimetry upon which all of these calculations are
based has been challenged and a new.dosimetry system is now being developed.
On the basis of some estimates of the tissue kerma in air made by Pace and
house shielding factors made by Marcuin, my guess is that the risk estimates
may increase by about a factor of two because of a reduction in mean dose
values. If this turns out to be so, then the projection for occupational
exposures of one rad annually from ages 20 to 65 would become about a one
percent increase in the proportion of deaths from cancer. Since average
occupational exposures are less than half a rad annually, and since few
workers are exposed every year for 45 years, the estimate of adverse effects
which result from present practice would be much less than a one-half of one
percent increase in the cancer death rate.

It need hardly be added that these estimates are based on the notion that
we know how to extrapolate radiation risks from exposures of 100 rads or more
down to one rad. When we thought that the T-65 dosimetry was about right, the
data on exchange aberrations in chromosomes among survivors appeared to lend
support to the idea that radiation effects that depend upon changes in single
cells might well follow a quadratic or second degree dose-effect relationship
for low LET radiation as was seen in Nagasaki. The doses in Nagasaki were
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almost entirely from gamma rays. In Hiroshima, however, in the T-65 system
there was a substantial contribution from neutrons, and it was thought that
the straight line relationship seen there reflected high LETj neutron
effects. This was a very pretty and satisfying theory but in the new
dosimetry system which is now being created it appears that the neutron dose
in Hiroshima will be very markedly reduced, and taking all changes together,
the curves for the two cities will probably resemble each other.

Leukemia is the malignancy which shows, by a large margin, the largest
dose effect. One might suppose that the response curve for leukemia, if for
any, would tell us something about low dose effects. However, the dose-effect
curve for leukemia looks more or less like a straight line and it is clear
that the slope of that line, which is the risk per rad number, is essentially
determined by doses of more than 50 rads.

There are, then, no human data to tell us what are the risks from low
doses - doses of the order of one rad. If, however, our concern is, as it
must be, with protecting both radiation workers and the general public, it is
necessary to consider, not how low but how high the risk might be.

Suppose we are right that the risk to the average badged worker in a
nuclear power plant may be of the order of a one-half percent increase in the
probability of death from cancer, that is, from about an 18 percent chance of
cancer death to about an 13 1/2 percent chance. How shall we balance that
risk against the gain that society receives from the availability of nuclear
power? No scientific answer can be given to such a question - obviously. If
our knowledge about the adverse health effects of effluents from coal-burning
plants were even as good as our very incomplete knowledge about radiation
effects, then we could begin to come to some sensible conclusions. As matters
stand, however, we can say no more than under present standards for
occupational exposures, and even more under the standards for population
exposures, adverse effects upon health, at worst, are not negligible, but are
very small.
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ABSTRACT
Only comparatively recently have recommendations for occupational and

public exposure limits been related to estimates of risk. Risk, estimates are
based on epidemiological data and are subject to many uncertainties including
the current uncertainty in the dosimetry of the Japanese survivors. However,
risk estimates from other sources, excluding the Japanese data, do not lead to
greatly different values. Furthermore, risk estimates made over more than a
decade by various scientific bodies have differed little. Presumably these
estimates represent a good basis for the quantitation of human experience
following exposure to ionizing radiation even though this experience is
shorter than we could wish.

In considering risk in relation to protection levels the committed risk
due to a single or continuous exposure varies in time and accumulates over the
entire period of risk. Annual and lifetime risks are distinguished.

Radiation risks are compared with other occupational and public
hazards. Accident rates in industry provide a useful comparison either via
mortality rate or by length of life lost.

The risks associated with current occupational, public and emergency
levels and levels for use in space are discussed in relation to other
hazards. Current average exposure levels for occupational circumstances do
not seem unreasonable but radon exposures for some members of the public may
constitute a more important source of exposure.

Note: The author wishes to emphasize that comments made here are not intended
to represent the policy of the NCRP or the ICRP.

Radiation Protection Development

Recommendations for appropriate limits of exposure for occupational
circumstances have been made by the NCRP and the ICRP starting in 1931 and for
exposure of the public starting in 1957 (1,2,3). Early recommendations were
based on the absence of observable harm and were set to be below the threshold
of a non-stochastic effect, namely as a fraction (l/100th per month or l/10th
per year) of the dose to produce an erythema on the skin. Changes were made
in the 1949-1954 period because of the broadening scope of radiation use and
in 1957-58 mainly because of concern about genetic effects. Neither was based
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on detailed quantitation of the potential degree of harm. It was recognized
at this time however that the main effects of radiation at low doses are
cancer induction and genetic effects, both of which are stochastic
processes. Thus they occur at all levels but with a probability which depends
on the dose. There is no threshold to set limits below and there is a finite
probability of harm at all doses.

In spite of this recognition, it was not possible, for example in 1954,
to state the risk to which individuals were subjected at a given dose. Some
of the first risk estimates were produced not long afterwards, by Lewis in
1957, (4) but it was the decade of the seventies before risk estimation became
adequately quantitative and the subject too of much debate as more and more
people and groups became involved.

Risk Estimation and Radiation Protection.

Although NCRP Report 39 in 1971 (5) stated the risk due to leukemia and
the ratio of total cancer risk to that of leukemia, the first association of
calculated risk with protection recommendations came with the introduction by
ICRP of its Report 26 in 1977 (6). The ICRP 26 dose limits were not, however,
changed from the previous limits of 5 rems per year for workers, except in
dropping the age accumulation formula 5(N-18) rem, where N is the age in years
and except for confining the limits to uniform whole body dose equivalent
instead of including critical organ doses, a substantial change.

Nevertheless, the association with numerical values of risk was actually
threefold.

First ICRP points out that the annual limit of 5 rems, now to be
considered an upper limit, results in an average which is only about l/10th or
less of the limit. The mortality risk associated with this average, i.e. with
a dose of 0.5 rems in one year, is about (0.5 to 1) x 10 (lifetime) and this
risk is comparable with that of fatal accident rates for many relatively safe
industries and an order of magnitude below the fatal accident rates for less
safe but quite common industries in which workers engage.

Second, the ICRP pointed out that the limit to an individual member of
the public, 500 mrems, is likely to result in an average dose equivalent to
members of the public of not more than about 50 mrems. The mortality risk
associated with a dose equivalent of 50 mrems in only about (0.5 to 1) x 10
lifetime and this risk is about the same or less than many other risks faced
frequently by the public in their daily lives. The issue of acceptability was
not directly addressed in either of these two cases but it was certainly
implied.

Third - and this association is more confining and binding than the other
two - the ICRP system attempts to equate risks, whether the body is irradiated
wholly or in part. Thus a system of weighting factors was introduced to
enable the risk sustained when only one or a few organs are irradiated, to be
equated with the risk when the entire body is irradiated uniformly. The doses
associated with the relative risk values for organs and organ systems are
known as the effective dose equivalent. For example, t. : effective dose
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equivalent when radon irradiates the lungs only is that dose which yields the
same risk from lung tumors alone as the total risk incurred when the whole
body is irradiated uniformly. In the case of the lung the weighting factor is
0.12, i.e. irradiating the lung alone with 8 times the dose equivalent of that
to the whole body will have the same lung tumor risk as the risk of all tumors
(and genetic) resulting from the effective dose equivalent to whole body,
(There is an adjustment also for the average dose to target tissues in the
lung which includes both bronchial epithelium and pulmonary tissue (7). )
Obviously, the system is very dependent on the relative risks of the organs
actually staying about the same as they were judged to be when the weighting
factors were assigned in 1977.

It is noteworthy that ICRP, while providing much detailed information on
partial body irradiations resulting from internal emitters, is not very
informative on how to quantitate the risks in the various circumstances of
partial body external irradiation of workers or members of the public. Thus
it is sometimes assumed that the dose indicated on a personnel film badge or
other dosimeter is the uniform whole body dose. An assumption which of course
may be in error by a substantial factor depending on circumstances.

ICRP 26 is the first system associated with and dependent upon numerical
risk values but it seems very likely that future systems will become more and
more dependent upon such numerical values. Granted that accuracy is usually
desirable but recognizing that radiation protection is a very approximate
science, how good do the epidemiological data need to be? How good in fact
are they now?

The Status of Human Risk Estimation

We have just heard from Mr. Jablon (8) about the derivation of risks from
the Japanese data and his appraisal of the status there, so I will not try to
outline my own views on the current status of risk estimation, some of which
have been published, although I keep updating them (3,9,10).

I will make only two points here about risk estimation. First the
current uncertainties about the Japanese data, both in the dosimetry and in
the accumulation of solid tumors, although likely to result in comparatively
little change, nevertheless place increased emphasis, at least temporarily, on
risk estimates from other sources. One attempt to estimate risks without the
Japanese data was made by Charles & Lindop (11) who used risk information from
the UNSCEAR 1977 report (12), discarded the Japanese data and compared the
resulting risk estimates with the risk estimates used by ICRP for protection
purposes in ICRP Report 26 (6). They concluded that without the data from the
bombs the risk estimates might be higher than those used by ICRP by about a
factor of two.

I think it is useful to examine this approach a little more closely. In
table 1, I have compared the Charles & Lindop data, which is given by range
and mean value for each important organ, both with the ICR? values and with my
version of the original UNSCEAR data, also given by range and preferred
value. Several points are worth noting.
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1. As is to be expected, the ranges for the data without the Japanese
bombs have to be substantially broader.

2. The ranges virtually always overlap i . e . the UNSCEAR ranges generally
fall within or overlap the Charles & Lindop ranges.

3. Although breast and lung are substantially different, one of the
largest differences is in "other tumors" which is by far the least reliable
data.

4. Leukemia is modified only by 50% i . e . from 20 to 30 x 10"6/rad.

Table 1
Somatic Risk Assessment With and Without the Boobs

Lifetiae Risks x 10"4/Sv

Organs

Breast

Lung

Leukemia

Bone

Thyroid

Others

Total

UNSCEAR 1977

Estimated

Range

10 - 60

20-50

15 - 25

2-5

5 - 1 5

- 3 0 - 5 0

75 - 125
(5 x leuk.)

Value

(50)

25

20

5

10

40

100

(12)ICRP
1977 (6)

Ave. 25

20

20

5

5

50

125

Charles &
UNSCEAR I

Ran)

50 -

30 -

10 -

0 -

10 -

25 -

100 -

££.

150

100

50

10

20

200

440*

Lindop
bonbs (11)

Mean

100

60

30

5

15

100

260*

For more detail, consult (11)

Since, for the total somatic risk, UNSCEAR used the leukemia risk rate
and the ratio 5 (12, 10), their estimate of the total risk when the bomb data
is not included would differ by x 1.5 not x 2. 1CRP might well have used the
same total risk as UNSCEAR if there had been no bomb data. Thus, the Charles
& Lindop approach is both instructive and useful and I was myself encouraged
by the exercise, i.e. the risk estimates from sources other than the bomb
survivors would be modified by a factor of only about 1 V2 » well within the
range we conceive as the uncertainties on the risk estimates.

My second point concerns the estimations of risk over a period. We are
accustomed properly to examining the uncertainties and expressing our
discomfort about the lack of precision in the data, the difficulties of
extrapolation, our lack of knowledge of a mechanism of carcinogenesis and so
on. Some people even think these matters are serious enough to render risk
estimation at low doses meaningless. I do not share that view. I think our
risk estimates are probably reasonably good.
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Also, 1 have examined the various risk estimates and statements that have
been made since the first estimate bv Lewis. The results are shown in Table
2.

Tabla 2

USK ESTIMATES 1*57 - S2
Low LIT, Low Don*

U f a t l a a Mak par raa

Uukaala U l Otbara
Total Caneara

Lawla
1957 (4)

Spaea SI
HAS 1970 (13)

HOP
1971 (5)

1972 (14)

UMSCEAK
1972 (IS)

UNSCEAR
1977 (12)

ICRP
1977 (6)

Hit
1980 (16)

Kato i Sehull
1982 (17)

Overall

Maan or teat value

5 x 10"'

4 x 10"'

4 x 10"'
Sx widely accepted

4 x 10"'

2 x 10"'

2 x 10"'

2 x 10"'

2.3 x 10"'

4.3 x 10"'

(2 - 5) x 10"'

kanfa or Mean

—

6 x 10"'

2-10 times leukemia

—

8 x 10"'

4-6 time* leukemia
5 x uaed

10.5 x 10"'
average both aaxaa

—

12.0 x 10"'

—

lean or beat Value

—

10 x 10"'

20 x 10"'

15 x 10"'

10 x 10"'

10 x 10"'

12.5 x 10"'
average both etxee

15 x 10"'

16 x 10"'

(10 - 25) x 10"'

There are nine separate estimates or statements about risk all made by
substantially different groups with the possible exception of UNSCEAR 1972 and
1977. The two Beir committees were markedly different. 1 have made some
adjustments in the information actually available in the references to bring
these numbers to a comparable basis except for differences in dosimetry which
can be substantial. Among other adjustments, for example, lifetime risks have
been estimated from the base information on annual risk using a 25 year period
of risk for leukemia and a 40 year period of risk for other cancers. Even so
the estimates do not necessarily have precisely the same meaning. UNSCEAR
1977, for example, gave a value for leukemia which corresponded to that
expected at lower doses which was 2 V2 times less than that estimated for
higher doses, i.e. in effect a non-linear dose-effect relationship was used.
BEIR 1980 did effectively the same in using a linea** quadratic as the
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preferred model for their estimates, although they gave estimates for other
models as well. On the other hand the risks I have cited here from Kato &
Schull are their values for all leukemias at all doses without allowance for a
dose-effect model, adjusted for 25 vs 28 years. This leukemia risk by Kato &
Schull (17) is about twice the UNSCEAR value. The value I have attributed to
these authors for all other cancers is the current average annual rate
adjusted for 40 years of risk.

In addition, to simplify the table, I have entered single values in each
column whereas the references often, properly, gave ranges. These often
ranged from 1/2 to 1/3 to 2 to 3 times the mean given here. All the risks are
based on the absolute risk model not the relative risk model. BEIR 1980 gave
estimates based on each model and in many cases relative risks are 2 to 3
times greater than the corresponding absolute risk. The absolute risk model
has tended to be preferred over most of this period but recently, as noted by
Jablon (8) relative risk seems to be assuming more importance. Future
information may make a more definitive choice between these projection models
possible.

The table is, of course, an oversimplification of some very complex sets
of data some of which are only roughly comparable. The estimates have been
made by very different groups of scientists in different parts of the world
and all fall within about (2 - 5) x 10 /rad for leukemia and about (10 - 25)
x 10 /rad for total cancers. Considering the sweeping generalizations about
age/sex as well as the dosimetry and other factors contained in this summary,
it is remarkable that these estimates have varied so little over time, even as
the data base has grown enormously. While this does not prove their validity
one would have more reason for concern about known uncertainties if the
agreement was less satisfactory.

I think myself that risk estimation jLs_ in comparatively good shape,
though surprises are always possible because our data at low doses is still so
unfirm. Hopefully for low LET radiation they will not be surprises that would
cause higher risk estimation. However, until the cancers other than leukemia
in the Japanese become clear (one or two more data cycles) and the dosimetry
re-evaluation is complete, higher total risk estimates cannot be discounted.

Risk & Radiation Protection Levels

Radiation protection levels for workers, for the public and for
emergencies have been in existence for sometime, they were developed without
risk as a base and have served our society well, as far as we can see at
present. How then, does one relate a knowledge of risk to a judgement about
protection levels? One way is to simply consider the risks associated with
the present levels and compare these with other appropriate circumstances.

The Concept of Risk Commitment and Annual vs Lifetime Risk

Before we consider individual circumstances it is important to recognize
that radiation exposure (and exposure to other carcinogens) involves a risk
commitment into the future that distinguishes the risk of carcinogenesis from
acute events like accidents, the risk from which is over once the activity
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ceases. It is also important to distinguish between annual and lifetime risk.

Single Dose: Consider the following model (18). If an individual
receives 1 rad he or she is at risk of dying from leukemia, starting after 2
years at an average of 0.8 x 10 per year for 25 years for a total lifetime
risk of 2 x 10 . The peak annual rate is about twice the average. He or she
is also at risk, after a X0 year latent period, of dying of a solid tumor
which will continue for a further 30 years or more; we will assume this to be
40 years in our model at an average annual rate of about 2 x 10 per year,
for a lifetime value for all tumors other than leukemia, of about 8 x 10 .
(The peak annual rate is less important and probably varies in magnitude and
time for individual tumors.)

Obviously, this model has some arbitrary features not settled yet by
human information, including, perhaps especially, when the solid tumor risk is
concluded. Where ever this ceases, 50 years or lifetime makes little
difference to the principles resulting from the model. Furthermore, this
model takes no account of the dependence of radiosensitivity upon age (or sex)
and is an average for all ages and sexes as given by UNSCEAR, nor does it take
any account of competing risks, which, if we wish to describe the fate of the
population, should be factored in. A starting age at the time of exposure is
necessary to do this. However, the model does embody the idea of risk
commitment and although other models, especially for solid tumors, are clearly
possible, describes how it is distributed in time. We will use the term risk
commitment for the general concept and the term committed risk to express the
risk in 50 years as described by the model.

Continuous Irradiation. If radiation is received every year the
situation becomes more complicated, essentially a series of patterns of risk
each like the model following 1 rad, and each occurring one year later, all
superimposed on one another. Instead of the detailed pattern of the model,
the average annual rates cited above for leukemia and for all other cancers
can be used. Consider the risks from 1 rad/year continuous. There will be no
risk for the first 2 years but in the third year the risk will be 0.8 x
10~6 of dying of leukemia, in the 4th year, 2 x (0.8 x 10~6) of dying of
leukemia and so on until the eleventh year whan the risk from leukemia is 9 x
(0.8 x 10 ) and the risk of all other cancers begins at the average annual
rate of 2 x 10~6/yr and continues thereafter. At the 28th year there will be
a further change as the risk of leukemia from the 1st rad ceases, i.e. the
risk from leukemia continues but does not increase further in magnitude. The
risk of other cancers continues to accumulate to 50 years when it too becomes
constant. For 1 rad/year the increase of annual risk is as shown in Figure 1
obtained as follows:

The annual risk in year "n" is

for n < 10 (n - 2) x 0.8 x 10"6 for leukemia only

for 10 < n < 27 (n - 2) x 0.8 x 10"6 leukemia + (n - 10)
2 x 10 for all other cancers

for n > 27 20_x 10"6 for leukemia + (n - 10) x 2 x
1/1 a l l nf-tlOT* /*an/»*»i-e10 all other cancers.
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The annual risk reaches a constant value of 100 x 10 per year or
10 per year, but only after 50 years. On the average the annual risk is
less than half that or 0.47 x 10" per year. Furthermore, the total committed
risk over the 50 year period is 2.37 x 10" 3 or 0.24%. If the irradiation
continues, risk accumulates as shown in Figure 1 at 10 per year and will
total (.24 + 0.20) = .44% after 70 years. Thus, background at 0.1 rem per
year will cause a risk of 0.044% 70 years. Most of the leukemia risk will be
expressed in that time ( ~ 0.02%) but not all of the potential solid tumor
risk. (Note that 5 rems/year for 50 years starting at age 20 say would cause
a total risk during that period of 5 x 0.24% or 1.2%,)

Some further observations may be made about Figure 1. (1) Obviously the
young or previously unexposed worker actually receives the least annual risk
initially (2) annual risks will be greatest when the natural risk of cancer
(19) is highest later in lifes thus the ratio of radiation induced/natural
risk of cancer will remain small (3) the full life time risk is not
expressed until 50 years after the exposure has ended according to the
model. Thus for continuous exposure the full nominal lifetime risk is not
expressed and indeed in 50 years is just about half the estimated value (0.24%
vs 50 x 10~4 = 0.5%) (4) if the irradiation stops risk will continue to
accumulate but at a declining rate as shown in Figure 1 (dashed line).

A curve of risk accumulation either on a linear plot or more conveniently
on a log plot (18) is also very useful for obtaining the accumulated risk as a
function of time.

Exposure Circumstances

We are now in a position to consider some exposure circumstances and the
relation between levels and risks. However the numbers and percentages given
in what follows are intended to be illustrative only, because they depend on
the model chosen. Other models might have been used which would yield
different numbers. All such models will, however, result in some temporal
variation in the accumulation of risk which is incremental and probably not
dissimilar to that presented here.

First, it is worth while considering which exposure circumstances yield
the largest population detriment. These are shown in table 3. Obviously
occupational exposures have the smallest detriment, smaller even than the
group of 330,000 or so people exposed to the highest radon equivalents.
Nevertheless, occupational exposures seem to attract the most attention
perhaps because they seem to be the most controllable. As time goes on it
seems likely that we will and should pay more attention to larger sources of
population detriments, such as radon.

OCCUPATIONAL EXPOSURE

The present annual maximum permissible levels are 5 rems or 5 (N-18) rems
where N is the age in years. Thus, 250 rems is possible in a working lifetime
from age 18-68 say. The risk at 5 rems in a year will reach an annual value
of 5 x 10 /year after 50 years and will have an average annual value of 2.4 x
10 /year throughout those years and a total accumulated risk of 1.2% in the
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Table 3

POPULATION DETRIMENT FROM DIFFERENT RADIATION EXPOSURE CIRCUMSTANCES

Source
Annual Effective
Dose Equivalent # People

Annual Collective
Effective Doae
Equivalent

Background Other Than Radon 1 mSv

Radon - Average Background 2 mSv
(0.2 WLM/yr)

- Most highly exposed 20 mSv+

at >2 WLM/yr

Medical Exposures 0.9 mSv

Occupational 2.5 mSv

For those exposed

240 x 106

240 x 106

240 x 106

1.36 x 1061

240 x 10J Pereon-Sv

480 x 103 Person-Sv

0.33 x 106 6.6 x 103 Person-Sv

220 x 103 Person-Sv

1.55 x 103 Person-Sv

Total nominal group

period. If a person lives long enough the risk can accumulate to the full
nominal value of 2.5%. A more severe limitation such as 2 (N - 18) would
avoid the average annual risk rate exceeding 10" /yr (nominally 0.94 x
10 /year) and permit a total risk of ~ 0.47% during the 50 year period.

The actual exposures in occupational circumstances are known in the USA
in 1980 to involve nominally 1,357,000 workers with an average exposure of
about 250 mrem/yr for the 613,000. The average risk to these workers is
therefore 1/4 of 0,23% lifetime or 0.06% and reaches after 50 years an annual
risk of 0.25 x 10"4/year.

In addition to the measured dose, the risk could be entered into the
individual workers exposure record each year for each annual increment using
the data on risks employed in developing the curve of Figure 1. Such a record
is simple to develop with todays computer recording systems.

The procedure is also suitable for recording the risk due to internal
emitters and there may be no need then to employ the concept of committed dose
but rather the more appropriate one of committed risk. For example, instead
of the 1 rad/yr input upon which Figure 1 is based, one can have a
mathematical expression for the dose to the organ accumulated with time (i.e.
the activity in the organ changes with time and the dose accumulates) and a
suitable modification of the Figure will show how the annual risk rate varies
and the total risk accumulates.

Comparison of Occupational Radiation Risks with Risks in Other Occupations
Other Carcinogenic Agents: It would be most appropriate to compare the

risk of cancer induction by radiation with the risks following exposure to
other cancer producing agents such as chemicals. Presumably some of the same
features such as latency and perhaps dependency on some physiological factors
like age and sex may apply in both cases. A relatively large number of
chemicals capable of producing cancer at one or more specific sites in the
body is known (e.g. 20), although their variety and range are small compared
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with the plethora of tumors induced by radiation. However, some agents
produce cancers similar to those induced by radiation e.g. benzene produces
leukemia. Unfortunately, estimates of the risks associated with these agents
is not as well quantitated as in the radiation case. Some relative magnitudes
are obtainable from a list produced by Cole and Goldman in 1974 (21). They
express the hazard in terms of a risk ratio, which is the ratio of the
relative number of cancers found in workers exposed to the agent and those
found in the general population. Many of the risk ratios they give range from
about 2-6 but some are as high as 36, 90 or 200. X rays were given in the
same table as ranging from 3-9 but these were from references to early studies
of radiologists. Current average occupational radiation exposure levels are
of the order of 2.5 x background, excluding radon, and thus the relative risks
should be of the order of 2 or 3 x the risk from background alone.

A more recent study by an interagency group also showed some high
occupational risks for some chemicals (22). Some quantitation of risks now
seems to be possible in the two cases of benzene and benzidine especially at
higher exposure levels (IARC 19S2) (23). A good quantitative study of the
risks of chemicals in occupational circumstances with some dose effect
information is badly needed. It seems likely, however, that risks of an order
of magnitude greater than those experienced by radiation workers are to be
found in some chemical industries.

In a report discussing all sources of environmental carcinogens, the
Office of Technology Assessment OTA (1981) (24) identifies diet, tobacco,
occupational exposure to asbestos and others, alcohol, infection, sexual
practices, pollution, consumer products radiation, medical and background, as
contributing to cancer in the population. Medical diagnostic x rays are
listed as 1-4 percent and radiation background as less than 1-3 percent. If
radon were included the latter might have been higher. These are among the
lowest items in the list. Again this evaluation while broadly indicative is
only semi-quantitative and not very useful for the purposes of detailed
comparison.

Accident Elates in Industry: A less direct comparison is possible with
our more highly quantitative knowledge of accident rates in industries.

Data on the annual accidental death rates in different classes of
industry in the United States are available from the National Safety Council
[1950-80] (25) Table 4. Department of Labor [1981] (26) statistics are
broadly similar except for agricultural workers.

Two important points emerge, first accident rates are declining steadily
with time in most industries, except for agriculture, in which the accident
rates have remained sensibly constant. Second, currently the annual risk of
accidental death is of the order of 50 - 100 x 10 for the more hazardous
industries but only about 5 - 12 x 10 for the least hazardous or "safe"
industries, and there is a reasonably clear separation between these ranges as
represented by those industries above and below the dashed line in Table 4.
An average annual risk of 10 /yr seems reasonable for a "safe" industry.

If a closer look is taken at special occupational groups, the range of

191



about 10 in this table becomes much wider, from about 4 per million in the
clothing and footware trade to as much as 3,000 per million in deep sea
fishing (U.K. Statistics) [Pochin 1981], (27) i.e., a range of almost 3 orders
of magnitude.

It is more difficult to obtain information on the range of accidental
rates within an industry between the least hazardous, and the most hazardous
occupations in the industry, and their relationship to the average. However,
there are some data [Rowe 1981J (28) which suggest that the maximum risk rates
for some categories of mining workers is about 3 times the average. Detail is
available also in a study of Canadian workers, Wilson 1979 (29) quoted in
Cohen (20). The variations in risk for the subgroups in each of the
industries span in some cases more than a factor of 10 between the maximum and
minimum risks. Thus, to assume a ratio of maximum risk to the average of
about 3-5 and of minimum risk to the average of about 1/3 to l/5th is not
unreasonable.

Risk from Cancer Inducing Agents vs. Accident Rates

Accidents that result in immediate death deprive the victim of many more
years of life than do exposures to cancer-inducing agents because of the
latent period between exposure and death. ICRP [1977b] (30) developed a
comparison (the index of harm) based on the average number of years lost for
given accidental circumstances as compared to deaths in radiation workers from
the presumed cancer risk due to radiation. For the same risk of mortality,
the length of life lost was, on the average, about a factor of 2 less for
death from induced cancer than from accidents. This method of comparison had
also been emphasized, and some examples given, by Sinclair (9) and the method
has been extended to include a perception term by Solomon and Abraham (31).

However, most cancer-inducing agents also produce genetic effects. If
the extent of life lost in successive generations due to genetic effects is
added to the losses sustained by the person exposed, a substantially higher
lost lifetime will result, reducing or using up the factor of 2 cited above in
many instances. Critical in such an addition is the age of the individual,
since for the genetic effects to be relevant the exposure must occur to
individuals in the younger age groups who are still likely to have children.

Reasonable Risk and Radiation Levels.

The accident rates cited above would seem to indicate that an average
annual risk rate of 10~ /yr occurs in the "safe" industries and is tolerated
by virtually everyone, though perhaps unwittingly. Higher risks are accepted
by many in some other occupations.

An annual somatic risk rate of 10 /yr is reached by our exposure level
of 1 rad/year at the end of a 50 year working life (Figure 1) and thus average
figures up to this level are presumably not unacceptable. (Note, this refers
to uniform whole body dose equivalent and not dosimeter reading.) In fact, in
radiation experience averages like 0.25 rem/yr USA (32) or 0.5 rems/yr ICRP
(30) would thus seem to be quite satisfactory, although note again that
genetic effects have not been included in the risk and may be at most
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approximately equal to the somatic depending upon age.

Table 4

ANNUAL ACCIDENTAL DEATH RATE PER 100,000 WORKERS

Approxlaate Change
Industry 19S0 1960 1970 1980 1930-80 [ZJ

Trade

Manufacturing

Service

Government

12

16

14

9

10

15

7

9

12

13

5

8

7

11

-50Z

-501

-50Z

-20Z

Utilities 27

38 36 28 -35Z

Transportation 43

Construction

Mining and Quarrying

Agriculture

ALL INDUSTRIES

93

110

57

27

73

123

58

22

72

100

67

18

45

50

61

13

-50Z

-55Z

+7Z

-50Z

Data from the publications of the National Safety Council "Accident Facts"
(National Safety Council 1950-80] for the years Indicated. Classifications
have changed soaewhat over this thirty year period.

If up to 1 rad/yr i s sat isfactory as an average, 3-5 x that, or 5
rads/yr. should be satisfactory as a maximum. However, as noted ear l i er , the
committed risk with 5 rad/yr amounts to a to ta l of 1.2% in 50 years and
continues thereafter to perhaps 2.5% or so . This i s a re lat ive ly large
increment on the normal 17% risk of dying of cancer, and some f e e l too
large. An alternative and possibly useful method of l imitation i s to use an
accumulation formula of 2 (N - 18) rems where N i s the age in years, i n
addition to no more than 5 rems in any one year. This would keep the
f l e x i b i l i t y of the old age proration formula, l imit the exposure of the
youngest workers, and limit the risk overall to no more than about 1Z. These
would seem to be desirable object ives .

PUBLIC LEVELS

The limit for individual members of the public 0.5 rems/year results in a
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maximum annual risk after 50 years of 0.5 x 10 /yr but it is on the average
only about half that. The total accumulated risk in 50 years is 0.12% and
lifetime ~ 0.25%. The average expected level to the public (6), 0.05
rems/year, causes a maximum risk of 0.5 x 10~5/yr and sn accumulated risk of
1.2 x 10~ . Background to the whole body (excluding radon) gives rise to a
risk rate, at the average level of 0.1 rem/yr, of 10 /yr after 50 years and a
total accumulated risk of 0.023% in 50 years or less than 0.05% "lifetime".
Radou exposure to the lungs is an additional factor. The effective dose
equivalent from the average radon background level of 0.2 WLM/yr in the USA is
estimated to be 0.2 rems/year, i.e. the risk of lung tumors from the radon
background is twica as great as the risk of all cancers from other background
sources. This risk amounts to ~ 0.1% lifetime. On the other hand, the
maximum levels of radon can reach above 2 WLM/yr, the proposed limit for
remedial action, and at this level the annual risk reaches 2 x 10 /year and
about 1% lifetime.

Risks of 10 /year are considered by ICRP and others to be similar to
many other risks faced by the public frequently in their daily lives and thus
these levels seem appropriate and consonant with other human experience.

There are some special problems with the groups most highly exposed to
radon. These represent relatively few people, estimated at about 330,000
persons above 2 WLM/yr, but a significant collective dose equivalent
nevertheless, substantially more than that involved in exposures to the
occupational work force. Unfortunately also, the measurements of radon upon
which these estimates are based are comparatively scant. More such
measurements are needed.

EMERGENCY LEVELS

These levels are intended for working circumstances involving, for
example, emergency situations arising from accidents. At 100 rem for
lifesaving (5) the risk of acute effects is small and the cancer risk will
follow that of the model described earlier and continue for 50 years, reaching
a maximum annual risk of perhaps 10 x 10 /yr and a 50 year risk (also the
lifetime risk) of 2.5 x 10 . The risk coefficient to be associated with 100
rems is that associated with higher doses and dose rates viz 5 x 10 for
leukemia x5 for all cancers, not the 2 x 10 for leukemia used at low doses.

For 25 rems, the situation is more equivocal, the dose is neither high,
nor low, thus the base leukemia risk coefficient is between (2 and 5) x 10
and so a range of risk is given between (2.5 and 6) x 10 lifetime.

SPACE

Since 1970 radiation exposures to individuals on missions in space has
been limited by the recommendations of the Space Science Board(13). These
include a lifetime limit of 400 rems which would probably be received in
smaller amounts per mission. Thus the risk is probably between (4 and 10) x
10 i.e. 4 - 10% lifetime, a rather considerable addition to the normal risk
of cancer. However, the annual risk, which may be about 0.5% over a 20 year
period, may not be large compared with other risks the astronauts face. A
further study of space radiation hazards seems warranted (29).
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SUMMARY OF RISKS ASSOCIATED WITH EXPOSURE MODES

The situation as far as I am able to describe it for each of the exposure
modes I have discussed is summarized in Table 5. Table 5 lists the dose
level, the maximum annual risk at 50 years (the period of risk for each dose),
the accumulated risk and the lifetime risk. The "lifetime" risk is about
twice the accumulated risk for 50 years (if there is time to experience such a
risk!) for continuous irradiation; obviously the accumulated risk for 50 years
and the lifetime risk are the same for a single exposure using the model
described.

The average annual risk over 50 years, which can be derived directly from
curves such as Figure 1 is about half the maximum annual risk reached after 50
years.

I have not attempted personally to make judgements about acceptable
levels and the like, but it is, in my view, most important to understand some
of the facets of risk commitment resulting from exposure before doing so and
it is to this understanding that I have tried to contribute.

MODE OF EXPOSURE

OCCUPATIONAL

Limit

Average

PUBLIC

Limit

Average:
Background
excluding
Radon

Radon back-
ground*

Radon
Maximum*

EMERGENCY

Table
RISKS ASSOCIATED WITH

DOSE LEVEL

5 rems/yr

0.25 reaa/yr

0.5 reas/yr

0.1 reas/yr

0.2 WLH/yr

2 WLM/yr

MAXIMUM
RISK AT

5 x

0.25 x

5 x

1 X

2 x

2 x

EXPOSURE MODES**

ANNUAL
50 YR.

io-*

io-*

10-5

10-5

10-5

io-*

ACCUMULATED
RISK IN 50 YR.

1.2 x 10"2

0.6 x 10"3

1.2 x 10"3

2.4 x 10"*

4.8 x 10"*

4.8 x 10~3

LIFETIME RISK

2.5

1.2

2.5

5

10

1

x 10"2

x 10"3

x 10"3

xlO-*

x 10"*

x 10"2

Life Saving 100 rets
Non Ufe 25 reas'
Saving

Ave. 5 x 10"
Ave.(.5 - 1,25) (2.5 - 6)

x 10"* x 10"3

2.5 x 10~2 2.5 x 10"2

(2.5 - 6)
x 10"

SPACE

Missions 400 reaf Ave.d - 2)
x 10"3

(4 " 18)
x 10"2

(4 - 110)

Lung tuaor riak only.
May be "low dose" risk or high? Factor of 2 V2 UNSCEAR.
Nuabert presented are for illustrative purposes only because they are
dependent on the model used.
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ABSTRACT

All forms of physical radiation dosimetry data are at best only estimates
of the true dose that may produce a biological response. Readings from external
monitoring devices and recorded parameters related to internal dose can suffer
from many physical measurement errors and, in the case of internal dose estima-
tion, from the fact that mathematical models generally must be used to relate
measured radioactivity to the initial body intake. Additionally, dose calcula-
tions to various body tissues may be questionable because of uncertainties in the
chemical and physical properties of the radioactive material, and the physiologi-
cal responses of exposed persons.

While a good estimate of an individual's exact dose is the ideal, the
aforementioned problems considering time and expense make this impractical in
large epidemiologic cohort studies that examine the relationship between radia-
tion expo'-.ux e and disease. From our experience to date, we conclude that cohorts
generally can be divided into useable "risk groups" without need for extensive
calculations of individual doses.

Several possible risk group classification schemes are presented for use
with standard methods of data analysis. The rationale, advantages, and disadvan-
tages of each are discussed with respect to possible classification biases, and
statistical and practical considerations. Data from a cohort of nuclear material
workers are used to illustrate these dochotomous and ordinal schemes.

Introduction

Occupational exposures to ionizing radiation have been quantitated and
recorded systematically for more than 40 years. Over time, the instruments and
techniques used in making such measurements have become increasingly sophisti-
cated and sensitive. However, the recorded measurements should not be considered
as absolute for the purposes of statistical analyses in epidemiologic studies.
Both external and internal dose measurements are known to be influenced by
numerous factors so that the measurements recorded may be under or over-
estimations of the true doses. These factors may be divided into two categories:
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(1) measurement errors that may be controllable to some extent and (2) factors
not related to the measurement process that can cause errors that generally are
not controllable.

External Doaimetry

The film badge was the primary external radiation measurement device for
personnel dosimetry between the mid 1940's and the mid 1970's. Because most of
the epidemiologic studies of Department of Energy workers span portions of this
time period, film badge data are the principle source of external radiation
measurements. Consequently, the discussion of potential errors will be about
those for film. However, the potential for many of these errors would also apply
to more modern dosimetry methods.

Measurement errors for film dosimetry could occur in all of the three major
steps: calibration process, development process, and densitometry. The calibra-
tion process of exposing film dosimeters to known levels of radiation to establish
a film density versus exposure calibration curve generally was accurate to +10 to
15 percent. The development process (placing the exposed film in a developer,
fixing, washing, and drying for exactly specified times and at constant tempera-
tures) had the potential for many errors in the several steps involved. However,
the earliest dosimetrists soon recognized the potential problems and eliminated
most of the errors from processing. The measurement of the processed films
density was also generally accurate to +3 to 30 percent, depending on the density
being measured, with the largest errors being in the lowest or highest 10 percent
of the measurement range.

There are numerous factors not related to the measurement process that can
cause errors in film data. These include film emulsion variation, directional
dependence, energy dependence, shielding by the wearer's body, and contamination
interference. The film emulsion variation problem was recognized early on, and
the standard procedure to use only film from a single batch eliminated most of
this error. Directional dependence (dosimeters response versus the radiation's
angle of incidence) may result in errors of up to -70% in extreme cases where the
radiation's angle of incidence is 90 degrees to the major surface of the badge.
Energy dependence (variation of the dosimeter's response with radiation's energy)
may result in errors as high as several hundred percent if proper corrections are
not made. Shielding by the wearer's body may also cause negative errors (-50% or
more) if the radiation source is behind the wearer. Contamination on a badge
generally renders its response useless and most dosimetrists did not attempt to
evaluate a badge if it was found to be contaminated.

Environmental conditions such as heat and humidity can also "fog" or blacken
film. In the first few years of film dosimetry, this was a fairly serious prob-
lem and remained one until better packaging of film was developed. This problem
led early dosimetrists to use short exposure intervals of one to two weeks which
resulted in another type of error. The minimum detectable exposure was generally
20 to 30 mR and many "conservative" dosimetrists would record the minimum detec-
table value instead of zero. Thus, a worker whose true exposure may have been
near zero might have been assigned 30 mR for 50 weeks/year or 1,500 mR for the
year's exposure.

Although the factors described above are potential sources of error in film
dosimetry, some of the errors occur simultaneously in opposite directions. As a
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result, the average film badge reading is probably accurate to +50%. However,
even if the badpe's response is exact, one must bear in mind that this is the
dose at a singi point on the surface of the worker's body. The dose of biological
significance ::uy be the average bone marrow dose that easily could be less than
50% of the surface dose as measured by the badge.

Internal Dosimetry

Estimation of internal dose is considerably more difficult and complex than
external dosimetry. The factors that can cause dosimetry errors are dependent
upon the radionuclide, the amount deposited internally and its physical and
chemical forms; the route and time of entry; the individual's size, metabolism,
and health status; the accuracy of the internal assessment measurement (whole-
body count or bioassay analysis result); and the accuracy of the biological
deposition model. Although a detailed description of the potential errors from
these factors is beyond the scope of this paper, they have been described pre-
viously by Rohrer (1).

In general, internal dosimetry estimates are probably accurate to + an
order of magnitude and may be (under ideal conditions) as accurate as + a factor
o f two.

Statistical Consideration

Along with the need to consider measurement inadequacies, especially when
dealing with very low levels of radiation exposure, one must consider the dis-
tribution of doses within a study population. Our experience to date is that
only a few workers receive occupational radiation exposures exceeding a few rem;
and therefore, the dose distribution is highly skewed toward zero. For purposes
of illustration, the data used were from a cohort of 6,400 white males who worked
at a nuclear materials plant (Y-12) in Oak Ridge, Tennessee between 1947 and
1974. As can be seen in Figure 1, the cumulative external radiation doses are
quite low, and any method of analysis that requires an assumption of normality is
inappropriate. As has been suggested elsewhere (2), many of the problems caused
by skewness, measurement errors, and difficult dose calculations may be circum-
vented by forming risk groups based on exposures and comparing groups with one
another. While this allows a cause-effect relationship to be investigated, it is
limited in that it does not permit the quantification of a dose-response rela-
tionship in terms of risk per rem exposure.

Grouping exposures can act to alleviate some problems, but one must be
aware of additional problems that must be dealt with when grouping data. The two
main problem areas discussed here are (1) when, in time, to assign an individual
to an exposure group, and (2) how to define exposure groups. When studying
mortality, age and calendar year need to be considered because death rates are
highly correlated with both factors. To adjust for these variables, observed and
expected rates are calculated on narrow age- and year-specific groups and then
are combined into summary statistics (i.e. the overall death rate). It, there-
fore, becomes important to consider when an individual is to be included in a
particular exposure group. Groups assignments may be handled in one of two ways.
Results of the two methods will differ depending on the correlation between
exposure level and the length of time at risk for potential exposure.
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Method I uses only the endpoint exposure level to determine group assignment.
A worker starts contributing to the person-years at risk for his assigned group
at the time he had the first potential for exposure, usually his hire date into
the industry. This method results in mutually exclusive groups, regardless of
age or year.

In Method II, each individual enters the study contributing person-years to
the lowest exposed group. At the point in time when an individual's exposure
exceeds the designated upper bound for the lowest category, he then starts con-
tributing person-years, ?t that age and year, to the next highest group. Exposure
groups are mutually exclusive only at the same age and calendar year.

As an illustration of these methods, suppose two individuals were hired in
1950 both at age 30. By the end of 1951, one individual had accumulated over one
rem of external exposure, and the other had received no exposure. If two exposure
groups were defined as less than one rem and one rem or more, Figure 2 shows the
contributions by these individuals to the person-year distribution of each expo-
sure group for the two different methods.

Table 1 shows the death rates for all causes per 1,000 person-years (adjusted
for age and calendar year) in the Y-12 cohort for two external exposure groups
(defined in Figure 2) using the two methods. The results are very different.
Method I leads to the conclusion of a significantly lower death rate in the more
highly exposed group, and Method II, on the other hand, results in close to equal
rates for the two groups. External exposure, being cumulative in this case, is
highly correlated with length of time at risk and, therefore, with survival.
(Results of the two methods also differ when using non-cumulative internal expo-
sure groupings, but not as drastically, indicating less correlation with length of
time at risk.) Method II is a time-dependent method and avoids the bias intro-
duced by this correlation between exposure and time. The examples in the remainder
of this presentation use Method II. It should be noted also, that without good
records that preserve the time structure of reported exposures, valid results may
not be attainable in studies of this type.

The problem of how to define exposure groups is more difficult to resolve,
especially when dealing with measurements of internal exposure. Changing the
boundary between exposure groups will change the numeric results and possibly the
conclusions. The ultimate goal in defining groups is to separate the "truly
exposed" from the "truly non-exposed," thus avoiding misclassification bias. In
the case of external exposure, one must decide at what level of cumulative expo-
sure (easily provided by film badge readings) an individual is considered
"exposed." When dealing with low levels of exposures such as those in the Y-12
cohort, this is not necessarily straightforward. The "exposed" group needs to
contain enough individuals to lend interpretable results but should not have a
boundary so low as to include many essentially "non-exposed" individuals.

Table II illustrates the different results obtained by using two different
boundaries, 250 mrem and 1,000 mrems, when defining the "exposed" group in
the Y-12 data. While the rate difference for "exposed" versus "non-exposed" is
not significant in either case, the 250 mrem boundary focuses attention on a
possible "beneficial" effect from exposure, whereas the 1,000 mrem boundary does
not. Assuming that all individuals with the potential for occupational exposure
wore film badges, it would be reasonable to believe that the 250 mrem boundary
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misclassifies the "truly non-exposed" as "exposed" much more often than visa
versa. With the 1,000 mrem boundary, this bias is reduced with a reasonable
belief that misclassification in the opposite direction is still not too much of
a problem. One should note the change i^ the observed number of deaths when
using the different boundaries and the inverse relationship between the number of
deaths and the size of the confidence interval. While a more refined definition
of "exposed" (or even more levels of exposure) would be desirable, the number of
deaths in the "exposed" group is becoming so small (and the confidence intervals
so large) that results would be of limited value.

As was pointed out earlier, the many problems involved in determining the
precise level of internal exposure, usually make categorical grouping by esti-
mated internal exposure levels the only workable solution. The amount of refine-
ment possible in defining exposure groups is highly dependent on the quantity and
quality of historical radiation monitoring records, the number of exposed in-
dividuals at different levels, and time and budget restrictions. The first two
of these considerations have been discussed already. The third consideration,
that of time and money, is a practical one, to say the least. Exposure informa-
tion for all individuals over the course of a plant's history can amount to a
massive amount of data. If the majority of historical records are not in com-
puter compatible form, the task of computerizing all the data may not be feasible
from an economic standpoint. Even if the data are computerized, the files for a
moderately sized plant can consist of hundreds of thousands of records. Computer
processing of many pieces of data from each record (such as might be needed in
dose calculations) may cost many thousands of dollars.

Over the course of working with the Y-12 uranium urinalysis data, we have
had the opportunity to analyze the data at various stages of refinement. The
initial analysis simply used the number of urinalyses recorded in any single year
(a statistic relatively easy to obtain). If an individual was monitored more
than once (to screen out controls and pre-employment tests), he was considered a
"radiation worker" and assigned to the "exposed" group. The results, seen in
Table III, indicate a significantly (p<.05) lower death rate in the "exposed
group" when compared to the "unexposed." These results might be due to the
misclassification of "non-exposed" individuals as "exposed." The next analysis
used the urinalysis results but only considered whether they were positive or
not. A positive result classified an individual as "exposed" at that time. The
misclassification occurring in the first analysis appears to be non-differential
in that some individuals previously considered "exposed" were now defined as
"non-exposed," but about an equal number (those with only one record in any one
year) were redefined in the opposite direction. Very little change occurred
between the results of this analysis (see Table IV) and the previous one. This
is suggestive of a "super healthy worker" (3) effect for radiation workers,
meaning that due to the potential hazards involved stricter selection criteria
may have been applied. The last two analyses were further refinements on in-
dividuals with positive results. Table V shows the results when individuals who
ever had a result above the plant action limit (PAL) (again, easily determined if
results are so recorded) were grouped separately, and Table VI shows the PAL
group subdivided even further by separating out those who were put on work re-
striction. (Work restriction information was taken from historical DOE reports
that were not easily obtainable.) Although these results provide some insight
into a possible small dose-response relationship, the number of observed deaths
is now so small in the restricted group that no definitive conclusions can be
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reached. The previous significantly lower death rate in the "exposed" group is
no longer observable.

Conclusion

While ionizing radiation is measured more precisely than most hazardous
occupational exposures, and radiation dosimetry data is specific to each in-
dividual monitored, the potential for error in dosimetry data must be recognized
when using them in epidemiologic studies. Categorical grouping schemes may be
used to circumvent many problems inherent in the data. When such schemes are
used, care must exercised in order to avoid the introduction of additional biases
in data interpretation. The correlation between length of time at risk and
level of exposure must be a consideration when accumulating person-years within
each categorical group. The potential for misclassification when defining expo-
sure group boundaries must also be given serious attention. Due to the possible
variation in results, and the controversial nature of this area of research,
epidemiologists and health physicists must work closely together to ensure that
the exposure groups are defined logically and not solely on an arbitrary basis.
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Distribution of Cumulative External Exposure
for Y-12 White Males

6000

Calculation of Person-Years Distributions
Two individuals age 30 hired in 1950.
One exposed to >1 rem by 1/1/1952.

METHOD 1

Not Exposed Exposed
Year 196019511952 1953 1950 19511952 1953

Afle
30 1 1
31 1 1
32 1 1
33 1 1

.VETHOD I

Year
Age

30
3t
32
33

NotExoosed
195019611952 1953

1+1
1+1

1
1

Exposed
1950 19511952

1

1953

1

Figure 2
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Y-12 White Males: Death Rates per 1000 Person-Years
(Adjusted for age and calendar year)

Results from two methods of person-years accumulation

Table I

Y-12 Whit* Males: Death Ratal per 1000 Person-Yfcaro
(Adjusted for age and calendar yead

Method I

Method If

<lrem

6.87 M
(+0.63)

6.01
fctO.6Q

>1rem

4.05
(±055)

6.21
(±1.9D

•cumulative Wetirne expesure
•Approximate 95% confidence interval

Rate

Observed Deaths

Rats

Observed Daaft*

Not Exposed

•
< 2 5 0 mrem

7.05 „
(tO.82)

343

<1000 mrem

S.01
(±O.SB)

472

Exposed

>260 mrem

E.84
(+J.20)

222

>1000 mrem

8.21
t+1.91)

83

•oimJ*tF*a Utt&m mtpotun
**approxlaiite 96% confidence Interval

Table III

Y-12 White Males: Death Rates per 1000 Person-Years
(Adjusted for age and calendar year)

Exposed: > 1 urinalysis in any year

Rate

Observed Deaths

Not Exposed

6.65.

3S3

Exposed

5.11
(±0.69)

237

•approximate 95% confidence interval
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Table IV

Y-12 White Males: Death Rates per 1000 Person-Years
(Adjusted for age end calendar year)

Exposed: any positive urinalysis result

Rate

Observed Deaths

Not Exposed

6.66 .
{+0.76)

328

Exposed

5.13
(±0.68)

237

•approximate 96% confidence interval

Table V

Y-12 White Males: Death Rates per 1000 Person-Years
(Adjusted for age and calendar year)

Positive urinalysis Any urinalysis
toss than PAL greater than PAL

Rate 6.04 M 6.62
(±0.92 (±113)

Observed Deaths 124 113

•Plant Action Lrnit
••approximate 96% confidence interval

Table VI

Y-12 White Males: Death Rates per 1000 Person-Years
(Adjusted for age and calendar year}

Positive urinalysis Any urinalysis
laas than PAL greater than PAL Restricted

Rate 6.04 M 5.36 724
(±0.92) (+114} (±4.90)

Observed Deaths 124 101 12

•Plant Action Limit
•^spproxlmau 96K confidence interval

207



NEW NRC METHODOLOGY FOR ESTIMATING BIOLOGICAL RISKS
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ABSTRACT

In licensing commercial nuclear power reactors, in the U.S. Nuclear Regulatory
Commission considers the potential health effects from the release of radiaocative
effluents. This entails reliance on epidemiological study results and interpreta-
tions. The BEIR I I I report is a principal source of information but as newer
information becomes available, i t i f desirable to include this in NRC models.

To faci l i tate both the estimation of potential health effects and the evalua-
tion of epidemiological study results, the NRC has supported the development of a
new computer code (SPAHR). This new code uti l izes much more comprehensive demo-
graphic models than did the previously used codes (CAIRD and BIERMOD). SPAHR can
accommodate variations in al l the principal demographic statistics such as age
distribution, age-specific computing risks, and sex ratio. Also SPAHR can project
effects over a number of generations.

Introduction

Epidemiological evidence has been an important part of radiation protection
almost from the beginning(l). While the sources of the f i r s t radiation injuries
(burns) could be identified directly, the reports began to take on epidemiological
tones in 1902 with Codman's report of 170 radiation injuries. In 1911 the trend
was firmly established by Hesse's report of 94 radiation-induced t t rs. By 1921,
when the f i r s t step was taken toward formal radiation protection (by Formation of
the Brit ish Radiologists' Committee on X-Ray and Radium Protection), interest was
switching from radiation burns to radiogenic cancer.

Today, as has been the case since the days of the Manhattan Project, a prin-
cipal concern in radiation protection is the protection of people from the effects
of low levels of radiation. Such effects cannot be observed directly, but are in-
ferred from epidemiological evidence and extrapolated from observations of effects
from high doses.

Regulatory practice has been to base decisions on crude but conservative
estimates of the risk. This approach becomes less satisfactory as the high cost
of hyper-conservatism become evident, and as ever more pessimistic assessments of
the risks from low level radiation are advanced.

*This paper presents the authors' views, not NRC positions.



Reliance on conservatism has severe limitations because an approach that is
conservative in responding to one question may be unconservative in answering
another. For example, in arguing that an activity is acceptably safe, i t is
conservative to make highly pessimestic assumptions about radiation risks. On the
other hand, in arguing that additional safety measures are needed, i t is conserva-
tive to make highly optimistic assumptions about radiation risks. Unfortunately,
the difference between optimistic and pessimistic assumptions tends to be un-
acceptably large. For example, for a single dose of 0.1 rem to a population the
high and low risk estimates of BEIR-III differ by a factor of 5,000 (2).

Historically, the NRC has concentrated i ts efforts on the control of
accidents and radiation exposure, largely leaving to others the investigation of
the biological effects of radiation. The lack of a concensus, however, has com-
pelled the NRC staff to make i ts own assessments of radiation risks. The Reactor
Safety Study and the GESMO probably are the best-known examples but there have
been many other instances where the staff was required to estimate bilological
risks.

Issues Requiring NRC Estimates of Biological Risks

In recent years the NRC staff has become involved in epidemi©logical studies, in
part, to add to the store of radiobiological knowledge, but also to enhance the
staff 's abi l i ty to ut i l ize and to make informed judgments concerning information
that is already available.

The staff capability is needed because the NRC, l ike other government agencies,
must make decisions about matters where the scientific evidence is l imited. Often
such decisions cannot be deferred until conclusive proof is obtained. I t is neces-
sary to base such decisions on the preponderance of the evidence and the best
available informed judgment.

A variety of issues must be faced wiuth involve radiobiological risk estimates.
For example, several years ago the NRC was formally petitioned to drastically re-
duce the limites on occupational radiation exposure based on a new and novel epi-
demiological study. Several staff members recommended rejection of the petition
because the new epidemiological study was of dubious validity and certainly not
sufficient to outweigh the other available evidence. The NRC did not act on these
recommendations but contracted for an independent evaluation. Two years later the
study was found questionable and not sufficient to shif t the preponderance of the
evidence.

NRC programs for keeping radiaton doses "as low as reasonably achievable"
(ALARA) are based on several conservative assumptions: (1) the existence of linear
non-threshold dose response model; and (2) a conservative estimate of the magnitude
of the risk of exposure. These assumptions are based on reviews of epidemiological
studies by the major radiation protection organization. These substantial programs,
which may cost the people on the order of $100,000,000. annually, could be unwar-
ranted or even counterproductive, i f the underlying radiobiological assumptions
are wrong. I f , for example, the risks are grossly over estimated, the programs
are wasteful, further, i f the BEIR-III "quadratic" risk model is correct, the
programs are misdirected; that is , essentially al l effort should be aimed at
reducing the doses to the more highly exposed individual.
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Current issues also involve assessment of radiological risks. Examples
include the breeder reactor program and the emergency preparedness efforts.

Some issues require comparative assessments of non-radiological health risks.
For example, i t has been proposed that the radiation protection standards
(10 CFR 20) be revised to include a l imi t on the occupational radiation dose that
may be received in a l ifetime. The just i f icat ion for such a requirement depends,
in part, on an assessment of radiation risks, but i t also entails consideration of
other risks. A person forced out of radiation work probably wi l l be either un-
employed or engaged in another occupation. Therefore, the regulation action can
be justif ied as protecting the individual only i f the total risk is reduced.

Thus, the NRC has extensive needs for the results of epidemiological investi-
gations.

NRC Support for Epidemiological Studies

The NRC has supported several studies such as that of the population of Mesa
County, Colorado. Two of these are discussed briefly here.

Perhaps the most important NRC supported study was on the feasibil i ty of
epidemiologic invest!gationsof the health effects of low-level radiation (3). The
conclusions may not seem surprising, but a number of investigators seem to have
failed to recognize these points.

(1) Relatively good dosimetry is essential.

(2) Total doses must exceed 10 rems.

(3) Where doses are less than 50 rems, the population must be large, perhaps
10,000 people.

(4) The follow-up period must be more than 10 years and should be more than
20 years.

(5) The population should be generally healthy.

(6) The most appropriate research design is the prospective cohort study with
additional nexted case-control studies as needed.

(7) No candidate population is available that could be used to define with
reasonable accuracy to risks of low level radiation.

(8) Of the candidate population, the highest statistical power could be achieved
by a study of a l l radiation workers.

(9) For about 20 million dollars, i t might be shown that health effects are so
small they cannot be measured.

The second study was aimed at the assessment of carcinogens other than radia-
tion (4). The number of known and suspected carcinogens identified was quite large.
The existing knowledge about the risks associated with these substances is quite
l imited. There seems l i t t l e likelihood that in the foreseeable future the risks
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of other carcinogens wi l l be as well understood as are radiation risks. In this
study, four groups were identified where a loss of l i f e expectancy could be quanti-
f ied; in each case observed effect was comparable to the theoretical effect of
5 rems per year radiation exposure.

The Need for Improved Risk Definition

Many attempts have been made to quantify radiation risks. In addition to
estimates by individual scientists, quasiofficial estimates were made by the U.S.
National Acadamy of Sciences in 1960, the Federal Radiation Council in 1962, and
the International Commission on Radiological Protection in 1965. The United
Nations Scientific Committee on the Effects of Atomic Radiation provided estimates
in 1964.

The early estimates of risk were single values, such as 1 lethal cancer per
10,000 person-rems. The investigators were aware that the risk value was strongly
dependent on the characteristics of the population. For example, females are more
likely to l ive long enough after exposure to develop cancer, etc. The radiation
risk values, however, were not known accurately enough to just i fy varying them with
age, sex, l i festy le, etc. The data from the classic cases of radiation exposure
(Table 1) were not complete enough to accurately define risk values for various age
groups at that time.

While there is l i t t l e doubt that the scientists making risk estimates knew
that risk must vary with age, sex, and other factors, the risk estimates did not
reflect this knowledge. This has created a number of problems, including a f a i l -
ure in some quarters to recognize the variation of conditions with time.

One example of a problem resulting from unrecognized change is seen in pro-
posals for basing of the acceptability of radiation doses on a comparison to the
risk of death from work accidents. This logic has several shortcomings but per-
haps the most important is that the work accident death rate appears to be declin-
ing exponentially (Figure 1). A second example is seen in the proposals that the
dose l imits be proportional to the estimated risks, this would seem to ignore the
high frequency of change of the risk estiumates. I f the dose l imits were to
change every few years, as the risk estimates do, the impact would be devistating.

Even i f the incremental risk from radiation exposure were independent of age
and sex, as some estimates imply, the other (competing) risks are not (Figure 2).
This has been known since the days of Gompertz. Thus, the actual probability of
i l l effects from radiation cannot be independent.

The Life-Table Risk Model

In 1972 the BEIR-I report provided a more realistic risk model. Risk coeff i-
cients were specified as a function of age, latent periods and plateau durations
were specified. This risk model permitted the consideration of cohorts with a
variety of exposure patterns. This model and the elementary codes (6, 7) developed
to ut i l ize i t permitted more realistic analyses, but the limitations were evident.
Obviously erroneous assumptions were necessary in dealing with projections into the
future or with groups that were predominantly of a single sex.
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In 1980 the BEIR-III report (2) revised the earlier risk estimates and pro-
vided different values for males and for females. This set the stage for the use
of a computer code ut i l iz ing more complete demographic models.

The SPAHR Computer Code

The "Simulation Package for the Analysis of Health kisk" (SPAHR) (8) is a com-
puter software package based on a demographic model for health risk projections.
SPAHR can use any of several risk models, including those of BEIR-III. I t was
developed at Argonne National Laboratory under contract with the NRC.

The SPAHR package is capable of relatively realistic assessments of risk
because i t incorporates age, f e r t i l i t y , and mortality structure. SPAHR can follow
populations through time under changing levels of mortality, f e r t i l i t y , and pollu-
tion exposure.

The power of the SPAHR packages is indicated by i t s use to estimate the con-
sequences of irradiating various populations. The results are summarized in
Table 2. The number of excess deaths varies by up to an order of magnitude between
populations even using the same radiation risk model and coefficient. One inter-
esting result is the i l lustration that for many populations the "absolute risk"
model predicts a larger number of radiation-induced leukemias than does the "rela-
tive risk" model.

SPAHR can accommodate a wide range of conditions such as varying exposure
periods, radiation level, followup periods, etc.

SPAHR is similar to other highly successful software packaged such as the
"statistical package for the social sciences." The wide range of options avail-
able tends to make uti l ization d i f f icu l t i n i t i a l l y . To compensate for this
problem, the programmers developed a simplified introductory users guide. Also,
there is a relatively "user friendly" interactive mode, with three models of vary-
ing degrees of complexity.

I t is hoped that SPAHR wi l l be widely used by the scientific community in
refining risk estimates from exposure to various pollutants, including radioactive
materials.
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TABLE 1. CANCERS LINKED TO RADIATION IN PARTICULAR POPULATIONS"1" (5)
Atom Bomb Radiation Medical Radiation Occupational Radiation

Type of Cancer
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myeloma)
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Table 2 Leukemia and Lung Cancer Risk Projection* for 200 rears, with 1 Ren/Year for the First 100 Years,
for an Initial Population of 1 Million Using the Absolute and Relative Risk Models

Proposed by the BEIR Coaalttee (HAS, 1980)

Country, by Continent

United States
(White) 1970
(Black) 1970

Africa
Algeria 1965
Ceaeroon (West) 1964
Central African Republic I960
Guinea 19S5
Madagascar 1966
Togo 1961
Tunisia 1960

North Aaerica
Barbados 1965
Doainican Republic 1966
Honduras 1966
Mexico 1966
Nicaragua 1965

South America
Brasil 1950
Chile 1967
Colombia 1965
Ecuador 1965

Asia
Ceylon 1961
China (Mainland) 19S6
China (Taiwan) 1966
Hong Kong
India 1961
Japan 1964
Malaysia (West) 1966
Pakistan 1961
Philippines 1960
Turkey 1960
United Arab Republic I960

Europe
England and Wales 1968
France 1967
Italy 1965
Sweden 1965
U.S.S.R. 1959

Oceania
Fiji Island* 1966
Hew Zealand 1966-68

(I'The e o • expectation of life at

•o

Fenalea

75.62
68.84

67.99
38.23
38.62
27.SI
38.65
40.33
63.95

71.24
66.17
60.57
62.85
68.09

44.36
69.65
61.8)
60.85

63.63
44.25
69.87
72.75
44.24
72.95
66.92
42.69
58.79
48.90
48.68

74.79
7S.49
73.16
76. U
72.73

73.67
74.32

birth.

0)

Males

67.94
59.84

63.25
34.44
34.63
24.61
37.70
33.71
55.85

66.98
63.76
59.23
59.54
64.48

41.44
63.36
58.36
57.17

62.06
43.83
65.25
65.84
46.21
67.73
63.63
44.60
55.50
48.48
40.76

68.62
68.03
67.67
71.72
67.69

68.1$
68.18

Het Repro-
duction Rate

1.132
1.446

2.657
1.729
1.404
1.502
1.884
2.143
2.358

1.647
2.191
2.646
2.713
2.571

1.842
1.665
1.984
2.592

2.131
t.894
2.203
2.070
1.782
0.949
2.411
2.090
2.437
2.211
2.191

1.205
1.251
1.176
1.150
1.149

2.166
1.5<J3

X of Popu-
lation

< age IS

27.57
35.38

47.23
48.57
40.02
42.12
46.51
47.94
40.85

38.92
44.57
51.48
46.26
48.34

41.68
39.84
46.64
46.98

41.86
35.95
43.69
40.45
41.09
24.97
44.17
44.79
45.69
41.25
42.76

23.20
25.28
24.30
20.94
29.88

52.86
32.59

Absolute

Excess

Leukenia

3856
7510

31800
12450
5638
6198
12030
15630
20900

9906
18020
34050
33670
34730

11420
9891
14950
30130

17310
10420
20320
14840
11400
3043

24580
17860
24630
17950
15300

3693
4147
3701
3343
4170

20340
8214

Deaths

Lung
Cancer

4239
6948

27740
7560
4071
3347
7581
9633
18380

9766
17110
25870
26620
28840

8376
10140
13290
24820

14930
7789

17620
13520
866 >
34

20690
12560
19920
13280
11000

3971
4470
4036
3737
4532

18360
8176

Relative

Excess

Leukenia

6706
8003

31560
10738
4757
4540
9505

1134'
21478

9738
17S54
26280
31450
29740

10305
7201

16301
25528

16463
9709

20082
15615
10872
5566

23751
15388
23518
16106
12951

6041
6785
6327
6275
6657

23128
1065S

Death*

Lung
Cancer

11034
17277

62900
12921
6655
5123

13408
14378
43830

21840
28391
53333
58370
59141

16538
14272
30759
51259

32745
16395
38704
29671
19031
9442

45511
25913
44186
27772
19924

10316
11483
10877
106S1
11987

47812
11839
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ABSTRACT

Standard procedures are presented for pooling health physics data from
multiple facilities for use in epidemiologic studies. Special effort is needed
because health physics records ordinarily were made for radiation protection, not
for epidemiology; because dosimetry practices and records are different at
different facilities; and because the validity of epidemiologic study conclusions
depends on the quality of the dose data used.

The objectives of this effort are: 1. to determine the availability of
dosimetry data and supporting documentation at multiple facilities; 2. to develop
criteria and methods for optimally retrieving data; 3. to evaluate and document
the quality and completeness of data and dosimetry programs; 4. to put dosimetry
data (e.g., external, whole body counting, and bioassay data) from various
facilities in a single format for epidemiologic analysis; and 5. to document all
work for peer review.

To achieve these objectives, a "Dosimetry Records and Radiation -Hazards
Questionnaire" was developed to send to the facilities under study. Responses to
this questionnaire are used to develop data retrieval criteria and methods, and
to retrieve data. Dose data are reformatted into Standard Intermediate Dosimetry
Files for editing and characterization. Evaluations of dosimetry programs are
performed concurrently. Results of these steps are brought together and analysis
files created. Status of this work in the context of the Department of Energy
5-Rem Study is reported, The standard procedures are applicable to single- as
well as multiple-facility studies.

Introduction

In occupational radiation epidemiology, the validity of study conclusions
depends on the completeness and quality of both the biologic response data and
the radiation dosimetry data. In this paper, we discuss the standard procedures
that we have developed for pooling radiation dose data from multiple facilities
for use in epidemiologic studies.
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As used hare, radiation dose assessment, or simply dose assessment, means
the critical analysis and definitive judgment of the quality, appropriateness, and
completeness of both radiation dosimetry programs and of the individual records
that are the product of such programs. The goal of these analyses and judgments
is to make usable the data recorded by occupational radiation monitoring programs
as a measure of the exposure variable in an epidemiologic study. Obviously,
biased or invalid measures of the exposure variable would lead to an invalid
estimate of the risk-per-rem (or upper limit for the risk-per-rem). The procedures
and methods described below were developed to increase the overall validity of the
studies being performed by Oak Ridge Associated Universities with the collaboration
of the University of North Carolina for the U.S. Department of Energy.

The Contribution of Dose Assessment to an Epidemiologic Study

In the context of an epidemiologic study, dose assessment is needed to
determine what health physics data are available at a facility; and to develop
facility-specific criteria and optimal methods to retrieve these data and
supporting documentation. It is necessary to determine what measurements these
health physics data represent, and what the units of these measurements are. It
is important that edits be performed to detect errors in the health physics data,
and to correct, flag, or eliminate records containing errors. It is necessary to
determine which data are usable in an epidemiologic study. Dose assessment
includes the evaluation of the quality and completeness of health physics data.
It is necessary to convert the results of monitoring programs for internal
radioactivity to either dose equivalents or dose categories, where possible.
Dose assessment is needed to evaluate, and if possible, maximize the comparability
of health physics data between facilities and over time. Dose assessment is
required for presentation of health physics data in forms that give meaningful
overviews, and to put health physics data into formats that are of use in
epidemiologic analysis. Finally, it is important to document the work done in
the course of dose assessment for peer review and for the use of future
researchers.

In short, the dose assessment process is needed to interface epidemiology
with health physics.

Methods of Dose Assessment

To determine what is available, a "Dosimetry Records and Radiation Hazards
Questionnaire" (DRRHQ, see reference 1) has been developed and sent to the
facilities under study. Some ideas for this questionnaire were derived from the
work of Dreyer et al. (2) and the work of Fix et al. (3). However, most of the
questions in the DRRHQ are adapted from the "Dosimetry Assessment Fact Sheet,"
developed by Beck, Stansbury and Watson, and included here as an appendix. The
Dosimetry Assessment Fact Sheet is a checklist of information needed to evaluate
an occupational dosimetry program in the context of an epidemiologic study.

The DRRHQ addresses the question of what is available in terms of dosimetry
program information by requesting identification of health physics contacts at
the facility, both current and retired or transferred; a list of dosimetry
program documentation, and the location of such documentation; a breakdown of
site operations by year; a determination of what years employees were exposed
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externally to each of four types of radiation, as well as what years they were
not monitored; a description of possible internal exposures and monitpring; a list
of units and quality factors broken down by high-LET radiation type and year; and
information on several miscellaneous topics.

The DRRHQ addresses the question of what is available in terms of dose data
by requesting a breakdown of record form by monitoring method, year, and external
radiation type; the locations of these records; identification of commercial
dosimetry services, if applicable; a breakdown of record form by monitoring
method and year for internal exposures; and the locations of these records.

Responses to the DRRHQ from each site are analyzed as a function of year.
Radiation hazards are characterized by year from answers on the DRRHQ. This
characterization permits a comparison of actual monitoring with monitoring which
would have been desirable in light of today's standards. Monitoring programs and
those records which are currently available are characterized.

The completeness and appropriateness of dosimetry programs are assessed by
comparisons of the characterizations of the hazards and monitoring programs.
Completeness is the degree to which there were no gaps in the program (e.g., a
hazard existed since 1945, but was not monitored before 1950). Appropriateness
is the degree to which the monitoring program addressed the hazards (e.g., was a
beta-gamma badge used to monitor tritium exposures?). Availability of program
documentation is also assessed, including references to commercial services.
Preliminary assessment of dose data quality (i.e., how good were the
measurements?) is made insofar as possible, based on references to known
documents, processes, vendors, etc. It is recognized that this is possible only
to a limited degree. It may be easier to identify low quality or flawed data than
to identify high quality data. In the context of a multi'-site epidemiologic
study, usability of the dose data is assessed Based on the criteria of data
availability and completeness; machine-readability; appropriateness of monitoring
programs; availability and adequacy of documentation; and data quality (if this
can be determined without further information).

Analysis of DRRHQ data leads to the development of criteria and methods for
data retrieval from each facility. These analyses prompt decisions regarding what
additional dosimetry program data to request (e.g., specific documents relating to
the dosimetry programs); what dose data to request for individuals; what forms and
formats to get dose data in; what identifiers are needed for dose data; and what
documentation is required to make dose data useful (e.g., units).

For facilities that are still in operation, a visit to the site to talk with
the health physicists responsible for personnel dosimetry and records is the best
way to retrieve most of the needed information. In some cases, time, money, or
other factors will not permit on-site contact, and contacts by phone and mail must
be used.

Once dose and dosimetry program data have been retrieved, they are processed
according to our "Standard Assessment Procedures" (SAP, see reference 1). The SAP
are a detailed prescription and checklist for assessing both dose and dosimetry
program data.
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In the "Dosimetry Program Evaluation" section of the SAP, dosimetry program
and hazards data are analyzed to reveal temporal trends in monitoring and hazards,
and to determine for what time periods the monitoring was appropriate for the
hazards. Such topics as quality assurance programs, reconstruction of previous
occupational histories, minimum detectable doses, quality factors, dosimetry
initiation criteria, analysis of problem codes accompanying data, lost and damaged
dosimeter procedures, recordkeeping (forms and formats), documentation and
procedure manuals, etc,, are addressed.

A detailed description of a "Standard Intermediate Dosimetry File" (SIDFile)
for storage and processing of dose data is given in the SAP. SIDFiles are
general, flexible computer files that can accomodate a variety of dose data from
multiple facilities, including external radiation measurements, bioassays, and
whole body counts. Information in a SIDFile grows and evolves as the dose
assessment process proceeds. Data come from facility dose records, demographic
and work history databases, assignments -made by health physicists based on program
evaluations, and results of logic and edit tests. SIDFiles contain annotation to
indicate what has been learned about the data, what edits have been done, and
which tests have been passed. Provision is made for judgment flags,
uncertainties, and references to dose conversion algorithms on the SIDFiles.
SIDFiles permit the merging of internal and external dose records so that
complete dose histories for individuals at a given site can be compiled, and
eventually merged with data from other sites.

The SAP contain data management considerations for handling, editing,
characterizing, storing, and documenting dose data. Univariate and multivariate
edit checks are performed both before and after the dose data are reformatted into
SIDFiles. These checks serve to detect errors. In addition, characterizations
done in the editing stage are useful in preliminary work in other parts of dose
assessment. A random sample of data is listed to compare with original hardcopy
records.

The edited SIDFiles are brought together with the results of the dosimetry
program analysis in a five-part "Synthesis" section. This section includes the
development and assignment of conversion algorithms, the assignment of
uncertainties, the assignment of judgment flags, the final characterization of
the data, and the generation of a. final assessment report.

The conversion algorithms that are developed during the synthesis step of
dose assessment convert dose data or bioassay data into a form usable in an
epidemiologic analysis. For external exposures, these conversion algorithms
usually are multiplicative constants to convert site measurements into millirems.
An example of this is the assignment of a quality factor for neutron exposures.
For internal exposures, the conversion algorithm generates ordinal variables in
most cases. In some cases of internal exposures, however, the conversion
algorithm generates dose numbers in millirems. Such conversion depends on the
availability of large amounts of information about internal exposures. For
example, a bioassay result in units of dpm of tritium in a 24-hour urine sample
can be converted to a dose equivalent rate (mrems/hr) and integrated over the
time between samples to achieve a dose equivalent (mrems). Of course, this can
only be done in cases where several bioassay results are available in proper time
sequence, with sufficient documentation. Even then, many assumptions and
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judgments have to be made to do this (such as the mass of the worker in question),
and these assumptions are documented in a final assessment report.

Dose data, once converted to millirems, are assigned either ordinal (e.g., A,
B, C, D, or F) or interval (e.g., X or * by 2) uncertainties. These uncertainties
usually are assigned categorically, by monitoring type; however, given sufficient
information, more detailed uncertainties may be assigned on the basis of the
magnitude of the dose numbers (e.g., at 10 mrems, the uncertainty may be X or * by
2, while at 100 mrems, it may be X or i by 1.3).

Judgment flags also are set on each individual's dose history. Such flags
represent the overall usefulness of the data for a particular individual in an
epidemiologic study. Judgments are based on uncertainties in records, and
additional information, such as omissions, that may bias the data in an
individual's file.

Once data are converted to millirems, final characterization is done. Dose
distributions by year and by dose range are examined. Summary statistics and
other descriptors such as those described in UNSCEAR-77 (4) are computed.

A Final Assessment Report is prepared for the dose and program evaluation
information and edited SIDFiles. This report summarizes program evaluation
information, and contains references and data characterization. This report also
documents what has been done to the data and why; what has not been or could not
be done, and why; questions, concerns, problems, and limitations; and caveats for
the use of the data in epidemiologic studies.

With the assignment of conversion algorithms, uncertainties, and judgment
flags, and with the preparation of the final assessment report, the edited
SIDFile is considered "assessed" and is ready for use in the creation of analysis
files.

The results of the application of Standard Assessment Procedures to the dose
and dosimetry program data from a facility are edited, assessed SIDFiles and a
final assessment report.

Status and Conclusions

As of January 1983, responses to the Dosimetry Records and Radiation Hazards
Questionnaire have been received from twenty-seven of the forty DOE and DOE
contractor facilities where individuals have been identified for inclusion in the
5-Rem Study. The 5-Rem study includes nearly 3000 workers who received a whole
body dose of 5 or more rems in one year between 1947 and 1978. The mortality and
morbidity experience of this cohort of workers is currently being studied by the
ORAU/UNC epidemiology group. Dose assessment is in progress for this study.
Dosimetry program evaluations are well underway for two of the facilities in the
5-Rem Study CArgonne National Laboratory and the Y-12 Plant in Oak Ridge,
Tennessee), and the dose data for workers at Y-12 a r e Being analyzed.

Data from these two facilities are being used to refine and test the SAP.
The final version of the Standard Assessment Procedures will be applicable to dose
assessment for studies of workers at one or more facilities.

225



APPENDIX: DOSIMETRY ASSESSMENT FACT SHEET

William L. "Jack" Beck, Paul S. Stansbury, and James E. Watson, Jr.
Original version, 1979; Draft 4, 6/15/81

The following information is needed to evaluate the completeness and accuracy
of dosimetry data required for the Department of Energy Health and Mortality Study.

I. History of "Hazards" to Assess Overall Monitoring Program

A. What were the radiation hazards as a function of time?

B. By present day standards, were there significant radiation hazards that
were not -monitored for or that were inadequately monitored?

C. Describe in general the monitoring systems that have been used and the
dates for each system.

D. Are there other written documents such as research reports, technical
memos, internal evaluation memos, procedure manuals, etc., that would
provide additional information on your dosimetry systems? Where can
these documents be found?

II. External Monitoring Data

A. Personal Monitoring Badges

1. What type of badge was used? (Film, TLD, etc.).

2. If more than one type, please give data for each different type used.

3. What different modes of measurement were made (skin, penetrating,
photon, beta, etc.)?

4. Were dosimeters evaluated by commercial processor(s) or "in house"?
If by commercial, give names and addresses and dates used.

5. If done in house, is there a procedure manual(s) available? If
manual is not available, the following information is needed.
Please give dates, etc.

a. Describe the calibration procedure and frequency.

b. Can the calibration be traced to NBS?

c. Describe the dosimeter evaluation ^ocess.

d. How often were "test" dosimeters evaluated and were they
blind tests?
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e. For test dosimeters, how accurate and precise were the
results?

f. What other quality assurance procedures were used?

g. Were there specific training requirements for the dosimetrist?

6. What is the consensus of personnel operating the dosimetry service
as to the accuracy and precision of the monitoring measurements?

B. Use of Badges

1. What part of the total worker population was badged?

2. What were the criteria for badging?

3. Were monitoring badges also security badges?

4. What percentage of the time did workers probably wear their badges?

5. Did workers tend to leave badges in desks, in cars, etc., often?

6. What procedure was used to provide monitoring if worker left his
badge at home or lost his badge?

7. At what location did most workers wear their badge (shirt pocket,
waist, collar)?

C. Other External Monitoring Techniques

1. Were pocket ionization chambers used? If yes, describe the type of
chambers, procedure, quality assurance program, testing, and give
overall estimate of accuracy and precision of results if possible.

2. Were other external personnel monitors such as NTA neutron film,
activators, glass, or chemical dosimeters used? If yes, describe
system as in part C-l above.

3. Were area monitoring devices used? If yes, describe devices, etc.,
as in C-l and explain how data were used in personnel monitoring
program.

D. Administration and Recordkeeping

1. What units were used in reporting results? Describe any conversion
calculations.

2. Were quality factors (QF) or other modifying factors used to
evaluate dose equivalent? If yes, describe procedure and QF's used,
etc.
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3. How were unusually high or low readings handled for determining if
they were true readings or artifacts?

4. How were lost or obviously damaged dosimeters compensated for in
dosimetry records of an individual worker?

5. Was there any compensation for natural background?

6. Are records known to be complete or are there known to be periods
of lost data or records?

7. How were lost or unobtainable past personnel -monitoring records
compensated for in your record system?

8. Are monitoring data computerized? If yes, describe format of
computer records. If no, describe or provide a copy of the form on
which monitoring data are recorded.

9. What length of monitoring period Cs) was used?

10. Are quarterly or yearly summaries available?

III. Internal Monitoring Data

A. Bioassay Program

1. What types of bioassays were used (urinalysis, fecal, breath, etc.)?

2. What were the criteria for requiring bioassays?

3. How was the frequency of bioassays determined?

4. What radionuclides were analyzed for each method of bioassay
analysis?

5. Are there procedure manuals available? If not, the following
information is needed about each different method.

a. Description of method of analysis.

b. Units and description of any calculations or conversions used
in obtaining final answers in dose or dose equivalent.

c. Procedure for calibration of counting equipment.

d. NBS traceability.

e. Estimated accuracy and precision of measurement technique;
and limits of detection.
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B. Whole-Body Counting

1. Was whole-body counting (WBC) used?

2. What were the criteria for requiring a whole-body count?

3. Was WBC done in house or by a commercial company? If done by others,
identify company and if possible, the person responsible for
measurements.

4. If in house WBC, describe counter, limits of detection, calibration
procedure, calibration traceability to NBS, estimated accuracy and
precision of measurement.

5. What calculations or modifications were done to counting data to
determine radionuclide content of worker?

6. Were any conversions to dose or dose equivalent done? If yes,
describe procedure used for conversion.

C. Other internal Monitoring Techniques

1. Were air monitoring results used to estimate internal deposition? If
yes, describe the equipment, usage procedures, calibration, and the
method of interpreting measurements. Give results of accuracy or
precision of monitoring, if available.

2. Were any other monitoring methods used to estimate internal
deposition other than bioassay, whole>-body counting or air
monitoring? If yes, describe in detail as outlined in Part 1 above.

D. Administration and Recordkeeping

1. Are internal monitoring reports computerized? If yes, what is the
format of the data? If no, what information is available, and are
there quarterly or yearly summaries?

2, How were unusually high or low values validated?

3. If artifacts were discovered, how was individual worker's record
corrected ?

4, What procedure was used to merge internal and external dosimetry
data?

Please make any other comments that you think are needed for a better
understanding of the personnel monitoring programs at your facility.
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DATA REQUIREMENTS FOR MEANINGFUL
LONG-TERM EPIDEMIOLOGY STUDY OF THE
COMMERCIAL NUCLEAR POWER INDUSTRY

By Mr. B. G. Kniazewycz and Dr. W. C. McArthur

KLM Engineering, Inc.
1776 Ygnacio Valley Road, Suite 200
Walnut Creek, California 94598

ABSTRACT

The impact of various nuclear power controversies upon the general popula-
tion has been receiving ever-increasing scrutiny. Recent debate, claims, ond
counterclaims dealing with radiation exposure have led to extensive coverage in
various media of the problems of recordkeeping in commercial nuclear power
plants. In the August 2, 1982 issue of Business Week, a three-column article
appeared entitled "Can Computers Track Nuclear 'Gypsies?111 This article expli-
citly addressed the ". . . recordkeeping to determine whether nuclear 'gypsies' —
maintenance workers who go from one nuclear power plant to another—are being
dangerously exposed to cancer-causing radiation." While the industry is discuss-
ing taking steps to improve the recordkeeping for these transient workers--indeed
several companies are computerizing present record handling practices—there
exists the potential problem that the long-term needs of the scientific community
for definitive epidemiological data are net being addressed.

Many current computer-based systems only computerize an inadequate data
collection system, thus improving the administration of recordkeeping without
necessarily improving the quality and usefulness of data actually collected.

This paper briefly reviews typical data collected at nuclear plants and
questions whether more definitive information is required to ensure that the
"cancer question" can be adequately addressed in the future. Activities by the
National Research Council, National Institute of Health, Department of Energy,
Nuclear Regulatory Commission, etc., are briefly reviewed, as is the recent
study, "Federal Research on the Biological and Health Effects of Ionizing Radia-
tion." A potential role for the Health Physics Society is identified.

1.0 Introduction

Compared to other disciplines, the occupational category of commercial nu-
clear power plant workers has not existed for very long. The first commercial
nuclear power plant began operation in 1960. By 1970, there were 13 plants in
operation. At present, there are about 80 operating plants with a similar number
planned or under construction.
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The number of people monitored for radiation exposure at commercial plants
has increased significantly over time. In 1970, there were 7,509 people moni-
tored; in 1979, the number had risen to 109,160. It must be remembered that the
total number monitored at a plant exceeds the number employed or exposed at the
plant, since monitoring is usually conducted on all who enter the plant, includ-
ing visitors, contractors, and subcontractors. Estimates for the year 2000 would
indicate several hundred thousand people monitored,

The NRC's report dealing with occupational radiation exposure for 1979
(NUREG-0713 entitled "Occupational Radiation Exposures at Commercial Nuclear
Power Reactors 1979") contains data received from 67 light water reactors that
were in commercial operation for at least one year as of December 31, 1979. This
particular report for 1979 had shown an increase of three nuclear reactors. How-
ever, the total number of personnel monitored at LWRs and the number of workers
that received measureable doses during 1979 increased by about 40 percent, to
values of 109,160 and 64,073, respectively. Total collective dose for 1979 was
estimated to be 39,759 man-reins, which was an increase of 25 percent over 1978
values of 31,804 man-rems. The result was that the average dose per worker de-
creased slightly to 0.62 rems, while the average collective dose per reactor in-
creased approximately 19 percent, to 579 man-rems. The collective dose per mega-
watt year of generated electricity by each reactor also increased to an average
value of 1.3 man-rems per megawatt year, up from the 1978 value of 1.0.

Analysis of the 1979 data indicated that there were approximately 1,500
quarterly transient workers each year, who incurred an average dose of 0.47 rems
and some 3,200 yearly transient workers who incurred an average dose of 1.05
rems. Further analysis indicates that 55 percent of workers who are less than 35
years of age received 56 percent of the collective dose.

This information was updated by the August 24, 1982 General Accounting
Office (GAO) report entitled "Actions Being Taken to Help Reduce Occupational
Radiation Exposure at Commercial Nuclear Power Plants" which stated that while
individual exposures have been maintained well below the regulatory limits, the
collective dose has risen from 1247 man-rems in 1969 to 53,796 man-rems in 1980.
Some of this increase is due, obviously, to an increase in the number of operat-
ing reactors (from 7 in 1968 to 68 in 1980). However, the average collective
dose per reactor rose four fold from 178 to 791 man-rems during this time.

Accurate personnel dosimetry is one of the most important responsibilities
of the health and medical physicist community. However, the development of ac-
curate and reliable dosiraetry programs is not adequate unto itself if potential
risks both to the recipient and society are not monitored and corrective action
taken as necessary. This paper addresses the efforts taken by the commercial
nuclear power industry to improve exposure data tecordkeeping and the opportunity
for the health physics community and nuclear power industry to collect meaningful
data to ensure the development of a necessary and adequate long-term epidemio-
logical data base.

2.0 Background

The July 17, 1982 issue of Science News indicated in an article entitled
"Radiation: When Less is not Better" several interesting facts which relate to
potential uncertainties in the determination of the impact of low-level radiation
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upon nuclear power plant workers. The following quotes identify areas of con-
cern:

"Understanding how radiation interacts with body tissue is a complex
business at best. There are so many variables to consider such as type
of radiation, energy level, the rate at which it is delivered, and the
total dose absorbed. Now researchers have encountered what appears to
be a paradox involving a particularly potent form of radiation to which
nuclear power plant workers may be exposed: the ability of 'fission1

neutrons to transform normal cells into a cancerous state appears to
grow stronger as the amount of radiation delivered—per unit time is
reduced."

"Although cancer induction in man involves many factors besides those
at the cellular level" writes the Argonne team in Nature, "the implica-
tion from our findings is that the risk of cancer induction due to
work-related exposures to neutrons in the nuclear power industry may be
greater than previously thought."

This obviously raises serious questions relating to the continuing problem
of RBE for neutrons and has far-reaching potential impact on the industry.

The potential problems of radiation exposure in nuclear power is briefly
addressed and commented upon in the August 2, 1982 issue of Business Week. In
this issue, a three-column article appeared entitled "Can Computers Track Nuclear
'Gypsies'?" This article explicitly addresses the "...record keeping to deter-
mine whether nuclear gypsies—maintenance workers who go from one nuclear plant
to another—are being dangerously exposed to cancer causing radiation.

The November, 1982 issue of Electric World indicated in a short article that
"utilities from nuclear plants may find themselves going the way of Manville
Corporation (formerly Johns-Manvilie) the firm that started bankruptcy proceed-
ings in the face of a large number of labor-injury claims due to asbestos inhala-
tion," says William Schaffer, Deputy Assistant U.S. Attorney General. According
to Nucleonics Week, Schaffor told an Atomic Industrial Forum conference in New
Orleans that there are more than 1,000 claims of $1 million each against the
government resulting from fallout from above-ground nuclear weapons tests in
Navada in the early 1950s. Senator Orrin Hatch (R-Utah) has introduced a bill to
compensate persons injured by radiation. Robert Catlin of EPRI says "amendments
have been drafted to include sheep ranchers and uranium miners; there is little
doubt," he continues, "that the bill will also include power plant workers."

And if this wasn't a sufficient problem unto itself, in the November 15,
1982 issue of Chemical Engineering, in a three page article entitled "New Rules
Seek to Place Limits on Plant Radiation," it is indicated that regulatory bodies
want to curb airwaves of non-ionizing kind which are said to impair health and
safety in industrial plants and to sabotage electronic equipment.

Against this backdrop of articles over the previous six months, it is obvi-
ous that the nuclear industry will be under substantial scrutiny by numerous
special interest groups and organizations, as well as individuals who will seek
substantial compensation for the potential role which occupational radiation
exposure plays in the incidence of cancer in power plant workers.
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3.0 Exposure Information Systems

In an ideal epidemiologi** study, adequate information for each person at
risk would be on file, classified under five rubrics—personal identifiers, vital
statistics (birth, marriage, death), environmental history, occupational history,
and health history. Unfortunately, the ideal has rarely, if ever, been attained.

The lack of adequate recorded information is a major stumbling block in
epidemiologic studies. The information and data being accumulated is often in-
adequate or is stored in a fragmented fashion, greatly reducing its utility.
Furthermore, Federal lavs relating to privacy establish additional barriers that
make certain kinds of data nearly impossible or very costly to obtain. Further
discussion of this matter is found in the 1979 "Report of the Work Group on
Records and Privacy" by the Federal Interagency Task Force on the Health Effects
of Ionizing Radiation.

Since the recorded information is usually scattered, record linkage has come
to play a major part in many epidemiologic studies. The term "record linkage"
means the methods whereby records from two or more files pertaining to one indi-
vidual are brought together to form a single combined record. The success of
this procedure depends on matching identifying information that is common to the
files to be linked and that has high discriminating power, low probability of
change during an individual's lifetime, and low likelihood of being recorded
erroneously.

While Canada and the United Kingdom have substantial record linkage systems
in place, no such systems exist in the United States. Major sources of computer-
ized (or otherwise filed) data relating to vital and other statistics include the
National Death Index, the Social Security Administration, the National Center for
Health Statistics, and regional cancer registries (which do not cover all of the
U.S.). With respect to radiation exposure data, occupational records are filled
out by employers in accordance with the regulations of the Nuclear Regulatory
Commission and comparable data are available on employees of DOE contractors.

Several evaluations of existing U.S. radiation exposure data collection
practices and data bases have been performed. These include NUREG/CR-1728 "The
Feasibility of Epidemiologic Investigations of the Health Effects of Low-Level
Ionizing Radiation" which addresses several candidate study groups, including
workers in health services, nuclear power plants, Department of Energy (DOE)
facilities, and various other specialty environmental radiation exposure popula-
tions; PNL-3450 "Overview of DOE Radiation Exposure Information Reporting System
(REIRS)"; the Atomic Industrial Forum's sponsored study AIF/NESP-025 "Study of a
Recordkeeping System for In-processing of Transient Workers at Nuclear Power
Plants"; and a planned study by the National Cancer Institute starting in 1983 of
some 14 study areas, including a feasibility study, of 5,000 commercial nuclear
power plant workers employed between 1950 and 1975, involving occupational record
abstraction, death certificate searches, location activities, and conference
planning in several states.

The NRC requires vigilant monitoring and fairly extensive recordkeeping by
licensees. The NRC may request these dose records for review at any time as part
of their routine inspection and enforcement. While Form NRC-5 is required to be
stored by all of the 9,000+ NRC licensees, all exposure records are not neces-
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sarily maintained in this format. In many instances, these records are batched
by year for storage, since annual statistical summaries of them are required.
The unit of time on these records may vary from daily up to three-month periods.

Form NRC-4, occupational external radiation exposure history, is only re-
quired for employees who might be exposed to more than 1.25 rem/calendar quarter.
This is the only situation where records of prior occupational exposures are also
required to be maintained. Although many employers request exposure histories
for new employees, there is no way to evaluate and assure the completeness of
these histories.

Three parameters are always included in the personnel occupational exposure
records by all facilities. These are: employee name, social security number,
and whole body dose. Some other parameters included in the record systems are
sex, birthdate, occupation, previous employer radiation exposure, etc. It is
expected that numerous differences exist in the dose data submitted by the dif-
ferent facilities. Areas of significant differences would likely include the
determination of non-measureable doses, the methods used to determine previous
employer radiation dose, the methods of determining cumulative radiation dose,
and assessment of internal doses. Undoubtedly, the accuracy of the different
dosimetry systems, especially at low doses, is very important to the credibility
of data summaries (e.g., man-rem) provided. Exposure records should accurately
specify internal and external exposures or doses (whole and partial body) by year
of exposure. Knowledge of the time element is critical to epidemiologic studies
of cancers with long latent periods. For occupational groups, individual records
of annual exposures should be maintained over a working lifetime.

Since 1968, the NRC has maintained a computerized record system for all
employees who have terminated jobs or working assignments at all commercial
nuclear power plants (excluding plants run by the Department of Energy). The
licensees and contractors are required to submit a report containing information
"pursuant to 10CFR20.101(a) and 20.108," i.e., Form NRC-5. In practice, however,
some licensees have only reported the total occupational dose for their termi-
nated employees instead of submitting detailed records of quarterly or annual
doses. Due to various interpretations of the Code of Federal Regulations as to
exactly what to report and how often, the termination-dose reports currently on
file at the NRC are often misleading. This is especially true for employees who
terminate more than once during a given year, as is common with transient workers
or contractors. Often, the second or subsequent termination-dose report may
include the doses accumulated during prior periods of employment in the same
year.

The major problem with present historical dose data on occupational expo-
sures is that they are not usually stored as part of a single computerized per-
sonal history record for an exposed individual. Although hard copies of the
exposure records are always maintained, the dose records are not consistent; some
companies record doses quarterly, as required, while others may record doses more
frequently (e.g., monthly or bi-weekly). Thus, the data are not in a readily
retrievable form suitable for analysis now, or for storage and re-analysis at
some future time. Even though the cost of creating a data base through recon-
structing such old dose records may be enormous, this may be necessary in the
foreseeable future.
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4.0 Commercial Nuclear Power System

In response to an operational problem facing the owners of nuclear power
plants, the National Environmental Studies Project of the Atomic Industrial Forum
initiated a feasibility study of a recordkeeping system for in-processing of
transient and temporary workers at nuclear power plants. The question addressed
was how to efficiently process the large number of workers required for refuel-
ing, maintenance, or special outages. The major problem with the currant system
is that clearance of the workers is the responsibility of the licensee while the
success of this in-processing effort depends on the cooperation of the workers'
past employers over which the licensee has little control. The issue was further
complicated because different licensees have different requirements for the form
and extent of necessary documentation. Worker clearances can take several days
and require duplicate efforts, resalting in lost worker productivity, greater
staffing costs, and ultimately, more costly outages. Indeed, one estimate of the
direct costs of in-processing new workers was as high as $800/worker in 1982.
With outages involving one to several thousand personnel being common, this is a
substantial cost penalty, especially if delays of in-processing extend an outage
and cause an additional power production cost to the utility (and, subsequently,
customer) of at least $15,000/hour for a large facility. The solution under
study consisted of a cooperative effort by utilities to develop a common system
with a central computerized data base that would be available to participating
plants for obtaining basic historical data on temporary and transient workers.

Generally, exposure records at nuclear power plants are stored at the plant
or corporate headquarters and, in many cases, are computerized. The plant opera-
tors are required to keep personnel exposure records on not less than a quarterly
basis for any employee who is likely to receive 25 percent of the allowable occu-
pational exposure specified in 10CFR20.101(a) and 20.201, i.e., 25 percent of
whole body dose of 1.25 rem/quarter. These records must contain all the informa-
tion found on Form NRC-5, although the format may vary. Quarterly exposure re-
ports and records of any bioassays or whole body counts (10CFR20.108) must be
maintained until the NRC authorizes disposal (10CFR20.401). Dosimetry processing
companies also have records for the dosimeters they processed, which include some
personal identifying information. These may be used if exposure information is
missing at the plant.

Licensees must report individual overexposures and annual dose distributions
for the whole facility to the NRC. Neither of these reports is useful for an
epidemiologic study. The overexposure reports contain information that identi-
fies the individual but not his or her cumulative dose. The annual dose distri-
bution reports contain no individual identifying information or individual dose
information. A potentially useful report is the report of personnel monitoring
on termination of employment (10CFR20.408). Upon termination, the licensee is
required to report to NRC an individual's exposure while working for the licen-
see. However, the law does not require that doses be recorded according to year.

Virtually everyone who enters a commercial nuclear power plant receives a
dosimeter, so there appear to be few problems with missing data. On the con-
trary, there is an over-abundance of data which must be sifted through to find
the records of permanent employees as opposed to visitors and contractors. This
task can be somewhat eased if personnel and exposure records can be computer
matched and sorted. For maximum efficiency, exposure record systems should be

236



computerized from the beginning of plant operation. Unfortunately, many of the
computerized plants surveyed have new systems dating back only a few years or
have systems that only include active employees. For the purposes of an epidemi-
ologic study, it is desirable that all exposure records are put into computerized
form so an historical roster of all employees and their exposures can be gener-
ated.

The result of the AIF study indicated the typical data elements currently
utilized or proposed on a computerized records system for iu-processing radiation
workers at nuclear plants include six major elements:

1. Personnel Data/Work History
2. Release of Information Statement
3. Exposure Records
4. Security Records
5. Medical Records
6. Training Records

It is obvious that only a small portion of these records provide information
which is directly useful to any potential study relating to health impact of
plant operations.

The first area, Personnel Data/Work History, includes various elements:

a) Identification Code (Social Security Number)
b) Name
c) Date of Birth
d) Sex
e) Worker's Group
f) Present Home Address
g) Employer's Code and Data
h) Employee's Work or Job Function

The second element, Release of Information Statement, is a general release
statement which may be necessary to avoid potential legal entanglement. Such a
statement would include the identification code (Social Security Number), a
signed release statement which would be kept on file at various facilities,
signed release statement date, and location.

The third element, Exposure Records, only include external penetrating whole
body doses as reported on the Form NRC-4. Only this information is required for
in-processing personnel. Quarterly exposure status is also needed to expedite
in-processing, and most plants require information to be reported as estimated
(pocket dosimeter) or official. Again, the elements of information under Expo-
sure Records are those which would be expected for external exposures. These
include:

a) Identification Code (Social Security Number)
b) Record Type (Offical or Estimated)
c) External Exposure Record
d) Start Date of Exposure at Plant
e) End Date of Exposure at Plant
f) Dose (Rems) at Plant
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g) Area or Organ Exposed (this generally includes ten different areas, ranging
from whole body, skin, extremities, to eyes, head, and gonads)

h) Dose Method (determined by one of several approaches which include TLD and
film badge, pocket dosimeters, calculations for 10CFR20, and various es-
timates including unofficial TLDs, pocket dosimeters, dose rates vs. time
estimates. In addition, type of exposure, whether penetrating or not, is
occasionally identified. For this information, only gamma and/or neutron
designation is required, so this entry meets the minimum requirements. In
addition, some information relating to the licensees may be provided as well
as some designation of the type of radiation, whether gamma, beta, neutron,
alpha, tritium, or combination.

The Internal Exposure information includes

a) Identification Code
b) Date of Sample Collection
c) Date of Ingestion If Known
d) Duration of Ingestion If Known
e) Date of Sample Analysis
f) Identification of Organ, including as many as seventeen particular organs
g) Identification of Nuclide, including element and number
h) Test Method, including urinalysis, whole body count, fecal analysis, or

others
i) Concentration of Dose with appropriate units, whether disintegrations per

second or Becquerel, millirems, nanocuries, etc.

Other information which might be appropriate for Health Physics purposes
include medical records. These again are coded to the Identification Code
(Social Security Number). Typical elements would include:

a) Examination type, such as respiratory, medical, annual or biannual examina-
tion, preemployment physical, termination physical, or others.

b) Examination date
c) Examination results
d) Examination elements (It is noted that mandatory examination elements have

not been defined by regulatory standards, but examination elements should
probably be at least as extensive as the requirements for respiratory medical
information.)

The last entries would include such information as location of medical
examination records or certificates. This would include information on the
physician and his files as well as the employer's files. In addition, some sort
of comments or remarks might also be included.

5.0 Recommendations

A retrospective study would be very difficult and costly to conduct, given
the present form of personnel and medical records. Although much of the necessa-
ry information exists, generally it is not in standard nor readily useable form.
This is especially true of older records. Historically, there have been rela-
tively few employees at nuclear power plants. However, the numbers are increas-
ing rapidly as new plants begin operation. If the power plants presently under
construction and those planned actually do come on-line, the number of employees
may quickly reach 200,000.
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For the sake of future epidemiologic research, the personal history of expo-
sure should be kept in retrievable form in permanent storage and should be avail-
able for re-analysis by other methods and for other purposes. With respect to
occupational radiation exposure, three categories of information should be
recorded as a minimum:

1. Personal identifying information.

2. The magnitude of any dose or exposure (recording internal and external
exposure separately).

3. The timing of the dose or exposure increments.

Since Items 2 and 3 are already required for most workers by law, in actual prac-
tice the additional requirements are additional personal information.

The trend in utility companies to computerize their personnel records will
be helpful for prospective studies. However, a computerized exposure record sys-
tem could more easily identify full-time employees and be more valuable for iden-
tifying a study population group than computerized personnel records. Better
accessibility of the medical records stored at the individual facility should be
provided; optimally, they should be computerized.

As long as an exposed individual can be identified uniquely, follow-up for
additional information is often possible. Since individual doses must be esti-
mated and recorded for legal purposes, these records could serve the additional
purpose of aiding epidemiologic research at practically no extra cost.

While the efforts of the commercial nuclear industry have been toward com-
pliance with present regulations and improving productivity, the potential risks
to utilities of 200,000 or more nuclear plant workers filing lawsuits under a
presently proposed law to compensate persons injured by radiation is staggering.
Indeed, the maintenance of accurate and reliable records addressing not only
ionizing radiation but also non-ionizing radiation and other potential environ-
mental factors such as access to asbestos, PCBs, and other carcinogenics, even at
a cost estimate of several million dollars per year is trivial compared to the
risk. Further, the improved productivity due to an integrated national data base
would substantially reduce the costs to the utility industry. Indeed, overall
costs, including productivity improvements, would probably show a positive cost
benefit.

The Health Physics Society should take the lead and establish a "blue rib-
bon" panel of experts to identify the appropriate epidemiological study elements,
appropriate data collection procedures, dosimetry program elements, quality
assurance program, etc. which would then be submitted to the NRC to be included
in 10CFR20 as appropriate. The nuclear industry, through INPO, AIF, or other
agency would establish the necessary programs to comply. Interfaces to other
"non-radiation" elements and factors should also be addressed.

Problems can be expected, but with tens or hundreds of billions of dollars
at risk, prudent and positive action is required now!
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COMPUTERIZED MICROGRAPHICS IN PROCESSING HARD-COPY

RECORDS FOR AN EPIDEMIOLOGIC STUDY

Donald M. Robie and Shirley A. Fry

Medical and Health Sciences Division, Oak Ridge Associated Universities, P. 0.
Box 117, Oak Ridge, TN 37830

ABSTRACT

The availability of computers with increasing capabilities has made feasible
epidemiologic studies involving large populations such as those utilized to
evaluate the health effects of occupational exposure to radiation. However, the
storage and retrieval of data from the large numbers of hard-copy personnel,
health physics, employment, medical, historical or anecdotal documents that are
the bases of such studies pose major logistics problems to investigators. The
potential value of such records to epidemiologic studies depends, not only on
their accuracy and completeness, but also on ease of accessibility. To address
the latter problem, we are using a stand-alone user-orientated electronic filing
system that records, stores, and secures hard-copy documents micrographically.
This system is controlled by a computer that provides a flexible method of index-
ing images filmed at random and provides retrieval of a document image and printed
copy (if desired) in less than 30 seconds from a maximum of eight fields. One
thousand documents are randomly filmed and indexed on computer storage diskettes
in two hours. Manual sorting and filing of the same number of documents takes
over a day. At present two thousand documents can be recorded on each microfilm
roll and 85,000 documents indexed on each diskette. Simultaneous searching for
documents can be done using up to ten terminals while indexing is being done at
the main terminal. The micrographics system provides the space-saving and
security advantages of microfilm with the speed of computerized data retrieval.

How well an epidemiology group collects, organizes, stores, retrieves, dis-
seminates, and makes use of information needed for research is the determining
factor in its overall success. Hands-on access to pertinent data and records is
absolutely essential in any epidemiologic research. The potential value of
records for epidemiologic studies depends not only on accuracy and completeness,
but also on the ease of accessibility.

The basic problem associated with information storage and retrieval for this
epidemiologic study is that there are available literally hundreds of thousands
of important available personnel, health physics, employment, medical, historical,
or anecdotal documents for the more than 70 active and inactive Department of
Energy (DOE) facilities throughout the United States; however, only a smalJ frac-
tion of these documents will ever have to be accessed.
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The Health and Mortality Study is concerned mainly with examining associa-
tions between occupational radiation exposure and subsequent mortality. The
health effects of chemical toxicants especially metals, are also under investiga-
tion as both primary and confounding occupational exposures. Another related
study is designed to examine possible health effects of occupational exposure to
radiation equal to or greater than the current limit of 5 rem per year.

At the present time, over 70,000 DOE Personnel Security Questionnaires are
being filmed and indexed using the computer-aided retrieval (CAR) system. Since
it cannot be determined in advance which specific documents will need to be
retrieved, all must be indexed and stored. The filing, indexing, and handling of
such a large volume of hard-copy documents in a strictly paper-based study would
be time consuming, costly, and poses serious logistic problems that could not be
corrected without the use of a computer. Paper-based information systems usually
do not allow expedient or versatile manipulation of the data. Even extensive
cross-filing techniques do not alleviate complex search and retrieval procedures.
The use of a computer speeds up the retrieval system and provides data in various
formats depending upon the researchers' needs. The flexibility of computer
software allows maximum use of the information in the data base, however, key-
punching or even direct entry can be slow, costly, and does not provide access to
the original documents.

Electronic filing uses micrographics to capture and store source document
information economically, and a computer to provide an effective and efficient
method of indexing filmed images for rapid retrieval (See Fig. 1). The main
components of such a system includes a file of microfilm cartridges that are
reduced coded images of the source documents. A microcomputer interfacing with
the microfilm reader/printer retrieves and displays information on the location of
the documents. All computer data are stored on magnetic diskettes. As source
documents for the research project are received, they are filmed randomly using a
16 mm rotary microfilm camera. A rotary camera has the ability to film rapidly
letter or legal-sized documents, fold-out documents, and continuous computer
printouts and requires minimum technical experience on the part of the operator.
Pre-sorting of documents is not necessary and updated copies of individual docu-
ments can be added later without need for refiling. Since the film is packaged in
a cartridge, loading is automatic and can be done in lighted conditions. The
camera automatically marks and counts each document using an electronic counter
and odometer. The original documents are automatically assigned a sequential
location number that corresponds to the location of its filmed image. Source
documents that have been filmed for this study include onion skins, letter and
legal-sized documents, DOE Personnel Security Questionnaires, computer forms, and
employment cards of various sizes, shapes, and colors.

The address, cartridge number, frame number, and other pertinent indexing
information relating to the documents are entered into th2 computer memory and
stored as part of the record in the database. When a specific document needs to
be retrieved, the address and supporting information is called up on the terminal.
After the indexing number is displayed on the terminal, the corresponding film
cartridge is searched automatically by the microfilm reader. The document is
displayed automatically in a matter of seconds on the microfilm reader screen
within arm's reach of the seated operator. If a hard-copy is required, a dry-
silver print can be produced. Although, two fields (last name and Social Security
Number) are used for searching in this study, up to six additional fields and up
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to 20 characters can be used. The film addresses (cartridge and film numbers)
that are identified by specific index entries or fall within a prescribed range of
entries are constantly displayed on the terminal. Subsequently, information may
be displayed in sequence or as selected by the operator. Quality control is used
to spot check unmerged records on the entry diskette for indexing accuracy. This
check is a means of determining operator efficiency. Unmerged records can be
changed or deleted during this check.

Approximately four thousand 8-1/2 x 11-inch documents are stored on a
standard film cartridge. Each cartridge represents one standard file cabinet
drawer or one cubic foot storage box. It is possible that over nine million
documents can be readily accessible at the work station. The double-density
diskettes can index up to 85,000 documents and can be changed in a matter of
seconds, thus, providing unlimited filing capabilities.

Five diskettes are used with this stand-alone computer system. The program
diskette stores the system's operating program wiih a second backup program
diskette. An entry diskette provides temporary storage of index records until
they have been verified; the file diskette provides the permanent storage of the
records. A backup file diskette and a second film cartridge are maintained at
another location as security copies to minimize the possibility of loss due to
fire, theft, or misuse. Microfilm is relatively inexpensive and its use reduces
costly storage space by up to 98 percent.

Using a rotary microfilm camera, approximately 2,000 documents can be
filmed and indexed on the terminal in three hours and retrieval time is greatly
reduced. Verification can be done as rapidly as indexing without rehandling of
source documents. Microfilm is dependable, secure, and is a legally accepted
medium of information transfer. Unless a document is needed for archival pur-
poses, the original can be discarded after filming. This stand-alone system
permits transfer to a main frame system at a later date when the source document
file increases to an unmanageable size.

Since the system displays a detailed list of functions and instructions and
is "user-friendly," non-technical personnel can operate the terminal. The opera-
tor selects the functions desired for searching, indexing, deleting, and quality
control of data. In addition to retrieving documents, new documents may be
indexed. Working directly from film, indexed information can be changed or
deleted. Since this CAR system is a fixed logic system, no programming skills are
required of the operator.

Prior to installation of the CAR system, 1,000 paper documents were filed in
an eight-hour period. This included rough sorting, fine sorting, and filing.
Alphabetical filing and indexing the same number of documents with this compu-
terized system takes two hours. In a paper-based system, locating misfiled
documents can be a time-consuming problem. Equipment and materials (i.e. file
cabinets, file folders, labels) costs and laboratory or office storage space are
expensive. Records filed on microfilm are in fixed sequence guarding against
misfiling, mislaying, alteration or loss, and minimum storage space is required.

An information storage system is only as effective as the speed and ease
with which the information can be retrieved. The CAR system combines the advan-
tages of micrographics and data processing. With CAR, the computer contains an
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index to the information in the computer. To retrieve the information, the user
scans the index, finds the location on the microfilm file, and with the help of
the computer, the information is extracted from the file and displayed on the
terminal screen within seconds.

Inspection

Microfilm Location
Assigned

Copy No. 1
Use

Loading

Copy No. 2
Security

1
1

Computer
Processing

Temporary
File

/ \
Online I
Index I

V /

Discard

Index Data
Captured

Documents Filed
Pending Inspection of Film

Sourca: Salfady, William, Microfilm in Racordi Manaotmcnt: A Consumer Handbook, National Micrographics Association,
Silvtr Spring, Md., 1982, p. 23.

FIGURE 1. Document Processing in a CAR System

This report concerns work undertaken as part of the Health and Mortality
Study of Department of Energy workers being conducted by Oak Ridge Associated
Universities with the collaboration of the School of Public Health, University of
North Carolina at Chapel Hill under Contract No. DE-AC05-760RO0033 between the
Department of Energy, Office of Energy Research, and Oak Ridge Associated Univer-
sities.
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RELATIVE AND ABSOLUTE RISK IN EPIDEMIOLOGY
AND HEALTH PHYSICS

Robert Goldsmith, Ph.D.
U.S. Department of Energy
Washington, D.C. 20545

and

Harold T. Peterson, Jr.
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555

ABSTRACT

The health risk from ionizing radiation commonly is expressed in two forms:
(1) The relative risk, which is the percentage increase in the natural disease
rate and (2) The absolute or attributable risk which represents the difference
between the natural rate and the rate associated with the agent in question.
Relative risk estimates for ionizing radiation generally are higher than those
expressed as the absolute risk. This raises the question of which risk estimator
is the most appropriate under different conditions. The absolute risk has
generally been used for radiation risk assessment, although mathematical combi-
nations such as the arithmetic or geometric mean of both the absolute and relative
risks, have also been used.

Combinations of the two risk estimators are not valid because the absolute
and relative risk are not independent variables, but are related by the following
function:

AR = I (RR-1),

where I is the natural disease incidence or mortality rate. This relationship
states that the absolute risk is proportional to both the excess relative risk
(RR-1) and the natural incidence in a comparable, but unirradiated population.

Both human epidemiologic studies and animal experimental data can be found
to illustrate the functional relationship between the natural cancer risk and the

*Paper prepared for the Sixteenth Mid-Year Topical Symposium of the Health Physics
Society, Albuquerque, NM, January 10-14, 1983.

This paper was prepared by employees of the United States Department of Energy and
Nuclear Regulatory Commission. It presents information that does not currently
represent an agreed-upon staff position. Neither DOE nor NRC has approved nor
disapproved its technical content.
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risk associated with radiation. This implies that the radiation risk estimate
derived from one population may not be appropriate for predictions in another
population, unless it is adjusted for the difference in the natural disease
incidence between the two populations.

Introduction

Epidemiologic studies of cancer etiology suffer from the inherent disadvantages
that the size of the exposed population and the conditions of exposure cannot be
controlled. Such studies must rely on existing populations exposed to potentially
hazardous agents or materials. Extrapolation of the findings from these studies to
other populations is dependent upon the approach used to derive estimates of risk.

There are two principal approaches which have been used for expressing the risk of
the stochastic somatic effects of ionizing radiation: The absolute risk model and
the relative risk model. The absolute (or attributable) risk is the excess diseass
rate in a population which can be attributed to the agent being studies. The
relative risk is simply the ratio of the disease rate in the exposed and comparison
populations. The difference between these approaches can be seen if they are
expressed mathematically:

Let Nirr be the size of an irradiated population,

Nun be the size of an unexposed population of similar composition to N?irr,

xirr ^ ^ s nuul'Der °f diseased persons in the irradiated population,

and Xyjj be the number of diseased persons in the unexposed comparison
population.

With ths terminology, the relative risk is:

xun

The relative risk per unit radiation dose is generally expressed as the excess
above the natural rate (RR-1):

I -1)
Nirr

i ( xirr -
H Xun Nirr

xun sirr £irr, (2)

Where H is the average dose to the irradiated population and Si r r is the collec-
tive or population dose (S^xr = H Nirr) which represents the totality of the
radiation doses given to individuals in the exposed group.
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Using the same nomenclature, the absolute, or attributable risk can be written
as:

(3)

The attributable risk per unit dose is:

n)/H
(4a)

which equals:
ĴJ % § (4b)

Risk Estimation

In general, the relative risk is the preferred measure of disease frequency
for epidemiologic studies designed to determine the likelihood of a casual
relationship. Absolute risk is the indicated measure when the disease association
with the exposure is already considered to be causal and.one is interested in the
potential impact.of preventive intervention.

However, for predicting the risk of low-level irradiation effects it is not
clear which model, relative or absolute risk, is the more appropriate choice.
This is a particular problem when the risk estimators must be used for populations
other than the populations from which they were derived.

The absolute risk has generally been used for projections of potential low-
level radiation effects. The United Nations Scientific Conndttee on the Effects
of Atomic Radiation (UNSCEAR) until recently used the absolute risk approach
exclusively. Others have used mathematical combinations of both the relative risk
and the absolute risk such as the arithmetic or geometric means. The latter
combinations are not valid because there is a functional relationship between the
two risk estimators. This relationship can be seen by solving Equations (1) for
Xirr/Nirr ant^ substituting this in Equation (3) which gives:

(5a)
Nun

As Xyn/toun is the natural disease incidence or irortality rate, I, this can be
written as:

AR = I (SR-1) (5b)

This equation shows that there is a relationship not only between the absolute
and relative risks, but also between the absolute risk and the natural incidence of
the disease in the study population.

Table 1 shows the results of epidemiologic studies of irradiated populations
which show two different factors affecting the absolute risk estimates. The breast
cancer data give a normal incidence in New York State which is a factor of 6.6
greater than the normal incidence in the Japanese population. The absolute risk
estimates reflect this difference, the ratio of the New York State population to
the Japanese also being 6.6.
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The thyroid cancer data in Table 1 show the Jewish population had an absolute
risk which was 3.3 times higher than the non-Jewish population- This was approx-
imately evenly apportioned between a higher natural incidence in the Jewish popu-
lation (1.88x) and a higher excess relative risk per unit dose (1.95 x higher in
the Jewish population).

There is evidence from animal studies, however, for a relationship between
the relative radiation risk and the natural disease incidence. Fry (Fry, 1980)
has assembled data on mouse tumor incidence which show an apparent relationship
between the relative risk and the natural incidence. These data are shown in
Table 2. The possible dependence of the relative risk on the natural incidence is
also suggested by the thyroid data shown in Table 1. These data suggest that
consideration may have to be given to the natural incidence of disease in both
populations when extrapolating radiation risk estimators from one population to
another.

Several studies within the last five years have indicated increasing support
for using the relative risk (excess relative risk per unit dose) model. Fry
(Fry, 1980) indicated that the relative risk appears to be preferred over the
absolute risk for interspecies comparison and extrapolation. Kato and Schull
(Kato, 1982) indicated that the relative risk of radiation-induced cancer closely
matched the age dependence of the normal incidence for all cancer except leukemia.
The experimental studies of Sacher (Sacher, 1975) and Grahn et̂  a^. (Grahn, 1978)
provide additional support for Fry's advocacy for the increased use of the relative
risk approach.

If the relative risk is used for estimating the potential results of ionizing
radiation exposure, then the predicted number of health effects will be higher
than the absolute risk projections by factors between 2 and 5, as shown in Table 3.
This outcome is most noticeable in lifetime cancer risk of females. Although
this increase is significant, it is not of a magnitude which would affect radiation
standard-setting or regulation.

Conclusions

It is clear that the general usage of the epidemiologic concepts of relative
and absolute (attributable) risk can offer some guidance for their usage as
radiation risk estimators. However, from the previous discussion, it is also
abundantly clear that caution should be exercised when using them for this purpose.
In particular, no matter which estimator is chosen, appropriate adjustments must
be made in order to extrapolate risk estimates from one population to another.
Furthermore, algebraic logic argues against a mathematical combination of the
estimators as a summary risk measure. Recent studies tend to indicate that the
relative risk estimator may be preferable in radiation epidemiology and health
physics.
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Table 1. Examples of the association between natural
incidence and radiation risk

Effect Population

Relative Risk Natural
Relative per rem Incidence Absolute Risk
Risk (Equation 2) (per 10^ (Equation 4b)

(Equation 1) (%/rem) person-years) (10~6 yr~l rem~l)

Breast Cancer Japanese A-bomb

Mastitis (NYS)

3.9

2.6

0.8

0.8

11.4

75.4

0.91 (0.39-1.4)

6.0 (2.5-11.0) CM

Thyroid Cancer X-ray therapy

Jewish

Non-Jewish

50

9.9

17.1

8.76

3.0

1.6

5.3

1.6



Table 2. Animal data which indicates
a possible relationship between

radiation risk and
natural cancer incidence

from R. J. M. Fry, 1980

Gamma Radiation
Relative Risk

(Percentage Increase

Tumor Type

Ovarian

Mammary Gland

Myeloid Leukemia

Mouse
Strain

RFM
BALB/C

BALB/C
BSCF^/Anl

RFM (male)
RFM (female)

Natural
Incidence

0.024
0.064

0.075
0.012

0.040
0.030

in Tumor Incidence
per Rad)

0.39
1.2

0.067
0.010

0.14
0.09
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Table 3. Comparison of the numbers of effects
calculated using absolute and relative risk estimators

(from Table 1 of the 1980 BEIR Report, NAS, 1980)

Ratio of
Exposure Absolute Risk Relative Risk Relative to
Conditions Computation Computation Absolute Risk

Single exposure to
10 rad (m) 2,600 8,800 3.4

(f) 5,500 16,200 2.9

Continuous exposure to
1 rad/yr to 10^ people

Lifetime exposure
from birth (m)

(f)

Exposure ages
20-65 (m)

(f)

Exposure ages
35-65 (m)

(f)

Exposure ages
50-65 (m)

(f)

16,200
37,600

11,100
25,400

6,800
14,700

3,100
6,300

31,100
185,200

15,000
49,500

7,600
17,500

3,100
6,300

1.9
4.9

1.4
1.9

1.1
1.2

1.0
1.0
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THE DEVELOPMENT OF CANCER RISK ESTIMATES FROM EPIDEMIOLOGIC STUDIES
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ABSTRACT

Radiation risk estimates may be made for an increase in mortality from, or
for an increase in incidence of, particular types of disease. For both endpoints,
two numerical systems of risk expression are used: the absolute risk system
(usually the excess deaths or cases per million persons per year per rad), and the
relative risk system (usually excess deaths or cases per year per rad expressed as
a percentage of those normally expected). Risks may be calculated for specific
age groups or for a general population. An alternative in both risk systems is the
estimation of cumulative or lifetime risk rather than annual risk (e.g. in excess
deaths per million per rad over a specified long period including the remainder of
lifespan). The derivation of both absolute and relative risks is illustrated by
examples. The effects on risk estimates of latent period, follow-up time, age at
exposure and age standardization within dose groups are illustrated. The depend-
ence of the projected cumulative (lifetime) risk on the adoption of a constant
absolute risk or constant relative risk is noted. The use of life-table data in
the adjustment of cumulative risk for normal mortality following single or annual
doses is briefly discussed.

Introduction

This review paper discusses the methods of deriving estimates of risk for
epidemiologic data and the factors affecting the numerical values of risk so
derived. Topics such as the differences between absolute and relative risks,
annual risk and lifetime risk, age and sex correction of data, and application of
life-tables will be treated in elementary fashion by means of examples taken from
the epidemiologic literature. Some of the methods and factors discussed here have
recently been presented by Beebe (l) using different illustrative examples taken
from the studies on the Japanese A-bomb survivors.

The scope of this paper will be confined to risk estimates of cancer induced
by ionizing radiation drawn from cohort studies; i.e. comparisons between exposed
and unexposed (or "control") populations. Cohort studies constitute the primary
basis for the estimation of risk from all noxious agents including carcinogens.
The secondary method of evaluating risk from data on the frequency of exposure to
a noxious agent in a population exhibiting a specific illness versus a population
without the illness but otherwise similar (known as the case:control method) will
not be discussed here.
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General Form Of Cohort Study

The first part of this paper employs a particular cohort study to illustrate
the nature of the epidemiologic data and the subsequent estimation of risk. The
chosen study is the investigation by Boice and Monson (2) of breast cancer from
x-ray exposure of the chest. Table 1 presents the statistics of the study. Over
1000 young women being treated for tuberculosis by collapsed lung therapy (pneumo-

Table 1. Breast cancer in women after repeated chest fluoroscopy.
Data from Boice and Monson (2)

No. of women exposed
Person-years of follow-up 28011
Mean breast dose, rads 150
Breast cancer cases observed (0) ^1
Breast cancer cases expected8--(E) 23.3

a. from age and calendar year specific incidence
rates in the general population.

thorax) in Massachusetts, received multiple fluoroscopies over several years with
breast doses ranging from less than 30 rads to about 600 rads, and a mean dose
estimated at 150 rads. After follow-up for an average time of about 28 years,
Ul breast cancer cases were observed; this we call 0. The expected number of
breast cancer cases, calculated from the Connecticut cancer registry for female
populations at the same calendar incidence time as the exposed population and
with the same age distribution, was 23.3; this we call E. Thus the excess in
the exposed population, 0-E, is 1J.J. The risk can be presented in several ways:

(a) by calculating the excess cancer risk per 1000 persons for the specific
dose and time period: 16.9/1000 (Table 2);

(b) by calculating the risk on an annual basis with years dating from time
of first exposure (Table 3);

(c) by calculating the risk per million persons per year per rad (Table h).
This is conventionally the form of the absolute or attributable risk.

Table 2. Excess breast cancer cases per person (2).

(0-E) cases Ul-23.3 ,,- _
w £ = -in),?— =16.9 per thousand
No. of persons 10U7 ^

Table 3. Excess breast cancer cases per person per year (2).

(0-E) cases = Ul-23.3 _ g , 10-U
No. of person-years 28011 °
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Absolute Risk

Table k. Excess breast cancer cases per person per year per rad (2).
Absolute risk: crude rate, zero latent period.

0-E cases = JH-23.3 = . -6
No. of person-years x mean dose 28011 x 150

Within the Boice and Monson study there are similar data on a "comparison"
group of tubercular patients in the same institutions who did not receive the
multiple fluoroscopic exposures. This group constitutes an "internal" control
which is better matched to the exposed group than the external (Connecticut) pop-
ulation. In Table 5 the breast cancer incidence is calculated for the irradiated
and unirradiated groups and another point estimate of the absolute risk is made,
which is a little higher than that in Table h. This is a crude estimate since
no adjustments are made for two factors which affect the risk estimate: the
duration of the latent period and the distribution by age of the number of person-
years in the two groups. Both factors are discussed below.

Table 5< Breast cancer in women after repeated chest fluoroscopy (2):
absolute risk based on internal control.

No. of women
Person-years of follow-up
Observed no. of cancer cases
Mean breast dose, rads
Incidence per 1000 P-Y

crudea" absolute risk = 1.U6 - 0.79 10
150 X 10^

= h.kf cases/million/year/rad

Exposed

IOUT
28011

ill
150
1.1*6

Unexposed

717
19025

15
0

0.79

a. without age adjustment
without allowance for latent period

It is well known that the appearance of excess cancer following irradiation
is delayed, depending on the type of cancer and the age at exposure. For solid
cancer a common assumption is that the latent period is 10 years. In other words
early cancers in the exposed group may have been initiated before the radiation
exposure and should be excluded from both the exposed and the control groups to
derive an estimate of risk during the years of cancer expression. In Table 6
the data of Table 5 are corrected for latent period to exclude cancers appearing
during the first 10 years. The re-calculated point estimate is greater:
7.9 cases/million/year/rad.
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18511*
38*
150

2.05

12610*
11*
0

0.87

Table 6. Breast cancer in women after repeated chest fluoroscopy (2):
based on internal control, excluding cases in first 10 years.

Exposed Unexposed

No. of person-years
Observed No. of cancer cases
Mean breast dose
Incidence per 1000 P-Y

Absolute risk = 2.05 - 0.8? x 1000
150

= 7.9 cases/million/year/rad

*allowing for 10-year latent period

There is yet another way to summarize the absolute risk which is illustrated
in Figure 1. The cancer excess per 10^ person-years based on the external control
is plotted as a function of dose, and the best-fitting straight line is drawn
through the weighted points (2). For the 0-F data shown, the slope of the line
(increment per rad) is 2.9/million/year/rad. In Figure 2 a similar regression
line is drawn through the total incidence data as a function of dose, using in
this case the internal unexposed control with age standardization of the population
person-years at each dose point (3). In addition breast cancer cases during only
the first 5 years (in this example) were excluded. This regression line shows a
considerably steeper dose response than that in Figure 1, with an absolute risk of
5.8/million/year/rad.

Age and Sex Standardization

In many comparisons of exposed and unexposed populations there are different
proportions of age groups, or of the sexes, or of both. Cancer incidence (and
mortality) is usually a function of age, whether age at exposure to a carcinogen
or age at onset, and sometimes differs between the two sexes (e.g. thyroid cancer,
leukemia). Greater validity pertains to a comparison of populations where the
age distribution and sex ratio has been adjusted to a chosen standard. There are
several ways of choosing the standard - for example, the distribution in the con-
trol population; or the distribution over the entire population consisting of the
unexposed and the exposed groups as a whole.

The procedure for age standardization is illustrated in Table 7. The stand-
ardization pertains to the number of person-years of follow-up in each age group
since this controls cancer incidence rather than the number of persons in the
group. The data shown are for mortality from all malignancies except leukemia in
the Nagasaki A-bomb survivors 1955-1971* W. In this example the distribution in
the zero dose group of person-years between 5 age groups is made the standard: the
percentage of the total person-years is shown. Considering the 50-99 rad dose
group, the percentages of total person-years in the separate age groups vary from
the standard. The percentage is changed to match the standard and the number of
cancer deaths adjusted proportionally. The adjusted deaths are then summed over
all age groups in the last column. From this figure and the number of person-years
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at r i s k a new morta l i ty ra te i s calculated as shown in Table 7.
"been repeated for a l l dose groups.

This procedure has

Table 7. Example of age standardization for one age group.
Data for Japanese A-bomb survivors , Nagasaki 1955-7** (^)-

All malignancies except leukemia.

DOSE GROUP
(rads)

zero (control)

50-99

P-Y
% t o t a l

P-Y
% t o t a l
# deaths
Adj. P-Y
Adj. deaths

PERSON-YEARS AT RISK BY AGE GROUP

0-9 10-19 20-31* 35-^9 50+ All ages

18508 26U61 17077 1*+719 ^783 815^8
22.69 5.86 100%

23082
100$

1353 23082
12.503 Iit6.69|

Age-Adjusted Mortality Rate = k6.69 x 100,000 _
per 100,000 per year 23082

Figure 3 shows the overall effect of the age adjustment - the original data
points (crosses) are adjusted upwards or downwards to the standardized rates (solid
circles). The shift in this particular example is smaller than the standard
deviation of the mortality and there is l i t t l e impact on the linear fit shown.
These data played an important role in the BEIF III estimation of cancer risk from
low LET radiation (5).

Sex ratio adjustment is accomplished in a similar fashion, by adjusting the
number of person-years for each sex in each age group to a standard distribution.

Relative Risk

Turning now to relative risk we can again illustrate its calculation with the
Boice and Monson breast cancer study. Again the risk can be presented in several
ways. In Table 8 item _a shr . ,he simple ratio of 0/E for the total dose and the
period of observation: it the ratio of cancer probabilities in the exposed and
unexposed populations. ItemJb shows the excess risk as a percentage of the normal
risk - sometimes expressed as (0/E)-1. Item c_ shows the percentage increase in
risk per rad for the time of observation. The relative risk is independent of the
population size; however, its precision depends on size, or more specifically the
number of cancers observed. Like absolute risk it is dependent on follow-up time
and on age group.

Table 9 shows a measure of relative risk per rad known as the "doubling dose",
i.e. the dose for 100$ excess, which is derived from the excess risk per rad,
usually on the assumption of a linear dose-response relationship. In this simple
treatment of the Boice and Monson data it is about 200 rads.
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Table 8. Forms of relative risk.
Example: Breast cancer following repeated chest fluoroscopy (2)

(a) Relative risk (150 rads)

E ~ 23.3 " 1' 7 6

(h) Excess risk (150 rads)

x 100 = ̂ 4 x 10° =

(c) Excess risk per rad

, = -Ii = 0.51 per cent
E x mean dose 150

Table 9. Doubling dose derived from relative risk.

Dose required to double normal incidence or mortality

i.e. dose for 100$ excess (assuming linearity)

100 per cent 100 nr.r ,
= * = — — = 196 rads
excess per cent per rad 0.51

Factors Affecting Risk Assessment

(a). Latent period. The effect of ignoring the latent period is shown
diagrammatically in Figure h. If yield per year is constant after the latent
period as in the diagram (and this is an over-simplification), then the risk per
year will appear greater as the follov-up time increases. The longer the latent
period the greater is the understatement of the true risk during the expression
time. The latent period is not constant. It varies with type of malignancy:
2-3 years for leukemia, and typically a 10-year minimum for many solid cancers;
it can he very long in young subjects for the cancers typical of middle age, such
as lung cancers. Figure 5 shows a set of data published in 196k by Raventos and
Winship (6) for 528 cases of thyroid cancer developing after radiotherapy doses
to the neck. The mean value of the latent period was 12% years and only 38% of
the cancers appeared later than that, although a few cases appeared more than
30 years after irradiation.

(b). Follow-up time. The effect of the length of observation time on risk
is, as we have seen, linked to the length of the latent period to some extent. As
suggested in Figure 5 > the absolute risk averaged over the observation time will
increase until the time of peak annual incidence is reached and then decrease. The
cumulative incidence of breast cancer for one age group in the Japanese A-bomb sur-
vivors is shown in Figure 6 (7). During the years 1950-196^ there was an increase
in absolute risk for the 100+ rad group denoted by the concave upward curve. The
risk per year stabilized after 196U when the upper part of the curve became linear
about 20 years after the bombing, and shows little sign of decreasing up to 197-'i.
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However, because of the small normal incidence of breast cancer in young women, the
relative risk was higher for shorter follow-up (between 8 and 5) and then fell as
the normal cancer rate increased, approaching a constant value (between 3 and k)
as shown on Figure 6. Note that for the lower doses (0-99 rads) an excess did not
become evident until the follow-up time was greater than 20 years.

(c). Age at exposure. Age may have a strong effect on the appearance of
excess cancers associated with particular age groups. Two good examples of this
follow, drawn from the Japanese survivor experience.

Figure 7 (8) shows the cumulative death-rate from lung cancer for 5 age groups
as a function of time. For the first 25 years there was no excess in the 100+ rad
group compared to the 0-9 rad group for the age group 20 to 3^ at the time of
exposure. For ages 0-9 years at exposure there was still no excess in 1978 after
more than 30 years of follow-up. In the older age groups there is a steady in-
crease in absolute risk with time (concave upward) with an essentially constant
relative risk of 2 in the 100+ rad group compared to the 0-9 rad group. A
similar situation prevails in stomach cancer shown in Figure 8 (h) with no excess
seen in the youngest age group (10-19 years old at the time of exposure).

Contrast the situation in Figure 9 (M for leukemia, again with a cumulative
time plot. The sensitivity of the 0-9 year age group is clearly the greatest and
there is almost complete saturation of the effect, i.e., no further increase, in
most age groups by 1970 (25 years after the bombing). The strikingly high
relative risk (ratio of 100+ to < 10 rads ordinates) pertains to all groups,
but is highest in the children who were exposed.

Cumulative Risk Estimates

Although some graphs of the increase in total number of excess cancers as
a function of observation time have been presented (Figures 6, 7, 8 and 9), the
previous discussion has mainly concerned the annual rate of cancer excess, either
in mortality or incidence. The cumulative risk is affected by the factors shown
in Table 10 some of which have already been discussed.

Table 10. Factors Affecting Cumulative Risk Estimtes

1. Duration of latent period
2. Duration of expression time

(e.g.) 25 years for leukemia, lifetime for solid cancer?)
3. Age projection model: absolute vs. relative risk
h. Diminution of population at risk through natural mortality
5. Dose/effect model
6. Definition of dose

The latent period determines the time after exposure before the annual risk factor
applies. The expression time determines the subsequent number of years for which
it applies - this may be finite as in leukemia or ostoegenic sarcoma from Ra-22^
(9) (as discussed by C.W. Mays in these proceedings) or to the end of life as is
frequently assumed for most solid cancers, for example in BEIR III (5). The model
on which age projections are based for time beyond the period of observation —
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whether a constant absolute risk or a constant relative r isk, or an age-variable
risk — will have a significant effect on the esbinate of the to ta l excess cancer
in an aging population. One other factor needs to be included for cumulative
risk estimation particularly over long time periods: the diminution of the pop-
ulation at risk through natural mortality—eventually to zero.

The contrasting effects of the age projection model are well shown in
Figure 10 (5). Because of the increase in spontaneous incidence later in l i fe ,
the number of excess cancer cases under the constant relative risk model increases
with age, so that the predicted lifetime cancer excess is generally greater with
the relative risk projection.

This difference, with a simplistic mathematical formulation cf the cumulative
excess, is shown again in Figure 11, for a single exposure at age <£, the excess
beginning •£ years later and lasting until death. These simple models are in-
accurate because of the failure to correct for intercurrent deaths which reduce
the population at risk as noted above. The correction is usually made on the
basis of a standard l ife table which l i s t s survival as a function of age (10).

Table 11. Cumulative mortality per 100,000 men for radiation-induced
leukemia following single 10-rad exposure at age 20

1 2 3 h 5
5-year age Mean surviving Absolute risk (b) Relative risk (c)

period population (a) leukemia deaths Normal Radiation
leukemia leukemia

20-2M&) 99610 0 9.05 0
25-29 98638 U.93 9,15 1.86
30-31* 97713 ^.88 10.50 2.15
35-39 96653 ^.83 12,65 2.53
U0-4U 95153 U.76 17.50 3.50
U5-50 92828 k.6k 2U.10 ^.82

Total 2U.10 1U.86

Assumptions:

(a) U.S. 1976 life table for males corrected for excess leukemia deaths (10)
(b) absolute risk at age 20* = l/million-year-rad = 5/10^-5 yr-10 rad ( l l )
(c) relative risk at age 20* = 2% per rad = 20$ per 10 rad ( l l)

5-year latent period

Table 11 gives a simple numerical example of the correction and integration
process for both the absolute and relative risk models. The example chosen is
cumulative mortality from leukemia following a 10 rad whole body dose at age 20
for an elapsed time for 30 years. For the purposes of i l lustrat ion, the absolute
risk is 1 per million-year-rad and the relative risk 2% per rad, both taken from
the BEIR I Report ( l l ) . Since 5-year age periods are considered, a 5-year latent
period is assumed. The 5-year increment of leukemia gradually falls with the
absolute risk model (column 3), because there are fewer people at risk (column 2) ,
while the increment with the relative risk model gradually increases (column 5)
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following the increase in leukemia incidence (column U), which is also corrected
for the diminishing population at risk. Actually another correction in the sur-
viving population is made to account for additional population loss from radiation-
induced leukemia during the preceding 5-year periods but this is relatively minor.
Because of the young age of exposure and the consequent small normal leukemia
incidence, the relative model in this example shows a smaller cumulative risk than
the absolute model.

If the population is exposed to a constant annual dose, such as that from
background radiation, making estimates of cumulative risk is numerically more
complex. Figure 12 employs a simplistic model for predicting the total lifetime
cancer excess assuming a constant absolute risk after a fixed latent period to
the end of life in a population exposed from birth to a constant annual dose and
which survives uniformly to age d. This figure also can be interpreted as ill-
ustrating the build-up of cancer risk in a single individual exposed to a constant
annual radiation dose throughout life. In the diagram the lifetime cancer risks
which start •?, years after each increment of exposure, are summed. The last Z
years of exposure before death do not contribute to risk ("wasted radiation"),
so that there are (d-Z) risk increments starting with the earliest a(d-Z) , where
a. is the absolute annual risk following one annual dose increment. The maximum
annual risk in this model is also d[d-Z) experienced in the last year of life, and
the effective mean risk per year after age Z is one half of this final risk, name-
ly \ <x[d-Z) . The total cumulative risk is the sum of the area increments, namely
% a[d-Z) . Rote that in this model (Figure 12) there is no correction for inter-
current deaths so that the population at risk in the older age groups is grossly
overstated.

The effect of population depletion is indicated in Figure 13 where the risk
ordinates for each increment of dose have been corrected according to lifetable
survival (10). For simplicity Figure 13 is designed for 5-year constant increments
of dose and an approximate function for population survival is applied, assuming
maximum longevity of 90 years. Computer programs are available which modify the
risk per million of the starting population per rad per year (absolute risk) or
the normal incidence of specific or all cancers (the denominator for relative risk)
according to a selected lifetable. The lifetable varies with sex, country and
calendar year, (and strictly with location within countries). In Figure 13, the
more realistic age for maximum cancer excess is about 55 years (maximum sum of
hatched ordinates by age). The excess clearly falls steeply beyond age 60. The
modified cumulative cancer excess is approximately 58% of the excess predicted by
the simplistic model depicted in Figure 12. The earlier discussion clearly
suggests caution in applying a constant absolute or relative risk for all types
of cancer and for all age groups, particularly at the younger ages.

For completeness reference is made to the important effect on risk estimation
at low doses which derives from the dose projection model. This has been discussed
extensively in the 1980 BEIR Report (5) and by others in these proceedings.
Figure ih shows the three projection models used by the BEIR Report starting from
a common risk at 100 rads; namely, the linear, linear-quadratic and quadratic
models. Table 12 shows three cumulative risk estimates of leukemia for a lifetable
population receiving a single dose of 10 rads, and the dramatically lower risk with
the quadratic (square law) model.
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I t is often stated that in the linear-quadratic model the low-dose risk is
one-half of that in the linear model. However, this is only true if the linear
and square law components are equal at 100 rads (as shown in the Figure). On the
other hand, if these two components are equal at 10 rads, the ratio of LQ and L
ini t ia l slopes is 1:11; i . e . , the low dose risk is 11 times smaller for the linear-
quadratic model compared with the linear.

Table 12. Leukemia risk according to three dose-response models,
for a single 10-rad dose to a life-table population
using age- and sex-specific absolute risks according
to BEIR III Report (5)

Dose response model Excess leukemia per million
(cumulative)

Linear ^70
Linear-quadratic 227
Quadratic 29

One important final point on the subject of dose deserves attention. Risk
estimates depend on the definition of dose. Dose where? I t is not generally
recognized that the adoption for the Japanese A-bomb survivors by the BEIR Report
1980 (5) of mean whole body dose of low LET radiation instead of kerma (in air)
as in 1972 ( l l ) , increased the risk per rad by a factor of 2. For accurate cal-
culations of risk, therefore, when applying the 1980 BEIR Report estimates, a l l
whole body doses should be corrected to mean absorbed dose; otherwise an over-
estimate by a factor of 2 or more will occur, depending on radiation quality.
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Figure 1. Excess breast cancer/cases/100,000 women-
years at risk by estimated average dose to
breast (data of Table I expanded by dose
grouping). The best fitting least squares
line and 80% confidence limits are shown.
(Reprinted by permission of J. National
Cancer Institute and the authors-Reference 2)

8REAST TISSUE COSE IN RAD

Figure 2. Dose-specific breast cancer rates for cases
occurring more than 5 years after first
exposure with 50% confidence limits. The
least squares linear fit is shown. Data
for each dose group is age standardised.
(Reprinted by permission of JNCI and the
authors - Reference 3)
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Figure 3. Effect of age standardization on mortality
from all cancers except leukemia in the
Nagasaki A-bomb survivors 1955-197^. Data
from Reference h.
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Figure k. Effect of ignoring latent period on
assessment of absolute risk as a
function of observation period.
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Figure 5.
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Frequency plot of latent interval for
occurrence of thyroid cancer following
therapeutic x-ray exposure of the neck
region (Reprinted by permission of
Radiology and the authors-Reference 6)
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rigure 6. Cumulative incidence of breast cancer per
1000 survivors in Hiroshima and Nagasaki,
1950-197^ for women aged 20-29 at the time
of the atom 'bombing. The approximate
relative risk of those receiving more than
100 rads compared to those in the 0-9 rad
dose range is shown as a function of calendar
time. (Reprinted by permission of JIICT ani
the authors-Reference 7)
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TEAR OF DEATH

Figure 1. Cumulative mortality from lung cancer between
1950 and 1978 among the A-bomb survivors in
Hiroshima and Nagasaki by age group at the
time of the bombing. The mortality of groups
receiving more than 100 rads is compared with
that of groups receiving less than 10 rads.
(Reprinted by permission from Radiation
Research and the authors-Reference 8)

Figure 8. Cumulative mortality from stomach cancer between
1950 and 197^ among the A-bomb survivors in
Hiroshima and Nagasaki by age group at the time
of the bombing. The mortality of groups
receiving more than 100 rads and less than
10 rads is compared. (Reprinted from Reference k)
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Figure 9

Cimiulative mortality from leukemia
between 1950 and 197^ among the
A-bomb survivors in Hiroshima and
Nagasaki by age group at the time of
the bombing. The mortality of groups
receiving more than 100 rads and less
than 10 rads is compared. (Reprinted
from Reference U)
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Figure 10. Radiation-induced cancer effect superimposed on spontaneous
cancer incidence by age showing difference between risk models.
X is time of exposure: I is latent period (Ref. 5)
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Cumulative (lifetime) risk
according to absolute and
relative risk models for
single exposure at age Z.
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l i n e a r R=kD known effect ,'/

linear-quadratic R=aD+bD2

(aD=bD2 for D=100)

•--- quadratic R=cD2

RISK R
(arbitrary

units)

50 75
DOSE D (rads)

1 0 0

Figure lU. Form of dose-response curves for linear, linear-quadratic
and quadratic dose projection models. For the particular
L0 curve shown, the responses proportional to D and D̂
respectively are equal at 100 rads and i t s slope at low
doses is 50% of the L slope.
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THE BEIR MODELING APPROACH AS COMPARED TO THE UNSCEAR LIFETIME RISK

by

J. W. Healy
Los Alamos National Laboratory

Health Division
P. 0. Box 1663

Los Alamos, New Mexico 875^5

ABSTRACT

The methods of deriving risk numbers from the
UNSCEAR report and the BEIR report are compared. The
UNSCEAR lifetime risk is simple to use and probably
appropriate for such uses as derivation of standards.
The BEIR life table approach is more complex but does
provide information useful for deriving individual
risk to be used in studies of probability of
causation. In addition, the BEIR risk estimates can
be varied to accomodate the age distribution of the
population actually exposed.

Introduction

The risk coefficients most commonly used for the assessment of the number of
cancers that may occur from a radiation exposure to an individual or to a group of
people are those derived by the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) and the National Academy of Sciences-National
Research Council Committee on The Biological Effects of Ionizing Radiation (BEIR).
The most recent of these reports discussing cancer induction was in 1977 for the
UNSCEAR,Committee and in 1980 for the BEIR Committee. A more recent report from
UNSCEAR was issued in 1982 but this report focuses on the so-called
non-stochastic effects, or those effects that are reasonably consistent in all
exposed people at a given dose and, in general, have a threshold dose before any
effect occurs. Both groups used the human data available from studies of exposed
persons in a number of different countries. These data arose from studies of the
survivors of nuclear bomb detonation, exposure from medical practices or exposure
from industrial practices.

This work performed under the auspices of the U. S. Department of Energy.
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There are several differences between the two organizations in their approach
to analyzing and applying these data. This paper focuses on one of these
differences in methodology: the use of the lifetime risk by UNSCEAR and a life
table modeling approach by the BEIR Committee.

The UHSCEAR Approach

The UNSCEAR Committee derived a lifetime risk based upon the number of cancers
that have occurred in the study groups and an estimate of the median latent period.

In order to extrapolate information from the human studies which were
conducted over a limited period of time, the UNSCEAR Committee used several
assumptions. These are:

(1) The median latent period for all cancers except leukemia was taken as 25
years. Thus, about one-half of the total number of cancers would occur within 25
years from exposure. This value was chosen after reviewing studies that showed
mean latency periods ranging from 20.3 years to 27-3 years with one study of skin
cancer showing a mean latency period of 40.3 years.

(2) No correction was made for reduction of the population size by deaths
caused by factors other than radiation. This could result in an overestimate of
the total number of cancers induced by radiation, particularly for groups that are
irradiated at older ages.

(3) The results were assumed to apply to a population with an age
distribution similar to that of interest. In some cases, specific estimates can be
made for a given age group but only in the Hiroshima and Nagasaki populations can
the effect on a full population be estimated.

At Hiroshima and Nagasaki the leukemia risk was essentially zero after 25 to
30 years following exposure. This meant that the full expression of the enhanced
risk had been completed by this time and this risk was used by the UNSCEAR
Committee to estimate the total cancers of all types that were to be expected. In
this estimation they used the ratio of total cancers to leukemia derived from
mortality studies on American radiologists, the ankylosing spondylitic patients
treated with x-rays to the spine, and patients treated with pelvic irradiation.
From these studies they noted that the number of deaths from all cancers other than
leukemia will probably be 4 to 6 times those from leukemia alone. A dose
dependency for the induction of leukaemia was noted falling from about 50 x 10
rad" at high doses to 15 - 25 x 10" rad~ at moderate doses. Thus, at doses of
interest in radiation protection, the total number of cancers, including leukemia-
would be 5 to 7 times that of leukemia or about 100 x 10~ rad" (75 to 175 x 10
rad ).

The UNSCEAR approach provides a direct application of the information
available with simple assumptions required to convert data from a limited study to
an estimate for the full effective period. The method used by UNSCEAR in their
derivations is the absolute risk of the BEIR Committee.

The BEJP Approach

The BEIR Committee has introduced several innovations in analyzing the data
and in extrapolating to periods longer than those for which the data were obtained.
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Among these are the use of both the absolute risk, as in the UNSCEAR approach, and
the relative risk; the use of a linear-quadratic and quadratic, as well as linear,
dose effect relationships to obtain coefficients for doses lower than those in the
populations studied; and the use of a life table method for accounting for
surviving populations after exposure. In this paper only the life table modeling
is discussed.

The model used by the BEIR Committee is shown graphically in Figure 1. It
consists of a latent period following exposure with a subsequent period of constant
risk for the absolute coefficient or a risk increasing in proportion to the normal
risk for the relative risk approach until the risk is dissipated. In this model
the absolute risk coefficient is expressed as cancers per million people exposed to
one rad per year while the relative risk is given as percent increase in the
natural incidence per rad.

This model is used in conjuction with a life table that expresses the
population remaining at different ages for 100,000 live births. Such life tables
change with time, with particular areas, and with the ethnic mix and socioeconomic
standing of the population. By using such a life table in conjunction with the
model for risk following exposure, it is possible to correct the risk at later ages
by eliminating those who have died from other causes. For example, if an
individual is exposed to a risk that will produce one cancer per year for the
remainder of the life time of an individual, the total risk is simply the sum of
the probabilities of living to each succeeding age (taken as the number of people
living at a given later age per person exposed) multiplied by the risk of 1 per
million.

Finally for population exposures the age distribution of the population must
be taken into account. The total number of cancers from a single exposure to
radiation to all of the members of the population can be obtained by multiplying
each of these population age group values by the appropriate age risk value and the
risk coefficient appropriate to the age group. For extended exposures, summation
over the time of exposure must be done.

The coefficients for total cancers in the BEIR-III report were obtained by
fitting regression coefficients to the Japanese data on the assumption that the
shape of the curve did not change with age or sex, but the magnitude of the effect
did change. This procedure was used because of the decision to use the
linear-quadratic and quadratic relationships between effect and dose. In order to
provide fits, a wide range of doses with corresponding effects is needed and the
only human data to allow such correlations was that from the Japanese survivors.
The procedure allowed derivation of coefficients in 5 different age ranges and for
both sexes.

Two groups of cancers were fitted separately because of the observed
difference in latent period and persistence of the risk. Leukemia plus bone cancer
were placed in the first group with a latent period of 3 years and a persistence of
the risk of 27 years. The second group consisted of all other cancers with a
latent period of ten years and a risk that continued for the remainder of life.
These coefficients are given in Table 1 for the linear fit.
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Figure 1. The risk model used by the BEIR Committee.
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Table 1

Absolute Risk Coefficients for the BEIR Linear Model

Canoep deaths per year rad pinion

Ass.

Years
0-9

10-19
20-34
35-49
>50

Discussion

Leukemia and

Hals.

3.98
1.85
2.60
1.92
4.32

Pone Carjp̂ j*
female

2.54
1.19
1.67
1.24
2.76

Other

Male.

1.92
1.46
4.33
5.29
8.81

Cancers
Female

2.58
1.96
5.81
7.10
11.82

The methods of analysis of data and presentation of results differ widely
between the UNSCEAR and BEIR Committees. The UNSCEAR Committee has used the
linear-no threshold hypothesis throughout and has remained with the absolute risk
concept. This has allowed the use of a wide variety of data. In fact, they state:
"The strength of the available information depends heavily upon the consistency of
estimates obtained under different conditions - -."

The results of the UNSCEAR analysis provide the total number of cancer deaths
per rad received, and this can, presumably, be applied to individuals or
populations, regardless of their age differences. However, in cases where data
are available, separate estimates of the total risk are made for specific age
groups, such as children. A great appeal of this method for the user is its
simplicity. One need only multiply a dose or collective dose by one number to
estimate the number of cancers. This is certainly adequate for many uses, such as
deriving standards. In fact, it may be that this is about as accurate as one
should get in most cases considering the present state of the data.

The BEIR Committee's life table approach is much more complex to handle,
usually requiring computer facilities to do it justice. As a result, most users
quote from the analysis of total cancers in an irradiated population from the
tables in the BEIR reports. For example, a single exposure of the
U. S. population to 10 rads is estimated to produce 766-2255 excess deaths from
cancer with the linear-quadratic dose relation and 1676-50.14 for the linear
relationship. The range in the numbers above result from the use of the absolute
and relative risk expressions. It is of some interest to compare these results
with those of the UNSCEAR approach. Since the UNSCEAR Committee used only the
absolute risk and linear relationship, the comparison should be done on this
basis. This comparison is given in Table 2.

In Table 2 the first number for BEIR-III was derived from a single dose, as
given above, while the second number is derived from a continuous lifetime
exposure for 1 rad/year. The results of this comparison indicate that both
procedures give similar numbers for the conditions assumed for the BEIR study. In
fact, if the linear-quadratic relation for extrapolating from higher doses is
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TABLE 2

Comparison of BEIR-III Population Risk
and UNSCEAR Lifetime Risk

Excess Mortality
per rad

BEIR-III 158-167
UNSCEAR 75-175

chosen, the risk of mortality per rad is about 75 per million in the BEIR report
so that these two methods bracket the range of the UNSCEAR study.

A very useful feature of the BEIR method is that it can provide additional
information about the age structure of the risk which results simply because of
the remainder of time to live. For example, Figure 2 shows the age dependency of
the total lifetime risk of exposure to an undefined source of risk that causes 1
death per million per year. Latency periods and duration of risk are assumed as
those for the BEIR categories of leukemia plus bone cancers and those for all
other cancers. The difference between the risk at younger ages and older ages is
apparent for the risk with lifetime duration. However, for the risk with a
duration of 27 years and a latent period of 3 years the total risk is about the
same for a large range of ages up to 50-60.

If the age and sex specific risk coefficient of the BEIR report are
multiplied by these non-specific total risks for the proper age and sex, the
individual risks from a single exposure of 1 rad at the age given are obtained and
are presented in Table 3- The discontinuous nature of the estimates is accounted
for by the BEIR coefficients for a range of ages. The total number of cancers in
a population is, then, obtained by multiplying this risk at the given ages by the
number of people in the appropriate population age group and summing.

Table 3

Estimated Lifetime Risk of Cancer Death for
Exposures at Different Age.

Total Lifetime Risk per Million

Age at
Exposure

Years
0-9

10-19
20-34
35-19
50-70

fjpukemi^

69-71
33

45-46
30-33
27-66

Females
fspd Bone Other

157-177
100-117
214-290
163-255
56-260

Males
Leukemi^ find Bone

109-110
50-51
67-70
41-49
37-90

Other

109-173
69-81

200-145
108-133
39-173
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Figure 2. The Lifetime Risk resulting from a single exposure
to an agent that results in a risk of 1 in a million
per year with latent periods and durations as used
by the BEIR Committee.
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An interesting feature of the life table method is the ability to estimate
the risk at a given age and the cumulative risk to that age. As a simple example,
consider a male who receives a dose of 10 rads offilow LET radiation at age 25. At
age 25, the BEIR risk coefficient is 4.33 x 10~ per radgper year for death by
cancers other than leukemia and bone cancers and 2.6 x 10" for leukemia and bone
cancer. Thus, for,, ages 28-35 his annual risk is primarily from leukemia at a
level of 2.6 x 10 because of the short latent period for these cancers. From
ages 35-55 the total annual risk of cancer is 6.Sk x 10" and after the 30 year
period of leukemia risk it drops to 4.3 x 10" . Note that this is for an
individual who is alive or dies of a cancer during a given year.

These concepts from the BEIR methods are extremely useful in applying the
probability of causation discussed by Dr. Voelz. For this, it is necessary to
estimate the risk of a given type of cancer occurring in a person of a given sex
and age in order to compare against the normally expected incidence. The UNSCEAR
approach will not provide these answers because it addresses only the total number
of cancers and not when they will occur. The BEIR method allows prediction of
probability at a given age and sex (and, even, race, if life tables are
available). However, to obtain such estimates for type of cancer, the risk
coefficients for that type of cancer given in Appendix A to Chapter II of the BEIR
report must be used.

For a continuous dose uniform over a period of years, the risk in any year
after the latent period and before the risks expires is the product of the dose
times the dose coefficient times the number of years since the latent period.
This is illustrated in Figure 3-

Finally, the present situation with regard to these estimates must be
considered when either method is used. The Hiroshima-Nagasaki data provide a
strong influence on the data used for both methods. The findings that the
dosimetry, particularly in Hiroshima, may be questionable has raised doubts about
the accuracy of both methods. As noted earlier, however, the UNSCEAR Committee
paid considerable attention to the consistency among various data sets. The BEIR
Committee used only the Japanese data in their overall estimates so that they had
a simple set of information covering a range of doses and ages with both sexes.
The influence of this procedure on their estimates and the shape of the curves
will not be known for some time. However, the relatively close agreement with the
UNSCEAR estimates may indicate that the situation is not as bad as it could be.
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Figure 3. Schematic illustration of the incremental increase
in risk from continuous exposure.
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"WHAT IS THE PROBABILITY THAT RADIATION
CAUSED A PARTICULAR CANCER?"

George L. Voelz, M.D.
Health Division

Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT

Courts, lawyers, health physicists, physicians, and
others are searching for a credible answer to the question
posed in the t i t l e of this paper. The cases in which the
question arises frequently stem from an individual that has
cancer and they, or their next-of k in, are convinced that a
past radiation exposure—usually small—is responsible for
causing i t .

An arithmetic expression of this problem is simple: the
probability of causation by the radiation dose in question is
equal to the risk of cancer from the radiation dose divided
by the risk of cancer from all causes. The application of
risk factors to this equation is not so simple. I t must
involve careful evaluation of the re l iab i l i ty of and varia-
tions in risk coefficients for development of cancer due to
radiation exposure, other carcinogenic agents, and "natural"
causes for the particular individual. Examination of our
knowledge of these various factors indicates that a large
range in the answers can result due to the variabil i ty and
imprecision of the data. Nevertheless, the attempts to
calculate a probability that radiation caused the cancer is
extremely useful to provide a gross perspective on the
probability of causation. I t wi l l l ikely rule in or out a
significant number of cases despite the limitations in cur
understandings of the etiology of cancer and the risks from
various factors. For the remaining cases, a thoughtful and
educated judgment based on selected data and circumstances of
the case wil l also be needed before the expert can develop
and support his opinion.

This work was supported by the US Department of Energy under contract
No. W-7405-ENG 36 with the University of California.
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Introduction

The question in the t i t l e of this paper is a subject of immense interest
today. More cases are finding their way into the courtrooms of our country each
year for a legal decision on questions of whether ionizing radiation is a causative
agent of health effects in former radiation workers or, in some special cases, even
members of the general public. Cancer is the most l ikely disease for which the
question arises.

The word cancer is a layman's term to describe a growth or tumor that is
characterized by potentially unlimited growth of cells with local expansion by
invasion of neighboring tissues and systemic spread by metastasis. There are many
different types of cancer; each type can be identified by recognition of basic cell
features that are characteristics of the tissue or organ from which the cancer
arose. Therefore, most cancers can be identified as to type. We do not know
exactly how the control of cell reproduction and growth gets changed to produce a
cancer. We know cancer is not a single disease and can be caused by a variety of
circumstances and agents, including genetic heritage, age, immunological
deficiencies, and exposure to physical and chemical agents. I t is not possible to
identify the cause of a particular cancer by any diagnostic test; a specific type
of cancer appears to be the same disease regardless of cause. A legal determinaion
of the cause of a cancer is addressed by a series of expert witnesses reviewing the
facts and presenting an opinion. The expert opinion is , hopefully, based on
present knowledge, but i t is readily apparent that the expert opinions are highly
variable and diametrically opposite opinions are frequently forthcoming.

The purpose of this paper is to discuss a method that expresses the radiation
dose and associated cancer risk in terms of probabi l i t ies. This type of
determination, while i t may possibly enter into the opinion of an expert witness,
is not commonly used in legal cases as a numerical determination. Such a
probability calculation could be used as a principal determinant as to whether
radiation was "more likely than not" to have caused the disease. Could such a
determination reduce the time and costs involved in l i t igat ion of these cases? Is
there enough information available that this type of method can provide useful
answers to the question? Will the courts or hearing boards accept a more
mathematical, dare we say objective, method for arriving at an answer?

Obviously the la t ter question cannot be answered unt i l one develops and
examines the idea that a calculated probability is desirable and more reliable than
the existing system. In fact, such development and evaluation is going on now by a
committee of the National Council on Radiation Protection under the chairmanship of
Dr. Victor Bond. Until their report becomes available, i t behooves us to become
aware of some basic ideas for deriving probabilities in this type of question and
to start thinking about the limitations and strengths of this method. Those called
upon to address questions on the "probabil i ty of causation" of cancer after
radiation exposure should apply these calculational techniques to gain experience
in this application. Discussion on the practical application of this concept to
cancer risk attributable to radiation exposure has been presented by Bond.

The basic principle of calculating probability of causation is deceptively
simple. One takes the risk of cancer per year for the radiation doses in question
and divides by the total risk of cancer per year for the particular individual.
Thus, we are dealing with two risk terms: (1) risk of cancer induction after
radiation, and (2) the total risk of cancer induction in the individual. In this
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paper I would like to explore, in a preliminary way, our knowledge about these two
terms. Let us start with the numerator — the risk of cancer after a radiation
dose(s).

The Numerator — Risk of Cancer After Radiation Dose

This meeting focuses on the epidemiologic methods and studies used to estimate
the risk of inducing excess cancers in groups of people exposed to ionizing
radiat ion. The result is usually expressed as the number of excess cancers
produced per mill ion persons per rad. This is called an absolute risk coefficient
since i t describes a specific number of excess cancers per mill ion persons per rad.
The number may be the lifetime risk or an annual risk. This risk is considered to
be independent of the risk from other causes of cancer. The current risk estimates
commonly used are those of the National Academy of Sciences' BEIR I I I reaort or
the United Nation's Scientific Committee on the Effects of Atomic Radiation.

Unfortunately, no one knows how reliable these risk estimates are. They are
derived from epidemiologic studies of human populations exposed mostly to doses of
50 to ICO rem or above- The doses were mostly delivered at high dose rates. In
most legal cases, the radiation doses are low and delivered at low dose rates. The
dose-response curves are not known for these types of exposures and some
assumptions must be made. Key assumptions for the linear model commonly used are
that the risk is str ict ly proportional to the dose, independent of the dose rate,
and vanishes only when the dose is zero.

One of the controversial issues at hearings, of course, is what r isk
coefficients are most reliable and credible. Each expert can develop his or her
own risk numbers and try to convince the court that someone else's is wrong.
Hopefully, in time, data from epidemiologic studies wi l l confirm or modify risk
coefficients so that there are fewer discrepancies of major proportions such as
are now being heard at each case hearing. The risk coeff ic ients from the
references described above are the best available, and i t seems doubtful that one
could make better subjective judgments than to use risk estimates as carefully
reviewed as these. Application of any methodology, such as calculation of the
probability of causation, must not hamper the revision of risk coefficients as
better data become available.

There are other questions of importance in determining radiation risk. The
radiation dose is perhaps the most important. In cases of cancer, we wish to know
the dose to the tissue of cancer origin not the dose to the personnel dosimeter.
I t is important to note that internal emitters are frequently involved in these
cases. For purposes of calculating a total dose to the organ of interest, i t is
necessary to add the internal and external doses. The problem of assuming
reasonable dose distribution within the body is one of the more d i f f icu l t areas for
both internal and external doses. No system for determining probable causation can
counterbalance such potential errors. One can only use the best available data and
be aware of potential deficiencies.

Despite these problem areas, the ultimate question is whether errors in
estimating dose and risk are any worse for calculating a probability of causation
or for testifying on a more subjective basis.
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The Denominator — Total Cancer Risk of the Individual

The total cancer risk of an individual is complex and dynamic. A way of
estimating total risk is to start with the known incidence of specific cancers in a
population. Risk modifiers peculiar to the individual in question may be applied
to this baseline incidence. For a single exposure to radiation, the calculation of
Probability of Causation (P.C.) is as follows.

P* C* == B +H +(D x C)

Where D is the organ dose in rads (rems), C is the radiation risk coefficient
appropriate to the kind of cancer and age at exposure, B is the baseline rate for
that cancer at the age when the cancer was detected, and M is any known modifying
factor in this individual that may be expected to change the baseline incidence
significantly.

For multiple radiation exposures, the formula becomes

D.C, + D?C2 . . . DC
=

B + M + DJCJ + D2C2... D xC x

The baseline incidence rates for specific cancers in the United States are
available in the report of the Surveillance, Epidemiology, and End Results (SEER)
program of the National Cancer Institute. This report presents incidence and
mortality data from 1973 - 1977 for ten areas in the United States, plus Puerto
Rico. It has the data on cancers, classified by type, for age, sex, color, and
region.

Figure 1 shows the changing rate of cancer incidence with age. The rate
increases rapidly after about 40 years of age. The incidence rates used for
calculating probability must be appropriate for the sex and age of the individual.
Ethnicity is another important parameter and rates for the appropriate group should
be used if possible. Rates in different geographical areas may also be different
by a factor of 2 or 3 in some instances.

Within the population from which the baseline cancer incidence rate is
derived are present all effects from exposure experiences normal to the population.
Background radiation and average medical radiation exposures will be present in the
rates. Thus no correction is needed unless other exceptional exposures are known
to have occurred.

These data, therefore, give reasonable values for baseline incidence, but they
are average rates and are not necessarily appropriate for all situations. This is
the reason for the modifying factor, M.

Smoking is known to cause increased risk of lung cancer. In some cases it
will be appropriate to adjust for this difference. Lung cancer in nonsmokers is
likewise less than the SEER incidence rates, which include smokers in the data.
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Family history of cancer is another factor that may cause one to adjust the
baseline cancer incidence rate in a few special situations. For example, the
breast cancer risk increases about 9 fold in a female whose mother had a history of
bilateral breast cancer at premenopausal age. In fact, for such an individual the
probability of getting breast cancer is greater than 50 percent as a result of
their familial predisposition.

Another modifying factor is a history of other exposures to carcinogens.
These most often wi l l appear in an occupational history. Here too the appropriate
risk value wil l be most d i f f icu l t to quantify. In general, these cancer risk values
are less well known than for ionizing radiation.

The manner in which one might modify baseline incidence for some of the
special risks just given as il lustrations is a serious problem. Cancer risk from
carcinogens, genetic heritage, and other potential modifiers are not well
characterized. Data available to modify baseline incidence to account for such
variables is often not available. In general, i t seems advisable to me not to
modify baseline incidence unless the special variable for the individual exerts an
especially strong known effect, such as factors of 3 or more, and then modification
must be done cautiously.
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Discussion

A brief description of potential sources of error in estimating the cancer
risk after radiation, dose calculations, baseline incidence rates, and other less
well-defined cancer risks may make one nervous on the use of a calculated
probability of causation. One must remember, however, that the method demands
several important requirements. The risk we are calculating is for a person who
has developed cancer. This is not attributable risk for future cancers, but
applies only for an individual who already has the disease. The cancer must be one
that is recognized as being induced potentially by radiation as shown in the risk
coefficients. Further, the time relationships between radiation exposure and the
subsequent cancer diagnosis must be in concert with our knowledge of radiation
effects. Thus, the latent period for many cancers is expected to be about 10
years, while for leukemia and bone cancers a latent period of only two years would
be more appropriate. The risk of excess cases of leukemia appears to be gone by 25
or 30 years after radiation exposure; thus, this l imitation on time since exposure
would also be applied before calculating the likelihood that the leukemia resulted
from a particular radiation exposure.

Inspection of a table of calculated probabilities of causation leads one to
appreciate the marked differences that are present for the same radiation exposure
at different ages. This is due primarily because of the marked differences in the
incidence rates for the different types of cancer and at various ages and also
different risk coefficients for specific cancers after radiation.

As an example, look at the risk of developing leukemia from radiation doses.
Table I l is ts the absolute risk coefficients from the BEIR - I I I report when
exposure to a male occurs at ages 20, 40, and 60. The risk per year at age 60 is
about twice that at the earlier ages. Table I I shows the baseline incidence rate
of leukemia not including chronic lymphocytic leukemia, which is not produced by
radiation. The incidence of leukemia in a 65 year old white male is over eight
times that at age 25.

TABLE I

ABSOLUTE RISK COEFFICIENTS

Cases Per Person-Years Per Rad (Speci f ic Organ Dose)

Example: Risk of Leukemia i n White Males
Per Rad to Bone Marrow

Age BEIR-III Risk (Risk/106)

20 2.5
40 1.9
60 4.3
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TABLE II

BASELINE INCIDENCE

New Cases of Cancer Per Million Persons Per Year

Example: Leukemia (less chronic lymphocytic type) in white males

Age Incidence (Cases/10 )

25 28
45 69
65 234

Now let us suppose a white male is exposed to 1 rad of penetrating x-ray
radiation to his bone marrow at age 20. This might be equivalent to a recorded dose
of 2 rad on a personnel dosimeter at the surface. The man develops a leukemia at
age 25. What is the probability that his leukemia was caused by the radiation?
Table III shows the calculation of a probability of 8.2%. This suggests there is
not a high probability that the radiation caused his disease.

Table IV shows calculated probabilities of causation that a leukemia, other
than chronic lymphocytic type, may have resulted from a 10 rad dose to the bone
marrow at ages 20, 40, and 60. In each case, the individual is assumed to have
developed leukemia five years after exposure. No modifiers are applied to the
baseline incidence. The probability of causation is about 3 times higher for the 25
year old {*!%) as for the 65 year old (16%). Note the major effect of the baseline
incidence in reducing the likelihood that the disease was caused by the radiation
dose at the older ages.

TABLE I I I

PROBABILITY OF CAUSATION

Percent Probability of Cancer
from Radiation Risk

Compared to Total Cancer Risk

Example: Leukemia, other than chronic lymphocytic, in white male
occurs 5 years after 1 rad bone marrow dose at age 20

Rad Dose x Risk C o e f f i c i e n t _ 1 x 2,5
x i U U

Baseline Incidence + (Rad Dose x Risk Coefficient) " 28 + (1 x 2.5)
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TABLE IV

VARIABILITY OF PROBABILITY OF CAUSATION (P.C.) WITH AGE

Example: Leukemia i n White Male 5 Years Af te r 10 Rad Dose

Baseline fi Radiat ion Total fi

Age Incidence/10 Risk/10 Risk/10 %P.C.

25 28 25 53 47%
45 69 19 88 22%
65 234 43 277 16%

The question remains as to the possible application of such calculations as a
procedure to improve the manner in which we attempt to determine causation of
cancers that occur after a radiation exposure. The calculation requires the use of
multiple factors, each of which can be an item for argumentation. One possible
advantage of calculating P.C.'s is that the procedure helps focus attention to the
pieces of information required for such determination. Presumably formal
recognition of the value in such calculations wi l l bring added attention to the
need for information to provide better estimates.

The calculation of a probability of causation could seemingly be used in a
couple of ways. The f i rs t would be as a basis for an opinion by an expert in his
testimony. I t is a proper method for evaluating and establishing an opinion on the
question of causation. Thus far, lawyers and courts have had a reluctance to use
this type of methodology. The use of subjective expert opinion often seems more
effective. I f there is any radiation dose involved in the case, a calculation of
this sort wi l l always produce a positive number as the probability of causation.
Since i t is not clear what the jury or judge may do with such probability, no
matter how small, i t apparently is safer not to introduce the calculation at a l l ,
just the opinion.

A second type of use for such a calculation is the possibility that i t could
be used as part of an administrative procedure for evaluation of probability of
causation. This seems particularly appropriate, or possible, with cases involving
workman's compensation or occupational disease. With legislative authority, i t
would seem possible that an administrative determination on the probability of
causation could be successful in formulating a reasonable answer quickly and
economically. The administrative procedure would proceed by gathering the
necessary information on the case, deriving a probability of causation, and using
accepted schedules of settlement similar to current workman's compensation
schedules for permanent disabil i t ies.

One important result of l i t igat ion is the careful review of the history and
exposure record of the involved individual. Any administrative procedure must not
reduce the scrutiny of the details of the case that is needed for protection of
both sides of the case. All the elements of a "probabi l i ty of causation"
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calculation are suitable subjects for such careful review. These include radiation
dose, radiation risk coefficients, baseline incidence, and other risk factors.
Such review of the values used in the calculation might be more pertinent than the
current method of evaluating a more subjective expert witness statement.

It is likely that a review of many cancers alleged to be caused by radiation
will fall into either high or low values of probability of causation, for example,
below 10 percent or above 50 percent. As an administrative procedure, it appears
that a calculation of probability, along with careful review of the appropriate
values to be used, would serve well in determining the likely association of the
cancer and a radiation dose. The relatively smaller number of cases falling in the
intermediate range, say 10 to 50 percent, may be appropriate subjects for
additional review. It is apparent that some form of appeal mechanism must be
available to all parties regardless of the calculational results.

Review of the effect of this type of methodology on liability of employers is
already being performed. Catlin and Parmeritier point out that the probability of
causation method is shown to be quite sensitive to input parameter selection.
Furthermore, the liability impact is highly influenced by the level of probability
established by law as the floor for compensation of cancer cases. By
interpretation of such legal language as "more likely than not," one might assume
the law would use 50 percent probability as the level of liability. Only time will
tell if such an assumption is correct.

In my opinion, further review of this question is likely to show that
calculation of probability of causation will address the question of association of
radiation and cancer in an efficient and effective manner for a majority of cases.
Areas of discussion or argumentation on the calculation will occur on the selection
of appropriate parameters to use and will serve to focus on the most important
factors for determining causation. Even in these instances, the procedure will be
performing a useful function. Furthermore, the need for better data on some of
these parameters will become apparent, if not already known, and future
determinations will improve as the necessary research and experience is obtained.

Conclusion

Calculation of the probability that cancer in an individual is caused by
radiation is limited in its accuracy by our knowledge on the overall causes of
cancer. Cancer risk from radiation is better known than for other carcinogens.
Cases of cancer alleged to be due to radiation are currently decided by expert
testimony that may not reflect accurately the complex relationship of radiation
risk, baseline incidence of cancer, age, and other risks. Application of a
calculation of probability of causation, despite current limitations, does focus
considerations on those factors that bear most directly on the question. It seems
reasonable that many cases could be resolved by an administrative procedure for
workman's compensation law if the probability of causation is above or below
certain limits, perhaps above 50 percent probability or below 10 percent. On
intermediate values a thoughtful and educated judgment by the expert based on the
specific data and circumstances of the cases will also be needed to develop and
support his final opinion.
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PUBLIC PERCEPTIONS OF RISK

Jonathan M. Mann, M.D., M.P.H.
Assistant Director for Health

Promotion and Disease Prevention
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P.O. Box 968

Santa Fe, New Mexico

ABSTRACT

Public perceptions of risk will probably always be unsatisfying to a scientist.
Public perceptions are formed by the actions of institutions which have goals other
than formation of an informed public opinion, such as the schools, the media, business
and the government. In this environment, it seems unrealistic to expect public opinion
to reflect scientific realities. The talk will focus on the media as an opinion-former
and will discuss several non-nuclear issues as illustrations: plague in New Mexico,
Toxic Shock Syndrome, and Injuries as a Public Health Problem. Ultimately, however,
we are confronted with two wonderfully complex matters: can risk be adequately
expressed or measured in universally comprehensible or broadly acceptable terms; and
the mysterious movements of the public and collective mind.

We are all familiar with the inherent difficulties of human communication.
Whether in family discussions, among friends and colleagues, or in the wider public
arena of seminars and speeches, we all recognize just how commonly major
discrepancies occur between that which a speaker (or writer) intends and that which is
heard by listeners or readers. In fact, our part of the 20th century seems especially
concerned with the process of communication, whether reflected by existentialism,
psychoanalysis, modern literature and art, or recognition in the physical sciences of
the limits of "objectivity" in measurement and analysis.

A second and related characteristic of our time is intense interest in "mass"
communication - the "media". I work closely with the "media" and with many people
for whom the media is an important part of the work environment, yet I do not know
anyone who contemplates the "media" without considerable ambivalence, a mixed
reaction which does not occur when other vehicles of communication such as books,
speeches, or seminars are concerned.

This brief talk is centered around several points: first, that public perceptions of
risk (for example, risk of cancer from low-level radiation) will always be unsatisfying
to a scientist. Second, that public perceptions of issues which lie beyond the average
person's personal experience (ie, risk of cancer from low-level radiation as opposed to
risk of muscle pain following unaccustomed, vigorous exercise) are formed by the
actions of several institutions in our society -specifically by schools, the media,
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business and government. Third, that these institutions, while interested in varying
ways in an informed public opinion, have widely diverging conceptions of the meaning
of the term "informed public opinion". Fourth, that these same institutions have
primary goals which do not include, and may even conflict with, formation of an
informed public opinion. Fifth, that concepts of risk have thusfar eluded all efforts at
expression in terms which can be broadly accepted and understood, these being two
pre-requisites for clear communication. Finally, that the public, collective mind has
movements, changes in direction and flow, which we neither understand nor have the
ability to manage, direct, or or predict.

Before focusing on the media's role as opinion-former and using several non-nuclear
issues as illustrations, I would like to say a few words about the above-mentioned
societal institutions. It may seem quixotic to claim that schools, the media, business
and government have major institutional goals which may be actually inimical to the
formation of an informed public - but I don't really think so. Schools, for example,
have in some cases placed certain objectives ahead of teaching children how to read
and write, or in other words, how to think. The appalling state of high school
graduates' ability to read and write is certainly not the unique fault of the schools, but
this failure to ensure that students develop the apparatus on which rational thinking is
constructed must at least in part be attributed to a failure in schooling. As to what
the primary institutional objectives of the schools may be, I leave that to the teachers
and observers of the educational scene among you.

For the media, and especially for television, the case is simpler to present.
Television is a business to make money. Money is made through the sale of advertising
time. The value of advertising time is directly related to the number of viewers drawn
to watch that particular television channel at that time. This is intuitively obvious
when we see which companies advertise during the Super Bowl and which advertise
after 11 at night. The process through which television advertising rates are set
involves periodic surveys or measures of television viewer audience, conducted by
independent survey agencies. The timing of certain of these surveys will help explain
sudden bursts of gala programming, such as star-studded "specials" or re-runs of very
popular movies. In any case, the programming lives and dies on the basis of its ability
to draw viewers to the station. When shows no longer draw an acceptable thare of the
audience, it is curtains for the show, no matter how many awards it has previously
garnered.

This nexus underlies the operation of television news. The news also must draw
viewers. If it does not, the business loses money. Therefore, television news must
appeal to a wide audience. In this setting, is it surprising that news programmers are
so reluctant to give more than 1 or 2 minutes to any single news story and how
realistic is it to expect in-depth coverage of a complex issue? My contention is not
that news personnel are unaware of the complexity of issues they cover, but rather
that the institutional pressures virtually assure that the viewing public will not be
given to adequately long or detailed coverage of issues on commercial television. The
distillation of years of work and study into film clips and brief moments inevitably
leads to oversimplification, trivialization, and a certain tendency to make situations
fit viewer expectations.
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I will skip over the business community, because in general I think the institutional
pressures are evident, flowing from the imperatives of product recognition and
corporate public relations. The government, where I work, is endlessly fascinating in
this regard, for it is really a complex of several layers (city, county, state, federal)
each part of which has many internal variagations, involving the different agencies and
their often conflicting missions. The inevitability of intra-governmental conflict is
often unappreciated or misunderstood. For example, if a housing commission is
created to stimulate construction, might it not be expected to conflict with a health
department entrusted with public health (the conflict could involve different
conceptions of adequate sewer system design) or with an environmental protection
agency? In general, the institutional goals of government agencies often do not
include informing the public. Part of this results from the perception that the
government agency has been established to look after the public interest, with a
minimum of public input once the agency gets going, thank you! Part of this results
from frustrations experienced in using the mass media channels to provide this
information for the public. Finally, part of this is a result of simple institutional
bewilderment about who to inform, when to inform, and how to inform. The recent
controversy about recombinant DNA research, conducted mainly within the scientific
establishment yet fully in the public eye, demonstrated the trauma government
agencies may experience when trying to inform the public about complex institutional
and scientific issues.

In summary, if we believe that a well-informed public is a societal "good" we must
nevertheless admit that precious little energy is actually directed towards that goal.
Let me now continue with several items designed to illustrate facets of the public's
perception of risk.

Plague in New Mexico Plague in New Mexico, infection with the bacteria Yersinia
pestis, is the same disease that ravaged the Roman World of Justinian, the Florence of
Boccaccio and the London of DeFoe. Briefly, the facts are as follows: New Mexico
has enzootic plague (plague in animals, especially in wild rodent populations) and has
accounted for about two-thirds of ail human plague cases reported in this country
since 1950. Plague is spread from infected wild rodents to people in one of two ways:
(1) through the bite of a plague-infected flea which serves as a vector; or (2) from
direct contact with blood or bodily fluids from plague infected animals, as in skinning
of an animal. Finally, pets can play a role either by mechanically transporting wild
rodent fleas back to the human environment, or by transmitting their illness directly
to their human owners. The disease is serious for the individual patient, but since it is
acquired from contact with wild animals in rural settings, there is little current risk of
an outbreak of plague in New Mexico. About 25 percent of human plague cases in New
Mexico develop pneumonia as a complication of their illness; the pneumonic form of
the disease has the potential to spread directly from person-to-person. Thusfar in New
Mexico experience with 114 human plague cases, there has been no spread from
person-to-person. From a public health perspective therefore, the basic issues are: (1)
plague is not currently a major threat to health in New Mexico; (2) when plague
pneumonia occurs, steps must be taken promptly to help ensure no person-to-person
spread of the disease; (3) studies of plague in New Mexico and elsewhere have
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elucidated several steps that people can take to reduce their risk of acquiring plague,
such as dusting pet dogs and cats with flea powder and avoiding contact with sick or
dead rodents; and (*) New Mexico evidence clearly shows that early treatment of the
disease is associated with a favorable outcome.

Several somewhat contradictory considerations emerge from these facts. On one
hand, the health department is interested in people being aware of the precautions to
prevent plague and of the symptoms of plague to help ensure early medical attention.
On the other hand, mention of the word plague generally evokes fear and panic, with
frequent references to "The Black Death". This results in dysfunctional behavior, as
when a woman called panic-stricken asking whether it was safe to mow the grass in
her backyard, or the New Yorker who wanted to know if he could catch plague if he
drove across the state with his car windows closed! In addition, my practical
experience has taught me that the facts are rarely as bad as the rumors: in other
words, early public statement of the facts about each plague case will forestall rumors
of a plague "epidemic". A final consideration is that failure to release news about a
plague case or unwillingness to comment might be interpreted by the media or public
as a "coverup", with varying further interpretations.

Once we recognize the need to work in a public or semi-public arena, and once we
ask the invaluable help of the media, we become engaged in a complicated struggle to
preserve our own "medical", "scientific", or "public health" perspective from the
onslaughts of what we would see as mis-interpretation. Unfortunately, what we often
fail to see is that our interpretation, or packaging of the facts, sterns as much from
our own goals, beliefs and institutional objectives as the "distortion" , or different
"packaging" of this information by the media reflects their goals and concerns. In
addition, I would contend that the nature and scope of the public's actual interest in
plague is simply unknown: are they titillated by news of the dread plague in their
midst? are they interested in practical, well-thought through preventive steps they
might take? Who knows for sure? In addition, how do we express the risk of acquiring
plague? We can cite the absolute number of cases, rename the disease "Yersin's
Disease" in an effort to de-sensitize the public and put the problem into perspective,
or we can compare the risks of dying of plague with risks of dying on the New Mexico
highways (from 1975-82, plague death risk averages 1.75 deaths per year compared
with 596 highway deaths in 1979; the highway death risk is over 300 times greater than
risk of plague-related death).

My point is that even with a relatively straightforward issue like plague (having no
known advocates, no contrasting views, no "rest of the story") the formation of an
informed public opinion, including accurate perspectives on risk, may be complex and
difficult.

Toxic Shock Syndrome The Toxic Shock Syndrome (TS5) story is very concise and
graphic. The chronology can be divided into 3 phases. The first phase started in 1978,
when a new syndrome was described by an academic physician in Colorado in a medical
journal called The Lancet, which is read by a very small percentage of physicians in
this country. Then, in early 1980, the Centers for Disease Control (CDC) received
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enough reports of this syndrome to launch an investigation. Preliminary results were
published in the Morbidity and Mortality Weekly Report (MMWR) in the Spring of 1980,
and received cursory media comment. The first case-control study was published in
MMWR in late May 1980, and pointed to the apparent association between tampon use
and TSS risk. This led to additional media coverage. This first, or discovery phase of
TSS ended abruptly in late September when the second CDC case-control study was
issued, finding that a particular brand of tampon (Proctor and Gamble's "Rely"
tampons) seemed associated with a higher risk of TSS than other tampon brands. This
led to an enormous outpouring of TSS media coverage. For example, we monitered
newspaper coverage of TSS from May through November 1980 in New Mexico and
found that only 5 TSS stories appeared from May through the end of September,
compared with 38 stories from late September through the first week of December.
Public interest was aroused, and the full gamut of stories followed rapidly: news
reports, announcements of pending legal actions, human interest stories about TSS
victims, interviews with TSS researchers, and dramatic announcements of the "cause"
of TSS.

The second phase began in late September of 1980 and ended several months later,
when media coverage declined. The third phase is ongoing, has received minimal
media attention and has been characterized by extensive research on TSS, the role of
staphylococcus aureus, staphylococcal toxins and microbiologic epidemiology. It
therefore appears that TSS is a "dead issue" as far as the media is concerned, or at
least until research work unravels more of the TSS puzzle. As an interesting side-
light, several investigators have questioned the validity of some epidemiologic work on
TSS on the grounds that interviews of TSS victims and controls may have been biased
by media coverage of TSS.

What can we learn from the TSS episode? First, there appears to be a threshold for
media attention which may explain why an important new disease affecting young
women received less attention than the "Rely" connection. Second, the media does not
hold onto a story for very long, unless major new developments occur promptly. Third,
we must ask what the public learned from* the media coverage. When we reviewed the
content of the TSS newspaper articles in New Mexico, we found a high degree of
technical accuracy. My own evaluation of the television coverage is quite
impressionistic but the coverage seemed generally accurate. However, the influence
of this coverage, much of it frightening, on public perception of risk of TSS and the
relationship between that perception and behavior is unknown. In our efforts to inform
the public in New Mexico, we struggled how to describe an annual risk for a tampon
user of approximately 1 in 30,000, the high risk for women younger than 30 years old,
and the lower yet real risk for non-tampon users, including children and men. In a
survey of women State Highway Department employees in early December 1980, fewer
than one-fourth correctly answered the question on TSS incidence, with most
describing risks orders of magnitude greater than the actual risk. We also know that
after a dip in tampon sales, the use of tampons by American women appears back to
pre-TSS levels. Unless the question of what has been learned from the media is
studied, we won't know either the level of public knowledge about TSS nor where this
knowledge was learned. Fourth, the TSS story highlights the importance of media as a
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source of information. Our Highway Department study found that few if any women
had asked their physician about TSS; their knowledge seemed to come from the media
and from friends.

Injuries as a Public Health Problem New Mexico has one of the highest injury-related
death rates in the country, with 1 of every 9 deaths in our state resulting from
injuries, compared with 1 out of every 20 deaths nationwide. We have tried for years
to inform the public about our state's injury problem, with minimal success. Then,
starting in the last year, we have seen a tremendous upsurge in awareness and interest
in the drunk driving issue, which is certainly the single most important component of
the injury problem in New Mexico. Suddenly, politicians began talking about DWI
(drinking while intoxicated), the media coverage increased, judges campaigned for re-
election by promising to be strict in enforcement of drunk driving laws, and the
"climate" became propitious for legislation to make DWI laws stricter. Why has this
happened? And why now? From my personal perspective, the reasons given all seem
post hoc: yet clearly something has happened.

Concepts of Risk: Can Risk be Communicated? Risk is a ubiquitous concept in our
litigious and insurance-conscious society, yet its meaning seems particularly
inaccessible to sharing and discussion. In most cases, the effort to communicate
concepts regarding risk involves quantification in some manner; thus, we read that the
odds (expressed as deaths per person years) associated with smoking 20 cigarettes daily
are 1 in 200 while automobile racing has a risk of 1 in 10,009. Similarly, the risk of
rock-climbing is calculated to be 1 in 7,150 and the risk of death in skiing is 1 in about
IA million. Further, the risk of death per person per year has been estimated at 1 in
20,000 for being hit by a car, 1 in 588,000 for earthquake and 1 in 100 billion for
meteorite-associated death.

Why is risk such a difficult concept on a personal, let alone on a political or social
level? In order to discuss this issue further, let's narrow our perspective to the
personal scale; the framework with which I am most familiar is the doctor-patient
relationship, where many studies of behavioral decision-making and decision theory
have been conducted. Doctors and patients have an extraordinarily difficult time
communicating with each other, yet in an ideal world the doctor's technical
information would be clearly presented to the rationating and objective patient who
would incorporate all information along with his or her personal preferences (clearly
stated to expose operant biases) and then make a decision about future treatment or
course of action. Of course, this scenario is quite far from reality as we have
experienced it as doctors or patients, and even as our "common sense" (that uncommon
quality) informs us.

The contribution of behavioral decision-theory is to identify several sources of
bias, of distortion which prevent the patient from operating according to what would
be considered a rational approach. Let me describe several of these behavioral
phenomena. First, the manner in which the data is presented is critical: are
beneficial effects only presented for comparison or is the comparison based on adverse
effects, or both? Fascinating studies of cancer patients have repeatedly shown that
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the presentation of choices strongly influences the decisions. More detailed aspects of
presentation include: the certainty effect, anchoring and adjustment and vividness.

The certainty effect is the preference for elimination of a limited or defined risk
over a broader but less complete beneficial effect. In other words, people seem to
prefer being fully protected against influenza to being given some lesser level of
protection against a broad array of respiratory viral illnesses. Anchoring and
adjustment describes how the problem is framed and is analagous to a commonly
observed phenomenon of group decision-making. Thus, if in a meeting the probability
of an epidemic occurrence is first stated to be 80%, this figure, no matter how ill-
conceived, anchors subsequent estimates, which are essentially extrapolations away
from the anchor. Finally, the role of vividness is critical: straightforward information
may be absolutely essential to good decision-making yet feeble in impact compared
with emotionally exciting and concretely expressed information, which tends to have
much more "punch" and therefore more weight in patient thinking processes.

Other important biases recognized by behavioral decision theory include the regret
phenomenon, the ability of work constructively with future outcomes and availability.
Patients may take certain actions in order to protect themselves from the future
possibility of major regret (if I don't go to the doctor about this skin lesion and it does
turn out to be cancer, I will be very regretful). The person's ability to work with the
future tense may be affected by many variables, but clearly some people are better
equipped than others to consider future outcomes and place them into the risk
equation. The availability issue reflects people's tendencies to judge the likelihood of
certain outcomes by their experience with recent, superficially similar (or actually
similar) events. Thus, a patient may refuse to enter the hospital because her best
friend died in a hospital last year, an issue which rationally bears little if any
relationship to the problem at hand.

Our increased understanding of the mechanisms of decision-making (organically
linked with conceptualization and expression of risk) may help by exposing sources of
bias and then focusing discussion on the "right" or "actual" issues. Decision analysis
may also help by breaking down, or disaggregating the problem in more manageable
components. However, I also think that our current understanding of the essence of
decision is quite primitive, as attested by our awkwardness when we try to re-
aggregate all the dis-aggregated pieces into a "decision". In sum, when the individual
doctor-patient relationship has been examined critically, major barriers to "rational
decision making" emerge, leading to some scepticism about the ability of doctors and
patients to speak the same language at all!

When the biases discovered in behavioral decision-making are applied to the body
politic instead of single people, the problems inherent in identifying the biases, let
alone disaggregating, informing and re-aggregating may appear overwhelming.
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Finally, the public mind does change. Examples of these changes over the last 10-
20 years include public attitudes towards exercise, diet and smoking. Even 8 years
ago, when I started working in the New Mexico Health Department, smoke-filled
conference rooms were the rule; now they are firmly proscribed. Public attitudes do
change, but I do not think we have any handle on how or why. The broad changes in
public attitude towards nuclear energy have been charted, but I believe that the
reasons given for the changes are mostly after-the-fact rationalizations. History is
made of these changes in public attitude, feeling and mind.

In conclusion, public perception of risk is a subject which might lead a scientist to
despair. I have focused on barriers, not bridges or solutions. How to avoid despair
when considering the large institutional forces which may work against the public's
learning and the personal, social and political biases which need to be systematically
elucidated and addressed in order to favor rational decision-making? I propose first
that we recognize that policy will be made in a public arena and that abstention from
the debate is a guarantee of sterility and impotence. Second, we must avoid confusing
daily news coverage (the high level of background "noise" in the system) with
meaningful perturbations or changes in deeply felt public attitudes. Third, we must
avoid disrespect or condescension towards the public by remembering that none of us
are immune to bias in decision-making or risk assessment and that the public stands to
pay the bill and shoulder the costs as well as reap the benefits. Fourth, we need to
accept the challenge of contributing facts and information as vividly and concretely as
possible to public policy discussions. Fifth, we must become knowledgeable and
dedicated students of the important phenomena we have discussed: public opinion, risk
assessment, decision-making, the media, and the dynamics of public policy debate.
Finally, we must strive to retain our sense of perspective and humor, an attitude aided
by the study of society and history.
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ABSTRACT

The relationships of radium exposure to mortality from multiple myeloma,
leukemia, and breast cancer were studied in three cohorts of female dial workers
defined by year of first employment. Mortality was compared with that expected
from U.S. white female rates, with and without adjustment for local mortality
rates. Incident cases of multiple myeloma and leukemia were also studied. Dose-
response relationships of these cancers to systemic intake of radium were
determined in workers whose body burdens had been measured in vivo since 1955.
A three-fold excess risk of multiple myeloma occurred in the pre-1930 cohort;
however, analyses of body burdens and durations of employment suggest that
external radiation was more likely to have been responsible than was internal
radium. Leukemia incidence and mortality have not been elevated overall among the
female dial workers, either in the pre-1930 or the post-1930 cohorts, but cases
have tended to occur early and in subjects with higher body burdens of radium.
Extensive analyses of breast cancer data have uncovered several observations
weighing against a causal interpretation of the association between radium body
burdens and breast cancer.

Introduction

The radium dial painters have now experienced significant mortality from
cancers other than the bone sarcomas and the carcinomas of paranasal sinuses and
mastoid air cells long known to be radium induced. Among these other cancers,
multiple myeloma (1), leukemia (2), and breast cancer (3) are most strongly
suspected of being radium induced.

In this paper we reevaluate the evidence concerning the role of raSium in the
etiology of these neoplasms. Some results concerning these tumors are being
published in extended form along with a more detailed description of methods
(4,5).

Methods

Study cohorts. The study population consisted of located women employed in
the U.S. radium dial painting industry prior to 1970. Subcohorts have been
defined on year of first employment (pre-1930, 1930-1949, 1950-1969), and on
radium measurement status (measured living 1955+, or not). The pre-1930 cohort
worked primarily in Connecticut, Illinois, and New Jersey. Illinois,
Massachusetts, New York, and Pennsylvania contributed the great majority of
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workers to the 1930-1949 cohort. The radium body burdens of approximately half
the members of each cohort have been measured in vivo since 1954. We report the
mortality experience of measured cohorts beginning two years after measurement.
Otherwise mortality or incidence from beginning of employment through 1979 are
reported. Table 1 describes the relevant characteristics of these cohorts.

Expected mortality and incidence. Mortality analyses were carried out using
an 8th ICD version of the Monson program (6), modified to permit entry in 1915.
Expected myeloma mortality was manually generated from published U.S. vital
statistics, using rates and person-year tables directly for the 1970's, and
proportional mortality within the broader Monson ICD categories (202, 203, 208 in
the 8th ICD; 202, 203, and 205 in the 7th ICr>) back to 1950, prior to which
expectations are not available. Expected leukemia incidence was derived from
Connecticut Cancer Registry data incorporated in the Monson program. Myeloma
incidence expectations were derived by multiplying expected mortality by the ratio
(1.4058) of incidence to mortality in U.S. white females covered by U.S. tumor
registries between 1973 and 1977 (7). Calculation of expected multiple myeloma is
complex and is described in detail elsewhere (5); expected values published for
this cohort (1) on the basis of an earlier report (2) are incorrect.

Radium intake estimates. "Initial systemic intakes" were calculated by
extrapolating 226Ra body contents at measurement back to time of exposure using
the radium retention function of Korris _et_̂ l̂ . (8). 228Ra exposure was estimated
from 226Ra exposure and knowledge of the proportions of 226Ra and 22BRa over time
and among companies. Initial intake estimates used here weight 226Ra and 22eRa
equally. Analyses of measured subjects are restricted to those subjects measured
living in 1955 or later, except where stated.

Statistical methods. Tests of significance and confidence limits are based
on the Poisson distribution. Exact tests of the deviation of an observed value
from expected, and of the homogeneity of two Poisson processes (given the total
observed and the two calculated expected values) are both used (9). Confidence
limits are based on tabulated (10) multipliers. A large sample approximation for
the rank sum test has been used to generate normal z scores.

The effect on overall expected mortality of regional mortality rates was
determined by adjusting expected mortality to the weighted average of total age-
adjusted county rates for 1950-1969 (11), for counties in which major work places
were located (>80% of the population). Other workers were assumed to have the
same relative risks as the workers at the major sites. We also calculated a
maximum dilutive effect of migration using data from Polissar (12) based on
national average migration rates and a 30-year latent period for county areas.

Results

Multiple myeloma. Table 2 shows that multiple myeloma mortality in the pre-
1930 cohort is significantly elevated. This three-fold excess is slightly reduced
by adjustments for regional mortality (Table 3), but remains statistically
significant. Table 4 shows incidence data for all dial workers and for those
measured living. A significant, approximately three-fold, relative risk remains
in the pre-1930 cohort. The elevation in mortality would not be statistically
significant were not one case improperly certified to multiple myeloma. However,
this case was properly an incident case, so the overall findings are not
significantly affected.
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Pour of the incident cases, all pre-1930, had been measured living. Their
radium body burdens were variable, but all four had worked at least a year. The
probability of this occurring by chance is .075, when the expected employment
durations below and above 50 weeks were in the ratio 0.35:0.38. On the other
hand, the distribution of systemic radium intakes below and above 5 uCi was 2:2
and the expected ratio 0.47:0.25 (p = .43). Employment durations of the other two
pre-1930 cases were two weeks and "unknown." Duration of employment, a surrogate
for external gamma radiation exposure, rather than internal radium burdens, would
appear to be the more likely explanation for the association between dial work and
multiple myeloma.

Leukemia. Deaths due to leukemias in the pre-1930 cohort (Table 2) are
slightly fewer than expected. A modest but non-significant excess appears in the
1 930-1949 cohort. Adjustment of expected values for regional mortality rates and
migration effects further reduces the observed/expected ratio for leukemia.
Leukemia incidence is shown in Table 4; the results described for mortality
continue to hold.

Table 5 describes leukemia incidence by decade of onset and by type of
leukemia. Two cases occur in the 1930's, a statistically significant excess
through 1939. In addition, the 3 pre-1930 cases measured (not necessarily while
living) had relatively high radium intakes (z = +2.244, by rank sum test).
However, the high radium burdens were almost perfectly correlated with extended
periods of employment (676, 676, ard 78 weeks). The rank sum for employment
duration in these three cases (z = +1.980) was nearly as high as that for the
radium intakes. (All radium body burden measurements were utilized in this
analysis.) Further, one of these high burden cases was a chronic lymphocytic
leukemia, a type not considered to be radiation-induced.

In general, the distribution of types of leukemia across all cohorts was as
expected from proportional incidence: chronic lymphocytic, observed 4, expected
2.3; acute myeloid, observed 3, expected 3.1; chronic myeloid, observed 1,
expected 1.5; other and unspecified, observed 1, expected 0.5. No clear excess of
myeloid leukemia appears overall or in the pre-1930 cohort.

An excess of leukemia is predicted by the ICRP risk model (13). Table 6
shows observed and predicted leukemias after body burden measurement for the
subjects measured living. The table is based on estimates of bone marrow dose
from alpha radiation (4) and a quality factor of 20. Numbers are small, but only
2 leukemias have been seen where 4.7 are predicted (p = .154).

Breast cancer. The published finding that breast cancer appeared to be
induced by radium, rather than concurrent- gamma exposure, was based upon the
existence of a dose-response relationship with radium intake but not with duration
of employment, in the presence of elevated rates overall in the pre-1930 cohort
(3). Several arguments against the reality of the overall excess and against a
causal nature for the observed association follow.

Breast cancer mortality was significantly elevated in the pre-1930 cohort
(Table 2). When expected values are adjusted for regional mortality and migration
(Table 3), the risk ratios are considerably reduced, and the excess is no longer
statistically significant. The excess is 20% or less, for a comparison of
employed women with all white females. Further, we observe (Table 2) that the
excess holds before adjustment for county mortality in the 1930-1949 and 1950-1969
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cohorts, cohorts in which radium exposures were a hundred-fold lower than in the
pre-1930 cohort. In Table 7, Ottawa, Illinois, the one work place with
substantial expectations both pre- and post-1930, shows a clearly constant or
increased risk in the 1930-1949 cohort relative to the pre-1930 cohort.

Table 7 also shows a major inconsistency in findings among the work places.
The Waterbury, Connecticut, pre-1930 work force (the post-1930 workforce was very
small) had extremely low breast cancer rates, approximately 15% of expected. This
is 10% or less of the rates observed in the New Jersey and Illinois populations.
This heterogeneity is very highly statistically significant.

Table 8 describes breast cancer risk ratios by age at first exposure. Women
under 20 have been described as being at excess risk of breast cancer following
exposure to external ionizing radiation (14). No suggestion of any effect occurs,
except among the 1930-49 cohort in which radium exposure was minimal; that excess
did not persist in the measured cases.

Table 9 summarizes the dose-response data: a clear and highly significant
dose-response relationship of breast cancer with systemic radium intake, but not
with duration of employment, appears. An apparent and marginally significant
dose-response relationship also occurs in the 1930-1949 cohort, but at absolute
dose levels a hundred-fold lower than in the pre-1930 cohort.

Table 10 demonstrates that mortality outcomes not currently under suspicion
of being induced by radium, heart disease and stroke, also show dose-response
relationships to radium. This finding and that of the dose-response relationship
in the 1930-1949 cohort suggest that the dose-response relationship in the pre-
1930 cohort cannot be taken as reliable evidence of causality.

Discussion

Multiple myeloma. The conclusion (1) that persons receiving internal doses
of alpha emitters have a higher risk of multiple myeloma than persons exposed to
external ionizing radiation rests in large part on these cases among the radium
dial workers. Appropriate calculation of expected values, however, reduces the
risk ratio to 2.84 in the dial workers, a risk close to that observed among
individuals exposed only to gamma or x rays, and about one-half of that previously
reported for the radium dial workers (1).

Further, review of employment durations and systemic radium intakes among the
pre-1930 female radium dial workers suggests that duration of employment rather
than radium intake is closely correlated with multiple myeloma. Duration of
employment for the dial workers is a surrogate for external gamma irradiation.

More complete ascertainment of multiple myeloma cases in the early years
among populations exposed to internal emitters js possible. Such an effect was
recently described in one county with excellent diagnostic facilities (15). in
our experience, radium-induced changes in the appearance of bone observed on x-ray
examination frequently lead to mention of possible myeloma in the medical records.

In summary, there appears to be no reason to ascribe the excess multiple
myeloma in the dial workers to internal alpha emitters rather than to external
gamma irradiation, and possibly to a higher index of clinical suspicion resulting
from radium-induced bone changes.
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Leukemia. Leukemia mortality and incidence from exposure in the 1920's
through 1979 has been lower than expected in. the pre-1930 dial workers with
calculated risk ratios in the range 0.61 to 0.74. Incident leukemia cases
occurred less frequently than expected based on ICRP risk factors in the cases
measured since 1954. However, two cases occurred significantly early, and there
is an appearance of a dose-response relationship with both employment duration and
radium intake.

Blood dyscrasias were a prominent finding in early radium studies. Loutit
(16) reviewed early case descriptions and suggested that they supported diagnoses
of malignant myelosclerosis, even possibly erythremic myelosis. Loutit alpo
reviewed three more recent radium cases, all males, and suggested that they all
could be classed as aleukemic leukemia. Polednak et al. also suggested that some
fatal aplastic anemias may have been aleukemic leukemia (2).

We regard the question of a leukemogenic effect of internal body burdens of
radium in the first 20 years after exposure as still open. It is clear, however,
that there has been no overall excess leukemia, and especially no excess in the
period 20 to 55 years after exposure. If the early and/or high dose cases are
assumed to be radium induced, then there is a clear shortfall in the number of
leukemia cases in the remainder of the pre-1930 cohort.

We have underway further investigations of leukemia, especially erythrocytic
leukemia, in male radium subjects. Males and females may not respond similarly.

Breast cancer. *Hie evidence presented above weighs strongly against an
etiologic role of radium for breast cancer. Wiat some breast cancer may have
occurred due to external radiation exposures is not at issue. The arguments
against an etiologic role for radium can be summarized as follows: (a) the
overall excess of breast cancer in the pre-1930 cohort is reduced to statistical
insignificance when adjustments for county mortality are carried out; (b) the
post-1930 cohorts, and especially the directly comparable Ottawa, Illinois,
cohort, show high breast cancer risks despite radium exposures a hundred-fold
lowar; (c) one of the three major work forces had extremely low breast cancer
rates, very statistically significantly different from the other two work places;
(d) there is no suggestion of excess risk in women exposed under age 20, as
expected from external radiation studies; (e) although a significant dose-response
relationship occurs in the pre-1930 cohort, it also appears in the 1930-1949
cohort at absolute radium intake levels a hundred-fold lower, and (f) crude dose-
response relationships of radium intake to arteriosclerotic heart disease and
cerebrovascular disease exist, relationships which would not be immediately taken
as suggesting an etiologic relationship.

Further analyses of incident breast cancer, and of pre- and postmenopausal
breast cancer separately, are planned. Of more interest, and a priority item for
future research, are the correlations of risk factors for heart disease, stroke,
and breast cancer with intake of radium and its retention over the adult lifespan.
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Table 1. Resale dial worker follow-up statistics.

All dial workers Measured dial workers

Person-years of survival

Number of persons

Average age at entry

Average year of entry

Average age at death

Average year of death

Deaths

<1930

60708

1285

19.9

1923

59.1

1959

626

1930-1949

41710

1185

24.3

1943

56.6

1968

210

1950-1969

5108

226

30.7

1956

52.7

1970

21

<1930

8756

693

60.9

1965

70.4

1972

197

1930-1949

2952

561

53.5

1974

59.6

1975

28

Table 2. Observed and ejected d«*-""hs frcw Multiple ayeloBa, leukeaia, and breast
cancer in feaale dial workers.

Cause of death (8th ICD No.)

Multiple myeloma (203)e

< 1930
1930-1949
1950-1969

All years

Leukemia (204-207)
<1930
1930-1949
1950-1969

All years

Breast cancer (174)
<1930
1930-1949
1950-1 969

All years

Observed

5
1
0
6

3
4
0
7

36
15

3
54

Expecteda

1.50
0.58
0.07
2.15

4.10
1.81
0.22
6.13

25.09
13.51

1.64
40.24

O/E1 5

3.33
1.73
0.00
2.79

0.73
2.21
0.00
1.14

1.44
1.11
1.83
1.34

p ( 2 o b s . ) c

.019

. 4 4
1 . 0

.023

. 7 8

.11
1 . 0

. 4 2

.024

. 3 8

. 2 3

.022

95% CId

1.08- 7.76
0.04- 9.64
0.00-42.86
1.02- 6.08

0.15- 2.13
0.60- 5.66
0.00-13.64
0.46- 2.35

1.01- 2.00
0.62- 1.83
0.38- 5.34
1.01- 1.76

aBased on cause-, age- and calendar-time-specific death rates for U.S. white
females, except for multiple myeloma before 1970 (see text).

bObserved/expected.
cBy exact Poisson test.
dCJ refers to confidence interval.
Expectations are 1950+ only.
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Table 3. Risk ratios for feaale dial workers adjusted for Mortality rates (1950-
1969) in county of exposure and for migration.3

Cause of death

Multiple myeloma
<1930
1930-1949

All years

Leukemia
<1930
1930-1949

All years

Breast cancer
<1930
1930-1949

All years

a0/E and CI defined
(12) Table 2, for
multiple myeloma.

Observed

5
1
6

3
4
7

36
15
54

in footnotes,

0/E

3
1,
2,

0.
2,
1.

1.
1.
1.

.33

.73

.79

.73

.21
,14

,44
,11
34

Table 2.
30-year latency, county
The small expectations

3
1
2

0
1
1

1
0
1

County
0/E

.19

.56

.63

.66

.93

.02

.20

.92

.12

1
0
0

0
0
0

0
0
0

Migration
scale.
in

rates

Adjusted for

95% CI

.03-7,

.04-8.

.97-5,

.14-1.

.52-4.

.41-2.

.84-1.

.51-1.

.85-1.

.43
r67
.73

.91

.93

.10

,66
,51
47

3
1
2

0
1
0

1
0
0

adjustments
"All sites"

1950-1969 cohort

County rates
and

0/E

.09

.45

.52

.61

.76

.95

.05

.80

.99

from
factor
in the

migration

1
0
0

0,
0,
0.

0.
0.
0.

95% CI

.00-7.

.04-8.

.93-5.

.13-1.

.48-4.

.38-1.

.74-1.

.45-1.
,74-1.

Polissar
used
"all

for
years

20
05
50

78
51
95

46
32
30

If

total have not been adjusted.

Table 4. Observed and expected incident cases of Multiple ayeloiia and leukeaia in
feaale dial workers.a

Multiple myeloma
<1930
1930-1949
1950-1969

All years

Leukemia
<1930
1930-1949
1950-1 969

All years

Obs.

6
1
0
7

4
4
1
9

All
Exp.

2.11
0.81
0.10
3.02

5.44
2.27
0.26
7.97

dial workers
0/E

2.84
1.23
0.00
2.31

0.74
1.76
3.79
1.13

1.
0.
0.
0.

0.
0.
0.
0.

95% CI

04-6.19
03-6.85
00-30.6
93-4.76

20-1.88
48-4.51
10-21.1
52-2.14

Obs

4
0
0
4

2
0
0
2

Measured
. Exp.

1.02
0.14
0.01
1.18

2.04
0.27
0.02
2.33

dial workers
0/E

3.90
0.00
0.00
3.40

0.98
0.00
0.00
0.86

95% CI

1.06-10.0
0.00-21.2
0.00-279.
0.92-8.70

0.12-3.54
0.00-11.2
0.00-120.
0.10-3.10

a0/E and CI defined in footnotes, Table 2. Myeloma expected values in dial
workers measured living since 1955 based on proportional mortality only.
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Table 5. Fatal and incident leukemia cases by year of death or diagnosis.a

Cohort

<1930

1930-
1949

1950-
1969

I
Obs. |
Exp.

I
Obs. |
Exp.

I
Obs. |
Exp.

<35

I
.18

I

.00

35-
39

UN-2836

.11b

.01

Quinquennium of
40- 45-
44 49

.16b .21

.04 .11

50-
54

.32

.16

.01

death
55-
59

.41

AM
.20

.02

or diagnosis
60-
64

CL-90
.50

.23

.03

65-
69

.63

.29

.04

70-
74

.73

AM-2
.35

(CL)
.05

75-
79

(AM-20)
.86

CL
CL
.43

.07

Incident cases in parentheses. AM, acute myeloid; CM, chronic myeloid; CL,
chronic lymphocytic; UN, unspecified. Best diagnosis is used. Systemic intake
of radium in microcuries follows abbreviation if available from any source.
Probability of observing 2 or more cases, given 4, through 1939 is .0269, through
1944 .0606.

Table 6. Leukeidas observed, and predicted using ICRP risk factors, in subjects
•easured living in 1955 or later.

Skeletal dose
Range

<100
100- 499
500-2499

2500-4999
5000+

Total

(rad)
Mean

20.4
235.3
1194.4
3589
8512

Marrow
dose (rad)

1.054
12.18
61.83
185.8
440.7

N

489
114
46
25
19

693

Predicted cases
Radiation

.076

.205

.421

.688
1.239

2.63

Background

1.42
.38
.12
.07
.06

2.05

Observed

0
1
1
0
0

2 a

Probability of observing 2 or less, given 4.68 expected, is .154.

Table 7. Breast cancer risk ratios for radium dial workers by factory.

All cases: deaths 1915+ Measured cases:deaths 1957+

Factory of work

All work places
Orange, New Jersey
Ottawa, Illinois
Waterbury, Connecticut

Probability3

Before
Cases

1930
O/E

36 1.44
13 1.74
15 2.29
1 0.15
.0002

1930 -
Cases

15

9
1
.73

1949
0/E

1.11

2.01
1.95

Before
Cases

1930
O/E

11 1.36
1 0.58
8 2.77
0 0.00
.0249

1930 -
Cases

6

5
1
.96

1949
O/E

3.15

4.24
13.5

aExact probability of occurrence of fewer or equal observed in Waterbury, given
expected numbers and total of cases occurring. Probabilities for temporal
cohorts combined: all cases, .0004; measured cases, .0392.
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Table 8.

Age first

Breast cancer

employed

risk ratios

All cases:
Before 1930
Cases 0/E

in female

deaths
1930
Cases

dial workers by

1915+
- 1949

0/E

age first employed.

Measured cases:deaths
Before
Cases

1930
0/E

1930 -
Cases

1957+
1949
0/E

<20
20-29
30

Probability3

22 1.43
11 1.43
3 1.48

.58

7
6
2

2.13
0.93
0.53

8
3
0

1.41
1.39
0.00

.049 .58

2 2.29
4 4.62
0 0.00

.85

Exact probability of occurrence of greater than or equal to observed in <20 years
category, given expected numbers and total of cases occurring.

Table 9. ftreast cancer risk ratios in measured cases by radium intake and
duration of employment.

Before 1930
Cases 0/E

1930 - 1949
Cases 0/E

Initial systemic radium
intake (uCi)

<0.5
0.5-4.9
5.0-49
>50

Prob. (>0bs.)a

Weeks of employment
<0-4
5-49
>50

Prob. (>Obs.)a

0
2
3
6

0
5
6

.001

0.00
0.63
1.52
6.59

0.00
1.73
1.43

1
5
_b
_b

.046

0
1
5

0.
6.

0.
2.
3.

90
50
-
-

00
69
57

.54 .50

Probability of > observed in >50 categories, given total observed and the
expected values in each category.
Only 4 subjects at risk over 5 uCi.

Table 10. Cardiovascular and cerebrovascular mortality in pre-1930 measured
female radium dial workers.

Radium intake (uCi)
<50

Cases O/E
50+

Cases 0/E

Arteriosclerotic heart
disease

Cerebrovascular disease
53
12

0
0
.79
.50

11
4

1
1
.54
.60
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AGE AND DOSS AS DETERMINANTS OF TIMES OF APPEARANCE OF
RADIUM-INDUCED OSTEOSARCOMAS IN HUMANS

J. H. Stebbings and H. F. Lucas
Center for Human Radiobiology, Argonne National Laboratory

Argonne, Illinois 60439

ABSTRACT

Determinants of time-until-tumor for bone sarcomas in U.S. radium cases have
been reevaluated. For the 57 measured female bone sarcoma cases exposed to 226R 3

and/or 228Ra, ages at appearance of tumor are more strongly correlated with radium
intake doses than are latency periods. Ages at appearance of tumor increase as
initial radium intakes decrease. As many lower dose cases were iatrogenic cases
exposed in mid-adult life, rather than about age 22 as for the dial worker cases,
these results may be artifactual, resulting from an increased susceptability to
sarcoma induction at older ages. Alternatively the time of appearance of a
sarcoma may be in part directly determined by age. Both explanations find support
in the literature. These results suggest that ^^^'^^^Ra-induced bone sarcomas do
have an expression period. The downturn in sarcoma incidence at very high doses
may result from truncation of the expression period on its early side by the
minimum induction period.

Introducti on

The "latency period" has been assumed to appropriately describe time-until-
tumor relationships for radium-induced bone sarcomas (1,2). However, in this
paper we present evidence that age at appearance of the tumor is the more
important parameter, when the radium-226 and -228 body burdens are acquired in
adolescence and early to mid-adult life.

This conclusion rests on analyses of all female bone sarcoma cases with
measured radium body burdens in the radium exposure registry at the Center for
Human Radiobiology, Argonne National Laboratory. This paper is preliminary, and
it emphasizes qualitative conclusions. Appropriate procedures for estimation of
regression parameters are being investigated.

Methods

The 57 women with both bone sarcomas (osteosarcomas or fibrosarcomas) and
known radium body content (3) formed the study group. They include 42 dial
workers (all dial painters), and 15 iatrogenic radium exposure cases. These
latter included four radium water, one Radithor, and ten radium injection cases.
The 57 cases are 72% of all known bone sarcomas in females in the study
populations. The great majority of the unmeasured sarcoma cases were early
tumors, only three occurring after 1950.
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Radium-226 body burdens have been measured primarily in vivo (35 cases); the
remainder have been measured from specimens obtained from living subjects and/or
major portions of skeletons, cremation ash, or other specimens obtained after
death. Details of measurement techniques and individual measurement data have
been published (4). "Initial systemic intakes" were calculated by extrapolating

Ra body contents at measurement back to time of exposure using the retention
function of Norris ̂ t_al. (5). Most 228Ra burdens were directly measured. Those
that could not be measured directly were estimated from knowledge of 228Ra/22°Ra
ratios in coworkers and/or in materials used (4). Since we are dealing here with
bone sarcomas, we use primarily the weighted function 226Ra + 2.5 x 228Ra
suggested by Rowland ̂ t _al. (6) as our dose parameter. However, we do investigate
the effect of higher mesothorium levels in our analyses, dichotomizing sarcoma
cases on the 228Ra/226Ra ratio (228Ra/226Ra >0.5, or (226Ra + 2.5 x 228Ra)/(226Ra
+ 28Ra) >1.5)). The latency periods presented have been defined from initiation
of employment: these yield correlations marginally superior to those where latency
is defined from middle or end of the employment period.

Table 1 describes some characteristics of the cases. The dial workers were
approximately 12 years younger than the iatrogenic cases. Years of first exposure
for the dial workers with sarcomas ranged from 1916 to 1925. Exposures of the
iatrogenic cases occurred on the average about 5 years later, and occurred from
1915 through 1931. At exposure the iatrogenic cases were 17.6 years older on the
average than the dial workers, and showed a wider range of ages at exposure.

Table 2 gives mean ages at diagnosis, induction periods, systemic radium
intakes, and 228Ra/226Ra ratios for the two groups. The iatrogenic cases were
diagnosed at a more advanced age. The mean induction periods, however, hardly
differ (1 year) between the two groups, although the radium intakes of the
iatrogenic cases average about one-third the intakes of the dial worker cases.
High mesothorium intakes were frequent in the dial workers, but there were
essentially no mesothorium exposures to the iatrogenic cases.

Statistical methods. Standard simple and multiple regression and correlation
procedures were used, including non—parametric Spearman correlations. Exploratory
analyses were carried out on the following variables: age and year of exposure,
age and year at diagnosis, year of death, latency period, the logarithms of radium
intakes (both with mesothorium given a weight of 1.0 and a weight of 2.5), the
228Ra/226Ra ratio, and the logarithms of the doses squared. (When we refer to
"linear" and "squared" terms below, the logarithms are still implied.)

Only the bone sarcoma cases were analysed, with age at diagnosis or induction
period as the dependent variables. A more complicated modeling process treating
dose- and time-specific bone sarcoma rates as functions of intake dose, the time
parameters, and the interactions of the dose and time parameters is underway.

Nearly all possible follow-up on all female study subjects with >50 \iC±
radium intake is in the past. On the average, only 5% of possible person-years
remain; this varies from 8% in the <100 y d group, to <2% above 500 jiCi. Further,
the last sarcoma in this series occurred in 1977, the second last in 1972. A more
recent case (~30 uCi Ra intake) has occurred in 1982; it is not incorporated in
the regressions but is discussed below. Thus, few observations are being lost by
censoring due to incomplete follow-up.

The correlations should be interpreted cautiously, however: while they
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reflect the observed distributions of events, given observed exposure and
mortality patterns, the observations are censored in several practical ways which
influence correlation and regression parameters. First, a practical minimum
induction period of six years exists: cases which would be predicted in a shorter
interval do not occur. Second, few very high dose cases survived long enough to
yield cases at older ages and high doses (>500 uCi intake). Third, mortality from
other causes censors the distribution of sarcoma cases at high ages in the low
dose category. Only in the low-time, low-dose area is the distribution of
sarcomas not censored (other than by the minimum induction period).

Results

Figure 1 shows a plot of induction period against dose for dial workers and
iatrogenic cases. Except for severe censoring on the upper right (late ages, high
doses), a reasonably rectangular distribution of onset dates appears. The
iatrogenic cases do not appear to differ from the dial worker cases except by
dose. The correlation is given by the r2 of .18.

A similar plot, except exchanging age at diagnosis for induction period, is
shown in Figure 2. The r , .33, is higher and the plot itself shows a strong
correlation. The iatrogenic cases now clearly dominate the low dose, old age
portion of the plot. The resulting regression equation is: age at diagnosis =
112.70 - 21.677 x log10 Ra intake (uCi).

Table 3 gives both the Pearson and Spearman correlation coefficients between
systemic radium intakes and ages at diagnosis and induction periods. For the
group as a whole the correlation of age at diagnosis with dose is much stronger
than that of induction period with dose. This finding does depend on combining
the iatrogenic and dial worker cases. However, there was very little variance in
age at exposure among the dial workers, so that the ability to discriminate
between induction period (age at diagnosis minus age at exposure) and age at
diagnosis is very poor.

An alternative model is that latency periods depend in part on age at
exposure and the interaction of age at exposure with dose. Applying this model,
both the age and the interaction terms are statistically significant (at the .05
level), but the percentage of variance explained, r2 = .28, is still less than
that (r2 = .33) for the simple regression of age at diagnosis on dose. The
regression equation that results is: latency period (years) = 121.615 - 31.784 x
log1Q Ra intake (\iCi) - 2.230 x age at exposure (years) + 0.758 x (age at exposure
x log.jo R a intake).

The strong time-until-tumor dependence upon radium intake doses, as
exemplified in Figure 2, has further implications in describing sarcoma
occurrence. First, an expression period is clearly implied, which will be
describable as a function of the standard error of estimate about the regression
line (for uncensored data). Second, the downturn in bone sarcoma incidence rates
in very high dose groups might be ascribed to truncation of an expression period
by the minimum induction period.

The dependence of time-until-tumor upon dose has been underscored by the
diagnosis in 1982 of a bone fibrosarcoma in a dial painter with the lowest
estimated radium intake dose (226Ra + 2.5 x 228Ra = 30 pCi) yet associated with a
bone sarcoma in Argonne's radium registry. The age at diagnosis for this case.
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79.3 years, is very close to that predicted from dose alone, 80.7 years. Hie
induction period observed was 64 years; that predicted from dose and age at
exposure is 56.9 years.

Dose parameter alternatives. The dose parameter log1(-, ( Tta + "Ra) was
compared with log.jg (Zlit>Ra + 2.5 x 22®Ra) in the correlation analysis.
Correlations were consistently superior for the Pearson correlations weighting
228Ra more heavily: with age at diagnosis r2 = .33, versus r2 = .22; and with
induction period r2 = .18 versus r2 = .16. Nearly identical findings obtained for
the dial worker group alone and for the Spearman correlations.

The alternatives of using the dose squared term, (log^Q (22°Ra + 2.5 x
°Ra))2, and the linear and squared terms combined were investigated. In

correlations with age at diagnosis, the dose squared term alone yields an increase
of less than 1% in percent variance explained over the linear term, not sufficient
to justify its use. For the addition of the squared to the linear term, the F
ratio is only 0.43. In correlations with the induction periods, the dose squared
term does contribute significantly to prediction: however, the total r2, .25,
still does not equal the r2, .33, for the correlation of age at diagnosis with
dose. When the iatrogenic and dial worker cases are analysed separately, the same
results are obtained.

Effects of the iatrogenic cases. For investigation of the marginal effects
of the iatrogenic cases upon the regression coefficients, a dummy variable (= 1 if
an iatrogenic case, 0 otherwise) was defined along with its interactions with the
log dose and dose squared terms. Each dummy variable term or interaction was
statistically significant taken singly, yielding approximately equal r2ls.
Neither the dose squared nor the linear dose interaction terms added significantly
to the constant difference associated with iatrogenic case status (F = 6.64, p =
.013). The resulting regression equation was age at diagnosis = 93.485 - 16.034 x

Ra (liCi) + 11.181 x iatrogenic case status.

As Figure 2 shows graphically, iatrogenic case status is strongly correlated
with dose, and the variability in dose within either group taken separately is
sufficiently restricted to make estimation of within-group slope unreliable.

This significant (positive) difference associated with iatrogenic case status
has several possible interpretations. It may represent a remaining contribution
of induction period, a truncation at the lower limit by age at exposure (plus
minimum induction period), or may be an artifact resulting from the strong
collinearity of iatrogenic case status with dose, implying a larger bone dose
difference than given by our dose estimates.

Effects of mesothorium. A high proportion of the dial worker cases had
significant mesothorium(""Ra) exposure, and these are concentrated among the
very high dose cases. Both 226Ra and 2 8Ra cases appear, however, in the mid-dose
range, and a plot did not suggest heterogeneity of regressions between the two
groups of cases. The visual impression was supported by the regression
analyses. A categorical exposure variable was defined corresponding to a 22^Ra
intake greater than 50% of the 226Ra intake; this variable and its interaction
with log dose were included in regression equations of age at diagnosis and
induction period versus log dose. None were statistically significant: F ratios
for these marginal constant and linear trend terms taken separately were 2.26 and
2.13 (p = .14 and p = .15), and the contributions were not additive. In
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regressions with induction periods as the dependent variable, the mesothorium
exposure variables were even less important. Thus the mesothorium component of
radium exposure has not affected time-to-tumor relationships in a way not already
accounted for by the 2.5x weighting of 228Ra in the overall dose.

Discussion

No clear pattern of increasing latent period with decreasing dose has
previously been reported for the U.S. radium dial workers (2,7). This in itself
has not been surprising as cancer latency periods in man have frequently not been
demonstrably related to intensity of exposure to the causal agent (8). There has
been, however, good experimental evidence that latency periods for bone tumors are
increased as radium burdens are decreased in both dogs and mice (1). (But latency
period and age at tumor appearance cannot be distinguished when animals are
exposed at a uniform age.)

An increase in sensitivity to bone sarcoma induction with increasing age
(within the age range encompassed by the data) can explain the findings presented
above. The resulting closer correlation with age at appearance then becomes an
artifactual finding. This explanation is consistent with the literature on soft-
tissue sarcoma induction by chemical carcinogens. A recent review (9) of the
modifying effect of aging on chemical carcinogenesis concludes that, with respect
to sarcomagenesis following local exposure to polycyclic aromatic hydrocarbons,
aging had a distinct stimulating effect which manifested itself by shorter latency
or by an increase in tumor frequency. The same phenomenon was incidentally
observed for sarcomas in a study designed to determine effects of aging on
development of epithelial tumors due to benzpyrene exposure (10).

In the radiobiology literature there does exist some evidence of age effects
on osteosarcoma induction by internal emitters. Nilsson (11) suggests that
puberty is the period of peak susceptability for osteosarcoma induction by 90Sr in
mice. His data suggest age effects on time-to-tumor relationships, and that these
effects may be different at very high doses (0.4 and 0.8 yCi per gram body
weight). Only in his lower, but still high, dose group of 0.2 uCi per gram body
weight is the pattern consistent with our findings.

Momeni (12) studied skeletal injury in 22*>Ra injected beagles, and
demonstrated that the maximum rate of radiation induced skeletal change occurred
at progressively older ages at lower injected activity levels. Only in the high
dose group (10 |iCi/kg body weight) were two age groups (first injections at 2-4
months and 14 months) studied. Latency to the point of maximum rate of change
from mid-injection period was greatly reduced in the older group (-180 days)
compared to the young group (-365 days). Corresponding ages were 650 and 500
days.

Gossner (13) has emphasized the role of biological factors on osteosarcoma
risk from short-lived alpha emitters. He compared cumulative incidence of
osteosarcomas in mice injected with 5 uCi/kg 227Th at 1 and 6 months of age. The
time to 50% incidence was 373 days for the younger group, 332 days for the
older. Gossner plotted the ages at osteosarcoma in these groups and in a (much
larger) control group, and found that the median age at onset of sarcoma was
similar in the three groups. His conclusion was that "in experiments with low and
even medium osteosarcoma risk the time of appearance of the tumours is mainly
determined by the age of the animals. Therefore one could postulate an age
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dependent intrinsic factor which might influence the latency time of radiation-
induced as well as spontaneous osteosarcoma."

This is the crucial issue: whether the age of the animal at exposure
determines the induction period, or whether the age of the animal, post-exposure,
controls the probability of sarcoma expression, or both. The former possibility
is in accord with the literature on soft-tissue sarcomas, and could explain the
data we have presented.

We lean toward the view that the age of the organism, post-exposure, does
affect the probability of tumor expression, and thus the latent period, while not
excluding an age effect upon sensitivity to induction. In our Figures 1 and 2,
radium intake dose clearly better predicts ages at tumor appearance than it
predicts latent periods in humans exposed in late adolescence and adult life. We
have reanalysed the data of Mays and Speiss (14) and find that in their data dose
also better predicts ages at tumor appearance than latency periods, except that
subjects under the age of 15 are more sensitive and show a different slope than do
the older subjects. Gossner's mice data (13) support this notion, as does one
(10) of two (10,15) papers on soft-tissue sarcoma induction in mice.

If one tentatively assumes this view, it has some important implications for
theories of sarcomagenesis. It would have fewer implications for Raabe's (1)
time-to-tumor analyses: the practical threshold due to dose dependence of time-
until-tumor remains. In particular, the hypothesis associated with Peto (10) and
Doll (16) that "age per se does not affect the rate at which tumors occur
independently of the effect of prolonging exposure1' (16) would appear not to hold
for sarcomas. The evidence for that hypothesis is from studies of tumors of
epithelial origin (which do include 70% of all human cancers).
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Table 1. Ages and years of first exposure for measured female bone sarcoma cases.

Exposure groups

All sarcomas

Dial painters

Iatrogenic cases

N

57

42

15

Birth year
Mean

1899.0

1902.3

1889.8

Year of
first exposure

Mean Range

1921.6 1915-1931

1920.3 1916-1925

1925.3 1915-1931

Age at
first exposure
Mean Range

22.4 13-55

17.8 13-31

35.4 13-55

Table 2. Mean systemic radium intakes, induction periods, and ages at diagnoses
for Measured feaale bone sarcoma cases.

Exposure group

All sarcomas

Dial painters

Iatrogenic cases

Age at
diagnosis

50.2

45.3

63.9

Induction
period

27.8

27.5

28.5

Systemic

Geometric
meana

765

1014

347

radium intake (liCi)
228Ra/226Ra ratio
Mean Median

1.9 0.2

2.6 1.0

.03 0.0

226Ra + 2.5 x 228Ra.

Table 3. R2ls for Pearson and Spearman correlations of the logarithms of systemic
radium intakes to induction periods and ages at diagnosis.

Systemic radium
intake with:

Age at diagnosis

Induction period

All sarcomas
Pearson Spearman

.332 .311

.183 .213

Dial painters
Pearson Spearman

.223 .229

.287 .303

Iatrogenic cases
Pearson Spearman

.080 .085

.027 .067
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Figure 1. Bone sarcoma cases by latency period and radium intake.
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MORTALITY STUDY OF LOS ALAMOS WORKERS WITH HIGHER EXPOSURES TO PLUTONIUM

G. L. Voelz, G. S. Wilkinson, J. W. Healy, J. F. Mclnroy,
and G. L. Tietjen

Los Alamos National Laboratory
P. 0. Box 1663

Los Alamos, NM 87545

ABSTRACT

A group of white male workers with the highest internal
depositions of plutonium at the Los Alamos National Laboratory
was selected in 1974 for a study of mortality. This group of
224 persons includes all those with an estimated deposition (in
1974) of 10 nanocuries or more of plutoniuro, principally 239pu

but also in some cases 238pu# Follow-up of these workers is
100% complete through 1980. Smoking histories were obtained on
all persons. Exposure histories for external radiation and
plutonium were reviewed for each subject. Standardized
mortality ratios (SMR) were calculated using rates for white
males in the United States population, adjusted for age and year
of death. SMRs are low for all causes of death (56; 95% CI
40,75) or for all malignant neoplasms (54; 95% CI 23,106).
Cancers of interest for plutonium exposures, including cancers
of bone, lung, liver, and bone marrow/lymphatic systems, were
infrequent or absent. The absence of a detectable excess of
cancer deaths is consistent with the low calculated risk to
these workers using current radiation risk coefficients. An
alternate theory that suggests much higher risk of lung cancer
due to synergistic effects of smoking and inhaled insoluble
plutonium particles is not supported by this study.

Introduction

Health risks from exposures to ionizing radiation and internal depositions of
radionuclides are derived primarily from human exposure data. Experimental animal
data have great value for basic information regarding effects of total dose, dose
rate, dose distribution, and internal deposition behavior of radionuclides, but are
not definitive for human health risk coefficients. In this paper, human data on
224 persons exposed to plutonium are updated and evaluated in order to contribute
to our understanding of current health risks from plutonium exposures.

The data on plutonium-exposed persons has reached an important stage because
the length of time si-ice first exposures is long enough to permit a significant
fraction of late effects, namely cancer, to have occurred. The exposures in
humans, although low compared to experimental animal exposures, occurred mostly 25
years or more ago and thus extend well beyond any long-term experiments in
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animals. The findings should be indicative of what can be expected from lifetime
exposures to plutonium.

Methods

A mortality study of all Los Alamos workers with the higher depositions of
plutonium since the beginning of the Los Alamos project was begun in 1974. A
cohort of these workers, each with an internal plutonium deposition of 10
nanocuries (nCi) or more, was formed by searching Los Alamos health physics records
as of January 1, 1974. The plutonium deposition estimates were calculated by the
PUQFUA computer code! using plutonium excretion values in urine. This search
identified 241 Los Alamos workers (224 white males and 17 white females) who had
internal depositions of 10 or more nanocuries of plutonium.

The PUQFUA computer code was revised sometime after the 1974 selection of the
group. The revision, PUQFUA 2, resulted in more accurate estimates of plutonium
depositions by employing more elaborate consistency criteria between urine sample
results. These changes resulted in a large number of plutonium deposition
estimates, initially in excess of 10 nCi, to be reduced to less than 10 nCi. All
persons, however, were retained in the study, only their plutonium deposition
estimates were revised to the new calculations.

An initial study of mortality in this group through June 1976 was reported
earlier2»3. fhe present report extends the study through April 1980.

Mortality status was obtained on each individual as of April 1980 by a Social
Security Administration records search and subsequent procurement of all death
certificates. A health questionnaire was completed by living persons in the
group. Follow-up on the group is 100 percent complete with data from all living
subjects and next-of-kin for deceased persons.

Findings

The findings in this study are important because the study group includes
persons with highest plutonium exposures that occurred mostly in the late 1940s
thru the 1950s. The length of time since initial deposition of plutonium is nov
considerably longer than the latent period for cancer, usually considered to be 10
years for the cancers of interest here. Thus, deaths from cancer in the group
should be reflecting the effect of many years of plutonium deposition in these
individuals. In the 241 subjects of the study, there were 43 deaths among the 224
male subjects and 3 deaths among the 17 females. The data on females is limited by
small numbers. No cancer deaths were present in the females. Plutonium
depositions in the female workers of this group average about 9 nCi (range <1 to 23
nCi), which is about one-half of the 19 nCi average deposition in males.
Cumulative external radiation to the females averaged 0.58 rem (range 0 to 4.2
rem), much less than the male average of about 7 rem (range 0 to 180 rem). Because
of the limited number of females in the study, no further analysis is presented.

The mortality data and some characteristics of the cohort of 224 white, male
plutonium workers are presented in Table I. The average year of entry into the
study, 1947, was determined by the time of the subjects' first recorded urine test
for plutonium exposure or their first presumed accidental exposure. Most subjects
did not receive their current or final deposition of plutonium until later. As
will be shown later, the average effective time for plutonium deposition in the
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group is estimated to be about 1954. The average age at entry into the study was
31 years; the average effective time of plutonium deposition was at age 38. The
average age of the living persons in 1980, the study cut-off time, was 64 years.

Expected number of deaths, age- and calendar-year adjusted, are based on
United States white male rates and generated by Monson's computer program.^ The
results for broad categories of deaths are shown in Table 1. The standardized
mortality ratio (SMR) for all causes of death and for all diseases of the
circulatory system, 56 and 45 respectively, were significantly less than expected
as shown by the upper limit of the 95% confidence interval (Cl) being less than
100. The SMRs for all malignant neoplasms and all respiratory diseases were low,
54 and 46 respectively, but not significantly low based on the 95% CI.

TABLE I

THIRTY-THREE YEAR MORTALITY IN 224 WHITE MALE PLUTONIUM WORKERS

Observed Expected 95% CI
Number Number SMR for SMR

All causes of death

All malignant neoplasms

All diseases of circulatory system

All respiratory disease

All external causes

Average year of entry: 1947.4

Average age of entry: 30.9

Total person-years of survival: 6930

The low mortality ratios found in this study are most likely explained by
selection biases relative to the general United States population. These include
the healthy worker effect for employed populations, plus additional selection
factors for members in this group of required security clearances and military
selection for some of the earliest workers. Nevertheless, the SMRs reported here
are about as low as any reported in studies of industrial groups. In context our
data suggest no excess of mortality due to any cause in these workers with the
highest plutonium exposures at Los Alamos.

The cancer deaths observed in the study are listed in Table II. The cancer
sites of greatest interest after plutonium exposure, based on radiobiological
experiments in animals, are in bone, liver, and lung. No malignancies of bone and
liver are present, and only one lung cancer appeared while five were expected.

Smoking histories were obtained by health questionnaires from the living
persons in the study; interviews with the next-of-kin were conducted for the
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43

8

18

2

8

77.1

14.9

40.0

4.4

7.6

56

54

45

46

105

40-75

23-106

27-71

5-165

45-206



TABLE II

THIRTY-THREE YEAR CANCER MORTALITY IN 224 WHITE MALE PLUTONIUM WORKERS

Observed
Number

All digestive system
Stomach (2)
Large intestine (1)
Rectum (1)

All respiratory system
Lung (1)

Expected
Number

4.17

5.04

SMR 95% CI for SMR

96 26-246

20 0-110

Buccal cavity and Pharynx

Bladder

All lymphopoietic

All Cancers

1

1

1

8

0.50

0.43

1.5

14.9

200

233

67

54

3-1110

3-1294

1-370

23-106

deceased. One individual wished not to give his smoking history, but data was
obtained on all others. A smoker was defined as a person who continued to smoke
cigarettes after January 1975. Cigar and pipe smoking data was disregarded. By
these definitions, 82 workers (37 percent of the group) were smokers and had an
average smoking history of 39 pack-years. A pack-year is the equivalent of smoking
one pack of cigarettes per day for 1 year. There were 66 ex-smokers (29 percent of
the group), who had a 29 pack-year average smoking history. The remainder were
nonsmokers except for the one unknown. These smoking data are the basis for
determining individuals who are at risk from smoking plus plutonium deposition.

Description of Radiation Exposures

A summary of plutonium and external radiation exposure of the 224 workers is
given in Table III. The current plutonium depositions, estimated by the latest
PUQFUA 2 computer program, range from < 1 to 243 nCi. The average deposition for
all, living and dead, is about 19 nCi; median value is about 9. The predominant
radionuclide is 239Pu £n mOst persons, except for 9 individuals in which the
major exposure is 238^. p o r simplicity, the activity of 239pu alKj 238pu
have been combined in this study. The principal mode of exposure is inhalation of
plutonium particulates. In only a few instances have contaminated wounds been the
principal exposure route. External radiations have contributed modest doses (less
than 10 rem lifetime total) to all but 37 individuals, who have exposures ranging
from 10 rem to over 100 rem for one person. A truly exceptional exposure occurred
to another individual who died as a result of acute external radiation from a
criticality accident.

In Table III is given the total and average plutonium exposure calculated in
nCi-years. A nCi-year is defined as the exposure resulting from 1 nCi being
present in the body for a period of one year. The total nCi-years here is derived
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by summing the estimated deposition for each year from initial exposure through
1980. The estimates are taken from annual FUQFUA estimates of deposition based on
urine excretion data. In effect, the nCi-year estimates take into account the
amount of plutonium in the body and. length of time of deposition for each intake.

TABLE III

PLUTONIUM AND EXTERNAL RADIATION EXPOSURE OF 224
LOS ALAMOS PLUTONIUM WORKERS (1980)

Number of Workers

Average Pu deposition (nCi)

Median deposition (nCi)

Average nCi-year exposure

Total nCi-year exposure8

Average external radiation (rem)

Living

181

21

9.

544

98 437

7.

6

7

Dead

43

12

8.

238

10 251

4.

7

3b

aSummed thru 1980 or date of death.
^One exposure resulting in acute radiation death omitted from
average.

The distribution of plutonium exposures is shown in Fig. 1. The distribution,
showing the living and dead, does not suggest any undue number of deaths in persons
with the higher depositions.

Eight of the 43 deaths have had post-mortem tissue samples taken for plutonium
analyses. A few results on these cases are shown in Table IV. The data indicate
that the urine estimates ranged from 58 to 180 percent of the tissue values
extrapolated to total tissue deposition. The PUQFUA estimates of internal
deposition from urine excretion were within 15 percent of the tissue estimates on
average.

The data show the wide variability in lung retention as expected. An
interesting finding in these cases was that, although the amount of plutonium in
the lung was highly variable, the lung contained an average of 51 percent of the
total activity in the tissues of the body. In light of the long tim»- periods since
exposure, over 30 years in several of these cases, this finding sup ^sts biological
retention in man is much longer than the 500 days used in current -jsimetric
models. This subject will be explored in greater detail in a future paper. For
our purposes, the tissue data indicate that on average the plutonium in lung acts
as a highly insoluble particulate over many years. The current PUQFUA calculation
makes an estimate of plutonium deposition that appears to account adequately for
the lung burden as an internal source.

322



DISTRIBUTION OF PLUTONIUM DEPOSITION
IN 224 LOS ALAMOS WORKERS
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Cancer Risk Estimation

Calculation of the risk of excess cancers predicted by current risk models is
of interest for purposes of comparing with the results of this mortality study.
Such calculations are made using the lifetime risk approach of the UNSCEAR 1977
report5 and the annual risk estimation by the BEIR III procedure.6 In both
instances, the dose estimates were made using group average values (Table III)
rather than individual plutonium depositions. The internal distribution of
plutonium activity was taken to be 50 percent in lung, 40 percent in bone, and 10
percent in liver. The basis for the lung estimate was discussed above. The
distribution between bone and liver was also derived from human tissue data.?

Dose rates per year were calculated for lung, bone, and liver using
depositions of plutonium estimated for the living and dead. The ICRP method** was
used for calculating doses to bone surfaces. This calls for all of the plutonium
to be deposited on bone surfaces and retained there indefinitely. The total weight
of endosteal cells is taken as 120 grams with 25 percent of the alpha energy
absorbed in these cells.
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The UNSCEAR approach estimates lifetime risks as the product of the total dose
and the risk coefficient. Excess cancer estimates using this approach are given in
Table VII. These estimates are for doses estimated through 1980. Additional risk
will develop in the survivors with time as additional doses from the internal
depositions occur.

Lung

Bone

Liver

TABLE VI

RISK COEFFICIENTS USED

UNSCEAR BEIR

Cancers/rad Cancers/year/rad
per million per million persons

40-180 22-45

20-50 1

100 13

TABLE VII

LIFETIME CANCER RISK FROM DOSES
THROUGH 1980 BASED ON UNSCEAR RISK

COEFFICIENTS

Organ Number of Cancer Cases Predicted

Lung

Bone

Liver

Living

0.2-0.9

0.2-0.4

0.05

0

0

Dead

.02-0.

.02-0.

0.006

09

04

Total

0.2-1

0.2-0.4

0.06

The BEIR method requires the use of a life table and summing the risk for each
year for the survivors. As an approximation, the annual risk was summed over an
average time of exposure to the group to obtain the risk of cancer as of 1980. The
years of exposure are obtained by dividing the total nCi-years by the total nCi
deposition in the group. This gives 25.8 years for the living and 19.1 years for
the deceased. A 10-year latent period was assumed. Results of the BEIR risk
calculation is given in Table VIII.

The BEIR estimate in Table VIII shows the risk of lung cancer to be greater
than for bone or liver cancer. The estimate of 0.6 to 1.2 excess lung cancers is
sufficiently low, however, that in a group this size we cannot expect to identify a
risk of this magnitude.

TABLE VIII

ESTIMATED CANCER INCIDENCE TO

1980 BASED ON BEIR III RISK
COEFFICIENTS

Organ Number of Cancer Deaths Predicted

Living Dead Total

Lung 0.55-1.1 0.026-0.052 0.6-1.2

Bone 0.042 0.0019 0.04

Liver 0.036 0.0017 0.04
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TABLE IV

PLUTONIUM IN TISSUES COMPARED TO URINE EXCRETION ANALYSIS

No.

1

2

3

4

5

6

7

8

Average

%

Tissue
Lung

2.4

1.6

3.9

36.5

10.4

30.6

1.4

5.2

11.5

51.4%

Analysis in nCi
Other

20.1

7.4

6.1

10.3

8.2

24.3

1.3

9.4

10.9

48.6%

Total Tissue
Deposition

22.5

9.0

10.0

46.8

18.6

54.9

2.7

14.6

22.4

TABLE V

Urine
(PUQFUA)
Estimate

21

10

8

26

18

49

4

24

20

Tissue: Urine
Ratio

1.07

0.90

1.25

1.8

1.03

1.12

0.58

0.61

1.12

CALCULATED DOSES (RADS) AND DOSE RATES
(RADS/YEAR) FROM PLUTONIUM

Living Dead

Dose Dose Rate Dose Dose Rate

Lung 4738 1.01 493 0.6

Bone Surface 7897 1.69 822 1.0

Liver 527 0.112 5 0.066

Total doses were also calculated using the average integrated exposure in
nCi-years. The calculated dose rates and total doses for the lung, bone surfaces,
and liver are given in Table V.

Coefficients for risk of developing excess cancers were taken from the
UNSCEAR^ and BEIR III** reports. The coefficients used are summarized in Table
VI.
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A major uncertainty in both the above calculations results from the method of
dose estimation. We assumed that the quantity in the body and each organ was
invariant during the full time of exposure. This is obviously a simplifying
assumption that gives only an approximate answer. The resultant risk estimates are
well below the level detectable by epidemiologic methods in a group this size.

Both methods identify lung cancer as a principal risk. The risk of lung
cancer has been cited also by Gofman,9 who has developed an unproven theory on
the elevated risk in smokers inhaling insoluble plutonium. Calculation of the risk
of excess lung cancers in this group was performed using Gofman's method. The
previously cited tissue data, showing long retention times in the lung, establishes
the study subjects as having inhaled insoluble plutonium particulates. His "lung
cancer dose" is age dependent. Application to this group was made by assuming
average group exposure to occur at age 38 and to continue for 26 years until the
age of 64 years. A latent period of 10 years was assumed. For purposes of these
dose estimates, the plutonium depositions estimated as of 1969 were used. The
total plutonium deposition in the 82 smokers is estimated to be 1475 nCi, an
average of 18 nCi per person.

The "lung cancer dose" at age 38, using Gofman's age corrections, is 0.125
micrograms cf 239pu deposited. This converts to 7.7 nCi of 239pu< p o r each
of the 82 smokers, the lung deposition was estimated to be 50 percent of their
total deposition. The total excess lung cancers for the group calculates to be 96
cancers. If no individual is permitted to have more than one lung cancer, the
estimate is 48 cancers.

The history of exposure in these indivduals indicates that nearly all of the
deposited plutonium resulted from inhalation exposures. It would be valid to
assume under such exposure circumstances that initially all the current plutonium
depositions were made in the lung. Under this assumption, the total number of
"lung cancer doses" is 192. Limiting cancer cases to one per person reduces the
estimate to 65 cancers.

Gofman's method includes a calculation of the number of cases that can be
expected to occur at different ages of exposure and different periods of time
afterwards. Assuming the exposures occurred at age 38, 19.7 percent of the excess
cancers would have developed by age 64. Taking 19.7 per cent of the 48 and 65
cancers estimated by limiting cancers to no more than one person suggests that 9 to
13 excess lung cancers should have occurred by 1980.

No lung cancer deaths have occurred in this group of 82 smokers. The one lung
cancer death that occurred in the 224 workers was an ex-smoker, who quit smoking
cigarettes in 1924. His tissue analysis for plutonium and urine excretion estimate
is listed as No. 2 in Table IV.

The data from this study do not support the risk estimates proposed by
Gofman. An excess of lung cancer as predicted by his theory, if valid, should have
been evident in this study group.

Conclusions

This study of 224 white male, plutonium-exposed workers indicates no excess
mortality from all causes of death, all malignant neoplasms, respiratory diseases,
or diseases of the circulatory system. For the cancers of particular interest
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after plutonium exposure, no bone or liver cancer deaths occurred; only one lung
cancer death was observed versus an expected five cases based on United States
general population experience. The. median exposure to plutonium in the group is
about 9 nCi, or roughly 25 percent of the permissible lifetime exposure (40 nCi)
for workers. The average exposure time for the group was 26 years for the living
and 19 years for deceased. Conventional radiation risk estimates from the UNSCEAR
and BEIF. reports suggest that lung cancer is of principal interest here; the risk
of extra lung cancers in this group, using such risk coefficients, is about one
extra case by 1980 in addition to the five expected. The data show no suggestion
of excess lung cancers to date. A theory by J. Gofman on increased risk of lung
cancer from inhaled insoluble plutonium particles in smokers predicts 9 to 13
excess cancers in the smokers of this group by 1980. Such high risk estimates of
lung cancer after plutonium exposure are not supported by this study.
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ABSTRACT

Mortality among plutonium and other nuclear workers
has been investigated to assess the effects of exposures
to low levels of internal and external radiation. Stand-
ardized mortality ratios (SMRs) for white male workers
employed at least two years from 1951 through 1977 were
significantly lower than expected for all causes, all
cancers, cancers of the respiratory system, and lung
cancer. Benign and unspecified neoplasms, all of which
were intracranial tumors, were significantly elevated. No
bone cancers were discovered and other radiogenic cancers
did not differ significantly from expectation. Duration
of employment and latency did not affect these results.
SMRs for a subcohort of plutonium exposed workers were
significantly low for all causes of deaths and all
cancers. Estimates of relative risk for workers exposed
to 2 or more nCi compared to unexposed workers were not
significantly higher or lower than unity. These findings
do not support the hypothesis of increased mortality among
plutonium and other nuclear workers. The excess for
benign and unspecified intracranial tumors is not
consistent with previous studies on radiation induced
brain tumors in terms of latency and exposure levels.

This work was supported by the U. S. Department of Energy under contract number
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Introduction

Interest in the potential health effects of plutonium has existed ever since
this element began to be used in the defense and energy industries. Unfortunately,
data required to objectively answer questions regarding effects in humans has only
recently become available. Since plutonium has existed in other than small
quantities only since the Second World War, sufficient numbers of workers with
sufficient periods of time elapsed subsequent to initial exposure to make
epidemiologic studies feasible are just now being identified.

Early investigations of plutonium workers (1,2,3,4) have not discovered any
untoward effects associated with plutonium exposures. These studies are limited,
however, by the small number of workers who were available for study.

This report presents results of an investigation of mortality and exposure to
plutonium and other forms of radiation. It is a more extensive treatment of
preliminary findings that were recently presented (5). In order to consider this
problem, we studied the mortality experienced by a cohort of workers at a nuclear
facility where plutonium is processed. Our hypothesis was that workers exposed to
plutonium or other forms of radiation would demonstrate higher than expected
numbers of deaths, especially for radiation sensitive organ sites.

Methods

Workers who were f i r s t employed at the f a c i l i t y from the beginning of
operations in 1952 thru 1979 were ident i f ied from personnel, health physics and
medical records. Once the worker population had been defined, a roster of the
cohort was submitted to the Social Security Administration (SSA) for a search of
v i ta l status. Death cert i f icates were then obtained from state health departments
for deceased individuals. These death cer t i f icates were ver i f ied and the
underlying cause of death double coded to the 8th revision of the International
Classif icat ion of Diseases (ICDA). Differences in names or SSA numbers were
resolved by tracing to properly ident i fy v i ta l status. Data from personnel and
health physics records including demographic and work h is to ry i n fo rma t ion ,
individual exposures to both plutonium and external penetrating radiat ion were
coded, edited and entered into a computerized data base.

Quality Control. A number of act iv i t ies were employed to assure the qual i ty
of these data. Death cer t i f icates were double coded for cause of death, and
validated by checking names, birthdates, and sex with personnel and health physics
records. In addi t ion to the ed i t i ng procedure that was employed, a t es t of
internal coding consistency was also completed by bl indly recoding and re-edit ing a
10% sample of the or ig inal ly coded data. The error rate for each datum was less
than 2%. We also compared the roster of employees derived from personnel and other
records with a sequential security badge l i s t i ng to ver i fy the population at r i sk .

Analyses. Analyses were conducted using the standard l i f e table computer
program developed by Monson (6). Standardized mortal i ty rat ios (observed deaths ±
expected deaths x 100) and 95% confidence intervals were computed. Descriptive
characteristics of the cohort were compiled through use of the SPSS program (7).
Person years for workers who were lost to follow-up were deleted from the analysis
as of the date of t h e i r terminat ion from employment. A 25% sample of these
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individuals was traced, and only 4% of them were found to be deceased.
Generalizing to the rest of the lost to follow-up population, th is number of
unidenti f ied deceased workers is not enough to affect conclusions based upon
findings for workers of known v i ta l status (7). Since earnings reports through the
f i r s t quarter of 1978 were used by SSA to ident i fy v i ta l status, for the purposes
of th is analysis the end of study (EOS) date was set at December 31, 1977. We also
calculated some relat ive risk estimates using the density or person years approach.

Results

Table I presents selected characteristics for white male workers by length of
employment. Gilbert and Marks (8) in the i r study of Hanford radiation workers
noted that employees employed for less than 2 years dif fered in many respects from
more permanent workers. For th is reason we dichotomized workers on the basis of
two years of employment. As we can see, short term workers tend to be younger, to
have been hired since 1970, are less l i ke ly to demonstrate any evidence of positive
plutonium exposure, are more l i ke ly to have been exposed to less than 1 Rem of
external radiation and are more l i ke ly to be of unknown status to the Social
Security Administration than are workers who have been employed for 2 or more
years. We also compared age specific rates from a l l causes of death for these two
groups. With one exception, mortal i ty rates were higher for workers employed less
than 2 years for ages 20 through 69. However, at 70 and above, the trend was
reversed; that i s , those employed 2 or more years experienced higher mortal i ty.
This suggests that short term workers tend to die at younger ages for reasons that
do not include exposure to either plutonium or external radiat ion. For these
reasons, we decided to employ a 2 year work res t r ic t ion in subsequent analyses.

Table I I presents standardized mortality rat ios (SMR's) for selected causes of
death for white males who were employed at least 2 years. Signi f icant ly lower than
expected SMR's are observed for al l causes of death (SMR = 64, 95% CI = 57. 71),
a l l cancers (SMR = 75, 95% CI = 60, 94) and lung cancer (SMR = 62, 95% CI =38, 93).
I t is noteworthy that no bone cancers are observed, and that pancreatic and lympho-
poietic neoplasms are lower than expected (although not s igni f icant ly so). Liver
and brain cancers are higher than expected although, once again, not s igni f icant ly
so. The only signif icant excess is for benign and unspecified neoplasms (SMR =
405, 95% CI = 148, 881) al l of which upon further investigation were found to be
intracranial tumors.

Since many diseases and most neoplasms require a number of years to elapse
from exposure to expression of disease, we calculated SMR's for 5, 10 and 15 year
induction periods. In this type of analysis, observed events and person years are
not counted unt i l 5, 10 and 15 years, respectively, after beginning employment.
Thus, we are able to assess chronic effects that require a number of years after
exposure for the effect to become evident.

In most instances, SMR's increase as expected as latent periods increase. I t
is noteworthy that lung cancer remains s igni f icant ly lower than expected at the 5
and 10 year induction periods, and deaths from al l causes are s igni f icant ly low for
a l l three induction periods. Only for benign and unspecified neoplasms do we f ind
elevated SMR's at 10 and 15 years of latency with confidence intervals that do not
include uni ty.
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TABLE I

Selected Characteristics for White Male Workers
by Length of Employment

Length of Employment

Characteristic

Date of Birth:
1890-1909
1910-1929
1930-1949
1950-1969

Date of Hire:
1951-1959
1960-1969
1970-1978

Pu Exposure:
Any
None

External Radiation (Rem):
0
0-1
1-5
5-10
10+

Vital Status:
Alive
Dead
Unknown

<

No.

74
545

1041
196

313
972
571

23
1833

13
1712
124

5
2

1533
91

232

2 Years

%

4.0
29,4
56.1
10.5

16.9
52.4
30.7

1.2
98.8

0.7
92.2
6.7
0.3
0.1

82.6
4.9

12.5

No.

343
2260
2192

127

1888
2442

592

1289
3633

39
1881
1794
577
631

4251
334
337

_> 2 Years

%

7.0
46.0
44.5
2.5

38.4
49.6
12.0

26.2
73.8

0.8
38.3
36.4
11.7
12.8

86.4
6.3
8.4
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TABLE II

Standardized Mortality Ratios (SMRs) For Selected Causes Of
Death Among White Males Employed at Least 2 Years

Cause (ICD)

All Causes (1-998)
All Cancers (140-209)

Lung (162,163)
Liver (155,156)
Pancreas (157)
Bone (196)
Brain (191-192)
Benign and Unspecified

Neoplasms (210-239)
Leukemia and
Aleukemia (204-207)
Lymphopoietic (200-209)

Observed

334
79
22

3
4
0
6

6

5
) 8

Expected

522.44
105.02
35.90

1.75
5.73
0.54
4.04

1.48

4.26
11.27

TABLE I I I

SMR 95% CI

64
75
62

171
70
0

149

405

117
71

57-71
60-94
38-93
31-500
19-179
0-674

54-324

148-881

38-274
31-140

Standardized Mortality Ratios by Different Induction Periods For
Selected Causes of Death

Cause

A l l Causes
Al l Cancers

Lung
Liver
Pancreas
Brain
Benign and
Unspecified
Neoplasms

Leukemia and
Aleukemia

Obs.

311
76
20
3
4
6

4

5
Lymphopoietic 8

5 Years

SMR

67
80
60

192
76

172

316

135
82

95% CI

60-75
63-100
37-93
39-560
21-195
63-375

85-809

44-315
35-161

Obs.

256
64
15
3
3
5

4

5
7

10 Years

SMR

74
87
57

259
74

206

451

187
99

95% CI

65-84
67-111
32-94
52-757
15-215
66-481

121-1156

60-436
40-204

Obs.

155
45

9
2
2
4

3

4
6

15 Years

SMR

74
97
54

289
78

293

585

249
143

95% CI

63-87
71-130
24-102
32-1044
9-281

79-751

119-1708

67-638
52-310

Another way to evaluate potential effects is to investigate duration of
employment. The longer one is employed, the greater the possibil ity of exposure
and subsequent health effects. Table IV presents SMR's for those employed 2-14
years and those 15 or more years. I t is interesting that deaths from all causes
are signif icantly lower than expected for workers who remain employed for at least
15 years. On the other hand, benign and unspecified neoplasms are significantly
elevated for those employed less than 15 years. This is incongruous with most
research regarding solid tumors. I f an exposure is etiologic, one wou?d expect
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mortality to increase as duration increases,
found.

TABLE IV

No other significant differences were

SMRs by Duration of Employment
For Selected Causes of Death

Duration of Employment

< 15 Years (N=3287) > 15 Years (N=1635)

Cause Obs. SMR 95% CI Obs. SMR 95% CI
Al1 Causes
A l l Cancers

Lung
Liver
Pancreas
Brai n
Benign and

Unspecified
Neoplasms

Leukemia and Aleukemia
Lymphopoietic Cancer

258
54
17
1
2
4

5
2
4

93
99
94

105
67

204

675
88
53

82-105
74-129
55-150
1-586
8-242
55-522

218-1576
10-316
18-174

76
25
5
2
2
2

1
3
4

62
90
48

492
130
221

314
324
158

49-77
58-132
15-111
55-1777
15-468
25-800

4-1748
65-947
43-405

Table V shows SMR's for workers who ever demonstrated 2 or more nCi systemic
body burden of plutonium. Mortal i ty from al l causes is s ign i f i cant ly lower than
expected, as is mortal i ty from lung cancer. Mortal i ty for a i l cancers combined is
also low. SMR's for neoplasms of the l i ve r , the lymphopoietic system and leukemia
are higher than expected although not s ign i f icant ly so. No deaths were observed
among these workers for cancers of the b r a i n , bone, pancreas, or t h y r o i d .
Furthermore, no benign and unspecified neoplasms f a l l into th is subcohort.

TABLE V

SMRs For Selected Causes of Death
For Workers exposed To 2 2 nCi Of Plutonium

Cause

A l l Causes
A l l Cancers

Lung
Liver
Leukemia and Aleukemia
Al l Lymphopoietic

Observed

67
14
1
1
1
3

Expected

94.57
19.95
7.24
0.29
0.76
2.06

SMR

71
70
14

347
132
146

95% CI

55-90
38-118
0-77
5-1929
2-733

29-426
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TABLE VI

SMRs For Selected Causes of Death
For Workers Exposed to _> 1 Rem

Cause
A l l Causes
A l l Cancers

Lung
Liver
Pancreas
Brain
Benign and Unspecified

Neoplasms
Leukemia and Aleukemia
Al l Lymphopoietic

Observed
155
37
10
3
1
3

4
3
4

Expected
237.46
49.03
17.39
0.75
2.65
1.91

0.67
1.93
5.18

SMR
65
75
58

403
38

157

600
155

77

95% CI
55-76
53-104
28-106
81-1176
0-210

32-459

161-1537
31-454
21-198

Since exposure to external radiation is also of concern, we investigated SMR's
for workers exposed to 1 or more Rem of cumulative whole body exposure. Table VI
presents these results for selected causes of death. Once again, mortal i ty from
al l causes is s igni f icant ly lower than expected. The only signif icant excess is
for benign and unspecif ied neoplasms. I t i s i n te res t ing that the SMR for
pancreatic cancers, which were found to be elevated among Hanford workers (8) , i s
considerably lower than expected.

A weakness in comparing exposed workers with the general population concerns
unknown qual i t ies in the general population that we are unable to control and that
may affect our comparisons. As a resul t , we also computed re lat ive risks for
exposed compared to unexposed workers using an incidence density (person years)
approach (9) . Table VII shows no signif icant excess risks for workers with at
least 2 nCi systemic body burden of plutonium compared to those with less than a 2
nCi burden.

TABLE VII

Relative Risk for Workers Exposed to 2 2 nCi
Plutonium Compared to Workers Exposed to < 2 nCI

Cause of Death
All Causes
All Cancers

Lung
Leukemia and Aleukemia
All Lymphopoietic

White Males Employed At Least 2 Years

No. Cases
Exposed

67
14
1
1
3

Risk
95% CI

0.88-1.52
0.55-1.75
0.03-1.26
0.11-8.75
0.67-10.49
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Although risks of only .20 for lung cancer and 2.64 for all lymphopoietic cancers
are present, neither is significant in that confidence intervals for both include
unity. None of the benign intracranial tumor cases demonstrate systemic body
burdens greater than 2 nCi. Also, risks for other causes of death do not differ
from unity.

TABLE VIII

Relative Risk for Workers Exposed to ^ 1 REM
External Radiation Compared to Workers

Exposed to < 1 Rem

White Males Employed At Least 2 Years

Cause of Death

All Causes
All Cancers

Lung
Pancreas
Brain
Benign and Unspecified

Neoplasms
Leukemia and Aleukemia
All Lymphopoietic

No. Cases
Exposed

155
37
10
1
3
4

3
4

Risk
Ratio

1.07
1.09
0.97
0.36
1.10
2.86

1.64
1.17

95% CI

0.85-1.33
0.69-1.72
0.41-2.28
0.04-3.25
0.21-5.69
0.46-17.62

0.28-9.77
0.29-4.81

A similar analysis is presented in Table VIII for workers whose cumulative
exposure to external penetrating radiation equals or exceeds 1 rem compared to
workers with less than 1 rem. We do not find risk to be significantly elevated for
any of these causes. Most importantly, although a more than two-fold increase in
risk is present for benign and unspecified intracranial tumors, this excess is not
stat ist ical ly significant. The 95% confidence intervals demonstrate a lower l imit
of .46 and an upper limit of 17. I f cumulative exposures to 1 or more rem of
penetrating radiation were etiologic, we would expect to find a significantly
elevated risk of death for exposed compared to unexposed workers as well as a high
SMR when the general population is used as a comparison.

Discussion

The results of experimental studies involving animals, autopsy based studies
of plutonium concentrations in human tissues and follow-up studies of Radium dial
painters and patients treated with Radium 224 (10, 11) indicate that we should be
most concerned with effects, especially neoplasms, that involve the bone, l iver ,
lung and perhaps lymphatic system. The results just presented are consistent with
previous studies of plutonium exposed individuals in demonstrating no significant
excesses of mortality for cancers of these organ sites.

A serendipitous excess of mortality for benign and unspecified neoplasms, all
of which are in t racrania l , does not seem to be associated with exposures to
plutonium. There i s , however, some precedent for concern regarding associations
between brain tumors and external radiation. For example, excess brain tumors have
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been identified among several types of patients treated with x-rays (12, 13), male
atom bomb survivors (13) and radiologists (14). However, in al l of these
instances, excess risks occurred at cumulative exposures greater than 100 rads.

Furthermore, at least two studies have reported a mean latent period in excess
of 25 years for radiation induced brain tumors (15,16). Our previously mentioned
finding of a significant SMR for those employed less than but not more than 15
years does not j ibe with this type of latent period. In addition, the failure to
find a significantly elevated relative risk when workers exposed and unexposed to
at least 1 rem of cumulative penetrating radiation are compared, means that we must
view the excess SMR's for benign intracranial tumors with skepticism.

Summary

In conclusion, we find no evidence of excess mortal i ty or excess r isk among
th is cohort of white male plutonium workers, nor for subcohorts of plutonium
exposed or external radiation exposed workers. These findings are consistent with
ear l ier studies of small populations of heavily exposed plutonium workers. The
serendipitous excess of benign and unspecified cancers, a l l of which are
intracranial tumors, is not consistent with previous research on radiation induced
brain tumors in terms of latency and exposure levels. Nor was an excess reported
for these types of tumors among Hanford workers (8). Nevertheless, we are further
investigating this finding in a case control fashion.

Since the average period of follow-up is s t i l l short (13 years) and since the
cohort is re lat ively young, we s t i l l need to monitor these workers for a number of
years. This is especially important in view of the low exposure levels experienced
by the cohort as a whole. However, at th is point in time, mortal i ty does not
appear to be associated in an etiologic manner with the plutonium or external
radiat ion exposures that were experienced.
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AN EVALUATION OF CANCER INCIDENCE AMONG EMPLOYEES AT
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ABSTRACT

As part of the National Plutonium Workers Study, we
investigated cancer incidence for 1969-1978 among employees of
the Los Alamos National Laboratory. Incident cancers were
identified by a computer match of the Los Alamos employee
roster against New Mexico Tumor Registry files. The resulting
numbers of total and site-specific cancers were compared to
the numbers expected based on incidence rates for the State of
New Mexico, specific for age, sex, ethnicity, and calendar
period. For Anglo males, we found significantly fewer cancers
than expected (SIR = 0.60, 95% CI 0.46-0.78). This resulted
from marked deficits of smoking-related cancers, particularly
lung (6 observed, 24.2 expected) and oral (2 observed, 7.9
expected) cancer. Similarly, we did not detect any
smoking-related cancers among Anglo females, though they had a
slight nonsignificant excess of breast cancer (14 observed,
9.3 expected) and a suggestive excess of cancer of the uterine
corpus (2 observed, 0.25 expected). The pattern of cancer
incidence among Anglo employees is typical of high social
class populations and not likely related to the Los Alamos
working environment.

The Los Alamos National Laboratory, operated by the University of California,
specializes in nuclear energy and weapons research. Workers at Los Alamos may be
exposed to low levels of plutonium—an alpha-emitting radionuclide, primarily
through inhalation or via wounds. Once deposited internally, plutonium has a long
biological half-life and tends to accumulate in the tracheobronchial lymph nodes,
lung, liver, and on the bone surface.^ Los Alamos employees may also have
low-level exposure to external penetrating radiation and other factors common to
nuclear research facilities. Accordingly, our interest in this study is to
evaluate cancer incidence in the Los Alamos cohort from 1969-1978, especially for
anatomical sites that either accumulate plutonium or have been associated with
external penetrating radiation exposure in other studies.

This effort is part of our national epidemiologic study of health effects among
plutonium-exposed workers at six Department of Energy facilities. As part of this
National Plutonium Workers Study, we have published a preliminary mortality
analysis of workers at the Rocky Flats Plant in Golden, Colorado, and a study of
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melanoma incidence at Los Alamos.2.3 The previous paper has described results
from our more recent analyses of mortality and radiation exposure for Rocky Flats'
workers.^ in general, these investigations have not found greater than expected
mortality related to low-level plutonium or external radiation exposure.

Internally deposited alpha emitters have previously been reported to cause bone
cancer among radium dial painters and lung cancer among uranium miners.^>6
However, these cohorts were exposed at much higher levels than Los Alamos workers
and these reports may not provide a proper analogy for investigations at lower
exposure levels. Studies of mortality among workers with low-level external
radiation exposure have been reported from the Hanford facility and the Portsmouth
Nuclear Naval Shipyard. At Hanford, Gilbert and Marks analyzed the relationship
between radiation exposure and mortality from specific causes for more than 12,000
white males who were employed at least two years.' They found a significant
trend for radiation exposure level and mortality from cancer of the pancreas and
multiple myeloma, but .lot for other cancer sites more commonly associated with
radiation exposure. Ac the Portsmouth Naval Shipyard, Rinsky et al. studied 24,545
workers of whom more than 7600 had measurable radiation exposure histories.** In
this study, there was no increased mortality among radiation workers when compared
to nonexposed workers and no association between increasing dose and mortality from
any cause of death. Our own analysis of Rocky Flats' workers found significantly
fewer cancers than expected based on US death rates for the total cohort.4
Subcohorts with plutonium exposure greater than 2 nCi day and with external
radiation exposure exceeding 1.0 rem were not found to have higher cancer mortality
rates than unexposed workers.

The present study is the first to consider cancer incidence among workers with
low-level radiation exposure. This study of cancer incidence should be more
sensitive than the previous mortality analyses, especially for nonfatal cancers
which are usually underrepresented in mortality studies. Studies of disease
incidence are possible only through extensive surveys of specific populations or in
areas with population-based disease registries. Los Alamos is included in the
statewide, population-based New Mexico Tumor Registry (NMTR), which participates in
the National Cancer Institute sponsored Surveillance Epidemiology and End Results
program. It is the existence of this registry that made the present study possible.

Materials and Methods

Eligible employees included all Los Alamos Anglo personnel, employed between
1969 and 1978, with at least one year's work experience. This includes employees
of the University of California and the Zia Corporation, a Laboratory
subcontractor. Workers employed and terminated before 1969 are not included in the
present study, because their employment preceded the collection of statewide
incidence data by the NMTR. The former group is particularly interesting because
it contains the majority of Los Alamos workers with high plutonium exposures. This
group will be considered as part of a future mortality analysis of Los Alamos
workers from 1942-1979. The study roster was created by merging security office
files with the Los Alamos Employee Information System and Zia personnel data
bases. A quality control check of this roster against Laboratory hardcopy
personnel records indicated 97% completeness (95% CI=92%-99%).
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The ethnic distribution of the Los Alamos workforce is approximately 70% white
non-Hispanic (called Anglo) and 30% Hispanic. Since incidence rates for most
cancers are higher for Anglos in New Mexico,' accurate classification of Los
Alamos workers by ethnic status is essential for comparisons with statewide cancer
incidence rates. To correctly classify Anglo workers, we used the self-reported
designation when available on eligible employee personnel records. The remaining
workers were classified by the Generally Useful Ethnic Search System computer
program (called GUESS), which determines ethnicity based on combinations of letters
in each individual's last name. We checked GUESS against the records that
contained self-reported ethnicity and found agreement for 99.3% (95% 01=99.0-99.5%)
of these records. GUESS is most likely to misclassify women who married outside
their ethnic group and who use their married names at the Laboratory. However,
this type of misclassification should not affect a large number of employees,
according to our comparison of ethnic classifications by GUESS with self-reports.

Our primary method of analysis was to compare the observed number of incident
cancer cases among Los Alamos workers with the number expected based on New Mexico
incidence rates. Comparisons by radiation exposure level or job category are not
possible at this time. The number of observed cases was determined by a
computerized match of the Los Alamos cohort against the NMTR files for the period
1969-1978. The expected number of cases was obtained by multipliying cancer
incidence rates for New Mexico specific for age (5-year age groups), sex, ethnicity
(Anglo), and calendar period (1969-1973, 1974-1978) by the corresponding person
years at risk in the Los Alamos population. Person years at risk included each
employee's personnel time after the first year of employment until employment
termination. The observed and expected numbers were then summed and tabulated for
Anglo males and females.^

Standardized incidence ratios (SIR) were calculated as the ratio of observed to
expected incident cancer cases. The SIR was evaluated statistically according to
the associated 95% confidence interval (Cl).H When the observed number of cases
was less than 15, exact Fisher 95% CIs were calculated; otherwise approximate CIs
were employed.

Results

An analysis of the numbers of observed and expected incident cancers among
Anglo males is detailed in Table 1. For the aggregate category all cancers, there
were significantly fewer than expected. This is indicated by the SIR of 0.60 and
the associated 95% CI (0.46-0.78). This marked deficit results from the
infrequency of smoking-related cancers among these Los Alamos workers.
Particularly, the significant deficits of lung cancer (6 ooserved, 24.2 expected)
and oral cancer (2 observed, 7.9 expected) make up a major part of the overall
deficit in cancer incidence. For two other smoking-related sites, the pancreas and
the bladder, incidence was less frequent than expected, but these findings were not
statistically significant. Cancer incidence for the remaining sites was generally
consistent with that expected, though some SIRs were slightly greater or less than
1.00. However, these SIRs are based on extremely small numbers of observed and
expected events and are too variable to support firm conclusions.
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TABLE 1

COMPARISON OF OBSERVED AND EXPECTED INCIDENT CANCERS AMONG
ANGLO MALE EMPLOYEES, LOS ALAMOS NATIONAL LABORATORY 1969-1978

Cancer

*A11 Cancers

Oral

Stomach

Colon

Rectum

Liver

Pancreas

Lung

Bone

Melanoma

Prostate

Testes

Bladder

Brain

Thyroid

Lympho s a r c oma
Re ticulosarcoma

Hodgkins
Disease

Leukemia and
Aleukemia

Other
Lymphatic Tissue

(ICD8)

(140-209)

(140-149

(151)

(153)

(154)

(155,156)

(157)

(162,163)

(170)

(172)

(185)

(186,187)

(188)

191,192)

(193)

(200)

(201)

(204-207)

(202,203,208)

Observed

61

2

2

8

1

1

2

6

1

3

10

3

3

2

2

5

1

4

1

Expected

100.88

7.87

2.67

7.79

4.14

0.90

2.96

24.23

0.49

4.85

8.86

2.75

5.25

2.82

1.52

2.01

1.48

3.39

1.78

SIR

0.60

0.25

0.75

1.03

0.24

1.11

0.68

0.25

2.04

0.62

1.13

1.09

0.57

0.71

1.32

2.49

0.68

1.18

0.56

Exact
95% CI

0.46-0

0.03-0

0.09-2

0.44-2

0.01-1

0.03-6

0.08-2.

0.09-0,

.78

.92

.71

.02

.35

.19

.44

.54

0.05-11.37

0.13-1.

0.54-2.

0.22-3.

0.11-1.

0.08-2.

0.16-4.

0.81-5.

0.02-3.

0.32-3.

0.01-3.

.81

.08

.19

67

56

75

81

76

02

13

*Also 1 cancer of ill-defined sites (ICD 199)
1 cancer of retroperitoneum and other digestive (ICD 158)
1 cancer of connective and other soft tissue (ICD 171)
1 cancer of the breast (ICD 174)
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The pattern of observed to expected cancer incidence for Anglo females was
quite different than that for males (Table 2). The slightly elevated all cancers
SIR (1.21) contrasts with the marked deficit of observed to expected cancers among
males. However, these female employees exhibit a virtual absence of
smoking-related cancers similar to that seen among male employees. The slight
female cancer excess results in large part from more observed than expected cancers
of the female reproductive organs. Our analysis of female reproductive cancers
found a slight nonsignificant excess of breast cancer (SIR 1.50, 95% CI 0.82-2.51)
and a suggestive excess of cancers of the uterine corpus (SIR=8.00, 95% CI
0.97-28.90). For the remaining cancer sites there wera few or no cancers. These
findings were not significantly different from the expected numbers.

TABLE 2

COMPARISON OF OBSERVED AND EXPECTED INCIDENT CANCERS AMONG
ANGLO FEMALE EMPLOYEES, LOS ALAMOS NATIONAL LABORATORY 1969-1978

Cancer

*A11 Cancers

Melanoma

Breast

Cervix Uteri

Corpus Uteri

Other Genital

Eye

Brain

Thyroid

Other
Lya'phatic

(ICD8)

(140-209)

(172)

(174)

(180)

(181-182)

(183-184)

(190)

(191-192)

(193)

(202,203,208)

Observed

32

2

14

1

2

3

1

2

3

2

Expected

26.44

1.09

9.34

1.50

0.25

1.47

0.08

0.41

0.75

0.35

SIR

1.21

1.83

1.50

0.67

8.00

2.04

12.50

4.88

4.00

5.71

Exact
95% CI

0.83-1.71

0.22-6.63

0.82-2.51

0.02-3.71

0.97-28.90

0.42-5.96

0.32-69.65

0.59-17.62

0.82-11.69

0.69-20.64

*Also 1 cancer of ill-defined sites (ICD 199)
1 cancer of connective and other soft tissue (ICD 171)

Discussion

Prior to this study, the majority of our efforts have been directed toward
studies of worker mortality, in general, and specifically for those with plutonium
exposure. Our underlying interest is the association of plutonium and other
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occupational exposures with the occurrence or incidence of disease. In this
regard, studies of mortality have some well-known limitations. These include
underascertainment of nonfatal cancers, inaccuracy of death certificate diagnoses,
and changes in death certificate diagnoses over time and across geographic
regions. However, mortality studies are useful, especially for fatal diseases, and
remain common because mortality data is systematically collected and available
nationally.

Occupational studies of cancer incidence detected through a population-based
tumor registry have several advantages. Most important are the short time between
cancer occurrence and detection, the ability to study nonfatal cancers, the
specificity and uniformity of diagnoses, and the frequent availability of
histologic information. The last is particularly important for evaluating
associations between occupational exposures and particular cancer cell types.

One limitation of this study and others based on population-based registries is
that workers who migrate out of the study area are lost to the cancer detection
system. Accordingly, our estimates of comparative incidence (i.e. SIRs) pertain
only to employee person years actually spent at the Laboratory between 1969-1978.
In addition, we extended our surveillance for observed cancers until 6 months after
employment termination for New Mexico residents to allow for the possibility that
employment termination may have been precipitated by a subsequently detected
cancer. This resulted in 5 additional cancers for Anglo males and 2 for Anglo
females, which did not affect the major findings of the study.

The results of our analyses allow several conclusions about cancer incidence at
the Los Alamos National Laboratory over the time period 1969-1978. The major
conclusion is that Anglo males have significantly less cancer than expected (SIR =
0.60, 95% CI 0.46 - 0.78) based on rates from the NMTR. This finding results from
the lack of smoking-related cancers, particularly the striking deficits of lung
cancer (6 observed, 24.2 expected) and oral cancer (2 observed, 7.9 expected) among
these workers. Similarly, Anglo female workers showed an absence of
smoking-related cancers, but did exhibit a suggestive excess of cancers of the
uterine body (2 observed, 0.25 expected) and a slight nonsignificant excess of
breast cancer (14 observed, 9.3 expected). These findings have not previously been
reported for other occupational cohorts and are likely not related to the Los
Alamos working environment.

It is noteworthy that these findings involve cancer sites that have previously
been reoorted to vary among populations with different levels of socioeconomic
status (SES). Low income groups have higher rates of lung"'13 aruj oral

1^1*1^
cancer, while female cancers of the uterine body1*' and breast*2'1? have been
associated with higher SES. A pattern of comparative cancer incidence typical for
a high SES population might be expected among Anglo Laboratory employees because of
the relatively high income and education level found at the Laboratory. The
characteristics of high SES populations (e.g. less frequent smoking, delayed
childbirth, high fat diets, etc.) would seem a likely explanation for the patterns
of cancer incidence observed among Anglo Los Alamos workers.
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ABSTRACT

The scientific basis for compensation of persons developing cancer who
have a documented history of exposure to radiation or other carcinogens is
an important legal issue. The measure Relative Attributable Risk (RAR) has
been proposed as a basis for determining eligibility for compensation. The
purpose of this report is to present results of an analysis of the magnitude
and sources of uncertainty in the RAR measure. The range of l/10°/rad-year
to 6/106/rad-year was chosen as a reasonable range of excess risk estimates
for thyroid cancer based on published estimates. The use of such a range in
risk estimates produces very wide variability in RAR estimates. Uncertainty
in underlying incidence levels and in dosimetry are other major factors
contributing to large variability in estimated RAR levels.

Introduction
Means by which individuals with known exposures to ionizing radiation

might be legally compensated upon development of a cancer is a challenging
issue in the legal application of scientific findings. Legislation has been
proposed, and proposals have been made in other sectors, which would change
current legal procedures in at least two ways: Legal eligibility for
compensation would be entirely or partly determined outside of court by the
construction of tables outlining the percentage of an individual's risk
attributable to exposure on the basis of the estimated dose, cancer site,
sex of the individual, and the age at which cancer developed. Second, the
rule that causation must be "more probable than less probable" could be
altered to a lower (or conceivably higher) percentage of risk required to
be attributable to the exposure. At least two major scientific issues would
enter into the suggested legal process: First, precisely how shall increased
risk be measured in the exposed population? Second, how uncertain is the
resulting estimate of risk which determines compensation?

Measurement of risk attributable to exposure
Increased risk of a disease in an exposed population may be measured

as the multiplicative increase in risk over the baseline incidence (relative
risk) or the additional risk added to the baseline incidence (excess risk).

*Research sponsored by the Office of Health and Environmental Research,
U.S. Department of Energy, under contract W-7405-eng-26 with the Union
Carbide Corporation.
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In symbols, if I is baseline incidence of a particular disease of interest
and I is the incidence rate in the exposed population at a particular dose,

I /I
e' oRelative Risk = RR and Excess Risk = ER = Ig —

Both these measures apply to all individuals in an exposed population.
Suppose of N exposed individuals, D = IN^ develop cancer. Then the
proportion of diseased cases considered to fe radiation-caused is logically
estimated as (I N - I N )/D = (1^ - I )/I . This measure is referred to as
Relative Attributable Silk (ijAR), and i?s potential for use in determining
compensation has been discussed by Bond (1).

RAR is a function of the Relative Risk in the exposed, since

RAR = 1-hr =

If it is assumed that Excess Risk is a linear function of dose, then a
simple expression for the dose needed to produce a given RAR may be written.
Let I (d) represent incidence in the exposed at dose d, and k be excess risk

RAR

per unit dose.

RAR =

Then I
e

Ie(d) -

I (d)

(d)

I
0

= kd +

kd

o

kd
+

and

o
r d

I
o

k 1 - RAR

Figure 1 shows the dose required to produce a particular RAR value for
several choices of I and k.
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An examination of the sources and magnitudes of uncertainty involved
in estimating RAR levels for radiation-related cancer sites has been carried
out, using a computer program designed to estimate RAR levels for a life
table population under various conditions. Thyroid cancer is used as the
example in this manuscript. The next sections describe briefly the
program and the range of underlying risk estimates and assumptions made for
thyroid cancer.

The model
The general approach used in this sensitivity analysis is to simulate as

closely as possible the experience of a radiation-exposed population with
respect to thyroid cancer, using a reasonable range of relevant input
variables. The model has two phases: First, the experience of a population
exposed to a single dose is compared to a nonexposed population by the
construction of a life table for each of these populations, and the
combination of certain information from both life tables. The dose estimate
for that single population is incorporated into the excess risk estimate used.
Second, the model is used to estimate the experience of an actual population
exposed at a single point in time by using the dose and age distribution of
the actual population to combine information from a series of life tables.
Because of space limitations, no attempts will be made to provide a detailed
description of the construction of the life table estimates. Greater detail
is available in Zeighami, et al. (2).

This simulation program uses a single exposed life table and the
nonexposed life table to create the following output:

(a) For each exposed population the RAR at each age at observation,
denoted by RAR(x), is computed as k(x)/jl (x) + k(x)].

(b) The distribution of RAR values over each age beginning two years
after exposure is given for the exposed population.

(c) The number of excess cases occurring during a lifetime due to
the exposure is calculated by substracting total lifetime cases
in the nonexposed cohort from those occurring in the exposed.
The value in the life table is expressed as a number of excess
cases per 100,000 persons entering at the age of exposure. In
subsequent applications the number of excess cases occurring
following an age at exposure has been adjusted for the proportion
of an initial life table population of 100,000 actually remaining
at the age of exposure.

Second, the program simulates the experience of an actual population
by doing the following: Given input including (1) the age and dose
distribution for the actual population, (2) excess risks for each dose, and
(3) the expected (baseline) disease incidence, the simulation program
calculates,
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(a) the distribution of RAR at each age of observation,

(b) the distribution of RAR values over the lifetime of the
exposed population,

(c) the excess cases occurring during the remaining lifetime for
each age at exposure and dose category, and

(d) the excess number of cases expected to occur during the

exposed population's lifetime.

At present the program requires that the distributions of dose and age at
exposure be independent so that each age group must be assumed to have
the same dose distribution- However, the generalization of dependence of
the distributions of dose and age at exposure is a direct one, and can
be easily made if needed.

The factors included in the simulation which contribute to variation
in the RAR estimates for thyroid cancer are: (a) level of baseline
incidence, (b) response at a given dose, (c) magnitude of dose, (d) length
of time following exposure during which maximum excess risk occurs, and
(e) age at exposure.

Thyroid cancer
Baseline (nonexposed) annual incidence rates for thyroid cancer were

estimated using 1973-77 general population rates for U.S. white males and
females reported by SEER (3). i?igure 2 shows the rates for U.S. white
females.

A single straight-line fit to the data was inadequate, because of
the steady or declining rates after approximately age 35. A segmented
linear fit did provide an adequate fit, with the point at which the line
segments meet being a variable in the weighted least-squares fit. A
single straight line fit did provide an adequate fit to the data for
males.

Thyroid cancer in most populations is a rare tumor, particularly in
males. In order to investigate the effects of baseline incidence on RAR
levels, all simulations were made at the levels defined by the curves fit
to U.S. white male and female rates (designated as low incidence), at age-
specific rates twice that level (designated as medium incidence) and
at age-specific rates three times the national average (designated as high
incidence).
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Figure 2

Baseline incidence rates for males are roughly half those for females,
and the two sexes exhibit an age pattern which is clearly different. All
simulation runs are therefore made separately for the two sexes. Incidence
rates by single years of age were taken from the functions fit to the curves.

The evidence relating external radiation to subsequent risk of thyroid
neoplasms comes principally from studies of persons therapeutically
irradiated in the head and neck in infancy and childhood. Since the primary
interest in this report is in the estimation of risk at low dose levels,
the human studies most useful in obtaining low dose estimates are briefly
summarized.

(1) Atomic Bomb Survivors. No excess was observed in this group among
persons irradiated at whole body doses of less than 40 rads (kerma). Among
those irradiated at 50+ rads, the estimate of excess risk was 2.4 cases/106/
rad-year in females and 0.92 cases/106/rad-year in males (4). The estimates
covered the period from 5 years until 26 years after exposure and included
all age groups.
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(2) Israel Tinea Capitis Population (5). A total of 10,902 Jewish
children immigrating into Israel received an estimated thyroid dose of 6-9
rads during scalp irradiation for Tinea capitis. An excess of 10 cases was
observed in this group (based on the control population's risk). Neither
the exact distribution of ages at irradiation nor the distribution of length
of followup was given.

(3) Thymus Irradiation During Infancy. Hempelmann et al. (6) followed
a group of 2,872 individuals given x-irradiation to the thymus during
infancy. Estimated doses to the thyroid were quite high on the average.
Among those persons with estimated thyroid doses below 100 rads (estimated
average dose = 17.2 rads) the incidence rate for thyroid cancer was 2.6
per 100,000 per year (1 case in 35,028 person-years). Since this is based
on one event, the confidence limits are clearly large. The difference
between the rate observed and that expected in either males or females
of the same ages is not significant.

(4) New York Tinea capitis Study. Shore, et al. (7) evaluated a
similar population of 2,215 subjects irradiated during childhood for Tinea
capitis and compared them to 1,395 nonirradiated control subjects who had
Tinea capitis. Thyroid doses were estimated to be 6-10 rem, and follow-up
averaged 20 years. No thyroid neoplasms developed in the irradiated group.

(5) Extrapolation from High Doses. Linear extrapolation of risk from
high doses to low doses is generally presumed to provide a conservative
estimate of the risk at low doses. The population reported by Hempelmann (6)
seems to provide the best opportunity to fit a dose-response curve to the
incidence rates in an exposed population since the population included
persons with a wide range of doses. A population of 2,872 males and females
receiving x-irradiation during infancy for enlargement of the thymus was
compared with a control group which included 5,000 non-irradiated siblings.

Shore et al. (7) fit both quadratic and linear models to the data set
reported by Hempelmann. They found both a significant dose-squared
component and linear dose component in the dose-response relationship for
the data. The weighted linear estimate of risk per rad was 5.2 per 10^
population per rad (+ 0.48) for females and 1.8 per 106 population per
rad (+ 0.29) in males. They noted that these estimates obtained from
a linear fit to the data were 2 to 3 times higher at low doses than estimates
obtained using the quadratic fit to the data.

Maxon, et al. (8) combined data from several studies to estimate a linear
dose-response function for incidence of thyroid cancer. The estimated function
was

Incidence = 0.42 (10 )(dose in rem)

At low doses, the incidence estimated by this function is in the range of
risks for U.S. white males below the age of 30.
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The published estimates of risk of thyroid cancer for external radiation
fall roughly between 0.5/106/rad-year and 6/106/rad-year. Risk estimates
from external radiation for the simulation were accordingly chosen as /
cases/rad-year, 3/106 cases/rad-year, and 6/106 cases/rad-year.

Risk estimates for internal emitters, primarily from uptake of
are also of concern in thyroid carcinogenesis. The precise effectiveness
of 131I compared to external radiation is uncertain (9). Potential
differences in effectiveness exist, because of differences in dose rate, and
because of potential uneven distribution of an internal emitter within the
thyroid (10). However, if it is assumed that 131I is a fraction f <_ 1 as
effective as external radiation, then the RAR estimates developed in the
present work for a dose d of external radiation apply to a dose d/f of
^ 3 1I. For example, if it is assumed that an effectiveness of one-tenth for
131I compared to external radiation holds, then a dose of 50 rads is
equivalent to a 500 rad dose of 1 3 1I.

One major uncertainty in thyroid cancer is the length of the period
of maximum excess risk following exposure. In the present simulation it
has been uniformly assumed that excess risk began at an age two years after
exposure. Three different scenarios are considered for the length of the
period during which maximum excess risk occurs — a ten-year period, a twenty-
year period, and a thirty-year period. Following that period, excess risk
is assumed to decline linearly to zero at age 80.

Age at exposure to the insult may also affect the level of subsequent
risk of thyroid cancer, but the evidence of the effect in the literature is
not conclusive. Therefore, we did not choose in the basic life table
simulations to change the excess risk levels according to the age at which
exposure occurred. Total number of excess cases in a lifetime will be
affected by the age at which exposure occurs, so that single life tables
have been constructed under four different assumptions concerning the
age at which exposure occurred: (a) infancy [assuming exposure at age 0];
(b) child [assuming exposure at age 5]; (c) teen [assuming exposure at age 15];
and (d) adult [assuming exposure at age 30].

RAR value for life table populations
In Tables 1 and 2, the RAR vain presented is the median RAR value

during a lifetime (i.e., over all ages at observation) for a cohort
exposed at birth to the specific dose and having the age-specific baseline
incidence rates for thyroid cancer corresponding to those for U.S. white
males and females respectively. A twenty-year period of maximum excess
risk is assumed.
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Table 1. Median Lifetime RAR Value for the Life Table Stationary Population
*

Exposed in Infancy by Sex, Dose, and Excess Risk Level

Dose

1

10

25

50

rad

rads

rads

rads

Excess

1/106

0

0.07

0.15

0.28

FEMALES

Risk per

3/106

0.02

0.18

0.38

0.60

*
Rad

6/106

0.04

0.32

0.59

0.76

Excess

1/106

0

0.13

0.30

0.54

MALES

Risk per

3/106

0.04

0.38

0.62

0.84

Rad

6/106

0.08

0.69

0.84

0.92

ft
Assumes that excess risk begins two years following exposure.

The table illustrates the large level of uncertainty which is reflected by the
reasonable range of uncertainty in the excess risk estimates for thyroid cancer.
For a female estimated to ha^e been exposed to 50 rads at birth, the range
in median RAR values is from 0.28 to 0.76, depending on the excess risk
estimates.

The other factor which is likely to be most uncertain is the dose
estimate. The range in median RAP. value for a population which is exposed
to a range of 1 rad to 25 rads is large, even within a fixed excess risk
estimate.

Other important factors in determining risk are baseline incidence and
the length of the period of assumed maximum excess risk. Table 2 shows the
effect of baseline incidence level and period of maximum risk on the median
RAR value, using females estimated to be exposed to 50 rads at infancy as
an example.
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Table 2. Median Lifetime RAR Values for Females Exposed to 50 Rads in Infancy

and Having an Excess Risk of 6 per 10 /Rad-Year

Period of Maximum Excess Risk

Ten

0.

0.

0.

Years

75

55

34

Twenty Years

0.76

0.59

0.38

Thirty

0.

0.

0.

Years

80

63

42

Low Incidence

Medium Incidence

High Incidence

The period of time during which maximum excess risk was assumed to occur
has a minor effect on the median lifetime RAR value (as well as on the entire
distribution of RAR over all ages). In contrast, the estimate of baseline
incidence has a major effect on the estimated RAR value.

Estimates of age-specific incidence rates, particularly for rare tumors,
such as thyroid cancer, are subject to considerable random variation.
Figure 2 illustrated the considerable scatter rates by age group for
thyroid cancer in females. For thyroid cancer and other rare tumors, the
estimate of baseline incidence rate is subject to considerable random
variation, as well as genuine variations in risk among population groups.
The estimate used will clearly affect the RAR estimate considerably.

Figure 3 shows the pattern of RAR values by age at observation, for
several doses and excess risk estimates. The curves shown in the figure are
for females, using the incidence rates estimated from SEER data, and assuming
a ten-year period of maximum excess risk. The figure shows again the large
uncertainties at each age in the RAR value, even for a known dose.

WH.-W5 £S-1M»

K M VALUES F0» THWOIO CAHCSt W M E AT O«SERV»TIOM FOR VAMOOS DOSES MB EXCESS 9ISRS

'LECUjU
. . . o SOi

I.0-,

to » n

FEMALES. LOW INCIDENCE. 10 YB. LATENCY

Figure 3
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Summary and recommendations
The present simulation illustrates the large uncertainties in RAR

estimates for thyroid cancer produced by logical degrees of uncertainty
in excess risk levels, baseline incidence, and dose level. Furthermore,
when compensation is based on the age at which cancer develops, it is
necessary to take into account the nature of increases in risk by age at
observation and by period of time elapsed from exposure. The present
simulation included only a very limited attempt to consider additional
uncertainty produced by such estimates.

Given that large uncertainty exists in levels of increased risk
associated with radiation exposure, any measure of risk used for
compensation will be highly variable. If compensation is based on
scientific literature estimates, however, then it is worthwhile to
consider the characteristics of measures which might be used.

Fixing an RAR level at which individuals developing cancer will be
compensated is equivalent to fixing the relative risk value at which
compensation will occur. Since the likelihood of a causal relationship is
most often expressed in terms of relative risk, the direct use of relative
risk as a basis for compensation would be more straightforward. Another
alternative would be to use some combination of excess risk and relative
risk to determine eligibility for compensation.
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MODEL OR METAPHOR? MORE COMMENTS ON THE BEIR I I I REPORT

Donald E. Herbert, Ph.D.
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Abstract
We have obtained the data for Hiroshima and Nagasaki from which were prepared

the estimates of somatic risk coefficients for ionizing radiation presented in the
BEIR I I I Report. We have constructed and evaluated several Poisson regression
models of these data by both Bayesian and Sampling Theory methods.

The resul ts of our evaluations disclose some interesting idiosyncracies in
the statistical methods by which the BEIR I I I estimates and inferences were
obtained. Our paper presents these results in the format of a textual crit icism of
the foundations of the received estimates of r i sk that are presented in the
Somatic Effects Section of the BEIR I I I Report.

Whatever the resolution of the current di f f icul t ies with the validity of the
T65 estimates of dose, the u t i l i t y of any estimates of risk coeff ic ients depends
upon the suitabil i ty of the statistical methods by which any estimates of dose are
mapped into estimates of risk. The statistical methods of the BEIR I I I Report
seem id iosync ra t i c . Use of standard methods discloses that i ts rival models
(LQ-L, L-L and Q-L) may be more effective as metaphors of expression than as
models of radiation response.

Introduction
" I t i s apparent t ha t the c r u c i a l elements in r isk analysis are: a) the

numbers and b) the methodology. I t i s on them t h a t c r i t i c a l s c r u t i n y must
c o n c e n t r a t e . " ( D Recent concen t ra t i ons of c r i t i c a l sc ru t iny by Loewe and
Mendelsohn^) and others on some of the "numbers" on which the recommendations of
the BEIR I I I Report(3)are based, that i s , on the T65D estimates of the gamma and
neutron doses by which, in August of 1945, the extant populations of Hiroshima and
Nagasaki were conver ted to the r e s p e c t i v e LSS samples, have disclosed some
apparently major discrepancies between these estimates and the " t r u e " va lues o f
the r a d i a t i o n doses in question. Others have scrutinized the biological basis of
the Report.(28-31) However, there has been no (published) comcomitant examina t ion
of the "methodology" by which the T65D estimates of dose were mapped into those
estimates of conditional response - cancer incidence and m o r t a l i t y r a tes - f rom
which the r i s k coefficients for radiogenic cancer that are presented in the BEIR
I I I Report were derived:

"The regression coefficients were obtained from the atomic-bomb survivor data
. . . " "For purposes of calculation, the Committee used the fo l lowing models . . . :
leukemia: LQ-L, L-L and Q-L (Equations V-6, V-7 and V-8) other cancers: LQ-L, L-L
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and Q-L (Equations V-10, V- l l and V-12)."(3)

Perhaps one reason for th is is the presence in the Report of the rather
disarming (but rather unfounded) disclaimer: " . . . the Committee has placed more
emphasis on methods of estimation than on any numerical estimates derived
thereby:"^) But, the exposition of the methodology that is presented in the
Report is so brief as to be quite inscrutable: "The curve-fitting procedure is an
i terat ive weighted least-square procedure; technical de ta i l s have been
published."^) Moreover, the omission from the Report of any of the relevant data,
as well as of any substantive discussion of methodology not only confers a marked
Delphic quality to the tables of estimated risk coefficients (Tables V-16 to V-18
and Tables V-19 to V-21) but also quite discourages independent assessments of the
estimates of risk that are presented.

Through the generosity of Dr. Charles Land^ we have obtained the relevant
data for the leukemia incidence ra tes, breast cancer incidence rates and
non-leukemia cancer mor ta l i t y ra tes . We have carried out standard Poisson
regression analyses of these data from algorithms that we have developed from the
c lass ic expositions published by Dr. E. Frome,(9-12)anc| others.(13) These anal-
yses have disclosed to us some interesting idiocyncracies in the methodology of
the BEIR I I I Report which are the subject of the present paper. The format of the
paper rather follows that of a textual criticism of the BEIR I I I Report. This
method of exposit ion is a justaposition of alternative views; the normal - and
more quotidian - practices against the more imaginative ones described in the BEIR
I I I Report. But, i t is not a confrontation, for we are not so sanguine (as are
others) about the usefulness of confrontat ion as a method of expos i t ion .
Moreover, a certa in diffidence must suffuse any implied criticism of a body of
work bearing the imprimatur of NAS/NRC since for most of us these groups speak for
the, " . . . world of grown-ups who know."d)

Whatever the f i n a l d ispos i t ion of the current controversy regarding the
estimated radiation doses for the LSS sample, the methods and perspectives that
are ( b r i e f l y ) described in the present paper wi l l be of interest (perhaps even
use) in making those inferences on condi t ional somatic hazards that can be
assisted by multiple regression analyses of non-experimentally generated, Poisson-
distributed responses in populations at risk of irreversible delayed effects from
low doses of toxic substances.(14)

In the context of multiple regression analysis the most significant features
of the LSS sample data are that i t was generated in a "non-experiment", and
(ev ident ly ) largely interpreted in the context of radiobiological theory.
Therefores i t wi l l be helpful to keep in mind Brownlee's wholesome admonition in
any evaluation of the BEIR I I I recommendations:

"The jus t i f i ca t ion sometimes advanced that a multiple regression equation on
observational [non-experimental] data can be relied upon i f there is an adequate
theore t i ca l back-ground is u t t e r l y specious and disregards the unlimited
capability of the human intellect for producing p lausib le explanations by the
carload l o t . " * " )

In his c lass ic text on the (meta) statistical analysis of non-experimental
data, Learner devotes a chapter to the examination of data-instigated mode ls . ' 1 " '
I t w i l l become evident in the present paper that much of the regression analysis
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that is described in the BEIR I I I Report and which forms the b a s i s of the
e s t i m a t e s of the cancer r i sk c o e f f i c i e n t s that are presented therein can be
fruitfully discussed in terms of a variety of data-instigated hypothesis: Many of
the hypotheses - and methods - p resen ted in the Report are instigated by
idiosyncracies of the LSS data which res t r ic t their usefulness for i n f e r e n c e . We
now present some examples taken from the Report:(3)
1) The estimates of the coefficients in the LQ-L, L-L and Q-L models of t he
cond i t i ona l response rates are based upon the hypothesis that the Hiroshima and
Nagasaki data can be pooled, despite the apriori evidence t h a t cancer inc idence
r a t e s (induced as well as spontaneous) frequently vary between c i t ies (s i tes) and
that the composition (uranium and plutonium) and radiation c h a r a c t e r i s t i c s (gun-
type and implosion-type) of the two bombs were quite dis t inct ; the hypothesis is
instigated by the high degree of collinearity of the gamma and neutron r a d i a t i o n
doses present in the joint distribution of the sample at each si te which precludes
plausible (bomb) site-specific estimates of the c o e f f i c i e n t s of t he se models ,
(vide i n f r a ) Moreover, in order for the pooling maneuver to be successful, the
correlation structures of the respective joint distributions must be quite d i f f e r -
e n t , (vide i n f r a ) 2) The se t of predictions of the L-L and Q-L equations are
presented as the upper and lower confidence l i m i t s r e s p e c t i v e l y , ( a t an
unspec i f i ed level of confidence) on the mean response rate predicted by the LQ-L
equation - a hypothesis required by the enormous sizes of the usual conf idence
l i m i t s (which are not presented). 3) The ratios of pairs of coefficients (a2/ai) ,
B]./ai, etc.) in the LQ-L, L-L and Q-L equa t ions t h a t are es t imated from the
(pooled) leukemia inc idence sample are imposed as non - s tochas t i c linear
constraints, r=R3 (vide infra), on the sample estimates of the coefficients of the
cognate equa t ions obtained from the (pooled) non-leukemia cancer mortality data
despite the fact that the estimates of these ratios obta ined from the leukemia
inc idence data are highly uncertain (and hence stochastic constraints are more
appropriate) since in the absence of the a p r i o r i informat ion provided by the
n o n - s t o c h a s t i c c o n s t r a i n t s , the e s t i m a t e s of the conditional mortality rate
equations that are obtained from the pooled sample are too unce r t a in to p rov ide
p l a u s i b l e e s t i m a t e s of the risk coefficients. These large uncertainties occur
because the standard errors of the estimated c o e f f i c i e n t s in a dose - r e sponse
equat ion for a Poisson-distributed response are monotonic increasing functions of
the level of response and these levels are nearly two orders of magnitude g r e a t e r
for non-leukemia cancer mortality than for leukemia incidence. Presumably, this
data-instigated hypothesis explains the (otherwise puzzling) choice made by the
BEIR I I I Committee of the leukemia incidence experience as the paradigm for that
of a complementary (non-leukemia) d i s e a s e group s ince i t i s n e i t h e r e v i d e n t
a p r i o r i nor demonstrated in the Report that, for instance, the RBE of neutrons
should be the same for such disparate end-points. I t should also be remarked t h a t
any combination of non-leukemia mortality (sample) information with the leukemia
incidence (apriori) information, whether .mplemented by a s t o c h a s t i c or a
non-stochastic constraint is arguably a "double count" of the LSS sample since the
constraints are derived from the same data base as are the sample e s t i m a t e s . 4)
The choice of an RBE for neutrons for breast cancer incidence of unity, RBE= ^/otj
= 1.0, despite the fact that the sample estimates of these coeff ic ients d i s c l o s e
t h a t &i i s considerably less than i t s standard error (3j= 0.63 v'Var(Bi)) while o^
is considerably greater (cq = 3.20 / Var( fij)). The Committees' subsequent
implementation of this choice can be shown to be equivalent to the imposition of a
linear, non-stochastic, constraint which a)is equivalent to an ove r s t a t emen t of
the p r e c i s i o n of the a p r i o r i in fo rmat ion , b) is wholly inappropriate use of
Principal Component regression (since the requirement for such biased e s t i m a t i o n
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methods - the presence of a high degree of collinearity in the sample r^u- ' ution
of DY and Dn - has been removed by the pooling of the two (bomb) s i t e - s p e c i f ic
samples) and c) is equivalent to a "double-count" of the sample. These and other
interesting excursions from received s ta t is t ical practices that are presen ted in
the BEIR III Report will be discussed briefly in the sections to follow.

Background
1. Conditional Response Rates

The occurrence of cancer - or of cancer death - is a rare binary event. The
probability distribution of such occurrences i s adequate ly descr ibed by the
Poisson approximation to the Bernoulli distribution. The conditional probability
of occurrence of r such events in n persons at r i s k for T years i s P(r | YnT) =
(YnT) r exp(-YnT)/ r ! Y is the c o n d i t i o n a l response rate (incidence rate or
mortality ra te ) . In general, Y = Y(Z, X) where Z is a vector of endogenous f ac to r s
such as sex , s i t e , e t c , and X is a vector of exogenous factors such as dose of
carcinogen. The elements of Z are categorical variables: for f features, each a t
1 l e v e l s , Z s p e c i f i e s one response s t ra tum in a manifold of m = l f response
st ra ta . The elements of X are continuous variables. The Within-Groups v a r i a t i o n
of Y is descr ibed by the linear model, Y = X6 + u. Y is (Nxl), X is (Nxk), e is
(kxl) and u is (Nxl). k = p+1 where p is the number of t rea tment (exogenous)
v a r i a b l e s . Also, E(u) = 0 and Var(Y) = Var(u) = E(uuT) = V where V is (NxN) and
v-j-j = y-j/niTi, v-jj = 0. i , j = l , . . . , N . Most commonly, the Between-Groups
v a r i a t i o n in Y is described by 3 = B(Z). The Between-Groups change of 6 is known
as "intersi te transfer"(17-19) o r "scaling" of the regression equation and can be
rep resen ted by an affine transformation: s {2-j) = PB(ZJ) + 6 where p is (kxk) and
8 is (kxl). We consider only the t r ans fo rma t ions for 6 a nul l m a t r i x . The
s i m p l e s t , as well as the least common, type of transformations are those in which
3 is invariant between response groups or s t ra ta . Such invariance between groups
i s c h a r a c t e r i s t i c of the "law-like" relations described by Ehrenberg'"'. One may
contemplate a more general (but s t i l l uncommon) type of relation in which one or
more linear forms, r=R3 (vide supra), on q _< k elements of e are invariant between
groups. Such forms may be differences or ratios of pairs of elements of B such as
is pos tu l ated (but not demonstrated) in the BEIR III Report for the response
groups of leukemia incidence and non-leukemia cancer mortality.(3) For " l a w - l i k e '
r e l a t i o n s , p is the (kxk) iden t i ty matrix, J. For relations in which certain
linear forms on 6 are invariant between groups, the s imp le s t t r ans fo rmat ion is
P = <f>J where <f> > 0 is a scalar. (<f> = 1 describes a "law-like" relation.)
2. Generalized Least Squares Methods

Since Var(u) i c^J, Ordinary Least Squares (OLS) estimates of g are not
appropriate.(21,22) Generalized Least Squares (GLS) of 3 may be obta ined by
minimizing the more appropriate quadratic form on the observation matrix, [Y, X]:
8(Y-X6)TV-1 (Y-X6)/33=0.(21»22) Since V = V(Y), an i t e ra t ive procedure must be
u s e d . d D S a t i s f a c t o r y convergence i s u sua l ly achieved within six or seven
iterations to yield so-called I t e r a t i ve Reweighted Least Squares e s t i m a t e s :
B = (XTV"1X)-1XTV~1Y and Var(B) = (xTv-J-X)"1. The residual sum of squares is
RSS = (Y-X|)V-1(Y-xai., RSS is distributed asymptotically on the null h y p o t h e s i s ,
Ho, as x2(N-k) A11' I t wi l l be useful in the sequel to note that Y = XB =

T i H T i or Y = HY where H is the p r o j e c t i o n , or " h a t " , matr ix and
yi ~ n i i 1S a measure of the "leverage" of the i^n observation, ei = y^-y\

= y-j-x-j^g is a measure of the "discordance" of the i*n observation.(23-25;

In eva lua t ing toxicological experiments is customary to assume that the data
are consistent with the proposed model provided that P[_ < P ( x

2 < RSS| N-k) < Py
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where ( P L , Py) = (0 .05, 0.95) or more often (0.10, 0 .90) .< 2 6 hf RSS l ies in the
upper t a i l of the d is t r ibut ion, the estimate § may s t i l l be used but the es t ima te
of the variance-covariance matrix is now hVar(§) where the heterogeneity factor is
h = RSS/(N-k).(26)ln a comparison of the respective (Maximum Likelihood) est imates
of Var(3) = ( X ' V - i X ) - 1 t ha t we stained for each of the several models of the
three response rates by standard Poisson reg ress ion methods w i t h the cognate
est imates presented in the BEIR I I I Report or the references cited therein we
found that these la t ter dif fered from ours by the presence in these es t ima tes o f
the respec t i ve h - f a c t o r s . The r e s u l t i n g discrepancies are t r i v i a l for the
leukemia incidence rates (h = 0.97); n o n - n e g l i g i b l e f o r non- leukemia cancer
m o r t a l i t y ra tes (h = 1.26) and substant ia l for breast cancer incidence rates
(h= 0.54) for the LQ-L model. As we shall sea in the sequel, the presence of the
f a c t o r has some i n f l u e n c e on the selection of an appropriate model of breast
cancer incidence.

I f the observation matrix is transformed, [Y, X ] — * [PY, PX] where PTP = V 1 ,
Pi i = /n - jT j /y i , i = l a . . . , N then the GLS estimates g , Var(fs) can be ob ta ined by
OLS methods app l ied to the transformed linear model PY = PX8 + Pu.( 2 1> 2 1 ' This
w i l l be useful in the sequel in generalizing some OLS methods to Poisson data.

fV xil
I f the observat ion matrix is part i t ioned, [Y, X] = Yo. x? t n e n t n e l inear

model is fYxl= |X]1 e+ f u i ] where E(ui) = E(u2) = 0 and E(uiu l ' ) i J v 1 ( E(u2u2
T)=V2.

I Y£J J.^i] LU2J
Then 3 = [ X i ^ - l X ! + X 2 T v 2 " l x 2 ] - l CX 1TV l - lx 1§ 1 + X2Tv2~lx232] and Var(g) =
L"xl v l " x l + X2

 V2 X2^ • B is a matrix-weighted average of § i a n d g 2 . ( 2 1 » 2 2 »27)
In the LSS data, LYi,X]_], [Y2,X2] refer to Hiroshima and Nagasaki, respectively.
3. Comparing Prior and Sample Information

I t i s f r e q u e n t l y the case that the prior information on the model includes
not only specification of the form (the number and ident i ty of the columns of X)
and the value of the f i r s t moment as well as the form of the d is t r ibut ion of u but
also information (sign, size, etc.) on q _< k elements of the unobservable vector 3 .
Such p r i o r i n fo rmat ion may be included in the inferences on 3 in two ways. One
method (due to Wald) is as a test of the hypothesis of rank g, Hn: r = Rft, where r
is ( q x l ) and R is ( q x k ) . The s ta t i s t i c Y = (r-Rg)T[R(X'V-lx)-lRT]-I (r-Rg) is
distr ibuted as x (Q) on the null hypothesis, HQ.^ 1 3 ^
4. Combining Prior and Sample Information

The other method is to combine the apriori and sample information into what
may be referred to as posterior estimates of 3 by imposing the p r i o r i n f o r m a t i o n
as a c o n s t r a i n t . There are two forms of constraint: non-stochastic, r = Rg and
stochastic, r = Re + v where v is (qxl) and E(v) = 0 and E(vvT) = y . y i s ( q x q ) .
Note t ha t the values of the f i r s t two moments of v are specif ied: E(v) = 0, y > 0
or E(v) = 0, y ^ 0 J 2 » 2 > 2 8 - 3 0 )
a. Constrained Estimation'2-*-*22)

The method which imposes, apr io r i , a non-stochastic constraint on the sample
estimate of 8 w i l l be described as Constrained Estimation (CE). The CE es t imates ,
8* , Var( 3*) are obtained at the minimum of an appropriate quadratic form $ with'
respect to the vectors e and u where p is a (qxl) vector of Lagrange m u l t i p l i e r s
and * = [(Y - XBJ T V" 1 (Y - Xg) + uT ( r - Re)]. Then in an obvious notation we have
3* = 3+ (xtv- lX)- lRT[R(xTy-lx)- lRTl- l(r - R3)
Var(0*) = (XTv-ix)-* - (XTv-lX)-1R'[R(XTv-iX)-1RT]-lR(xTv-lx)-l
RSS* = RSS + (g* - D T c x V l X ) (0* - 3 ) . Note t h a t | Va r (§ * ) | < | Var(g )| and
RSS* > RSS. The c o m p a t i b i l i t y o f the p r i o r and sample information on e is
assessed by the s ta t i s t i c Fc = (N-k) [RSS* - RSS]/qRSS which i s d i s t r i b u t e d as
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F(q, N - k ) . The prior and sample information on g are inconsistent if Fc > F(q,
N-k; l-a) where a= 0.05 or 0.10. Note that the process of Selection of Variables
(by Backward Elimination) can be represented by the CE method.
b. Mixed Estimation(2I>22>28~30>b

In the event t ha t the p r i o r i n f o r m a t i o n on 3 must be described by a
stochastic constraint on the sample estimate the method of Mixed Es t ima t ion (ME)
is the more a p p r o p r i a t e . The ME estimates,3**, Var(e**) are obtained at the
minimum of an appropriate quadratic form z, with respect to the vector B where c =
[(Y - Xg)V~1(Y - Xg) + v ' v " 1 v ] . However, i t w i l l be useful in the sequel to
indicate an alternative derivation. The sample information,[Y, XL is augmented by

i information, [ r , RJ:

K) ] ! ]K) ] ] [] []
Then GLS methods y ie ld the posterior estimates as matrix-weighted averages:
| * * = [XTv-iX + R i * - lR ] - l [XTv-lY + R V l r ] . Var(&**) = [ X ^ X + R V ^ R ] - 1 . The
c o m p a t i b i l i t y of the p r i o r and sample information is assessed by the s ta t i s t i c
y** = (r-Rg)T[R(xT\/-lx)-1RT + Y ] - 1 (r-RB), which is distr ibuted asympto t i ca l y as
x z ( q ) . (Note the s i m i l a r i t y of Y** and y) The prior and sample information on
6 are inconsistent i f y** exceeds x^(q; l-<*) where = 0.05 or 0.10.

I t i s usefu l to have an estimate of the proportion, ep , of prior information
that is included in the posterior estimates, § * * . We have1 V l T l V 1 1 t 2 0 3 0 )
p }

It will be important in the sequel to note that the ME estimates approach the
CE estimates as f approaches a null matrix: a** a» §*, Var(§**) s».Var(g*),
a n d y** * RSS*-RSS as ¥ x [0]
5. The Posterior Odds for a Hypothesis Hp: Y = Xi3i + u.(16)

Sampling theory is concerned with the t e s t of a hypo thes i s . I t w i l l be
usefu l in the sequel to consider as we l l , the probabil i ty of a hypothesis. The
la t ter concept does not arise in sampling theory owing to the requi rement of a
r e p e t i t i v e element in the c l a s s i c a l def in i t ion of probabi i i t y . However, the
probabi l i ty of a hypothesis occurs naturally in Bayesian theory . The p o s t e r i o r
p r o b a b i l i t y of the hypothesis, HQ, on sample evidence [Y, X] is s^p l y expressed
by Bayes1 Theorem: P(Hg| Y) * C P(Y| Ho) P(HQ). C is a no rma l i z i ng constant and
P(Y| HQ) is the l ikelihood of the evidence Y on hypothesis HQ. I t w i l l prove more
useful to evaluate the posterior odds rat io for the a l t e r n a t i v e hypothes is ti\:
P(Hil Y)/P(HOI Y) = B P ( H i ) / P ( H o ) . The term on the LHS is the posterior odds
ra t i o . The second term on the RHS is the prior odds ra t i o . The term, B, on the
RHS is the ( integrated likelihood ra t i o , or the Bayes Factor, B = (RSSQ/RSSJJN/2

N(kg-ki)/2. kQ5 |q are the respective numbers of parameters. The sample evidence
favors Hi i f B > 1 .
6. Regression Diagnostics^23"25^

The GLS methods that have been discussed so far were or ig ina l ly developed to
assist in inferences made by the application of regression methods to observations
generated in designed experiments. Quite often, as in the case at hand, the only
data relevant to the question at issue has been generated in a so-called " n a t u r a l
expe r imen t " ; i t i s "happen-stance"(25>data. I t is evident that the estimates of
the co2ff ic ient v e c t o r , 0 , and the response, Y, t h a t are obta ined by the
a p p l i c a t i o n of GLS to non-experimental data w i l l be strongly influenced by the
idiosyncracies of the jo in t frequency distr ibut ions of CY, X] for the p a r t i c u l a r
sample at hand: 3 = (X 'V- lX )XJ\I~1\, J = X ( x T v ^ X ) -IxTy-lY. Moreover, tsample at hand: 3 = (X'V-lX )XJ\I~1\, J = X ( x T v ^ X ) -IxTy-lY. Moreover, the
statistical significance of the estimates, § , will also be strongly influenced by
the frequency distribution of the data since Var(J3) = (XTV~lX)-l.
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There have been r e c e n t l y developed a set of procedures for systematically
assessing the degree to which these regression results depend upon the s p e c i f i c
sample used. These are the methods of Regression Diagnostics. Broadly - and
br ie f l y - speaking, these methods ident i fy and evaluate the characterist ic e f f e c t s
of the idiosyncracies of the j o i n t frequency distr ibut ions of the sample as either
column effects - co l l inear i ty of one or more pairs of columns of the obse rva t i on
mat r i x [Y, X] - or row effects - " i n f l uen t ia l " and "discrepant" rows of [Y, X ] .
The presence and degree of co l l inear i ty is assessed in terms of the eigenvaues, A i
and eigenvectors Vj, of the (pxp) correlation matrix, C = X 'TX' , of the d i s t r i bu -
tion of p treatment variables,where X1 denotes the matrix of standardized t r e a t -
ment variables. One method of determining the presence and degree of co l l inear i ty
is by the degree of non-uniformity of the e igenva lue spectrum which may be
descr ibed by the condition number, K = AiAp> where A^ is the largest and Ap the
smallest of the eigenvalues. Dta for which K > 100 are termed i 11 - c o n d i t i o n e d .

One major e f f e c t of the presence of a high degree of co l l inear i ty (K > 100)
is the in f la t ion of the variance of the elements of 3. This can be descr ibed i n
terms of the Variance I n f l a t i on Factor, VIF, i = 1 , . . . , p.(24,25,31) j n e viF-j
describes the factor by which the variance, Var(g-j), estimated from the sample in
hand ( i n which the variables are col l inear) exceeds that which would be estimated
from a d ist r ibut ion in which the.treatment var iab les were or thoaonal (as in a
designed experiment): VIFj = c11 = V ^ x i " 1 + . . . Vip2Xn~1= ( 1 -R i 2 ) ' 1 where R-j2 is
the coeff ic ient of determination for the regression of tne i t n column of X on the
remaining (p-1) co lumns. (^ (For "orthogonal" variables, VIFi = 1.) As well as
in f la t ing the variance of one or more estimates of the elements of the c o e f f i c i e n t
v e c t o r , the presence of a high degree of co l l inear i ty in [Y, X] can also affect
the sign and size of these elements, B j , making them i n c o n s i s t e n t w i t h p r i o r
information.

" I n f l u e n t i a l " and " d i s c r e p a n t " rows of [Y, X] can also be conveniently
ident i f ied and their effects assessed in terms of two m a t r i c e s . " I n f l u e n t i a l "
observations can be ident i f ied by the size of the corresponding diagonal elements,
h i- j , of the hat matrix: H = X(XTV-1X)XTV-1. As we noted above, the i n f l u e n c e of
the i t n row of [Y, X] on the i t h row of Y is given by h ^ = ay-j/ayi. Moreover,
the influence of the i * n row of [Y, X] on the estimate of Var(g), can be assessed
by the rat io of determinants; | W(iyX(i)) \ /I (XTX)-!| is merely l / ( l - h j j ) , where
the matrix X^) denotes the deletion of trie i t n row. "Discrepant" observations can
be i d e n t i f i e d by the size of the corresponding elements, ej = yj-yj in the matrix
(Y-Y).

Several d i f fe rent s ta t i s t i cs , which may be called deletion diagnostics, each
a measure of a characteristic effect on a given "output" - 3", Var(3), Y . . . - o f a
regression analysis, of deletion of the i™ observation from the matrix [Y, X] may
be constructed from the elements, ê  and h-j-j. These are described in Bel s l e y , e t
a l . ( 2 3 > as COVRATIO, RSTUDENT, DFBETAS, DFFITS, etc. For instance, the effect on
the estimate, 3, of deletion of the i " 1 row can be descr ibed by A3 = 3 -3 ( i ) =
( X T X ) ~ l x - j T e i / ( l - h i i ) . Sets of suitably standarized functions of the two sets of
basic measures, O i ,V j ) and (e j , h i j ) are described in B e l s l e y et a l ( 2 3 ^ which
prov ide a detailed description of the degree to which the results of a regression
analysis depend on the idiosyncracies of the sample in hand.
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Because of the degree to which idiosyncracies of the joint distribution of
the observations [Y, X] in a particular sample can in f luence the e s t i m a t e s £ ,
V a r ( 3 ) , 9 e t c . , i t is most important that any regression equation constructed on
non-experimental data be assessed with a second set of independent o b s e r v a t i o n s ,
say [Y, X]*, before being used in any serious enterprise.(vide infra)(24,25,32-34)

LSS
The pooled sample (Hiroshima + Nagasaki) may be termed "user friendly": i t is

equally cons i s t en t with a l l t h r e e of the r i v a l models on the b a s i s of a
ch i - squa red t e s t of hypothesis. The (bomb) site-specific samples (Hiroshima, H,
or Nagasaki, N) are less friendly: the neut ron, Dn, and gamma, Dy, doses are
highly c o r r e l a t e d at each s i t e . For the leukemia incidence rate samples the
sample correlation c o e f f i c i e n t r(Dy,Dn) and cond i t ion number x i / x p , a r e ,
r e s p e c t i v e l y , Hiroshima 0.984 and 3006; Nagasaki 0.895 and 260. The presence of
this strong collinearity causes the sign, size and s t a t i s t i c a l s i g n i f i c a n c e of
severa l of the coefficients in each of the rival models to differ markedly from
the cognate apriori information. Measures of the degree of c o l l i n e a r i t y , the
respect ive Variance Inflation Factors for Hiroshima and Nagasaki are, respectively
(LQ-L model): VIF = (388, 655, 54) vs (1 , 1, 1) and VIF = (7, 56, 36) vs (1 , 1, 1) .
Thus, any (bomb) site-specific estimates of the coefficient vectors of the rival
models are questionable and must be strongly discounted. (This caveat does not
seem to be s u f f i c i e n t l y v i v i d l y appreciated in the BEIR III Report.(3)) Thus,
despite the possible inherent differences of radiation response in the populations
of the respective sites and the known differences in the composition and radiation
characteristics of the respective bombs (Hiroshima - uranium, gun-type; Nagasaki -
p lutonium, implosion-type) the (bomb) site-specific data must be pooled in order
to obtain even plausible (or heuristic) unbiased e s t i m a t e s of the c o e f f i c i e n t
vec to r s of the rival models. (The biased estimation methods of Ridge Regression
or Principal Component Regression are alternative maneuvers to pooling the data to
reduce the e f f e c t s of c o l l i n e a r i t y , but we do not discuss them.)(8»24,25) jh e
correlation coefficient, r(DY,Dn), condition number, AiAn, and VIF for the pooled
sample are r e s p e c t i v e l y , 0 .588, 14, and (4, 1.4, 3). I t is evident that the
pooling maneuver is highly successful in reducing the degree of coll inearity.

This i s the f i r s t and most defensible of several of the "data-instigated
hypotheses" upon which much of the suppor t for the e s t i m a t e s of the r i s k
c o e f f i c i e n t s t ha t are presented in the BEIR III Report depends.^) That i s ,
although i t is not apriori evident that the two (bomb) s i te-speci f ic samples are
homogeneous ( independent random samples from the same population), i t is abun-
dantly clear that unless the hypothesis of the homogeneity of the data is accepted
and the two samples pooled, no plausible regression estimates of the coefficients
in any dose-response equation are possible. The reason for this success of t h i s
maneuver is that the correlation structures of the two samples are quite d is t inc t .
If the matrices Xj and X2 refer to Hiroshima and Nagasaki , r e spec t i ve ly , , the
c o l l i n e a r i t y of DY and Dn in each c i t y can be r ep resen ted by the linear
constraints, 0=Xini and 0=X2n2> r e s p e c t i v e l y , where n i T = ( i } -1 .54*10~l) and
r\2^=d > -f .58*10~3). Thus, in the matrix-weighted averages of the GLS estimates
of the coefficient vectors of the respective models of radiation response for each
c i t y t h a t i s r ep resen ted by the GLS estimates of these vectors for the pooled
data, i t is the difference in the correlation structures of the respective weight
m a t r i c e s which is decisive. If these structures were not dis t inct , pooling the
data would do nothing to ameliorate the effects of c o l l i n e a r i t y on the sample
e s t i m a t e s of p. (Doubling the sample size would, of course, reduce the variance,
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but not suf f ic ient ly . ) Although this maneuver reduces the degree of col l i n e a r i t y
of DY and Dn i t does not, of course, much affect that of DY and DY

2.

I t should be noted that since 1) both the size and shape of the j o i n t d i s t r i -
bution of DY and Dn in the leukemia inc idence data and non- leukemia cancer
m o r t a l i t y data are qu i t e s i m i l a r and 2) the set of levels of the conditional
mortal i ty rates exceeds that of the cond i t iona l i nc idence ra tes by about two
orders of magnitude* the standard errors of the estimates of the respective coeff-
ic ient vectors of each of the r iva l models of response rate would be expected to
be l a rge r f o r the conditional mortal i ty rate than for the conditional incidence
rate - and this is in fact found to be the case. I t is l i k e l y t h a t t h i s i s the
main - perhaps only - reason t h a t the es t imated equations of the leukemia
incidence rates are selected by the BEIR I I I Committee as the paradigms f o r the
est imates of the non-leukemia cancer mortal i ty rates. That i s , the rat ios of
certain pairs of coefficients in the equations for the leukemia incidence rate are
subsequent ly imposed as linear constraints, r = R3, on the estimated coef f ic ient
vectors of the cognate equations for the conditional non-leukemia cancer m o r t a l i t y
rates in order to stabi l ize the estimates, § , of the l a t te r .

An examinat ion of the set of estimates of h | i , ej and the derived deletion
diagnostics (COVRATIO, RSTUDENT, DFBrTAS, DFFITS)^23' for each of the r i va l models
of the j j oo led leukemia incidence rate data discloses that the GLS estimates §,
Var(g), Y etc. , are strongly influenced by several of the rows of [Y, X ] , Thus, i t
seems tha t in the dose-response equations of the several models of conditional
response one may discern the characteristic "signatures" of the p o s t - i r r a d i a t i o n
exper ience at these two s p e c i f i c (bomb) s i t e s rather more clear ly than the
generally val id patterns of conditional response to low-LET r a d i a t i o n t h a t are
implied in the sets of risk coefficients presented in the BEIR I I I Report.

The BEIR I I I Report inc ludes a number of s tatements which seem to be
inconsistent with the characteristics of the actual data: " I t seems unlikely t h a t
epi demi o l ogi c s tud ies on low-dose exposure w i l l ever be adequate for d i rect
observation of excess cancer risk assoc ia ted w i t h very low doses of low-LET
r a d i a t i o n . The choice of a mathematical dose-response function that uses
s ta t i s t i ca l l y stronger data at high doses to estimate cancer r i s k a t low doses
t h e r e f o r e becomes an important part of the estimation process."^) However, the
set of deletion diagnostics discloses that several of the regression est imates 6 ,
Va r (e ) , Y, etc. , are in fact dominated by the observations at low doses, a feature
of the data that is s t i l l more v i v i d l y descr ibed by p l o t s o f the f requency
d i s t r i b u t i o n of person-years, niT-j, over the doses, Dy and Dn. For example, in
the leukemia incidence data the ranges of Oy and Dn in Hiroshima are 219 rad and
37.5 r a d , respectively, and the rat io of the weights, niTi/y-,-, of the respective
observations, y^, at the lowest and highest values of dose is 2.45*103, whereas in
Nagasaki these ranges are 283.7 rads and 2.7 rads and the weight rat io is 5.0*102.
The ranges of the frequency distr ibut ion have nearly identical values for the non-
leukemia cancer mor ta l i t y data and roughly similar values for the breast cancer
incidence data and the d i s t r i b u t i o n of n iT - j / y j are a lso s i m i l a r to cognate
features of the leukemia incidence d is t r ibu t ion .

Leukemia Incidence Rates
"Al though the d i f ferences among models with respect to goodness-of-fit are

not large, they suggest dependence on both gamma dose and i t s square , and they
suggest that [leukemia] risk from low-LET radiation may be estimated by using the
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gamma-dose coefficients in the f i t t ed l i n e a r - q u a d r a t i c gamma, l i n e a r neutron
(LQ-L) model."(3)uut, surely the point at issue in the implied test of hypothesis
is not whether the differences " . . . with respect to goodness-of-fit . . . " are la rge
(or n o t ) i n any absolute sense but rather whether they are large with respect to
concomitant differences in numbers of degrees of freedom among the respec t i ve
models: I f we compare alternative models, say A and B, of a conditional response
with a Bernoulli d istr ibut ion ( the models w i l l be e i t h e r p r o b i t or Poisson
depending on whether the parameter, 0 , of the Bernoulli d ist r ibut ion l ies in the
ranges 0 < o < 1 or 0 < 9 < 0 . 1 , respectively) with residual sums of squares, RSS,
d i s t r i b u t e d on the respec t i ve null hypotheses as chi-squares with df/\ and dfg
degrees of freedom, x2(dfA) and x

2(dfB)> t n e n t n e difference, (RSS^ - RSSg) > 0 ,
is distributed as chi-squared with (df/\ - dfg) > 0 degrees of freedom.

The res idua l sums of squares of the LQ-L, L-L and Q-L models of the leukemia
incidence rate (LIR) for the pooled (vide infra) observat ions of Hiroshima and
Nagasaki are, respectively, 10.64, 11.76 and 12.54 with degrees of freedom 11, 12
and 12, respectively. The largest d i f ference in r e s i d u a l sums of squares is
( R S S I - R S S Q ) = 12.54-10.64 = 1.90. This difference is distr ibuted on the null
hypothesis as chi-squared with dq-kg) = 12-11 = 1 df. 1.90 corresponds to the
0.83 q u a n t i l e of t h i s d i s t r i b u t i o n . The usual and customary interpretation of
such differences in chi-squares for models of toxicological data w i t h more than
one dosage f a c t o r is t ha t the data present no evidence for the additional term
(here Dy or Dy^) in the more complex model. Fur thermore, e l i m i n a t i o n of the
unnecessary term w i l l , of course , increase the precision of estimate of the
remaining coeff ic ients. Thus i t would seem tha t these LSS data suggest a
dependence of the conditional leukemia incidence rate on ei ther, but not " . . . on
both gamma dose and i ts square, . . ." '3^They further suggest that i f the r i s k from
low-LET r a d i a t i o n is " . . . estimated by using the gamma-dose coefficients in the
f i t t e d linear-quadratic gamma, linear neutron (LQ-L) model . ' v a h a t the conf idence
l i m i t s on these estimates w i l l be unnecessarily in f la ted, thus par t ia l l y defeating
the "object of the exercise", which is to anticipate, as unambiguously as poss-
ib le , the level of response to subsequent i r radiat ion of the target population.

The standard (chi-squared) test of hypothesis of sampling theory cannot be
used to discriminate between the L-L and Q-L models on the basis of differences in
the respective residual sums of squares since the number of degrees of freedom for
the difference at issue is zero. There are however, two t rans fo rmat ions of the
respect ive RSS which may be exploited for this purpose. One is the adjusted mu l t i -
ple correlation coeff ic ient, R2 , ( a l so r e l a t e d to Mal lows 'C p ) o f c l a s s i c a l
sampling theory_ where R2 = i-rRSS/(N-k]/rSYY/(N-l)] and SSY is the sum of squares
about the j e a n , Y: SSY = (Y-YJ'V-^Y-Y) .(24,25,33) Selection of the model w i t h
maximum R2 shou ld , "on the average" , d i sc l ose the most nea r l y "correct"
mechanistic model as well as the best predictive model. The second t rans format ion
of RSS y i e l d s the factor B in the posterior odds rat io of Bayesian theory, where
B = (RSSo/RSS!)N/2N(ko-ki)/2. The sample evidence favors H]_ i f B > 1.(16) L g t us
compare the 3 pa i r s of r ival hypotheses by determining the prior odds rat io for
the null hypothesis that is required, given the evidence of the LSS sample, to
o b t a i n a posterior odds rat io of one. These prior odds ratios w i l l simply be the
respective Bayes factors, B, for Hi. For HQ: LQ-L, H j : L -L , B = 1.80. For HQ:
LQ-L, H i : Q-L, B = 1.07.. For Hg: L-L, Hi: Q-L, B = 0.60. In other words, the
pr ior odds for the LQ-L hypothesis with respect to the L-L hypothesis must exceed
9:5 in order to dominate the evidence of the LSS sample (for the L-L model). The
pr ior odds for the L-L hypothesis with respect to the Q-L hypothesis must be less
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than 3:5 in order not to dominate the evidence of the LSS sample (for the L-L
model). Whether the prior evidence for either the LQ-L or Q-L models is so cogent
is su re ly an insistent question - one which was neither addressed, nor raised, in
the BEIR I I I Report.

The values of R"2 for the Q-L, LQ-L and L-L models are, respectively, 0.806,
0.822 and 0.825. According to the cr i ter ion of "Maximum R2" the sample ev idence ,
again, is in favor of the L-L model.

The success of the pooling maneuver in reducing the degree of col l inear i ty in
the jo in t distr ibut ion of Dy and Dn i s v i v i d l y d isp layed in F igure 1̂  which
presents a p l o t of the (l-a) = 0.95 jo in t confidence region for the coefficients
(ofl» ei) in^the Î -L model. The region includes a l l po in ts (a i» 3j) f o r which
(3 - 3)Var(B)-l(3-3) _< F(p, n-k; 1-a). Broadly speaking, the el l ipse circumscribes
the region within which one can believe what one pleases about the values of
(a 1 , & i ) w i th a specified probability (a) of being wrong. Note that the axes of
the el l ipse are nearly parallel to the (a j , &i) axes. The precision of es t imate
of the respective coefficients is now dominated by the size rather than the shape
of the jo in t distr ibut ion of Dy and Dn in the pooled sample; i t i s ev iden t t h a t
the range of Dn is much less than that of Dy in the pooled sample.

The l i n e cq = 3^/11.50, describes the constraint, r = Rg, derived from the
estimated L-L model of the leukemia incidence rate and imposed on the es t imated
L-L model of the non-leukemia cancer mortality rate to construct the L-L model of
the la t te r . The matrices of the constraint are r = 0 and R = (0, 11 .50, - 1 , 0 ) ,
r e s p e c t i v e l y . The size of the el l ipse gives an appreciation of the size of the
dispersion matrix of V, v = RVar(g)RT, for the Mixed Estimation methods. For the
L-L model (q=l) v = 1.60. For the LQ-L model (q=2) we have .
r = 70\, R = 10, 8.46*10-3, - 1 , 0, 0 and «p = fl.704*10-6, 3.609*10-3| .

| 0 j 10,27.40 , 0 , 1 , 0 ) [3.609*10-3,9.331 J
For the Constrained Estimation methods, the r and R matr ices of the r e s p e c t i v e
models are i d e n t i c a l w i th those for Mixed Estimation, but the respective (qxq)
dispersion matrices, 4', are replaced by the cognate null matrices: y . i. [03.

The ( l - a ) = 0.95 conf idence l i m i t s on the RBE of neutrons, fr/ai, are
obtained as the non-negative real roots of the quadra t i c equat ion ( F i e l l e r s '
Theorem): (Bi-ajRBE)2 = t2(N-k; l-«/2)Var(Bi-%RBE)
where VarCSi-SjRBE) = Var£&i)-2RBE COV(%,&i) + RBE2Var(S1) = Y = 1.60.
The size of the confidence l i m i t s on the RBE make i t ev ident t ha t the non-
s tochas t i c c o n s t r a i n t methods (CE) are inappropriate to the construction of the
hybrid models LQ-L, L-L, U-L.

Interval Estimates of Response Rates.
The est imated response, Y, at a specified value of the vector of exogenous

variables CT = ( 1 , D , Dn, . . . ) is Y = C'e. Y is a point estimate of Y. I n t e r v a l
est imates of response may be obtained i f the sampling distr ibut ion of Y is known
apr ior i . I f the response, Y, has a asymptotically normal conditional d i s t r i b u t i o n
Y ^ N(Xg: V). Y is distributed asymptotically normal with EfY)_= EJCTB) = CT3 and
Var(Y) = ( ^ ( x T W x r k . The r a t i o , t = (CTS - CT g)/,/ C T (X r V" lX) ~*U, i s
d i s t r i b u t e d as Students' t with (N-k) degrees of freedom. The ( l-a) confidence
interval for the conditional response at C' is the region circumscribed by Y , Y+
= cT6 + t(N-k; i-a/2)/fITxJnr1xrr*c~
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The interval estimates of the level of dose, Dy*, that is required to educe a
response rate, Y*, which represents either a specified m u l t i p l e o f , or i s at a
s p e c i f i e d increment to, the "background" or spontaneous, response rate would seem
to be of some interest as an objective measure of a "maximum permissable dose"
t ha t would serve as, " . . . a sc ient i f ic basis for the development of suitable rad-
iat ion protection standards."^) and that is also consistent with current p rac t i ce
in environmental toxicology. This proposition has, apparently, not been discussed
before. Let us obtain an interval estimate of the gamma dose, Dy*, at which the
induced inc idence r a t e , Y, is a mu l t i p le , n, of the background rate, YQ. We
assume that the neutron dose is zero when the gamma dose is DY* and f o l l o w the
methods of Frome, etal.(9-12)The difference d=(nYO-Y) is distributed with E(d) = 0
and Var(d) = n2Var(Y0) + Var(Y). The rat io d//Var(d) A, N(0, 1), a s y m p t o t i c a l l y .
The l i m i t s , DY*_ and Dy*+, of the (1-a) confidence interval on DY* are obtained
as solutions to the equation, d2 = Z(i_a)2Var(d), where Z(i_a) is the u n i t Normal
deviate.

I f we write the 6LS estimate of the LQ-L equation for Dn=0 as Y = o i 2 Y
then the interval estimates of DY* for the LQ-L model of response (0^=0) are
obtained as the non-negative real roots of the equation: Ag + AiDY + ^y + A D 3
+ A 4 D / = 0 where
A 2 t 2 ( Y / ) Var(a0)] + 2na0Y0 - n2Y0

2 - a0
2

2 Y 2l i $ o i i g
A2 = z l - a £ V a r ( a l ) + 2 Cov(ao, a2)]
A3 = 2zi_a

2Cov(ai, a2> - 2aia2 A4 = i y 2 2
ng is the sample size from which Yg is determined. The (1-a) i n t e r v a l es t imates
of DY* f o r the L-L and Q-L models (Dn = 0) are obtained as the non-negative real
roots of cognate equations.0,10)

We have constructed confidence l imits on both the d i rect , Y, and inverse, DY*
estimates for a l l three models of the conditional leukemia incidence ra te as we l l
as f o r the c o n d i t i o n a l excess , (Y-Yo) incidence rate. Some of these are now
discussed in the context of the recommendations of the BEIR I I I Report.

The Report describes a rather novel method for setting confidence l imi ts to
the levels of conditional response predicted by the severa l models cons ide red ,
LQ-L, L-L and Q-L: "These members would prefer to regard the linear (L or L-L)
model not as central, but rather as one extreme on which credible upper bounds ( i n
the form of confidence l imi ts) could be based; the other extreme would be provided
by the pure quadratic (Q or Q-L) model, on which credible lower bounds could be
based . " (3) Note f i r s t that the forecasts of the L-L and Q-L models are not to be
circumscribed by any confidence l imi ts whatever. Note a lso t ha t the l eve l of
confidence, ( l -a )> that is to be associated with the region of LQ-L forecasts that
is circumscribed above and below by the L-L and Q-L forecasts, r e s p e c t i v e l y , is
not s p e c i f i e d . F i n a l l y , note tha t s ince neither the data, the zeroth order
elements in the estimates, g, and Var(§) nor the o f f - d i a g o n a l elements in the
e s t i m a t e s , Var(g), for the several models are presented in the Report, one cannot
construct any estimates of the region of response, Y, predicted by the LQ-L model
that is to be circumscribed by the forecasts of the L-L and Q-L models.

F igure 2̂  presents a superposition of the estimates of the conditional (DY> 0,
Dn = 0) leukemia incidence rate of the three models, LQ-L, L-L and Q-L together
w i t h the 0.95 confidence l imits on the former, which are seen to be enormous. I t
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can be shown t h a t over most of the range of Dy the region circumscribed by the
forecasts from the L-L and Q-L models coincides (app rox ima te l y ) w i t h the 0.60
conf idence l i m i t s on LQ-L forecasts . (In the region of greatest in terest , the
region of lower gamma dose, the level of confidence f a l l s to ze ro , of cou rse . )
The Figure also presents a superposi t ion of the estimates of the conditional
spontaneous (Dy = 0, Dn = 0) incidence ra tes f o r f ou r (=2 2 ) response s t r a t a
s p e c i f i e d by the dichotomous endogenous variables Z = (sex, s i t e ) . ^ 8 ' T h e m=22

strata define 4 levels of Z, coded as, say, (0, 0 ) , (0, 1), ( 1 , 0) and ( 1 , 1 ) . I t
i s evident that the respective variations in the level of conditional response, Y,
that are produced by variations in the endogenous, Z, and exogenous, X, v a r i a b l e s
may be comparable.

Table 1. presents the 0.95 confidence l imi ts on the LQ-L estimates of the
conditional (Dy >_ 0, Dn = 0) excess, (Y-Yg), leukemia incidence r a t e . Note t h a t
these l imi ts include zero for Dy _< 50 rad.

Table ^a presents the 0.90 confidence l imi ts on the inverse estimates, Dy*,
for the mult ip le, 1.5 YQ, of the spontaneous incidence rate, YQ, for the LQ-L, L-L
and Q-L models of the conditional leukemia incidence rate. Table j?b_ presents the
cognate 0.95 confidence l im i ts . The sample sizes from which Yg was es t imated
d i f f e r by a f a c t o r of 10^ between the two tables. Note that the sizes, (Dy*+ -
DY*_), of the confidence l im i t s on the inverse es t imates may be ordered as
f o l l o w s : LQ-L > Q-L > L-L. This is a r e s u l t of 1) the in f la t ion of Var(g)
produced by the presence of the (redundant) variable (Dy or Dy^) in the LQ-L model
and 2) the small (average) value of the slope in the Q-L model in the low dose
region. Figure 2 presents the 0.90 interval estimates of Dy* for n = 1.5, 2.0 and
2 . 5 , for the LQ-L model. The Tables and Figure describe the disclaimers which must
attach to any statements of risk from low doses of low-LET r a d i a t i o n t h a t are
based on the LSS data.

A Threshold Model of the Leukemia Incidence Rate(35-4O)
"The mathematical functions discussed above [LQ-L, L-L and Q-L] assume t h a t

there is no th resho ld dose below which there is no excess r i sk . On s ta t i s t i ca l
grounds, however, the ex is tence or non-ex is tence of a t h r e s h o l d dose i s
p r a c t i c a l l y impossible to determine, unless there is a marked increase in r isk for
doses only s l igh t ly greater than the threshold."^) " . . . in i t s estimates of low-
dose r i s k the Committee chose not to inc lude the class of functions with a
threshold, i . e . , functions in which the cancer risk is zero up to some p o s i t i v e
value of the dose s c a l e . "(3) This choice seems a rather curious one in several
respects. One, i t w i l l be recalled that in t o x i c o l o g y the c l a s s i c a l model o f
dose-response inc ludes a threshold and that most of the environmental qual i ty
standards and l imi ts currently in effect are der ived on the assumption of the
v a l i d i t y of such models, ( 4 1 ' , e.g., the classic analysis by Zweifel of the condi-
tional Poisson distr ibut ions of the occurrence of pulmonary tumors in mice
exposed to chemical carcinogens clearly discloses the presence of a threshold in
the linear relations between the parameters of the distr ibut ions and the dose of
(some) carcinogen.(35)yWOj i t is well known that although the form of a response
function which describes a physical or, especially, a chemical system may of ten be
invar ian t over a wide range of levels of the treatment variables, i t is also often
the case that one or more of the derivatives of the f u n c t i o n may change, in an
e f f e c t i v e l y d iscont inuous manner, at one or more l e v e l s within the range
considered, of one or more of the treatment variables, i . e . , there are e f f e c t i v e
" t h r e s h o l d s " . These changes in the derivatives disclose changes in the mechanism
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of response. T h i r d , i t is evident from the interval estimates of response (and
the inverse interval estimates of dose) in Figures \_ and 2_ t h a t there i s a wide
range of gamma dose f o r which the response rate, Y, at Dy > 0 does not d i f fe r
s igni f icant ly from the response rate at Dy = 0. F i n a l l y , i t has r e c e n t l y been
we l l argued by Raiffa that, " . . . there is a tension between honesty and prudence
. . . : " Probabil ist ic reports about adverse consequences to hea l t h are very o f t en
s lan ted to be conservat ive. I am arguing that i t is better to report honestly,
and that prudence should appropriately be represented in the evaluat ion process ,
not in the assessment process."(*2; since i t is a simple matter to examine a set
of data for the presence of one or more thresholds, the fa i lure of the Committee
to do so seems rather idiosyncratic.

Let us return to the most general expression for a conditional response rate,
Y = Y(Z, X), where Z denotes a vector of endogenous variables (sex , s i t e , e t c . )
and X denotes a vec tor of exogenous variables (dose, dose-squared, e t c . ) . The
conditional response is typ ica l ly represented by the linear form Y = X3 + u ( i n
the usual notation). The dependence on X is exp l i c i t , that on Z is impl ic i t in 3:
3 = 3(Z). For instance, for the LSS data we have considered i t may be shown t h a t
the i n t e r c e p t , ag , of the c o n d i t i o n a l incidence rate for breast cancer is a
function of (bomb) s i t e . (As i s a lso ev iden t in F igure 1^ f o r the leukemia
inc idence r a t e where i t appears that the effects on the level of the conditional
response rate, Y, of such changes in Z may be comparable to the effects of changes
in X of one or two orders of magnitude - depending on the model.) Moreover, i t is

tinuous function, y = ag + a^Dy + o^Dy^ + . . . + y C , where C i s thea discontinuous function, y = ag ^ ^
dichotomous s i t e v a r i a b l e C=0 (Nagasaki) and C=l (Hiroshima): The intercept
changes discontinuously fromag (Nagasaki) to ag + y (Hiroshima) at Dy = 0.

We may contempla te , as a general proposition, that the mechanism of condi-
t ional biological response to low-LET radiation may change discontinuously between
reg ions of the exogenous variables, X, as well as between strata defined by the
endogenous v a r i a b l e s Z. Levels of X which d e l i m i t these reg ions de f i ne
" t h r e s h o l d s " . These changes in mechanism are d i sc l osed by changes in the
coeff ic ient vector 3, of linear models. That i s , we haveB= (Z, X ) , i n g e n e r a l .
Thus, the in te rcep t , ag , slope, a j , etc, of a dose-response equation may change
discontinuously at one or more levels of the dose. For example, we have v

2 + «2Dy? +1 + 02Dy2 + • • • + yC> for Dy _< DQ and y = (ao + 6) + aiDy + «2Dy? + yC for
Dy > DQ: the intercept changes discontinuously, by amount <s, at Dy = Dg > 0.

tne introduction OT indicator vanaDies, just as in tne case
li 3=e(Z), (the site variable C=0, 1 is an indicator variable)
sjon.(24,25,36-40) Alternatively, the estimation may be
introduction of spline functions.(24,25,36-40) j n general,

The regression estimates of the coefficients in such equations, where 3=3(X),
may be implemented by the introduction of indicator variables, just as in the case
of equations in which 3=3]
in a piece-wise regression.
implemented by the
splines are piece-wise polynomials of order k. The join points of the pieces are
cal led knots. The values of the function and i ts f i r s t (k-1) derivatives agree at
the knots. That is , the spline is a continuous function with (k-1) continuous
derivatives. A spline function with knot k-j is defined as
(x-ki)+ = (x-kj), for (x-kj) > 0, and (x-ki>+ = 0 for (x-ki) < 0.

As well as representing characteristic structural changes in the mechanism of
a process the spline functions also provide basis funct ions for empir ical
approximations that are a useful adjunct to the polynomials in the better-known
Taylor Series approximations. For instance, i t is not infrequently the case that
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a low-order polynomial provides but a poor f i t to the data and a modest increase
in the degree of the polynomial does not sufficiently improve i t . In such cases, a
Taylor series wi l l not provide an adequate approximation. A spline f«nct*on may.

Moreover, there is the question of local vs global behaviour of the two
classes of approximation functions. For polynomials - as well as for most other
mathematical functions - the behaviour of these functions in a small region of the
argument determines their behaviour everywhere. Although th i s property of
" r i g i d i t y " makes such functions good f i l te rs (for smoothing and interpolation over
the region of observations) i t may also introduce bias in to the estimates of
response in some other region of the treatment variables (e.g., the Q-L model). A
spline function may not.(37>

I t w i l l have been noted that although the LQ-L, L-L and Q-L rrrcf= ;^ have been
proposed only on theoretical arguments as representative of alternir;. v; nechanisms
of conditional response they also represent 3 of the possible 2" - ' alternative
Taylor Series approximations to the conditional response - to terms of second
order in Dy and Dn. In other words, these three rival polynomial models may be
considered either as equations that describe the mechanism which generated the
population from which the sample was selected or as simply empirical graduations
of the data. From either perspective, the spline function is a contender.

We are immediately concerned with the linear spline, k=l, for which only one
discontinuity or knot, at x = kj = XQ, occurs in the region of interest.{24,36-40)
Thus we w r i t e , in an obvious no ta t ion , y=&Q + 3p + 62(x-xo)+. Although in
principle the positions of the knots are free parameters of the model that enter
in a non-l inear manner i t is permissable to regard the determination of knot
positions as corresponding to the choice of a funct iona l type in ord inary
c u r v e - f i t t i n g pract ice. Therefore, the determination of the position of a knot
does not require one degree of freedom.(37)Furthermore, just as to each functional
type there may correspond a transformation of the variables x or y, e.g.
x — .\.1ogx, the spline function corresponds to the transformation x * (x-kj)+.

We have f i t ted a linear spline to the pooled leukemia incidence data:
I = aQ + OSJDY + a2(Dy - DQ)+ g ^ + u where (Dy-D())+ = (DY-DO) for DY-DQ >. 0

and (DY-Oo)+ = 0, for DY-Do < 0
We found that the term in Dy could be neglected, giving the L'-L model:

I = OQ + a2(DY - D0)+ + 6lDn.
We have obtained Maximum Likelihood estimates of the position, Oo» o- the

knot with upper and lower confidence l im i t s , DQ+ and DQ-, respec t i ve ly , by a
var ia t ion of the Box-Cox procedure for determining empirically the optimal value
of the exponent of the dependent variables in a power-law transformation in l i near
regression. (24,25) This appears to be the same method used by Zweifel^l6J to
determine the respective threshold doses for chemical carcinogens for murine
pulmonary tumors (although that author does not refer to the Box-Cox procedure nor
does he estimate the confidence l imits). I t is worth noting that the de le t ion
diagnostics for the L'-L model of the leukemia incidence rate, disclosed no
discordant observations (RSTUDENT > 2.0)* 2 3 ' whereas for each of three r i vaT
models, LQ-L, L-L and Q-L, there were either one very discordant (Q-L) or two
smaller discordant observations (LQ-L and L-L) . The 0.90 upper and lower
confidence limits on the estimate Do = 39 rad are Do+ = 59 rads and DQ_ = 15 rads,
respectively. Since the interval does not include Dy = 0 we may conclude that, at
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th is level of confidence, a threshold model is indeed consistent with these
data. We shall see that the L'-L model, a polygon, is a more cogent model of the
condi t ional leukemia incidence rate than are the alternative, non-threshold,
polynomial models, proposed in the Report.

Figure £ presents a super-position of the plot of RSS(= X c ^ v s &0 ano< a
of the linear spline L'-L for DQ = 39 rad. The Box-Cox procedure for est imating
Do and the 0.90 CL, DQ_ and Dg+, from the RSS plot is represented.

The Validation of Regression Equations. The PRESS Statistic.
"Users have often been disappointed by . . . multiple regression equations that

' f o recas t ' quite well for the data on which they were build. When tried on fresh
data, the predictive power of these [equations] fe l l dismal l y . " (32 ) (One notes
that the "predictive power" is l ikely to descend to especially "dismal" levels for
multiple regression equations "bui l t" on aggregated or grouped data - such as the
LSS data - since aggregation inflates the coefficient of determination. R2, as
well as the degree of collinearity in the d i s t r i b u t i o n of DY and D n . ) ( 4 3 -45)
Moreover, assessing the predictive performance, (eg. RSS, R )̂ of an equation " . . .
on the data that gave i t birth is almost certain to overestimate performance, for
the opt imizing process [Maximum Likelihood, Least Squares, Minimum Chi-Squared,
etc.] that chose i t from among many possible [equat ions] wi 11 have made the
greatest use possible of any and a l l id iosyncracies of these particular
data."(32)(/\s we noted earlier, the procedures of Regression Diagnostics have
been developed to assess the degree to which the results of a regression analysis
depend on the idiosyncracies of the joint distribution of the speci f ic sample of
data used.) But, "No one knows how to appraise [an equation] safely except by
using different bodies of data from those that determined it"(32) f an(j moreover,
" . . . The only real va l ida t ion of a statistical analysis, or of any scientif ic
enquiry, is confirmation by independent observations."(33j

Given that the experiments which would provide appropriate independent obser-
vations cannot be performed and that the non-experiments which generated the LSS
data w i l l not be repeated, the question of the validity of any models of the
conditional responses to low doses of ionizing radiation belongs to the class of
ins i s ten t questions (apt ly) labeled as "transcientific" by Alwin Weinberg.v*6'
However, there are some alternative procedures to hand by which we may attempt to
ant ic ipate the varying degrees of disappointment that may attend the use of the
estimated somatic risk coefficients derived from one or the other of the estimated
mul t ip le regression equations that are described in Tables V-8 and V-l l of the
BEIR I I I Report. First, i t should be noted that the coefficient vectors, B» f°r

which pa r t i a l estimates are presented in these tables are unobservable {by
definit ion); the validity of an equation cannot be assessed in a straight-forward
comparison of observed, e, and estimated, 6, vectors. However, the response
rates, Y, are observable (by definition) and therefore the validity of an equation
is (only) assessed by comparison between observed, Y, and estimated, Y, response
rates. The criterion of the f ide l i ty with which ¥ resembles Y is a residual sum
of squares (usually).(33)

Let us now consider an alternative procedure which simulates the collection
of new data namely, "data-splitting" or "cross-validation", in which the available
data are par t i t i oned ( in a contro l led manner) into two subsets. One subset,
called the construction subset are used to estimate both the form and the (k)
coe f f i c i en t s of a "best" equation. The remaining set, called the validation set
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are used to evaluate the prediction performance of the equation. An equipartition
of the data seems to be used most frequently although other propor t ions ar?,4J%'5<f
as w e l l . Computer programs are available to "optimize" this procedure.(33»J*J
Therefore, one is concerned only with whether there are suf f ic ient observations i n
in the a v a i l a b l e sample for the data-spl i t t ing procedure to be a feasible method
of validation (or assessment). Since i n general 15 to 20 data p o i n t s are
necessary to obtain a rel iable estimate of the prediction standard deviation i t is
recommended thst a minimum total sample size of N = Ni + N2 >. 2p + 25 is requ i r ed .
I t i s obvious that the LSS samples include only about half as many observations as
are required for cross-validation. The dose-response equations presented i n the
BEIR I I I Report have never been validated by a quantitative method.

Just as in those cases in which the validation or assessment of a regression
equation by "exposing" i t to new data is not feasible, and recourse to the method
of d a t a - s p l i t t i n g or cross-val idat ion - which simulates the acquisition of new
data - is necessary, so in the case in which the original sample is too smal l f o r
d a t a - s p l i t t i n g to be feasible, recourse must be had to a method which simulates
data-sp l i t t ing. This method is " . . . one t h a t corresponds to d i v i s i o n o f the
sample s i ze (s ize n) into a 'construction'sub§ample (size n-1) and a 'val idat ion
subsample1 (size n) in a l l (n) possible ways."*33) one method f o r i n t e g r a t i n g
t h i s i n f o r m a t i o n i s to construct the PRESS s ta t i s t i c for the model in question
from the data in hand, a practice which we now br ie f l y describe."4,25) Given the
t h i s i n f o r m a t i o n i s to construct the PRESS s ta t i s t i c for the model in question
from the data in hand, a practice which we now br ie f l y describe."4,25) Given t
observa t ion matrix [V, X] and the model V = X6 + u where E(u) = 0, E(uu^) = a^
the Least Squares estimate of 6 is § = (XTX)"lxTY. Delete the i t h row of [ Y , X]
and ob ta in a Least Squares estimate of & on the reduced (n-1 row) observation
matrix [ Y ( i ) , X M J ] : 6 ( i ) = <x ( i ) T x ( i ) ) ' l x ( i ) T Y ( i.) • I f the de le ted row i s
(Yi » Xj i ) • X i ' is a row vector from x - then the estimated value of Y at X ( i ) ' is
y ( i ) = Xi 'B( i ) ând the prediction error is described by the r e s i d u a l e ( i ) where
e ( i ) = ^ i " ^ ( i ) * I n t n e P r e s e n t con tex t the reduced matrix CYji), X ( i ) ]
corresponds to the construction subsample and the deleted row ( y i , X i ' ) i s the
validation subsample

I t can be shown t h a t e ( i ) = y i - XiTg(i) = (yi - x i T g ) / ( l - h i i ) = e^/Ll-h^)
where h^i is the i t n diagonal element of the hat matrix H = XtX1^)"1^7 . That i s ,
h i i = X i T ( x T x ) ~ l x f . Thus, i t i s not necessary to actually perform the Least
Squares regression on the matrix CY(i), X ( i ) ] in order to obtain the residual e ( j )
tha t is a measure of the predictive performance of the equation constructed on the
set CY(i), X ( i ) ] .

The PPF<;<; ctaHci-ir ic HofinoH tn ho . ,

1 2ei2
I^hTTl

This s ta t i s t i c includes a comparison of every possible reduced observation m a t r i x ,
[ Y ( i ) , X ( i ) ] , with the corresponding deleted observation ( y i , x ^ ) , a to ta l of n
comparisons. PRESS is a weighted sum of squared r e s i d u a l s , e ( j j , i n which the
weight of each observation is determined by i t s "leverage" h ^ . A simple transfor-
mation of PRESS provides a more meaningful and consistent measure of the degree of
degradat ion of p red ic t i ve performance that may be anticipated when the model is
used in new data. This is the multiple correlation coef f ic ient , Rp

2 = 1-PRESS/SSY
where SSY is the sum of squares of the observed response, (Y-Y)T (Y-Y) in the
original sample.(24,25)

The PRESS s t a t i s t i c is defined to be
PRESS = " e ( i ) 2 = I ( y i - y ( i ) ) 2 =
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In Poisson (and probit) regression analysis the respective PRESS statistics
can be estimated for the rival models from the transformed observation matrix [PY,
PXJ where P is the (NxN) diagonal weight matrix with p̂ -j =^T\7T\' (The elements
of the weight matrix wi l l differ for probit analysis, of course.)

The RSS statist ics for the models LQ-L, L-L, Q-L and L'-L. are, respectively,
10.27, 11.36, 12.40 and 8.52. The R2 s t a t i s t i c s are 0.822, 0.825, 0.806 and
0.861, respect ive ly . The PRESS statistics for these models are, respectively,
17.29, 18.04, 18.91 and 12.98. The Rp

2 statistics (derived from PRESS) for these
models are, respectively, 0.764, 0.762, 0.747 and 0.825. I t is evident that the
L'-L model "holds" i ts predictive power in new data better than any of the r i v a l
models, surely an important desiderata"! For the three rival models considered in
the BEIR I I I Report, i t is evident that the additional var iable present in the
LQ-L model confers no significant advantage over the two alternatives L-L and Q-L;
one must "go" with the L-L model, the choice of the epidemiologists from other
cr i ter ia.

Non-Leukemia Cancer Mortality Rates
The estimates of the coefficient vectors 3, variance-covariance matrix Var(jl)

and goodness-of-fit statist ics, Xc2(d^)» f ° r t n e LQ-L, L-L and Q-L models of
non-leukemia cancer mortality rates (NLCMR) that are presented in Table V-9 of the
BEIR I I I report,(3)Show that the data are graduated equal ly well by a l l three
models (xc2(d< r) ^ d f ) - the LSS data are, as noted previously, "user-friendly".
Since the extent and shape of the joint distribution of treatment var iables for
the pooled sample are quite similar to those for the leukemia incidence rate data,
the observed inflation of the standard errors of the respective coe f f i c i en t
vectors of these models with respect to those for the leukemia incidence data must
be ascribed to the form of Var(e) = (Xty-lX)"1 in which v " = n iT - j / y i ; the mean
levels of response, Y, for the two data sets are 244.04 and 4.31, respectively.
The estimated strength of association between response and gamma dose is also less
for NLCMR than for LIR. The result is that the coefficients for the terms in
DY and D̂  are much less than the respective standard errors for each of the three
models of NLCMR and i t is evident from Table V-9 that these models cannot provide
defensible estimates of the risk coefficients for non-leukemia cancer m o r t a l i t y .
The remedy devised by the Committee is described as follows: 1) " . . . the LQ-L
model, when f i t ted to the Japanese leukemia data, gave a dose-response curve that
depended on both gamma dose and i ts square . . . " 2) "In order to obtain a f i t ted
curve intermediate between those corresponding to the L-L and Q-L models, the
ra t i o r = o^/ct]. w a s f ixed. 3) Although values of this ratio can be derived from
experimental data, the Committee preferred to re ly on human data, and chose
r = 0.0086, obtained from the LQ-L model f i t ted to Japanese leukemia data." 4) " . . .
i t was agreed that a further modification of the LQ-L model would be desirable and
that the leukemia experience might provide a reasonable, i f arbitrary guide." 5)
" . . . not only is the ratio r=a2A*l . . . fixed at the leukemia value of 0.0086, but
the neutron RBE for leukemia, expressed as a function of dose is implicit in the
model." 6) "Because the L-L and Q-L functions were also open to some of the same
object ions . . . , i t was decided to use in their stead, for purposes of estimation,
modified functions that were constrained by the RBE values for leukemia, derived
from the pa ra l l e l funct ional forms. "(3) (We have numbered the sentences for
reference.)

The f i r s t sentence, concerning the LQ-L model of the Japanese leukemia data,
is incorrect (vide supra) The maneuver, described in the second sentence, seems a
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rather curious practice. The assertions, in the third and following sentences,
that the coefficients in the equations for a conditional response ra t e can be so
scaled, either between the laboratory and clinic or between one disease group and
its complement (leukemia and non-leukemia), that is , that the r a t i o s r = *2fa\*
e t c . are invariant Between-Groups, have never been demonstrated and the
uncritical acceptance of those assumptions would seem to be instances of taking
counsel from Hope, since the apr ior i evidence is that the transformation
properties of coefficient vectors, Between-Groups, are usually not so simple (vide
supra).

Indeed, one may well consider these (unfounded) assumptions to be "data-
instigated hypotheses"; hypotheses that, in this case, are instigated by the s izes
of the variance-covariance matrices of the estimates of the respective 3 vectors
for the rival models - LQ-L, L-L and Q-L - of the non-leukemia cancer mor ta l i ty
r a t e s . For i t may well be argued that what was achieved by imposing the non-
stochastic constraint, r=R3, on the sample es t imates , (3 » was not so much a
substant ia l "normative" adjustment of these estimates to more "desirable" levels
but rather a coupling of a smaller matrix,?,of the constraint to the larger matrix,
Var(§) = (XTV~*X)~1, of the sample estimate of B in order to reduce the uncertainty
in the coefficient estimates, p*» for the models of non-leukemia cancer mor ta l i ty
ra te to a more seemly level, since (Var(g*) ^R^Wx + Rfy-lR]-*. (Note that in
this argument the use of the (asymptotic) ME approximation to the CE est imates
also makes the analogy between this maneuver and that of pooling the city-specific
data more vivid.) There would seem to be no reason, apriori, for the conditional
leukemia incidence ra te to provide the paradigm for conditional response rates
other than that the low levels of this conditional response rate for this disease
assure that the elements, v ĵ = yi/n^T^in the matrix (xTv~lx)~l will also be
(suitably) small, thereby reducing the variance of any matrix - weighted average
in which it is included.

Although the methods by which th i s and other apriori information on the
coefficients (neutron RBE) are to be combined with the sample estimates of the
coeff ic ient vectors are not disclosed in the BEIR III Report our analyses (of the
Land data) have shown that the method of Constrained Estimation was used to
construct the hybrid models: LQ-L, L-L and Q-L described in Table V-11,^3) i .e . ,
that these ratios are represented by non-stochastic constraints: r = Rg. However,
one may readi ly determine from the leukemia incidence rate data (by Fiellers1

Theorem)(26>that the (1-a) = 0.95 interval estimates of these ratios are enormous
(since the 0.95 CL for otj includes zero, the 0.95 CL for r = c*2/ <*i cannot even be
defined for the leukemia incidence d a t a ) . Therefore, the non-stochast ic
cons t ra in ts misrepresent the apriori information. The CE estimates, B*, of the
respective models LQ-L, L-L and Q-L will have concomitant estimates of Var<§*)
which over -s ta te the precision with which these coefficients - and the estimates
of the cognate risk coefficients derived therefrom - are known since the basis of
the apr ior i information is the leukemia data. That information is correctly
represented by the stochastic constraints, r = RB + v where E(v) = 0, E(vv^) =v
and ¥ = R(Var§')RT. B1 and Var(8') are the estimates of the coefficient vector and
corresponding variance-covariance matrix respectively, for the cognate models of
the leukemia incidence rate data. The ME estimates, 6** of the respective models
will have concomitant estimates, Var(g**), which provide a more nearly correct
specification of the precision with which both these coefficients and the cognate
risk coefficients are known.

575



The GLS estimates of the standard errors of the coefficients a i , a 2 and $\ of
the LQ-L model together with the cognate CE and ME estimates f o r the LQ-L model
are presented in Table 2- The rat io of the determinants | Var(e*)| l\ Var(B**)| i / k

= 5.57*10~3, provides another measure of the degree of m i s rep resen ta t i on of
precision of estimate that the CE methods provide.

Since the matr ices which represent the aprior i information on 3 for each of
the hybrid models - r, R and f - and those which represent the sample i n f o rma t i on
one - Y, X and V - (v ide supra) are ob ta ined from (nearly) the same sej: of
observations, the increase in the precision of estimate, I Var(B * * ) | < | Var(B)| ,
i s , arguably, achieved by an effective "double-count" of the same sample: once as
the leukemia incidence rate data to determine the matrices r, R and y and once as
the non-leukemia cancer mortal i ty rate data to determine the matrices Y, X and V.

I f one is w i l l ing to tolerate the consequences - for subsequent inferences -
of either the (evident) misrepresentation of the a p r i o r i ( leukemia inc idence)
information in the CE estimates of the coeff icient vectors of the hybrid equations
or the (possible) "double-count" present in the ME (and, of course , the CE)
es t imates of these v e c t o r s , i t then becomes important to have, in addit ion,
estimates of the proportion, Op, of the (dubious) apriori i n f o r m a t i o n (ob ta ined
from the exper ience of a complementary disease group) that is present in the
posterior estimates g* or §** of the respective g vectors f o r the LQ-L, L-L and
Q-L models of the non-leukemia cancer mortal i ty rate. Neither the estimates, nor
the concept, of the proportion, ©p, are presented for the CE estimates in the BEIR
I I I Repor t ; however, s ince one can readily show that on the evidence that as
¥ — A [0 ] B * * — ^ * and Var(8**) * Var(6*), the es t imate of 6p f o r the CE
estimates is given by ep = k"1Trace{RT -1RCXT\r1X + RT " iR]"1 ) . For the LQ-L, L-L
and Q-L models, the 0p for the CE estimates B* of the respect ive B vec to rs a r e ,
0 . 4 1 , 0 .25 , 0.27, respectively. For the ME estimates the corresponding values of
Gp are 0.37, 0.23 and 0.22.

The Regression Diagnostics and PRESS sta t is t ics for the hybrid models, LQ-L.
L-L and Q-L, are constructed from the augmented matrix, fPY, PXl, where PTP = V" 1

LQr> Q R Jand Q'Q = •c"1 and where P is (NxN) and Q is (qxq) . For ME es t ima tes , 6 * * , o f
3 f o r the hyb r id models, the d i spe rs i on ma t r i x i s w = RVar(0')RT. For CE
estimates, g * , of g for the hybrid models, the dispersion matrix i s * *• CO].
( A c t u a l l y , <y = 10~*0 j where J is the (cpcq) i d e n t i t y matrix.) The PRESS
sta t is t i cs for the ME estimates of the LQ-L, L-L and Q-L models of non- leukemia
cancer m o r t a l i t y a re , r e s p e c t i v e l y , 39 .160. 33.997, and 41.073. The PRESS
sta t is t i cs for the CE estimates of the HFC, I^L and ipL models are, respect ive ly ,
22.JJ66, 22.623, 22.851. The best model according to the minimum PRESS cr i ter ion
is L-L. The corresponding values of Rp2 = 1-PRESS/SSY are not computed s ince the
augmented matrix includes the (transformed) pseudo-observation matrix [Qr, QR].

The d e l e t i o n d i agnos t i c s f o r the augmented matrix disclose that these
pseudo-observations for both CE and ME methods dominate the regression est imates
such as B**, Var(B**), Y, etc. for the hybrid models. This is consistent with the
large value of Op, the proportion of the posterior (hybrid) estimates ( 0 * * or B * )
comprised o f a p r i o r i information, of the UpT, L-L ana Q-L models; that i s , the
apr ior i information obtained from the regression analysis of the complementary
disease group ( leukemia incidence rate data) and implemented by the constraint
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r = Rg dominates the sample information on non-leukemia cancer m o r t a l i t y rates
that is represented in the models LQ-L, L-L and Q-L. The effect of the apriori
information i s especially pronounced for the covariance-matrices, Var(g**) (or
Var(§*)) of the estimates of the coefficients. This is vividly demonstrated in
Figure 5̂  which present a superposition of the LQ-L and LQ-L (CE) dose response
curves for the non-leukemia cancer mortality rate together with the respective
0.90 CL. I t is evident that in the absence of the constraint (represented by the
pseudo-observations [Qr, QR])the LSS data provide highly ambiguous estimates of
this (conditional) response rate.

Breast Cancer Incidence Rates(33)
The BEIR I I I Committee has arrived at a model of the conditional incidence

rate for breast cancer by a rather novel argument: "1) Functions of Dy and DR
f i t t e d to the breast cancer incidence rates for Hiroshima and Nagasaki,
standardized to the age-d is t r ibu t ion of the combined c i t i e s , suggested a
relationship linear in both Dyand Dfj. 2) Specificially, the best-f i t t ing function
linear in both Dy and D̂  corresponded to a chi-square s ta t i s t i c for lack of f i t
that was half as large as that obtained from the best-fitt ing model linear in Dy2
and Dfl. 3) Furthermore, the best-fitt ing regression on Dy, DyS and DR, subject to
the const ra in t that all coefficients be nonnegative, had a zero coefficient for
Dy2. 4) Linear-model coefficients for Dy and Ofj did not differ s ign i f icant ly , and
the RBE values most consistent with the data give linear-model risk estimates that
differed only slightly from those obtained with the assumption of an RBE of 1 . 5)
Accordingly, the fo l lowing analyses of the LSS sample data do not distinguish
between the gamma and neutron components of breast - t issue does. 6) I f
comparabi l i ty between gamma and x-irradiation is assumed, the Japanese-American
analogy also rests on the (testable) assumption that any differences between the
two should not involve the shape of the dose-response function."(3)(We have,
again, numbered the sentences for reference.) Let us f i r s t consider sentences 4)
and 5 ) . The received model for the breast cancer incidence rate is the L-L model:
Y = ao + aiDy + eiDn + YC. (Note that for al1 models of the breast cancer
incidence rate the coefficient, y, of the dichotomous (bomb) site variable, C=0,
1, is significantly different from zero - unlike the response rates for leukemia
incidence and non-leukemia cancer mortality.) Then we have (ai-Bi) +/Var(Si) -
2Cov(Si, Bi) + Var(Bi) = -0.092 ± 0.540 or, (a1-g1)/>'Var(5i-B"i) = - 0 . 1 7 1 . I t i s
evident that the data are consistent with the hypothesis, Hp: gi = al (or, HQ:
RBE = BiA*i = 1.0). But, in addition, we have also &i j - ^Vai(6n)= 0.219 +. 0.069 or ,
a i / / V a r ( a i ) = 3.180 and Bl + /VarTgJJ = 0.311 + 0.491 or, &i/VarW[j = 0.634. I t
is evident that the data are also consistent with the hypothesis, H i : Bi = 0.
Thus, the resu l ts of a more extensive analysis of the data than is presented in
the 3EIR I I I Report read i ly disclose that not only do the, " l i nea r model
coe f f i c ien ts for Dy and Df| . . . not d i f f e r s i gn i f i can t l y , " . . . but that the
coefficient for Dn also does not differ s ign i f icant ly from zero (although the
coe f f i c ien t for DY does so). The models of response that may be derived from the
two hypotheses are quite different. HQ: Y = ao+ ĉ Dy+aiDri+yC = aQ+al(Dv+Dn) + "vC.
Hi : Y = <*o + C^DY + YC. For both models we have, ai//Var(ai) = 4.93. However,
this inflation of the precision of the estiamte of 31, the coe f f i c i en t of Dn is
rather specious. HQ is a "data- ins t igated hypothesis" , which like those
hypotheses instigated by non-leukemia cancer mortality rate data (a2/al = 0.0086,
B j / a i = 27.8, etc.) has thrust "greatness" upon a coefficient that is inconsistent
with the data in hand. Common practice in regression analysis is to e l iminate
"non-s ign i f i cant " variables rather than combine them linearly with "significant"
ones. (Brownlee's astringent admonition should be recalled.) The HQ model may be
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properly ca l led a PC model since Vj = (DY + Dn)//F~is the f i r s t principal
component (eigenvector) of the cor re la t ion matrix of the (pooled) j o i n t
d i s t r i b u t i o n of (DY and Dn) with eigenvalue, Xj = 1 + r(DY , Dn) = 1.651.
Regression on the f i r s t Principle Component of a b iva r ia te d i s t r i b u t i o n is
j u s t i f i e d only when the var iables are highly collinear - r(DY, Dn) 2 0.90.
However, as we have earlier remarked, the high degree of col linearity of DY and Dn
present in the within-(bomb) sites distribution - for example, r(DY,Dn) = 0.981 at
Hiroshima - is reduced to r(DY,Dn) = 0.651 by pooling the two samples. The H|
model is simply the L model, a linear form on one of 2*> = 64 apriori possible
subsets that may be obtained from a Taylor Series approximation to terms of second
degree in two variables, DY and Dn. Note that since in the L-L model $\/Mar($\)
= 0.634 < 1.0, deletion of the variable Dn wi l l increase the bias2 of the estimate
less than i t s retention wi l l increase the variance of estimates;(24,25) hence i t
should be deleted in order to decrease the mean squared error (=bias2+variance).

Note that the PC and L models may be derived from the L-L model by
Constrained Estimation with non-stochastic constraints, r = Rjs, where r = 0, R =
(0, 1 , - 1 , 0) and r = 0, R = (0 , 0, 1, 0), respectively. However, since the
former is derived from quite uncertain estimates - the 0.95 CL (Fiellers1 Theorem)
on the r a t i o &i/ai are (-2.43, 15.28) - i t is evident that the non-stochastic
constraint implies a significant over-estimate of the qua l i t y of the ap r io r i
information on Bi that is available. Moreover, since the apriori information and
sample information on$i are derived from the same source, a strong argument can be
made that the increased precision of estimate in the PC model is achieved by a
;'double-count" of the sample.

Figure J5 presents the 0.95 confidence ellipse for the estimate (3i,cq) for
the L-L model of breast cancer incidence rate. The differences in the standard
deviat ions of the respective marginal distributions of the variables Dy and Dn in
the sample are evident in the differences in the standard errors of the estimates
cq and 6 i - The hypothesis Hg: $\fu\ = 1 is represented by the point 6], - a j . The
hypothesis H :̂ Bi/aj = 11.53, obtained from the estimate, Bi/a^, for the L-L model
of leukemia incidence rate, is represented by the l ine, aj = B\/ 11.53. The set
of estimates of (cq, Bi) that are compatible with the constraint at the 0.95 level
of confidence are described by the corresponding projections of the intersections
of the ellipse with the line ^=81/11.53. The set obviously does not include the
ML estimate (0.31, 0.22), a graphical demonstration of the incompatibility of the
apriori (leukemia incidence) and sample information on 3 for the L-L model when
implemented by CE methods ( f * CO]). This is consistent with the conclusions
based upon the distribution of the appropriate F-stat is t ic and is true for a l l
three models of breast cancer: LQ-L, L-L and Q-L.

The RSS s ta t i s t i cs for the LQ-L, L-L, Q-L, L and PC models of breast cancer
incidence are, respectively, 8.18, 8.40, 17.03, 8.44 and 8.93. The R2 s t a t i s t i c s
for the LQ-L, L-L, Q-L, L and PC models are, respectively, 0.723, 0.832, 0.499,
0.739 and 0.748. The PRESS statistics for the LQ-L, L-L, Q-L, L and PC models
are, respectively, 13.56, 12.17, 29.41, 11.03, and 10.38. The Rp

2 statistics for
the LQ-L, L-L, Q-L, L and PC models are, respectively, 0.638, 0.674, 0.272, 0.710
and 0.722. Although these statistics seem to suggest the PC model, we believe that
the L model is the model of choice for reasons that we have described e a r l i e r .
However, the d i f ference between the two models is slight for any of the above
cr i ter ia .
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I t should be noted that the interpretations of the respective chi-squared
goodness-of-fit tests for the three rival models of the breast cancer incidenes
ra te , LQ-L, L-L and Q-L, is rather inconsistent with the conclusions from the
respective PRESS statist ics. For the Q-L model P(x2 < xc

2 | df ) = 0.62; for the
LQ-L and L-L models P(x2 < xc

2| df) = 0.084 and 0.065, respectively. That i s , for
those models, the value of the RSS is in the extreme lower ta i l of the chi-squared
distr ibut ion - below P|_ = 0.10. Moreover, the coefficients for both Dy2 and Dn in
the Q-L differ significantly from zero while fo r the LQ-L and L-L models the
coefficient for Dn is not significant: $i//VarW[) < 1.0.

Summary
The LSS data are "user-friendly" - they can be " f i t " equally well by each of

the rival models: LQ-L, L-L, Q-L. (vide i n f ra ) However, i t is only for the
leukemia incidence data that the sample estimates of the coefficients of both
high- and low-LET components of the radiation dose differ significantly from zero
for a l l three models. For breast cancer incidence, the coefficient of the
high-LET component is less than i ts standard error for the LQ-L and L-L models.
For non-leukemia cancer mor ta l i t y the coe f f i c ien ts of both of the low-LET
components, Dy and Or2, are less than the respective standard errors for al l three
models. For the two latter radiation responses, coefficient estimates, B*, that
exceed the respective standard errors are achieved by combining ap r i o r i wi th
sample information by a method - Constrained Estimation - which is arguably for
one - non-leukemia cancer mortality - and demonstrably for the other - breast
cancer incidence - a "double-count" of the sample since the apriori information
and the sample information in each case are derived from the same set of
observations.

Moreover, p lausible estimates of the respective coefficient vectors of the
1 equations even for the conditional leukemia incidence rate can only be

obtained by pooling the data of the two ci t ies. (Biased estimation methods such as
rival equations even for the conditional leukemia incidence rate can only be

pooling the data of the two ci t ies. (Biased estimation methods such
PC and Ridge Regression could of course be used with the city-specific data but we
do not consider these here.) That i s , the estimates, §, of the coefficient
vectors obtained from the city-specific samples differ in size and sign - as well
as s t a t i s t i c a l s ign i f icance - from cognate apriori information. This is the
result of the high degree of correlation of the high and low-LET components of the
rad ia t ion dose in the j o i n t distributions of the city-specific samples. This
•pooling" maneuver is effective in reducing the degree of col l inearity of the two
vat iab les , and thus the Variance Inflation Factors of the respective models, only
because the correlation structures of the two city-specific samples are markedly
different.

However, as we have shown, by both Bayesian and Sampling Theory arguments -
i .e. by comparing the ratios and differences, respectively, of the residual sums
of squares of the r i v a l models - the model of conditional leukemia incidence
selected by the BEIR I I I Committee - the LQ-L model - is the least consistent with
the sample evidence. Of the three polynomial models considered by the Committee,
i .e. the class of non-threshold models assigned a non-zero prior probabi l i ty , the
leukemia incidence sample evidence is strongest for the L-L model. The Committee
assigned a zero prior probability to the class of polygon, i .e. threshold models.
However, the sample evidence for the simplest member of this class, the linear
spline, L'-L, model, is stronger than for any of the polynomial models. Moreover,
the c r i t e r i o n of s t a b i l i t y of pred ic t ive performance in new data, different
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aspects of which are measured by the sizes of the PRESS s ta t i s t i c and the i n t e r v a l
est imates, corroborates the ranking of the models based upon either the difference
or rat io of the respective residual sums of squares: The model of choice i s the
L'-L model. The second choice is the L-L model.

The " p o o l i n g " maneuver i s a lso success fu l i n reduc ing the degree of
correlation and thus the Variance Inf la t ion Factors for a l l three r iva l models of
the response rates for breast cancer incidence and non-leukemia cancer morta l i ty .
Thus, the size and shape of the distr ibut ions of Dy and Dn for the pooled sample
are approximately the same for a l l three response rates. (The ranges of Dy and Dn
in the distr ibut ion of the pooled breast cancer incidence data exceed those in the
d i s t r i b u t i o n s f o r the other response rates.) However, the variance-covariance
matrix, Var(B), of the sample estimate of the coeff icient vector, 3, is a func t i on
of the l e v e l of response as well as of the size and shape of the dist r ibut ion of
Dy and Dn: Var(g) = (X'V-lX)-* where V = Diag[y i /n iT i ] . 1=1, . . . . N. (N = 16 f o r
leukemia inc idence and non-leukemia cancer mortal i ty; N = 20 for breast cancer
incidence) Since the response ra tes f o r leukemia i n c i d e n c e , b reas t cancer
inc idence and non-leukemia cancer mortal i ty at (DY , Dn) = (0, 0) are 3.5, 21 and
228, respectively (we have given the response rates at zero dose s ince these are
the dominant observations - vide infra) the variance-covariance matrices, yar(3),
of the sample estimates, 3, of the two la t ter responses are inf lated w i th respect
to the cognate matrices obtained for the leukemia incidence response. For this
reason, apriori information on the vectors, 3, i s r equ i red f o r b reas t cancer
incidence and non-leukemia cancer mortality in order to stabi l ize the estimates of
6 and Y.

The method chosen by the Committee f o r combining apr ior i with sample
information is that of Constrained Estimation which misrepresents the p r e c i s i o n
w i th which the a p r i o r i in format ion is known. I t can be shown that Constrained
Estimation is an "asympto t ic v e r s i o n " of Mixed Es t ima t ion in which the
va r iance -cova r iance m a t r i x , Y , of the stochastic constraint is replaced by the
nul l matrix, y ^ [ 0 ] . This, of course, implies that the constraints are known
wi th " i n f i n i t e " p r e c i s i o n . Since, for both non-leukemia cancer mortal i ty and
breast cancer incidence ¥ = RVar(i3' )RT where &' i s the sample es t imate of the
c o e f f i c i e n t vector, 3, of the cognate model of the leukemia incidence rate and of
the coeff icient vector, 3 = (ag. cq, 31), of the L-L model of the breas t cancer
inc idence r a t e , respect ively, the degree of misrepresentation of Y is enormous.
This is seen most v iv id ly in the respective interval estimates of the c o e f f i c i e n t
ve c to r s . For the LQ-L model of leukemia incidence the 0.95 confidence intervals on
the estimates a i and a2 include zero; for the L-L model of breast cancer incidence
the 0.95 confidence interval on the estimate, a j , includes zero.

I f one suspends disbelief and accepts the (dubious) propositions 1) that the
ratios of coeff ic ients, 012/01, 3 l / a i , etc. are invar iant between complementary
disease groups ( leukemia and non- leukemia) and 2) that these ratios can be
estimated from the leukemia incidence data with the precision s t i p u l a t e d by the
BEIR I I I Committee, i.e that the apriori and sample information should be combined
by the methods of Constrained Estimation, i t is s t i l l necessary to have est imates
of the p r o p o r t i o n , Qp, of those es t imates &*, Var(§*) that is comprised of
non-sample, i . e . , apriori information.

The Committee does not disclose (perhaps i t does not know) the size of the
proportion, 0p, of aprior i information that is present in the posterior est imates,
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&*, of the c o e f f i c i e n t v e c t o r s , 6, f o r the LQ-L, L-L and Q-L models of the
non-leukemia cancer mortality rates. Making use of the asympto t ic r e l a t i o n
between Mixed Estimation and Constrained Estimation, i t can be shown that ©p is
0.41, 0.25 and 0.27, respectively.

The p l o t s of the d is t r ibut ions of person-years of r i s k , nT, over radiat ion
dose (DY, Dn) for the LSS data show that the sample estimates J3, V a r ( p , Y, e t c .
f o r the LQ-L, L-L and Q-L models of leukemia incidence are dominated by the
observations at low dose. The plots of the distr ibut ions of observed response, Y,
over radiation dose show that there is no strong pattern of dose-response beyond a
general upward trend. The analytical measures of Regression D iagnos t i cs c o n f i r m
these general impressions and moreover d i s c l o s e t ha t about h a l f o f the
observations in the pooled samples for each response, when deleted i n d i v i d u a l l y ,
s t r o n g l y a f f e c t one or more of the outputs of the regression analyses - the
estimates, g, of the coeff icient vec to r , g , the va r i ance -cova r i ance m a t r i x ,
V a r ( g ) , the response, Y etc. for each of the r iva l models. Thus, i t is arguable
that the estimates from which the somatic r isk coeff icients are der i ved desc r i be
the c h a r a c t e r i s t i c "signature" of this specific Japanese experience considerable
more clearly than they do any pattern of general radiation response that might be
encountered a g a i n . The methods of Regression Diagnostics disclose that the
estimates e**, (§*) , Var(§**), (Var(g*)), Y, etc. for the (hybrid) LU-L, U^T and
Q-L models of non-leukemia cancer mortal i ty rates are dominated by the information
obtained from the complementary response group, leukemia incidence.

Conclusions
The analyses of the LSS data that we have presented were obtained by standard

s ta t i s t i ca l methods. Likewise, the inferences that we have made the re f rom were
informed by the standard practices, particular those of toxicology. As we have
remarked ear l ie r , the analyses and inferences presented in the BEIR I I I Report
appear ( to us) to be idiosyncratic. We w i l l now recapitulate what appear to be
the principal differences and the l i ke ly consequences of those differences. F i r s t
i t must be obvious that the (bomb) si te-speci f ic samples cannot be used to obtain
unbiased estimates of the coefficients (Generalized Least Squares es t ima tes ) of
any of the proposed models because of the high degree of co l l inear i ty in the
si te-speci f ic distr ibut ions of Dy and Dn . Biased e s t i m a t i o n methods, Ridge
Regression or regress ion on the f i r s t Principal Component, (Dy + Dn) of the
d is t r ibut ion, must be used or else the two samples must be pooled, as was done in
the Report.

N e x t , f r o m t h e s e v e r a l mode ls o f t h e mechanism of r a d i a t i o n
carcinogenesis that are evaluated on the evidence of the pooled samples i t would
seem t h a t the se lec t ion of the LQ-L model cannot be defended by either sampling
theory or Bayesian theory. Moreover, the retention of the a d d i t i o n a l v a r i a b l e
(Dy or D-ŷ ) needlessly inf lates the variance of the estimated response (as well as
that of the inverse estimates of dose). C l a s s i c a l hypothes is t e s t i n g cannot
d i s c r i m i n a t e c l e a r l y between the L-L and Q-L models. We found that Bayesian
theory provides an interesting comparison in the posterior odds r a t i o o f the two
hypotheses. Thus, the t heo re t i ca l arguments support the selection of the L-L
model. This selection is confirmed by the only method of va l idat ion a v a i l a b l e -
the PRESS s t a t i s t i c . None of the models presented in the BEIR I I I Report were
validated by any method.
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For the leukemia incidence data i t can be shown that the linear spline, the
L'-L model, is a better choice than the L-L model on the bas is of both the
"maximum" TT2" and PRESS c r i t e r i a . Whether this equation merely describes the
"signature" of the LSS sample or in fact represents the c o r r e c t model of the
mechanism of rad io- leukemogenesis cannot be determined more closely from these
data.

For es t ima t i on of the risk coefficients of non-leukemia cancer mortal i ty i t
is probably the best p r a c t i c e to use the L-L model w i t h the c o e f f i c i e n t s
determined by the method of Mixed Estimation (but see below) since this method
correctly implements the apriori (leukemia incidence) i n f o r m a t i o n whereas the
method of Constrained Estimation recommended by the BEIR I I I Committee does not.
Moreover, the posterior estimates of the coe f f i c i en t v e c t o r , as we l l as being
qu i t e unce r ta i n f o r the low-LET components, are comprised of nearly 30% of the
information in the response of the complementary response group, leukemia
incidence.

I t should a lso be repeated that a strong argument can be made that both the
Constrained and Mixed estimates of the hybrid models, LQ-L, L-L and Q-L, implement
a set of d a t a - i n s t i g a t e d hypotheses such as, HQ: «2 / a l = 8.460*10*3, B i /a j =
27.401 for the LQ-L model, in which the values of the rat ios are obtained from the
est imates for the cognate model of the leukemia incidence rate. These hypotheses
are instigated by the larger standard errors in the estimates of the c o e f f i c i e n t s
of the gamma components that are obtained from the non-leukemia cancer mortal i ty
data than those obtained from the leukemia incidence data. This i n f l a t i o n of the
respect ive standard errors is a result of the higher level of response rate in the
mortal i ty data than in the incidence data since the response rate is the parameter
of a (conditional) Poisson distr ibut ion and v-ji = y-j/n-jTj.

Since the matrix of constraints [ r , R] and the matrix of observations [Y, X]
are both obtained from the same set of data, both methods, Constrained and Mixed
Estimation, are arguably, "double-counts" of the sample.

For the breast cancer incidence data the model of choice is the L model. The
term in Dn is "non-significant" and must be d e l e t e d . A l though the BEIR I I I
Committee recommends a regression on the f i r s t principal component, (Dy + Dn) this
practice could only be defended i f the cause of the "non-significance" of % was a
high degree of col l inear i ty in the distr ibut ion of Dy and Dn and as we have shown,
this is absent in the pooled da ta . We have a lso shown t h a t the degree of
c o m p a t i b i l i t y of the constraint, HQ: $ I = a i with the sample is rather speciously
high (under Constrained Estimation Methods) - as would be expected f o r the da ta -
instigated hypothesis which i t represents.

Given the amb igu i t i es in the LSS data as well as the idiosyncracies in the
model selection procedure presented in the BEIR I I I Report - and the enormous s ize
of the confidence l imi ts on the respective estimates of conditional response which
were j iot presented - i t is evident that the LQ-L, L-L and Q-L equations toge ther
w i t h the m - L , T^C and Q-L equations are real ly more effective as metaphors than
as either mechanistic or predictive models of the conditional response ra tes to
which they refer . They are "models", but in a Pickwickian sense.

F i n a l l y , i t is recommended that some consideration be given to the proposition
that the somatic r isk coefficients be derived from the upper 0.90 confidence l i m i t
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on the level of the mean response rate (incidence or mortality) estimated by the
model of the choice rather than from the mean levels themselves. This practice has
the sanction of (wide) usage in toxicology. There seems to be, moreover, an
engaging sweet reasonableness to such a proposition.
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T a b l e _1. C o n d i t i o n a l Leukemia Incidence Rate, I(Dy,Dn). Hiroshima and Nagasaki
(1950-1971). LQ-L model. Excess: HDy.PnMCO.O) and 0 . 9 5 CL. Marg ina l (Dn=O)
ty(RAD) EXCESS

0 -3.09 -0.57 1.95
1 -2.89 -0.45 2.00

10 -1.82 0.72 3.26
50 -0.53 7.34 15.20

100 5J57 18.90 32.22

Table 2_. Inverse Point and Interval Estimates of an MPD for Gamma Radiation:
DY Cn*I(Oro77 and APyCn*I(0,0)3. 1(0,0) = 3.509. Leukemia Incidence Rate.

A. a = 0.10. Var[I(O,O)] = 0.5315*10-4
MODEL

LQ-L

L-L

Q-L

B. a = 0 .05 . VarCKO.O)] = 0.5315
MODEL

LQ-L

L-L

Q-L

POINTS)
n = 1.5
16.98

9.71

35.35

POINT(DY)
n = 1.5
16.98

9.71

35.35

INTERVAL(ADy)

47.29
(7.30,
12.48
(5.38,
26.86
(23.57,

54,

17,

.59)

.86)

50.43)

INTERVAL (A[)Y)

68.23
( 0 , 68.23)
26.69
(0 , 26.69)
62.81
(0 , 62.81)

T a b l e J5. Comparison of GLS Estimates of the LQ-L Model with CE and ME Estimates of
t h e LU.-L Model o f N o n - L e u k e m i a C a n c e r M o r t a l i t y R a t e s .

Y = a + C O2DY2 YC-

LQ-L(GLS) 0.517
(Sample:NonLeukemia Cancer Mortality)
LQ-L(GLS) 1.044
(Apriori;Leukemia Incidence)
LQ^L(CE)+ 4.059
(Poster ior )
tTFL(ME)++ 1.416
(Poster ior)

-0.190

1.458

4.089

1.722

Si//Var(Bi)
2.612

3.552

4.045

3.587

r=
tt
r=

)1 D 1*0, 8.465*10-3 , - 1 , 0, 0'
)J ' K~ [ 0 , 27.401 , 0, - 1 , 0

465*10-3, - 1 , 0, o'
.401 , 0, - 1 , 0

O] R= To, 8.4
OJ ' K [O, 27.

CE
o

10
-,.]

Fl.704*10-6, 3.609*10~3l
[3.609*10-3, 9.331 j
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f
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Cto,t|,t2f) = (5.70, 3.75,3.46)

X| = 11.77, P(X2< Xc
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Figure 1_. Leukemia Incidence. LSS Sample. Hiroshima & Nagasaki. 0.95 Joint CL.
L-L Model. Unit: 105PY. N=16. Equation of Neutron RBE (L-L Model) for Leukemia
Incidence Superimposed.
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Figure 2_. Leukemia Incidence. Induced and "Spontaneous". LSS Dose
Response Curves: LQ-L, L-L, Q-L and 0.95 CL (LQ-L). (Marginal: Dn=0).
"Spontaneous" (Dn=Dy=O): USA(CN); Japan (MIYA6) Unit: 10

5PY (WHO 1957 IL#204)
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Figure 3_. Leukemia Incidence. Hiroshima & Nagasaki. LQ-L Model
Dose-Response Curve & 0.90 CL.+ (Marginal: Dn=0) Unit: lO^PY
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Figure 4. Leukemia Incidence. Hiroshima & Nagasaki. L'-L Model. Unit:105PY.
ThreshoTd Hypothesis. Dose-Response Curve. (Marginal: Dn=0)
L'-L: I(D,Dn) = 3.536 + 0.352(DY-39)+ + 2.930Dn. (Linear Spline)
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Figure 5_. CA Mortal i ty ( i " Leukemia). Hiroshima + Nagasaki. U K
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Figure ([. CA Breast Incidence. LSS Sample. Hiroshima & Nagasaki. 0.95 Joint CL.
L-L Model. Unit: 105WY. N=20. Equation of Neutron RBE (L-L Model) for Leukemia
Incidence Superimposed.
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ABSTRACT

The precision of measuring radiation exposures has steadily improved since the
Rocky Flats Plant became operational in 1952. These improvements raise questions
for the epidemiologists who are trying to relate possible radiation-induced effects
to total radiation exposure. The effect of these changes on total dose is
discussed. The practice of estimating systemic depositions of plutonium
3 to 5 times higher than the amounts found at autopsy is also discussed in the
context of possible effects on epidemiological studies.

Introduction

Methods of measuring radiation exposure have continuously changed over the
past 30 years. Each change has brought some improvement in sensitivity or
accuracy. These changes raise questions for the epidemiologists who are studying
the relation between radiation exposure and biological effect.

Biological effect must be related to the sum of external and internal
radiation exposures. Because the two exposures are measured differently, they are
discussed separately.

External Dosimetry

The Rocky Flats external personnel dosimetry program has had the capacity of
measuring photon, neutron, and beta radiation with dosimetry badges since the plant
became operational in 1952. Initially, not all employees were badged. Beta- and
gamma-sensitive badges were used in all production facilities, and badges with

391



neutron sensitivity were used only in the areas where neutron exposures were known
to exist.

The first badges were patterned after an Oak Ridge design and contained a film
in a stainless steel badge with an open window and a cadmium-shielded area. The
purpose of these badges was to measure beta and gamma rays. A small brass shield
was soon added to a portion of the open window because the film was overly sensi-
tive to the 60-keV gamma rays from 241Am (our largest source of exposure in the
production buildings). Verification of exposures was done in the areas with
Victoreen "r" chambers.

Neutron sources were used in the first building that went into production (991)
so NTA (Nuclear Track) film was added to the badge for this building. When
plutonium chemistry and fabrication operations started, it was not long before the
need for neutron dosimetry as well as gamma dosimetry was recognized, and NTA film
was also used in those areas.

For the first year gamma film was sent to Los Alamos for processing and
reading. We started processing it by mid-1953. By 1956 we were also processing our
own NTA film. This system was used until conversion to thermoluminescent dosimetry
(TLD) in 1970 for gammas, and 1971 for neutrons. The film holders (badges) were
modified several times, including incorporating them with the security badge in
1964, but the basic method of film calibration remained the same.

The accuracy of film dosimetry depends on the type and conditions of exposure.
Under controlled conditions, the system could detect approximately 90 mrem of
neutrons, 32 mrem of 137Cs photons, and 6 mrem of ZhlPm 60-keV photons. The
relative standard deviation of a measured 200-mrem dose-equivalent is approximately
30 percent for neutrons, 10 percent for 137Cs photons, and 5 percent for 2>ill\m
60-keV photons.

However, for routine neutron dosimetry, several factors can degrade the
quality of the measured doses. The readout of neutron film is tedious. Neutron
tracks on the film are subject to fading prior to film development and may be
partially obscured by darkened film because of photon exposure of the NTA film.
The accuracy of the routine neutron results is, therefore, a function of the
alertness and conscientiousness of the technician, of the fading time, and of the
magnitude of the photon exposure.

Several factors can also degrade the accuracy of routine photon dosimetry.
The film is overly sensitive (by a factor of about 6) to photons with energies less
than 100 keV. At a photon energy of 60 keV, the film saturates (becomes completely
dark) at about 450 mrem. As a result, doses higher than 450 mrem for 60-keV gammas
are not recorded. The area of the film under the various filters is subject to
spurious darkening from photons incident on the badge at angles greater than
45 degrees.

When these photons have energies less than 100 keV the spurious darkening
under the cadmium filter can lead to an overestimate of the high-energy photon dose
equal to 40 percent or more of the low-energy photon dose. The area under the
cadmium shield can also be darkened by gammas generated by nuclear interactions of
thermal neutrons captured by the cadmium. This effect also results in an
overestimate of the photon dose.
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In 1969 we started converting to a TLD badge and in 1970 all badges in process
areas we>"e converted to TLD for gamma. A badge was designed for neutrons and
gammas co:1 aining seven crystals and gave us the capability of measuring fast
neutrons 'oing an albedo system (1) in addition to the betas, soft x-ray, and
gamma rsys. This badge can measure as low as 1 mrem gamma and 10 mrem neutrons
under laboratory conditions. This badge has recently been tested extensively in
several intercomparison studies and studies designed as a pilot program to the ANSI
certification requirements. The badge has consistently performed within the
±30-50 - percent performance criteria allowed for certification.

Internal Dosimetry

A bio-assay program was started soon after the plant became operational
in 1952. This program was designed to measure small quantities of plutonium,
americium, and uranium in body wastes that are usually 24-hour urine samples. The
interpretation of the results was patterned after the Los Alamos program and the
relationships developed by Dr. Wright Langham. (2) At first, comparisons were
made between excretion rates and the acceptable levels in terms of dpm per day.
Later the excretion rates of plutonium and americium were used to calculate a
systemic deposition.

Capabilities of the bio-assay laboratory steadily improved over the years.
Improved methods of extraction and counting resulted in an improvement in detection
levels, based on counting statistics, from about 0.5 dpm to about 0.05 dpm today.
In addition, the practice of introducing internal spikes eliminated the possi-
bility of "losing" a sample in the laboratory and assuming that it contained no
radioactive material.

When a calculation of systemic burden is made, all past bio-assay results are
used. Although sensitivities in measurement have varied over the years, the use
of past results has not posed a problem. The long-term deposition properties of
plutonium permit a continuous check on total deposition. The calculation
continuously updates or corrects the total systemic deposition.

Fecal samples, nose smears, blood samples, and tissue samples have also been
collected as aids in determining uptakes of radioactive materials. Fecal samples
have been particularly useful in determining early clearance following an
inhalation exposure. Only urine samples are collected routinely and used in
calculations of systemic deposition.

The bio-assay program was augmented by the introduction of two In vivo
measuring devices: The wound counter in 1957 and the body counter in 1964. The
wound counter utilizes a sodium iodide detector along with a single-channel
analyzer for measuring x-rays from plutonium deposited under the skin. With
detection of plutonium and uranium, the physician is able to remove the material
surgically.

This type of detector has been used routinely to provide a quick method of
determining plutonium and uranium contamination in wounds. Even though the
equipment has been improved over the years, its inability to pinpoint the location
and depth has been a problem. The quantitative determinations have been subject
to large errors until recently. Presently, effective depth measurement is possible
using germanium detectors that can resolve the x-rays into three energy components.
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The body counter was built in 1963 to measure uranium in the lungs- It was
soon discovered that it could also detect small quantities of 21<1Am. Since 21>1Am
is a daughter of 21tlPu, it proved to be a useful tracer of 239Pu in the chest.
Since plutonium and americium do not translocate the same in the body fluids, this
technique cannot be used for material that has left the lungs and local lymph
glands.

The body counter was first used successfully in June 1964 following an
accidental inhalation exposure. (3) It was again used to great advantage in
October 1965 when over 400 employees were screened following a small fire in one of
our production buildings. There were 25 employees found to have 16 nCi or more
plutonium in their lungs. (4)

The first detectors in the body counter were Nal (Tl) crystals,
4 inches in diameter and 4 mm thick. The 60-keV gamma rays from 21>1Am were summed
over 40 to 70 MeV in the analyzer. Background was determined from counts obtained
for the last 200 known "cold" employees. The lower level of detection was about
6.4 ± 3.2 nCi of plutonium at 1000-ppm 24:LAm. (See figure 1.) When Ge(Li)
detectors became available, an array was assembled to fit the chest area but the
total surface area was too small for adequate sensitivity. The resolution was
excellent, however, and was useful for isotope identification.

The next improvement in sensitivity came from the Nal-Csl phoswich
detectors. With a pair of these, 4 inches in diameter, we could detect about
4.3 ± 2.2 nCi of plutonium with 1000-ppm 241Am. (See figure 1.) These systems
were plagued by electronic problems because of the sophisticated timing circuits
required. Reproducibility was a problem. These systems are used today as back-up
detectors since the electronic problems have been solved.

The real breakthrough came with the intrinsic germanium detectors. We
purchased our first set in 1976. It had an array of 40 cm2 of detector surface on
each side at the chest. The resolution of the 60-keV gamma ray was so good
(650 eV fullwidth half-maximum) that we could determine background by counting
simultaneously at a slightly higher energy. (5) Since we had three counting
rooms, we purchased two more sets in 1978 and 1980 with surface areas of 60 cm2 and
70 cm2 per side, respectively. These arrays gave us sensitivity of about
1.7 ± 0.9 nanocuries of 239Pu and 240Pu for plutonium with 1000-ppm 2lflAm.
(See figure 1.)

The increased sensitivity of the intrinsic germanium system enables us to
detect plutonium and americium in the lungs of employees who previously had Leen
categorized as having less than detectable levels. Many of these employees had
previously had detectable amounts of these radionuclides in the urine.

The internal dosimetry program received a real boost with the creation of the
U.S. Transuranium Registry in 1968. The Registry provides for quantitative
determination of plutonium and americium in tissue samples from autopsy specimens
through destructive chemical analysis. Tissue sample results are extrapolated to
whole organ content. This extrapolation process can, however, produce large errors
because we are measuring such small quantities of radioactive material and the
tissue samples are only small portions of the organs.
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When amounts found at autopsy were compared to the systemic burdens
calculated from urine sampling, the values were consistently lower by factors of
3 to 5. (6) This was considered acceptable by the health physicists because it
was on the "conservative" side. No changes have been made in the method of
calculations of systemic burdens so the results are still biased in the direction
of overestimating. No bias was found in the lung deposition, however, since the
body counter is calibrated using a phantom filled with known amounts of radio-
active material.

This conservative estimation would have a reverse effect for an
epidemiologist because an effect seen would be assigned to a higher dose than we
actually delivered. As a result, the epidemiologist would be predicting cause-and-
effect relationships on the "non-conservative" side.

Summary

Both external and internal dosimetry have steadily improved over the past
30 years. Most improvements, however, have come at the lower exposure levels. The
significant exposures that would be most useful in an epidemiological study have
been measured fairly accurately during this entire period.

The two areas that probably represent the largest uncertainty are
1) neutron dosimetry results prior to 1971, and 2) systemic burden determinations
of plutonium from urinalysis data.

Prior to the introduction of the neutron TLD badge in 1971, it was possible to
completely misread a neutron film. It has been our experience, however, that
neutrons do not account for more than 50 percent of the total dose in nearly all
our operations. This maximum error of a factor of 2 was probably partially offset
by the overstating of the gamma doses due to edge effects and cadmium reactions to
thermal neutrons. Since 1971, the neutron TLD badge has performed well within the
+ 30-50 - percent performance criteria required by the proposed ANSI standard for
certification of badge processing.

The systemic burden calculation is probably too high by a factor of 3 to 5
but is relatively consistent. Body count results have been shown to be very
accurate for "total chest" deposition. The distribution between lungs and lymph
nodes varies with the amount of time since the inhalation exposure.

Some employees worked at the plant site during the first years of operation
and left before many of the improvements in internal dosimetry were developed.
This group might represent a subset where the radiation exposures are subject to
the largest errors.

This history is only for Rocky Flats but it probably represents a pretty good
picture of other DOE installations and perhaps represents the changing of
state-of-the-art dosimetry in many other facilities.
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LUNG CANCER AMONG WORKERS AT A URANIUM PROCESSING PLANT
Diane L. Cookfair,* William L. Beck,
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ABSTRACT

This study examined the risk of dying from lung cancer among white males who
received radiation to the lung as a result of inhaling uranium dust or the dust of
uranium compounds. Cases and controls were chosen from, a cohort of workers employ-
ed in a uranium processing plant during World War II. Cumulative radiation lung
dose among study population members ranged from 0 to 75 rads. Relative risk was
found to increase with increasing level of exposure even after controlling for age
and smoking status, but only for those who were over the age of 45 when first expo-
sed. A statistically significant excess in risk was found for men in this age
group with a cumulative lung dose of 20 rads or more. These data suggest that
older age groups may be more susceptible to radiation-induced lung cancer than
younger age groups.

Introduction

Studies of uranium miners, a-bomb survivors and patients receiving therapeutic
x-rays as treatment for ankylosing spondylitis have all shown that exposure to high
doses of ionizing radiation can induce lung cancer in human beings (1,2,3,5,6,8).
However, none of these populations except uranium miners received radiation as a
result of chronic internal exposure to the dusts of uranium-bearing compounds, and
most of the miners' radiation exposure came from radon daughters, not uranium dust.
Little data has been published on the relationship between uranium dust exposures
and the development of lung cancer. In addition to their potential to act as
radioactive carcinogens, tha possibility exists that uranium-bearing compounds
may also act as chemical carcinogens.

The purpose of this study was to examine the risk of dying of lung cancer
among men who received radiation exposure to the lungs as a result of inhaling
uranium dust or the dust of uranium compounds.

Methods

The study design chosen for this project was that of a case-control study

*Most of this study was completed while Dr. Cookfair was a doctoral candidate in
the Department of Epidemiology at the University of North Carolina at Chapel Hill.
Mr. Beck is currently employed at Bechtel National Inc., Oak Ridge, Tn. 37830.
Dr. Shy is from the Department of Epidemiology, University of North Carolina at
Chapel Hill/ NC 27514? Dr. Lushbaugh and Mr. Sowder are from Oak Ridge Associated
Universities, P.O. Box 117, Oak Ridge, Tn. 37830.
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nested within a cohort study. Cases and controls were chosen from a cohort of
19,412 white male workers employed at the Tennessee Eastman Corporation (TEC) uran-
ium processing plant during World War II. This plant operated between 1943 and
1947, and its purpose was to separate and enrich uranium for use in atomic bombs.
The uranium was separated and purified using a variety of chemical processes, and
then enriched via electromagnetic separation. U03 and UCL4 were the types of uran-
ium compounds encountered most frequently in the work environment.

Results of a mortality study by Polednak and Frome had suggested that members
of this white male cohort first exposed to radioactive uranium dust at the age of
45 or older might be at increased risk of developing lung cancer (4). However, the
large size of the cohort studied and the preliminary nature of this study made it
impossible to collect data on cigarette smoking status for all cohort members, and
measurement of both radiation exposure and exposure to other chemicals was of
necessity somewhat crude. For these reasons, it was decided that a case-control
study of this population was warranted.

Cases consisted of the 330 cohort members who died of lung cancer (LCD. =
162) between 1943 and July 1, 1973. Cases were frequency matched on year of birth
with two sets of controls; one set consisting of 314 men who died of diseases other
than benign or malignant neoplasms or aplastic anemia prior to July 1, 1973, the
other set including only men known to be alive as of July 1, 1973 (N = 327).
Deceased controls were restricted to the same age-at-death range as cases.

Vital status had been ascertained for 88% of the cohort from which cases and
controls were drawn. Death certificates had been obtained for 91% of the deceased
cohort members and cause-of death determined from the death certificates. Cumula-
tive radiation lung dose resulting from the inhalation of uranium compound dust
during TEC employment was calculated for each member of the study population.
Cumulative lung dose and exposure to other potential workplace carcinogens was
determined using process manuals, industrial hygiene reports, air monitoring data
and individual work histories. A detailed description of how cumulative lung dose
was calculated will be presented later this morning as part of another paper (9).
Smoking status, x-rays received during TEC employment, history of lung disease, and
potential for diagnostic radiation were determined from employee medical records.
With regard to diagnostic potential, a person was considered "exposed" if they
reported diseases or illnesses that could result in exposure of the lung to diag-
nostic or therapeutic irradiation prior to or during employment. Data were
analyzed using Mantel-Haenszel stratified analysis and logistic regression (7).

Results

Cumulative radiation lung dose for members of the study population ranged from
0 to 75 rads. For purposes of analysis workers were placed into one of 4 exposure
groups. Those in the unexposed group consisted of persons who were not exposed to
uranium dust (0 rads). Those in the low dose group had cumulative lung doses
between 0.001 and 5 rads. The medium exposure group consisted of workers receiv-
ing between 5.001 and 20 rads. The most highly exposed group consisted of men with
cumulative lung doses which ranged from 20.001 to 75 rads. Table 1 presents the
number of cases and controls falling into each exposure category by age at hire.

Smoking status was reported on a special section of the medical record that
was filled out on a random basis by approximately 50% of the TEC workforce. Of the
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496 persons with known smoking status, 423 were smokers. The number of non-smokers
were too small to include them in the stratified analysis. Table 2 shows the
number of smokers by case-control status/ hire age and level of exposure.

Table 1

Number of Cases and Controls by
Cumulative Lung Dose Level and Hire Age

Cumulative
Lung Dose Level*

Cases

<45 >_ 45

Total 241 89

Deceased
Controls

< 45 >_ 45

230 84

Live
Controls

45 >. 45

Unexposed
Low
Medium
High

163
36
18
24

58
13
7
11

133
35
30
32

71
7
3
3

122
48
44
33

60
13
4
3

247 80

*Unexposed:
Low :
Medium :
High :

0 Rads
0.001 - 5 rads
5.001 - 20 rads
20.001 - 75 rads

Table 2

Number of Cases and Controls by
Cumulative Lung Dose Level and Hire Age,

Smokers Only

Jumulatxve
Lung Dose Level*

Unexposed
Low
Medium
High

Total

*Unexposed:
Low :
Medium :

Cases

< 45

82
18
9
15

124

0 rads
0.00 -
5.001 -

> 45

26
8
1
7

42

5 rads
20 rads

Deceased
Controls
< 45

50
14
14
16

94

> 45

32
6
1
1

40

Live
Cont^ ols

< 45 >

36
26
21
12

95

45

20
5
3
0

28

High : 20.001 - 75 rads
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Table 3 presents crude odds ratios and 95% confidence intervals by level of expos-
ure and comparison group for the entire study population and for smokers only.
Ninety-five percent confidence intervals were calculated using Miettinen's Test
Based Confidence Intervals. None of these odds ratios were significantly greater
than 1.0. However, when the data was stratified by level of exposure and hire age,
relative risk was found to increase with increasing level of exposure for all cases
vs. controls (Table 4) and for smokers only, (Table 5) but only among those who
were 45 years of age or older when first exposed. A statistically significant
excess in risk was found for men in this age group with a cumulative lung dose of
20 rads or more. None of the odds ratios for those less than 45 when first exposed
was greater than 1.0.

Table 3

Crude Odds Ratios for Cumulative Lung Dose
Cases Vs. Controls

By Level of Exposure and Groups Compared

ALL
Level of
Exposure Cases vs.
* Deceased Controls

Cases vs.
Live Controls

SMOKERS ONLY

Cases vs.
Deceased Controls

Cases vs.
Live Controls

OR** 95%" CI*** OR 95% CI OR 95% CI OR 95% CI
Low 1.07 (0.68^1.70) 0.66 (0.43-1.01) 0.99 (0.52-1.89) 0.43 (0.24-0.80)

Medium 0.70 (0.40-1.21) 0.43 (0.25-0.72) 0.51 (0.22-1.17) 0.98 (.049-1.97)

High 0.92 (0.56-1.53) 0.80 (0.48-1.33) 0.98 (0.49-1.97 0.95 (0.44-2.07)

*Low: 0.001 - 5 rads
Medium: 5.001 - 20 rads
High: 20.001 - 75 rads

**OR = odds ratio

•••Confidence Interval (a = .05)
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Table 4

Cumulative Lung Dose Odds Ratios From the Stratified Analysis
For All Cases Vs. All Controls by Level of Exposure and Hire Age

Level of
Exposure*

Hire Age <

Low
Medium
High

Hire Age i-

Low
Medium
High

45

45

iCases Vs
Deceased Controls

OR

0.84
0.49
0.61

2.27
2.86
4.49

(95%

(0.50,
(0.26,
(0.34,

(0.86,
(0.74,
(1-30,

CI)**

1.41)
0.91)
1.09)

5.98)
11.02)
15.44)

Cases Vs.
Deceased Controls

OR

0.56
0.31
0.54

1.03
1.81
3.79

(95%

(0.34,
(0.17,
(0.31,

(0.44,
(0.51,
(1.08,

CI)

0.92)
0.55)
0.96)

2.43)
6.45)
13.36)

*Low: 0.001 - 5 rads
Medium: 5.001 - 20 rads
High: 20.001 - 75 rads

••Confidence Interval (a = 0.05)

Table 5

Cumulative Lung Dose Odds Ratios From
The Stratified Analysis by Level of Exposure

and Hire Age, Smokers Only

Level of
Exposure*

Cases Vs.
Deceased Controls

Cases Vs.
Live Controls

Hire Age < 45

Low
Medium
High

Hire Age >. 45

Low
Medium
High

OR

0.78
0.39
0.57

1.64
1.23
8.62

(95%

(0.35
(0.16
(0.26

(0.50,
(0.07,
(1.32,

CI)**

, 1.72)
, 0.96)
, 1.25)

5.34)
21.00)
56.40)

OR

0.30
0.19
0.55

1.23
0.26
11.60

(95%

(0.
(0.
(0.

(0
(0
(1

CI)

15,
08,
23,

.35,

.03,

.04,

0.61)
0.43)
1.28)

4.38)
2.37)
130.00)

•Low: 0.001 - 5 rads
Medium: 5.001 - 20 rads
High: 20.001 - 75 rads

••CI = Confidence Interval (a = 0.05)
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During the next part of the analysis logistic regression was performed using
the unconditional maximum likelihood technique in order to identify confounders and
effect modifiers for the cumulative lung dose-lung cancer relationship and to cal-
culate odds ratios which were adjusted for confounding. If a variable had been
identified as a lung carcinogen in previous studies or if there was a biologic
rationale for suspecting that it was a lung carcinogen, this variable was entered
into the logistic model as a potential confounder. Possible effect modifiers were
also entered into the model. Variables initially entered into the logistic models
included cumulative lung dose, chemical exposures (phosgene, CI2, HNO, N0 x), hire
age, smoking status, x-rays received, potential for diagnostic x-rays, tuberculosis
and other lung disease. Medical variables and smoking status were only entered in-
to models for those of known smoking status. In the models tested, exposure was
considered the independent variable and lung cancer status the dependent or outcome
variable. A forward stepwise procedure was used in building the best model. First
main effect terms (potential confounders) were entered into the model one by one
and those which did not prove to be confounders were eliminated. Then potential
effect modifiers were added to the model and those factors which did i*ot prove to
be effect modifiers were eliminated from the model. Odds ratios and 95% Confidence
Intervals were calculated from the f3 coefficients and variances derived from the
best fitted models. Table 6 presents the odds ratios for all cases vs. controls by
hire age and level of exposure. Once again, those whose hire age is less than 45
show no elevation in risk for any dose category, but among the older age group
relative risk rises with increasing level of exposure. In the most highly exposed
groups, odds ratios are 4.48 for cases vs. deceased controls and 3.79 for cases vs.
live controls. This pattern is also repeated for those of known smoking status
(Table 7) and smokers only (Table 8). For the high exposure known smoking status
group over the age of 44, odds ratios are 6.0 for cases vs. deceased controls and
10.95 for cases vs. live controls. In each case, odds ratios for the most highly
exposed categories are significantly greater than 1.0.

Table 6

Cumulative Lung Dose Odds Ratios From
Logistic Model by Level of Exposure and Hire Age,

All Cases Vs. All Controls

Level of
Exposure*

Cases Vs.
Deceased Controls

OR
u.iM
0.49
0.65

2.27
2.86
4.48

(95% CD"**
(0.50,
(0.26,
(0.36,

(0.85,
(0.70,
(1.20,

x.4x;
0.92)
1.17)

6.07)
11.54)
16.85)

Cases Vs.
Live Controls

OR
0.56
0.31
0.54

1.03
1.81
3.79

(95%
(0.34,
(0.17,
(0.31,

(0.
(0.
(1.

.44,

.50,
,01,

CI)
0.92)
0.56)
0.97)

2.42)
6.50)
14.3)

Hire Age < 45
Low
Medium
High

Hire Age •*• 45
Low
Medium
High

•Low: 0.001 - 5 rads
Medium: 5.001 - 20 rads
High: 20.001 - 75 rads

**CI: Confidence Interval (a = 0.05)
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Table 7

Cumulative Lung Dose Odds Ratio From
Logistic Model by Level of Exposure and Hire Age,

Known Smoking Status

Level of
Exposure*

Cases Vs.
Deceased Controls

Cases Vs.
Live Controls

Hire Age < 45
Low
Medium
High

Hire Age 2. 45
Low
Medium
High

OR
0.92
0.50
0.63

1.61
3.18
6.00

(95% CI)**
(0.41, 2.07)
(0.22, 1.20)
(0.29, 1.39)

(0.48, 5.44)
(0.28, 35.4)
(1.05, 34.2)

OR (95% CI)
0.31 (0.15, 0.49)
0.22 (0.10, 0.51)
0.54 (0.23, 1.25)

1.10 (0.32, 4.19)
0.74 (0.10, 5.26)
10.95 (0.88, 135.8)

*Low: 0.001 - 5 rads
Medium: 5.001 - 20 rads
High: 20.001 - 75 rads

**CI = Confidence Interval (a = 0.05)

Table 8

Cumulative Lung Dose Odds Ratios From
Logistic Model by Level of Exposure and Hire Age,

Smokers Only

Level of
Exposure*

Cases Vs.
Deceased Controls

OR
0.84
0.40
0.58

1.58
1.21
8.48

(95%
(0.38,
(0.16,
(0.25,

(0.48,
(0.07,
(0.98,

CI)**
1.85)
1.002)
1.29)

5.17)
20.3)
73.5)

Cases Vs.
Live Controls

OR
0.30
0.19

1.23
0.26

(95%
(0.15
(0.08
(—

(0.35
(0.03

CI)
, 0.62)
, 0.45)
, — )***

, 4.34)
, 2.65)

Hire Age < 45
Low
Medium
High

Hire Age >. 45
Low
Medium
High

*Low: 0.001 - 5 rads **CI = Confidence Interval (a = 0.05)
Medium: 5.001 - 20 rads
High: 20.001 - 75 rads
***Zero cells made it impossible to calculate odds ratios for this group.
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Summary and Discussion

The data presented in this paper support the hypothesis that radiation ex-
posure of the lungs resulting from the inhalation of uranium dust and the dust of
uranium compounds is a risk factor for lung cancer among white males 45 years of
age or older when first exposed. For those in this hire age group, odds ratios
were all over 1.0, increased with increasing level of exposure, and became statis-
tically significant for those in the highest dose category. This relationship
persisted even after controlling for other potential occupational carcinogens,
regardless of whether cases were compared to deceased controls or live controls.
The results of analyses which took smoking status, tuberculosis and other lung
disease into account were also consistent with increasing risk for increasing level
of exposure and a statistically significant excess for the highest exposure group
among those over the age of 44 when first exposed.

The data suggest no increase in risk for those whose hire age was greater than
or equal to 45 years but received less than 5 rads exposure to the lung. Although
elevated, none of the odds ratios for persons in the medium exposure category were
statistically significant at the a = 0.05 level, perhaps due to the small number
of ». 45 hire age individuals falling into this exposure category.

There are two interpretations which may explain the apparent interaction be-
tween age at hire and cumulative lung dose. The first is that older age groups are
more susceptible to uranium-induced lung cancer than younger age groups. The
biologic rationale for this hypothesis is that older individuals are more likely
to have damaged lung tissue as a result of previous occupational exposure, cigar-
ette smoking and lung disease than are young men. If the lung tissue was damaged,
uranium dust would be likely to remain in the lung for longer periods of time
among this group than it would for younger men, and those over the age of 45 would
receive a higher radiation dose per unit or uranium inhaled than their younger
workmates. It is also possible that previous occupational exposures or cigarette
smoking may have resulted in chronic inflamation of the lungs in older individuals,
and that this in turn acted as a promoter or uranium-induced lung cancer.

The other hypothesis which might explain this hire age-cumulative lung dose
interaction is that the younger group had a longer latency period than the older
group and had not yet reached the age when their lung cancers would appear when
vital status was determined in 1973. Between 1974 and 1979 over 200 additional
lung cancer deaths occurred in the cohort from which this study population was
drawn. A study is underway using both the 330 old cases and the 200 new cancer
cases to determine whether the lung cancer risk of the younger hire age group
approaches that of the older group as the younger workers reach the age when this
disease most commonly occurs.
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ABSTRACT

Considerable evidence suggests that the risk of lung cancer is elevated in
uranium miners exposed to radon daughter products. Important in understanding the
risk of lung cancer in this population is evaluation of the time relationship of
exposure to disease occurrence, that is, consideration of data relevant to the
latent period.

In this presentation we address theoretical considerations relating to the
latent period in cohort studies and review methodological issues in research on
uranium miners. We examine the problems associated with determining latent
periods in censored cohort studies and suggest means of overcoming them. We
discuss extant studies of lung cancer among uranium miners from the perspective of
the impact of censored data on published conclusions regarding latency. In
addition, we consider evidence regarding the length of the latent period in these
studies and present data to support conclusions that the latent period may be: 1)
more than 40 years; 2) dependent on age at which exposure begir 3) dependent
on exposure rate; and 4) related to smoking habits.

Introduction

Latency can be defined as a measure of the time between exposure to a cause
(agent) and the identification of the disease outcome of interest. The latent
period can be considered analogous to the incubation period in infectious disease.
Importantly, in considering the latent period in chronic diseases such as cancer,
a long period of time may have passed between exposure and outcome. Thomas (1)
uses the term "epidemiologic latent period" to distinguish it from the true or
biologic latent period. In this paper we consider the epidemiologic latent
period.

Background Issues

The question of latency raises a number of theoretical and methodological
issues in the studies to date of lung cancer among uranium miners. Here, the term
theoretical issue means based on a model or idea of the underlying principles and
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relationships involved in an observed phenomenon. When we use the term
methodological we mean those applied and practical procedures used in
epidemiologic inquiry that are based on principles of reasoning used in science.

We question whether the uranium miner populations have been followed for the
time necessa: y to accurately determine the risk of lung cancer. To obtain an
accurate measure of risk, a cohort should be followed to extinction. Where
response lags exposure, risk cannot be determined unless the exposed population is
observed long enough for disease to develop; if we observe a population too soon
following exposure, risk is underestimated. In addition, risk to an individual
changes in relation to the length of time since exposure. For many outcomes of
interest, including lung cancer, the natural or background risk increases with
increasing age.

There are several theoretical issues relating to latency. The latent period
can be expressed in terms of any of the measures of central tendency - i.e., mean,
median or mode. Any of these measures can be used, but in truncated (or censored)
cohort studies the median is probably the most useful for predicting risk.
Problems are associated with trying to determine the latent period in a cohort
study when the outcome status (disease/nondisease) cannot be determined until all
cohort members are deceased. Hewitt (?) notes that the distribution over time of
excess exposure in cases, in a case-referent (case-control) study, should be
similar to the distribution over time of excess cases in a prospective study. The
case population, by definition, must have proceeded from exposure to outcome.
Thus, the interval from exposure to outcome can be determined from the case
population, assuming the time of exposure can be identified.

In a cohort study, it is important that at any point in time a noncase has
the potential to become a case. If this happens, the latent period must be
lengthened if: 1) exposure of individuals in the cohort began at the same time
and 2) the cohort is closed. What is the difference between this and the
case-control study, where the controls have the potential of becoming a case? If
this were to happen, it would not necessarily lengthen the latent period since
time of exposure is determined following assignment to case or control status,
unlike the cohort study, where exposure time is determined by the study design.

In defining the latent period, it is important to realize that the end point
selected for the study will influence the estimate of the length of the latent
period. For diseases with a short clinical course, such as lung cancer,
time-to-death probably will not differ significantly from time-to-recognition of
disease. For other diseases, the point on the disease spectrum that the disease
is recognized can lend to potentially important differences in latency. This
becomes even more relevant if diseases are or can be identified in the preclinical
stages through screening procedures. Data regarding changes in lung cell types as
predictors of cancer should be looked at in this light. Knowledge of these
differences may be important, because by mixing miners with a diagnosis date
determined by cytology with miners who report the first clinical signs, or with
deceased miners, we may dilute or reduce the apparent latent period for the
combined group. This explains the need for precision in defining the study end
point.
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Hewitt (2) raises a number of important issues with regard to latency in the
miner lung cancer studies. He states that the modal interval from critical
exposure to manifestation of effects is not known nor is it known if there is a
mode for the latent period.

The length of the epidemiologic latent period may be dependent on the amount
of exposure and/or on the rate at whi.ch the exposure is received (2). It has also
been suggested that age at first exposure and the nature of the carcinogen itself
may have a bearing on the latent period (3). If an exposure-response relationship
exists, what appears to be a reduction in latent period associated with higher
dose or cumulative exposure may in fact be related to factors other than the
exposure or its intensity. Peto (4) suggests that increasing the dose (exposure)
increases the number of tumors and that at high doses (exposures) the first tumors
appear earlier. With strong carcinogenesis, the time to first tumor may appear
shortened (5). In discussing lung cancer among the Japanese a-bomb survivors,
Land and McGregor (6) state that latency does not appear to decrease with
increasing dose in that population. In human populations Schneiderman (7) notes
that the age distribution of many cancers is apparently unrelated to environmental
exposure. It is also possible that if latency relates to exposure, some threshold
exposure level may exist above which there is no reduction in the latent period.
The cumulative exposure dependency issue is unclear and there are those who
suggest a very intense exposure to carcinogens is required to shorten latency (8).

The timing of exposures is of great importance when the latent period is
taken into consideration. As Hewitt (2) notes, cases occurring within a year or
two of first exposure must have had their origin prior to exposure just as
exposures within a year or two of death cannot have contributed to disease
occurrence.

Hewitt (2) also states that persistence of inter-individual differences in
exposure will give rise to spurious correlation between tumor occurrence and doses
at irrelevant times. According to Hewitt, to give empirically estimated weights
to exposure received at different intervals will not suffice. In addition,
relevant exposures will be excluded if exposures from a single year are isolated
and used as the basis for a risk estimation.

Other factors that can affect the estimation of the true or biologic latent
period include: 1) proportion lost to follow-up, 2) competing causes of death,
3) use of first exposure versus some average time of exposure, and 4) inclusion
of natural or background deaths due to the outcome of interest (1).

Pasternak and Shore (3) suggest an approach to extract information about
latency that adjusts for the over-representation of shorter length latent periods
that are typical of truncated cohorts. They state that the greater the
truncation, the more the estimates of the mean or median latent period, derived
from considering only cancer cases, will be too small. This is due to the fact
that the person years at risk decrease as the interval from onset of exposure
increases. A measure of latency is needed that takes into account the size of the
population at risk at each interval. A median latency derived from a life table
analysis provides such a measure. Pasternak and Shore's (3) approach, in the
context of uranium mining, would be to calculate the median latent period (50th
percentile) from the cumulative distribution of the probability of death from lung
cancer obtained from standard life-table methods.
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Archer, Radford and Axelson (9) suggest that since there is no way to
determine ths point in time when cancer induction occurs, we cannot estimate the
true or biological latent period, and that the time from start of work exposure to
the appearance of clinical cancer should serve as the "induction-latent period."
Because the incidence of lung cancer in an exposed group is continuously changing
with time, the most appropriate way to determine response would be to use the
lifetime risk from any exposure. None of the mining groups with reasonably
well-defined exposures have been followed long enough to accurately determine this
statistic. Because of this, Archer, Radford and Axelson (9) suggest that
investigators should focus their attention on: person-years occurring later than
7-15 years after start of mining, the older groups, and those mining groups with
longest followup.

Latency Considerations in Major Studies of Lung Cancer Among Uranium Miners

With this brief consideration of background issues in the latency question,
we discuss information regarding latency from some major studies of lung cancer
among uranium miners. We will begin with data presented in the original
publications and then will consider other researchers reviews of the issue.

A number of studies report epidemiologic latent periods. Data from selected
studies are shown in Tables 1 and 2. Two characteristics of almost all studies

TABLE 1

REPORTED LATENT PERIODS IN UNITED STATES WHITE
URANIUM MINERS: SELECTED PUBLISHED STUDIES

Group

Smokers

Cigarette Smokers

Smoked 20+ Cigarettes Per Day

"Light" Cigarette Smokers

Past Smokers Who Stopped Smoking:

4-7.9 Years Earlier

8+ Years Earlier

Noncigarette Smokers

Nonsmokers

Nonsmokers

Smoked/Chewed Tobacco

Reference

(9)

(10)

(11)

(11)

(9)

(10)

(11)

Latent
Period
(Years)

20

14

19

17

20

—

17

12

Range
(Years)

13-31

—

11-33

7-34

10-43

10-44

14-23

8-15

Number of
Deaths

—

15

19

16

17

—

6

3
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TABLE 2

REPORTED LATENT PERIODS IN UNITED STATES INDIAN
URANIUM MINERS: SELECTED PUBLISHED STUDIES

Group

Smokers

All

Confirmed Diagnoses

Navajos

Nonsmokers

All

Navajos

Reference

(10)

(10)

(12)

(10)

(12)

Latent
Period
(Years)

17

19

8

21

16

Range
(Years)

11-24

14-24

8

17-23

11-30

Number of
Deaths

10

7

2

4

14

are the small number of observations used to estimate latency and the lack of
interval estimates for the latent periods. In general, the mean or median latent
periods range from 12 to 20 years. Every estimate is an incomplete picture of the
total experience, since each one is based on a truncated cohort. However, the
United States miner papers comment about the meaning of these observed differences
as if they were complete pictures. We think this uncritical reporting of risk can
be seriously misleading.

In a report from the U.S. uranium miner study by Lundin et al. (13), the
observed versus expected deaths for the period 1950 through September of 1967 are
divided into three categories on the basis of years after onset of mining: <5
years, 5-9 years, 10+ years. They found that deaths from malignant neoplasms of
the respiratory system occur much more commonly 10 or more years after start of
uranium mining (48 deaths vs 5.4 expected), with a significant excess also
occurring between 5 and 10 years.

Archer, Wagoner and Lundin (11) examine lung cancer deaths occurring in the
U.S. uranium miner population from 1964-1967. They consider differences in
latency between groups differing in smoking habits by comparing mean ages at
diagnosis and mean change in induction period between groups. Shortening of the
latent period was associated with continued smoking of one pack or more of
cigarettes a day. No differences in age at cancer diagnosis or latent period are
observed between controls and light smokers or men who had stopped for >8 years.
Since the latent period may be longer in nonsmokers than smokers, it might have
been too early to expect many lung cancers among nonsmoking miners, even though
their lung cancer risk may eventually approach that of smokers with comparable
."••cposures.
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In a discussion of the deaths in the period 1950-68, Archer, Wagoner and
Lundin (14) illustrate the importance of considering the latent period in
mortality analysis. In the U.S. study, when a miner advanced into a higher
exposure category his accumulated person-months of observation would be left in
the category from which he had departed. A man who develops respiratory cancer
while in the highest exposure category might have contributed very few
person-months to that category. Conversely, most of the person-months in the
lower exposure categories are contributed by miners who recently started mining.
Thus, on the average there has been a shorter elapsed latent period for
person-years in lower than in higher exposure categories.

Latent periods are an important component in the exposure-time-response model
presented by Lundin, Archer and Wagoner (15). They consider latent periods of 5,
10 and 15 years. A 10-year median lognormal distribution of the latent period
gives the best fit. Both 10 and 15 year median latent period relative risk
hypotheses give reasonably good fits to the deaths arranged by calendar year of
death. The 10-year median relative risk hypothesis gives the best fit by time
after beginning of underground uranium mining.

An additional consideration is the age at which individuals began mining.
Myers, Stewart and Johnson (16) report that the data suggest a shorter average
time between exposure and lung cancer (latency) in older than in younger miners.
In addition, they note chat the risk of induced lung cancer within the first 20
years after exposure is greater in older than in younger miners. This must be
interpreted with caution, however, as there is a strong association of lung cancer
with age in the absence of a history of uranium mining (17).

In the U.S. miners study, the latent period has been looked at in Indians and
whites separately and also in smokers versus nonsmokers. Wagoner, Archer and
Gillam (18) look at deaths among Indian miners occurring from January 1960 through
December 1973. When deaths are analyzed by years after start of underground
mining, none of the deaths occurred prior to 10 years after the onset of mining.
The mean latent period among Indians who did not smoke was 19 years.

In a subsequent paper (10), Indians and whites are contrasted with regard to
latent period and smoking status. The data are suggestive of a shorter latency
for both Indian and white smokers than for nonsmokers. In discussing
the latent period for Indians, three cases not definitely diagnosed are apparently
included in the calculation of the mean but not in their Table 7. These three
cases must all have been smokers, according to the information given. If the mean
is calculated only for those Indians who appear in their Table 7 (i.e. confirmed
diagnoses), the mean latent period is about 19 years. The shortest latent period
(11 years) is for a case not included in the table and is three years less than
the shortest period included in the table. Although the authors contrast the
latent period between Indian nonsmokers and white heavy smokers (21 versus 14
years), another interesting contrast is between Indian nonsmokers and white
nonsmokers. The Indian nonsmokers had a mean latent period of 21 years while that
for white nonsmokers was 17 years- The authors note (10) "The excess respiratory
cancer among Indians not only shows that Indians are not immune to
radiation-induced cancer, but also indicates that radiation-induced bronchogenic
cancer occurs when cigarette usage in the exposed group is minimum or absent." It
should be added that in this study the latent period in the Indian nonsmokers is
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appreciably longer than in the white nonsmokers, suggesting a difference in cancer
induction between the two populations. It should be noted, however, that simple
calculation of the age at start of mining shows that the Indians' average age is
27 compared to 44 years for the white nonsmokers, a point not made by the authors.

Gottlieb and Husen (12) discuss lung cancer among Navajo Indian uranium
miners. In a series of 16 cases they find a mean latent period of 16 years for
nonsmokers (N = 14) and a mean of 8 years for smokers (N = 2). In contrast to the
data of Archer, Gillam and Wagoner (10), this study does not support the
suggestion of a longer latent period in Indians, as the mean is shorter than that
calculated for white nonsmokers in the earlier study. The authors (12) do not
report a mean age at start of mining, but from their data we calculate the mean
for nonsmoking Indians to have been approximately 29 years. Thus, the lung cancer
cases among Indian miners reported by Gottlieb and Husen (12) have a mean age at
start of mining similar to the Indians reported by Archer, Gillam and Wagoner (10)
but a latent period similar to the nonsmoking whites in the earlier study. It is
not possible to determine from the published information whether some of the same
individuals are included in both reports. Clearly, the question of whether there
are significant differences in latent period between Indians and whites is
unresolved.

In the United States studies Lundin, Wagoner and Archer (19) note some facts
which might cloud the interpretation of latency. Follow-up periods are different
for the different working level month (WLM) categories because those with highest
exposure started mining before 1955; most of those with the lowest exposures
started mining in the 1956-1960 period. The miners who started earliest were also
older at start of mining. In addition, for miners with less than 500 WLM and
average exposure rates less than 5 WL, the time from start of hard rock mining to
cancer manifestation is used as the latent period while for those with higher WLM
or higher exposure rate, the latent period is considered to begin at start of
uranium mining.

Although the bulk of our information on latency comes from the NIOSH studies
(9-11,14,19), there are data from other areas. For example, among modern
Czechoslovakian miners the highest lung cancer mortality is found between 15-18
years after first exposure (20). This is observed in all exposure levels and all
age groups. The early German and Czechoslovakian miners are reported to have had
a mean latent period of about 17 years (7).

Axelson and Sundell (21) examine information on the latent period in Swedish
zinc miners. A reduced latent period, similar to the findings in the United
States, is found among Swedish miners who smoke. The median latent period among
nonsmokers of this group is 49 years, while the median among smokers is 37 years,
a difference of 12 years. Note how much longer the latent period appears to be in
these miners with relatively low radon and radon daughter exposures compared to
the uranium miners.

Archer, Radford and Axelson (9) summarize a number of important factors
related to latency. They note a strong dependence of the latent period on age at
the start of exposure. In addition, among men who start mining at an early age,
the latent period is shorter for smokers. The role of cumulative exposure appears
to be minimal in determining the length of the latent period. The exposure rate,
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not the cumulative exposure, apparently determines latency. The fact that there
is a consistent association between latency and exposure rate, but not total
exposure, indicates that exposure rate is the more important factor. Because of
the relationship between the latent period and the appearance of new cases, if we
include the first 5-15 years of exposure when calculating incidence, the incidence
will be reduced and, thus, reflect only a portion of the risk. Smokers appear to
have an upper limit of 20-35 years to the length of the latent period, allowing
much of the elevated risk of lung cancer to be determined by following smokers for
about 25 years after start of mining. The picture is different for nonsmokers
where length of life appears to be the limit on potential length of the latent
period. Therefore, nonsmokers must be followed for A0 to 50 years, especially
when the exposure rate is low. Myers, Stewart, and Johnson (16) state that the
time between exposure and the appearance of lung cancer in smokers is undoubtedly
shorter than in nonsmokers.

The unknown quality and the small quantity (see Tables 1 and 2) of the data
on latency and smoking weakens the conclusions of Archer, Radford and Axelson (9)
with respect to upper limits of the latent period. Since risk does not decline
after some specified age, the longer an exposed cohort is followed, and the older
it becomes, the greater will be the incidence of lung cancer, regardless of
continued mining. It is also interesting to note that smoking cigarettes is not
very useful in predicting if a person might eventually have lung cancer since less
than 1% of smokers eventually experience lung cancer (22).

Ellett and Nelson (23), in discussing latency, note that a fundamental
limitation in the NIOSH study (19) is that it is still in progress. Survivors are
continuing to die of lung cancer, with the result that recent data show more lung
cancer deaths than originally projected. Because of the length of the latent
period, absence of data from completed lifetime followup studie's can lead to a
biased under-estimate of risk, unless appropriate risk models are used which
recognize that current studies have not been completed.

Summary and Conclusions

None of the data sources adequately address the complex issue of estimating
the period of time between exposure to radiation and the identification of disease
— or the latent period. This is a major drawback to accepting their findings on
latency. We discuss ways to address this issue.

Data from the United States studies support shorter median latent periods for
smokers as compared to nonsmokers. Whether there are important latency
differences between Indians and whites is unclear.

We concur with conclusions of other researchers that the latent period for
miners exposed to radon daughters may be: 1) more than 40 years, 2) dependent on
age at which exposure begins, 3) dependent on exposure rate, and 4) related to
cigarette usage. We concur because they cannot be ruled out given the available
published data.
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USE OF PRIM CODE TO ANALYZE POTENTIAL RADIATION-INDUCED GENETIC
AND SOMATIC EFFECTS TO MAN FROM JACKPILE-PAGUATE MINES*
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ABSTRACT

Potential radiation-induced effects from inhalation and ingestion of and
external exposure to radioactive materials at the Jackpile-Paguate uranium mine
complex near Paguate, New Mexico, were analyzed. The Uranium Dispersion and
Dosimetry (TOAD) computer code developed at Argonne National Laboratory (ANL) was
used to calculate the dose rates and the time-integrated doses to tissues at risk
as a function of age and time for the population within 80 km of the mines. The
ANL computer code Potential Radiation-Induced Biological Effects on Man (PRIM)
then was used to calculate the potential radiation-induced somatic and genetic
effects among the same population on the basis of absolute and relative risk
models as a function of duration of exposure and age at time of exposure. The
analyses were based on the recommendations in BEIR III and WASH-1400 and the life-
table method. The death rates were calculated for radiation exposure from the
mines and for naturally induced effects for 19 age cohorts, 20 time intervals, and
for each sex. The results indicated that under present conditions of the radia-
tion environment at the mines, the number of potential fatal radiation-induced
neoplasms that could occur among the regional population over the next 85 years
would be 95 using the absolute risk model, and 243 using the relative risk model.
Over the same period, there would be less than two radiation-induced genetic
effects (dominant and multifactorials). After decommissioning of the mine site,
these risks would decrease to less than 1 and less than 3 potential radiation-
induced deaths under the relative and absolute risk models, respectively, and
0.001 genetic disorders. Because of various sources of error, the uncertainty in
these predicted risks could be a factor of five.

Introduction

Among the hazards associated with exposure to radiation released from uranium
mine wastes is induction of somatic and genetic effects. Pathways of radiation
exposure to humans from mine wastes include inhalation of airborne particulate
radionuclides and radon daughters, ingestion of food and water contaminated with
the radionuclides, and external exposure to beta and gamma radiation.

'"Radiological analysis of the Jackpile-Paguate mines was conducted under the
auspices of the Mineral Management Service, U.S. Department of the Interior.
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In this paper, the computer code Potential Radiation-Induced Biological
Effects on Man (PRIM) (1), a method of analyzing the risks from such exposure, is
described. As an application, the PRIM code is used to estimate somatic and
genetic radiation-induced effects from current exposure conditions among the
population within 80 km of the Jackpile-Paguate uranium mine complex. The site is
about 60 km west of Albuquerque, New Mexico, and consists of about 1000 hectares
of land disturbed by mining. Details of the physical environment of the mine
complex and of dosimetry (UDAD code) and radiation-induced health effects, as
reported elsewhere (2-4), are only summarized in this paper.

Description of PRIM code

The size and composition of a population in a region changes continuously
with time (5). A rigorous projection of population is complex and beyond the
scope of this work and the objectives of the PRIM code. Population projections
were calculated using the cohort-component method. The population was grouped
into 19 cohorts of five-year age intervals. Each cohort was further subdivided by
sex and race. Changes in each of the subgroups of the population result from
attrition (death and out-migration) and renewal (birth and in-migration). Even
though the net migration (difference between "in" and "out" migration) may signi-
ficantly influence population structure and size (6), it is not incorporated into
this analysis. Thus, in this version of the PRIM code, changes in the population
structure are only affected by age-specific death rates and age-specific birth
rates. The total birth rate for each age cohort in each time period was calcula-
ted from age-specific fertility rates. The numbers of male and female newborns
were calculated from the 1970 average sex ratios of newborns in the United States.
The total fertility rate at the beginning period of analysis was assumed to be
equivalent to the rate in 1970.

In the code, the mortality of the population is based on the average proba-
bility of mortality within each five-year interval. Survival of the members of
each age subgroup during each time interval is dependent upon both the age-
specific and time-specific probability of survival to the next time interval in
the presence of all forces of mortality (7-9). Under a stable population model,
natural forces of mortality are dependent only on age. Under a dynamic population
model, natural forces of mortality are time-dependent. Natural mortality was
calculated under stable conditions. Infant mortality was based on a one-year
interval. Infants who survived this initial one-year period were then subjected
to the other forces of mortality within the next four years. The results for the
combined interval of birth to five years were then tabulated to represent the age
interval of 0-5 years. For all intervals, a weighted average birth rate was
calculated on the basis of the ratio of whites to non-whites and age-specific
birth rates. Similarly, weighted average age-specific probability of mortality
was computed from age-specific death rates for each sex and race.

Somatic risk analysis in the PRIM code are based on the following assump-
tions:

1. The radiation-induced mortality (6M) throughout the residual life (i.e.,
time of death minus age at irradiation) from a dose (6D(T)) received at
age X within the time period 6t is independent of any other dose 6D(t)
at age T' t X.
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2. The total radiation-induced mortality M is the sum of all SM.

3. The probability of radiation-induced mortality from each 6D is given by
either an age-dependent "absolute" or "relative" risk model. The proba-
bility P(i) of radiation-induced death from each type of neoplasm (i) in
the absolute risk model is dependent on age, sex, and race, as well as
on the type of the neoplasm.

In absence of input values for dependence on age and race, the probability is
assumed to be independent of the variables. The dependence of P on radiation dose
8D is expressed by a linear-quadratic function. The age- and sex- specific para-
meters of the function are those recommended by BEIR III (10). The probability of
radiation-induced mortality is assumed to be zero before the "latency" period and
after the "expression" period, otherwise remaining proportional to dose. Latency
is the period from the beginning of irradiation of a homogeneous population to the
onset of radiation-induced mortality. The expression period is the duration of
observed mortality. Induced mortality from radiation exposure is dependent on
time because of changes in the intensity of radiation exposure and other forces of
mortality.*

Oominant mutations and multifactorial genetic disorders were calculated for
all pathways of exposures and under conditions of continuous irradiation. Equili-
brium induction level of mutations (12) was calculated using a linear dose-
response function and the population fraction with reproductive potential (ages 10
through 55 years). Male germ cells are reported to be more sensitive to radiation
than female germ cells, and thus for normalization of genetic responses, adjust-
ment factors of 0.80 and 0.20 were used for male and female exposures, respec-
tively (10,12-15).

Application of PRIM code

The pattern of mortality (age-specific death rate) from spontaneous and
radiation-induced** neoplasms and other causes of death was calculated on the
basis of demographic characteristics of the population (sex, age, race, age-
specific birth rates, and the rates of mortality from spontaneously induced neo-
plasms and from all other causes) as published by the U.S. Census Bureau (16).
The current population of the region within 80 km of the mines was estimated as
362,100. About 4,500 of these people live within 10 km. The nearest town is
Paguate, with a population of 1,150 people. The total population of the region
was predicted to steadily increase during the period of analysis to 487,567 per-
sons. Age distribution, age-specific fertility rate, and age-specific mortality
from all causes, except those induced by exposure to radiation released from the
mine complex, are given in Table 1.

Table 2 shows the age-specific mortality from spontaneous incidence of
neoplasms for each sex and each successive five-year interval. Also shown is

^Association between incidence and subsequent mortality is beyond the scope of
this work. The trend in patient survival for each type of neoplasm is reported
in Reference 11.

**In this paper, the term "radiation-induced" refers only to radiation from the
mines and does not include the natural background.
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Table 1. Regional Population Characteristics

Age

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

AGSFt1

Male

0.0
0.0
1.100E-3
6.740E-2
1.506E-1
1.348E-1
6.760E-2
2.870E-2
7.100E-3
4.000E-4
0.0
0 .0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Female

0.0
0.0
5.200E-3
1.477E-1
2.027E-1
1.363E-1
7.960E-2
4.190E-2
1.250E-2
1.000E-3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

AGDRt2

Male

2.569E-3
1.826E-3
1.877E-3
5.781E-3
8.146E-3
7.069E-3
7.754E-3
1.086E-2
1.756E-2
2.854E-2
4.554E-2
7.247E-2
1.087E-1
1.564E-1
2.212E-1
3.174E-1
4.314E-1
5.597E-1
3.867E-3

Female

2.028E-3
1.225E-3
1.070E-3
2.254E-3
2.657E-3
2.993E-3
3.949E-3
6.154E-3
9.558E-3
1.552E-2
2.326E-2
3.443E-2
5-049E-2
7.772E-2
1.269E-1
2.108E-1
3.281E-1
5.110E-1
1.168E-3

Populat ion

Male

15,420
17,960
18,730
17,030
13,960
11,680
9,855
9,554

10,300
10,370
9,493
8,460
7,144
5,535
4,111
2,777
1,551

956
956

Femal

14,820
17,290
18,030
16,690
14,920
12,080
10,280
10,030
10,880
11,110
10,230
9,266
8,176
6,891
5,574
4,054
2,511
1,725
1,725

t1 Age-Specific Fertility (AGSF)

t2 Age-Specific Death Rate (AGDR)

Table 2. Cumulative Spontaneous Cancer Mortality for
Five-Year Intervals for the Regional Population

Tine
(Years)

5
10
15
20
25
30
35
40
45
50
S5
60
65
70
75
80
85

Total

CA-1

116.9
128.2
140.5
151.9
161.8
170.1
176.8
183.5
191.0
201.3
216.0
233.3
248.7
258.5
262.5
263.9
267.7

3,372.6

1
1
1
1
1
1
1
1
1

17

CA-2

609.2
667.4
719.4
762.0
798.5
835.9
881.0
939.4

,011.7
,093.3
,173.4
,240.3
,287.9
,317.9
,340.6
,368.2
,405.8

,451.9

CA-3

181.6
202.6
224.0
242.9
259.3
273.0
285.1
297.4
312.1
332.5
360.8
392.5
419.0
435.8
442.5
444.6
450.7

5,556.3

1
1
1
1
1
1
1
1
1
1
1
1
1
1

22

CA-4

762.7
849.0
934.7

,008.4
,071.1
,125.7
,177.9
,234.5
,302.1
,389.8
,500.9
,619.8
,719.8
,783.2
,810.2
,822.5
,851.6

,963.8

CA-S

249.7
272.2
293.6
313.1
332.8
353.6
375.1
395.7
414.5
433.8
456.3
482.2
506.1
523.1
532.8
539.1
548.3

7,021.8

NeoplasmsT1

CA-6

16.4
18.0
19.2
20.2
21.1
22.2
23.3
24.4
2S.6
27.3
29.3
30.9
32.1
33.0
33.6
34.2
34.9

44S.6 4,

CA-7

157.2
17617
198.2
217.2
233.7
247.5
258.8
268.5
278.4
292.8
316.4
347.4
376.9
396.5
403.8
403.0
404.0

,977.1

CA-8

157.2
176.7
198.2
217.2
233.7
247.5
258.8
268.5
278.4
292.8
316.4
347.4
376.9
396.5
403.8
403.0
404.0

4,977.1

CA-9

157.2
176.7
198.2
217.2
233.7
247.5
2S8.8
268.5
278.4
292.8
316.4
347.4
376.9
396.5
403.8
403.0
404.0

4,977.1

CA-10

2,156.9
2,376.9
2,588.9
2,773.5
2,936.1
3,087.2
3,239.4
3,406.7
3,602.8
3,845.6
4,131.8
4,421.3
4,657.0
4,802.4
4,870.1
4,923.4
5,028.6

62,848.7

CAS

4,564.9
5,044.3
5,514.8
5,923.7
6,282.0
6,610.2
6,934.9
7,287.1
7,695.2
8,202.0
8,817.5
9,462.4

10,001.1
10,343.5
10,503.7
10,604.9
10,799.6

134,591.8

CAS/Death

2.07E-O1
2.12E-O1
2.06E-O1
2.03E-O1
2.06E-01
2.12E-01
2.17E-O1
2.10E-01
2.20E-01
2.25E-O1
2.32E-01
2.34E-01
2.32E-01
2.29E-01
2.27E-01
2.26E-01
2.29E-01

CA-1 = leukemia, CA-2 = lung cancer, CA-3 = stomach cancer, CA-4 = intestinal cancer, CA-S = breast cancer, CA-6 = bone cancer,
CA-7 = liver plus pancreatic cancer, CA-8 = cancer of urinary organs, sex organs, CA-9 = lymphoma, CA-10 = all other neoplasms
not listed in CA-1 to CA-9, CAS = total of all cancers, CAS/Death = ratio of spontaneous cancer cumulative mortality to all
death.
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the ratio of deaths from neoplasms to deaths from all causes. This ratio
increases from about 21% to about 23% during the 90-year interval. This analysis
is based on death-rate data from 1969 to 1971 for the U.S. population. It should
be noted that the incidence of lung cancer in the United States increased more
than ten times from 1930 to 1970 (17). The increase in total cancer mortality
with time as shown in Table 2 is due to increased population size and changes in
the population profile.*

Radiation-induced somatic and genetic effects were calculated from radiation
doses to each organ for each time interval. Details of doses are reported else-
where (7,8). Average organ doses for four selected organs and ten time periods
for Paguate are shown in Table 3 for illustrative purposes.

Table 3. Average Dose (mrem) to Selected Organs of
"Standard Man" from all Pathways of Exposure at Paguate

Time
(years)

0-5
6-10
11-15
16-20
21-25
26-30
31-35
36-40
61-65
71-75

Lung

7.8 x
1.9 x
3.1 x
4.5 x
6.1 x
7.7 x
9.6 x
1.2 x
2.7 x
2.7 x

102

103

103

103

103

103

103

104

104

104

Bone

6.0 x
1.6 x
2.8 x
4.8 x
5.9 x
7.6 x
9.6 x
1.2 x
2.9 x
2.9 x

102

103

103

10s

103

103

103

104

104

104

Stomach

1.2 x
4.3 x
9.3 x
1.6 x
2.5 x
3.5 x
4.8 x
6.1 x
1.8 x
1.8 x

102

102

102

103

103

103

103

103

104

104

Testes

7.4 x IO 1

2.9 x io2

6.5 x io2

1.2 x io3

1.6 x io3

2.6 x io3

3.6 x io3

4.6 x io3

1.4 x io4

1.4 x io4

For the absolute risk model, age-specific mortality from each type of neo-
plasm was calculated separately for each sex and for the populations of each town
in the region. The total age-specific mortality for the entire region then was
calculated for each five-year period. A summary of the cumulative radiation-
induced mortality for both sexes and all ages is given in Table 4. Leukemia is
the leading cause of potential death. Within each five-year period, death from
radiation-induced neoplasms is less than 3 x 10-4 of all deaths.

The cumulative mortality calculated with the relative risk model is given in
Table 5. The leading cause of death from neoplasms is cancer of the urinary
organs. The total mortality of 243 peopLe does not include contribution from the
other mortalities not individually reported in Table 5.

*A reduced rate of early mortality from infectious and degenerative diseases and
from other causes may result in shift of the population spectrum to older age
groups, and thus result in a higher incidence of neoplasms at older ages.
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Time
(Years)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
Total

C A - 1

0 .0
0 . 0
0 . 1
0 . 2
0 . 5
0.9
1.6
2.5
3.5
4.7
5 .8
6 .9
7.8
8.6
8 . 6
8.4
8.3

68.4

Table

CA-2

0.0
0.0
0 . 0
0 . 0
0 . 0
0.0
0.0
0.0
0 . 0
0 . 1
0 . 1
0 . 1
0.1
0 . 1
0 . 1
0 . 1
0 . 1
0.9

4 .

CA-3

0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 1
0 . 1
0 . 2
0 . 2
0 . 3
0 . 4
0 . 5
0.5
0 . 6
0 . 6
0 . 6
0 . 7
4.8

Cumulative

CA-4

0 . 0
0.0
0 . 0
0 . 0
0 . 0
0.0
0.0
0 . 0
0 . 0
0 . 0
0 . 1
0 . 1
0.1
0 . 1
0 . 1
0 . 1
0 . 1
0.8

Radiation-Induced Cancer
Absolute

CA-5

0 . 0
0 . 0
0 . 0
0.0
0 . 0
0 . 0
0.1
0 . 1
0 . 1
0 . 2
0 . 2
0.3
0 . 3
0 . 4
0 . 4
0 . 4
0.4
2.9

Risk

Neoplasmst1

CA-6

0 . 0
0.0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0.0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0.1

CA-7

0.0
0.0
0.0
0 . 0
0 . 0
0 . 0
0 . 0
0.0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0.2

Model

CA-8

0.0
0.0
0 . 0
0 . 0
0 . 0
0 . 0
0.0
0.0
0.0
0 . 0
0 . 1
0 . 1
0.1
0 . 1
0 . 1
0 . 1
0 . 1
0.7

CA-9

0.0
0.0
0 . 0
0 . 0
0 . 0
0 . 0
0.0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 1

Mortality—

CA-10

0.0
0.0
0 . 0
0 . 0
0 . 1
0 . 2
0.3
0.5
0.7
1 .0
1 .3
1.6
1.8
2.0
2 . 1
2 . 1
2 . 1

15.8

CAS

0 . 0
0.0
0 . 1
0 . 3
0 . 6
1 .2
2.1
3 .3
4.7
6.3
8 . 0
9.5

10.8
11.9
12.1
11.8
11.9
94.6

CAS/Death

0 . 0
6.1OE-O7
2.99E-06
8.72E-06
1.98E-05
3.94E-05
6.64E-05
9.54E-05
1.35E-04
1.74E-04
2.09E-04
2.36E-04
2.50E-04
2.63E-04
2.60E-04
2.52E-04
2.51E-04

CA-1 = leukemia, CA-2 = lung cancer, CA-3 = stomach cancer, CA-4 = intestinal cancer, CA-5 = breast
cancer, CA-6 = bone cancer, CA-7 = liver plus pancreatic cancer, CA-8 = cancer of urinary organs,
sex organs, CA-9 = lymphoma, CA-10 = all other neoplasms not listed in CA-1 to CA-9, CAS = total of
all cancers, CAS/Death = ratio of cumulative spontaneous cancer mortality to all deaths.

TimA

(Years)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
Total

CA-1

0 . 0
0 . 0
0 .0
0.1
0.1
0 . 1
0 . 2
0 . 3
0.3
0.4
0.5
0 . 5
0 . 6
0.6
0.6
0.6
0.6
5 .5

Table 5.

CA-2

0 . 0
0 . 0
0.0
0.0
0.1
0 . 3
0 . 6
1 . 0
1.6
2 .4
3 .3
4.4
5 .4
6.1
6.7
6.9
7.2

46.0

CA-3

0 . 0
0 . 0
0 . 0
0.1
0.2
0 . 3
0 . 5
0 . 7
1.0
1.3
1.8
2 . 3
2 . 8
3 . 1
3 .3
3 .4
3 .5

24.1

Cumulative Radiation-Induced Cancer Mortality—

CA-4

0 . 0
0 . 0
0 . 0
0.0
0.1
0 . 2
0 . 3
0 . 5
0.8
1.1
1.5
2 . 0
2 .4
2.7
2.7
2.8
2.8

20.0

Relative Risk Model

Neoplasnst1

CA-5

0 . 0
0 . 0
0 . 0
0 . 0
0 . 0
0 . 1
0 . 2
0 . 3
0.5
0.7
0.9
1 .1
1 .2
1.2
1.1
1.0
1.0
9.3

CA-6

0 . 0
0 . 0
0 . 0
0 . 0
0.0
0.0
0 . 0
0 . 0
0.0
0.0
0 . 0
0 . 0
0 . 0
0.0
0.0
0.0
0 . 0
0 . 2

CA-7

0 . 0
0 . 0
0 . 0
0.0
0.0
0.0
0 . 0
0.0
0.0
0.0
0.1
0 . 1
0 . 1
0 . 1
0.1
0.1
0.1
0 . 8

CA-8

0 . 0
0 . 0
0 . 0
0.2
0.6
1.3
2 . 3
3.5
5.1
7.0
9.4

12.4
15.5
17.9
19.6
20.6
21.1

136.7

CA-9

0 . 0
0 . 0
0 . 0
0.0
0.0
0 . 0
0 . 0
0 . 0
0.0
0.0
0 . 0
0 . 1
0 . 1
0 . 1
0.1
0.1
0.1
0 .6

CA-10

-
-
-

-
-
-
-
-

-
-
-
-
-
-

CAS

0 . 0
0 . 0
0.1
0.4
1.1
2 .3
4 . 0
6.3
9.3

13.0
17.6
22.9
28.1
31.8
34.2
35.5
36.5

243.2

CAS/Death

0 . 0
2.79E-07
3.57E-06
1.44E-05
3.64E-05
7.28E-05
1.25E-04
1.82E-04
2.66E-04
3.57E-04
4.62E-04
5.69E-04
6.53E-04
7.05E-04
7.39E-04
7.59E-04
7.76E-04

CA-1 = leukemia, CA-2 = lung cancer, CA-3 = stomach cancer, CA-4 = intestinal cancer, CA-5 = breast
cancer, CA-6 = bone cancer, CA-7 = liver plus pancreatic cancer, CA-8 = cancer of urinary organs, sex
organs, CA-9 = lymphona, CA-10 = all other neoplasms not listed in CA-1 to CA-9, CAS = total of all
cancers, CAS/Death = ratio of cumulative spontaneous cancer mortality to all deaths.
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The total number of radiation-induced genetic disorders was calculated on the
basis of an equilibrium level genetic-induction factor of 4.2 x 10-8 disorders
per mrem for dominant effects and 5.0 x 10-8 per mrem for multifactorial dis-
orders (12). There would be less than 0.1 of each type of disorder for each
five-year interval. The total numbers of genetic effects calculated were 0.5 and
0.6 for dominant and multifactorial disorders, respectively. However, because of
a wide gap in the reported level of genetic disorders, the number of disorders
induced by exposure to radiation from the mine complex could be greater. The
current incidence of genetic disorders from natural causes in the United States is
0.107 for each liveborn (10). The ratio of radiation-induced to naturally induced
disorders is about 3 x 10-4.

Summary and discussion

Potential mortalitiy from natural causes and from present conditions of
radiation exposure in the vicinity of the Jackpile-Paguate mines was calculated
for a 90-year period using both absolute and relative radiation-risk models. The
changes in the population size, birth rates, and radiation-induced and natural
mortality are summarized in Table 6. Under the existing radiation environment at
the mines, about 243 radiation-induced deaths from nine types of neoplasms were
projected to occur under the relative risk model, compared to about 95 deaths from
all neoplasms under the absolute risk model (Table 6). It is anticipated that
after decommissioning of the mine site, both somatic and genetic effects would
decrease to about 0.1% of the predicted potential risks for all organs except for
the respiratory system (3). Because of the contribution of radon decay products,
the risk of lung cancer could decrease to about 10%.

Because of the dependence of the relative risk model on the spontaneous
incidence of diseases, the predictions are affected by the data base selected.
The spontaneous incidence of some neoplasms is different among the races and even
among racially similar populations in different regions. Because of this, use of
the relative risk model could result in predictions of dissimilar risks from the
same exposure. In contrast, the absolute risk model would yield the same estimate
of additional deaths for the same exposure, and it would be independent of the
year selected for analysis.

Among the many input parameters used in analysis of risk are risk coeffi-
cients, delay period, and period of expression of the risk. The bounds of uncer-
tainty in these parameters, which depend on age, sex, race, and rate and duration
of exposure (18), are not known. Probability of incidence of radiation-induced
diseases is a continuous function (8,19), often expressed as a step function
(12,15) with fixed duration of expression and delay. For these analyses, variable
expression periods with age-dependent incidence rates were utilized where the data
was available. Expression of the probability function as lognormal or normal
function is facilitated in the PRIM code, but was not used for these analyses.
The shape of the probability density function does not seem to be unique (8) and
is dependent on the pattern of exposure, as well as on age.

A crucial problem in analysis of risk is assignment of probability confidence
limits. To quantify the uncertainties in the results, the uncertainties of the
values of the parameters used in the calculations must be propogated through the
analysis. However, available data do not. allow establishment of confidence inter-
vals, since assignment of values to risk coefficients and to expression and delay
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Table 6. Population Characteristics and Cumulative Natural and
Potential Radiation-Induced Mortality for Period 1982-2072

Time
(Years)

Absolute

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85

Relative

5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85

Total
Population

Risk Model

362,100
371,974
384,505
397,158
407,807
415,700
42,2564
434,269
441,739
450,480
458,162
465,097
471,287
476,183
480,001
483,607
487,699

Risk Model

362,100
37,1974
38,4505
39,7159
40,7807
41,5700
42,2562
434,265
441,732
450,468
458,143
465,067
471,242
476,117
479,911
483,484
487,531

Total
Births

31,954
36,283
39,392
39,798
38,410
38,034
43,704
42,170
43,766
44,162
44,991
46,570
47,962
49,013
49,973
50,957
52,231

31,954
36,283
39,392
39,798
38,410
38,034
43,702
42,166
43,758
44,149
44,969
46,535
47,908
48,936
49,868
50,820
52,059

Cancer

Natural

4,564.9
5,044.3
5,514.8
5,923.7
6,282.0
6,610.2
6,934.9
7,287.1
7,695.2
8,202.0
8,817.5
9,462.4
10,001.1
10,343.5
10,503.7
10,604.9
10,799.6

4,564.9
5,044.3
5,514.8
5,923.7
6,282.0
6,610.1
6,934.6
7,286.4
7,694.0
8,199.7
8,813.5
9,455.9
9,991.1
10,329.1
10,485.0
10,582.4
10,773.0

Deaths

Radiation-
Induced

0
0
0
0
0
1
2
3
4
6
8
9
10
11.
12.
11.
11.

0.
0.
0.
0.
1.
2.
4.
6.
9.
13.
17.
22.
28.
31.
34.
35.
36.

.0

.0

.1
-3
.6
.2
.1
.3
.7
.3
.0
.5
.8
.9
.1
.8
.9

0
0
1
.4
1
3
0
3
3
0
6
9
1
8
2
5
5

All

22
23
26
29
30
31
31
34
35
36
38
40
43
45
46
46
47

22,
23.
26.
29.
30,
31,
31,
34,
35,
36,
38,
40,
43,
45,
46,
46,
47,

Deaths

,079.5
,752.0
,738.8
,149.7
,517.0
,170.6
,999.1
,700.3
,024.6
,480.6
,056.4
,379.6
,065.1
,194.7
,367.1
,865.6
,177.8

,079.5
,752.0
,738.9
,149.8
,517.4
,170.8
,999.0
,699.2
,021.7
,474.4
043-9
,359.9
,032.1
142.8
294.4
772.1
061.3
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periods in most cases has been based on subjective interpretation. Similarly, the
existing methodologies for calculating dose rates would not allow assignment of
confidence limits. The uncertainties in the doses are due to variability in
transport of the radionuclides in the environment and physiological variability in
regulating metabolism of the radionuclides (20,21). Use of conservative values
for the input parameters in dose models (whenever the values are not known) also
results in prediction of larger calculated doses. For this analysis, selection of
conservative values was avoided to the extent possible. In conclusion, it is
surmised that because of the various sources of error, the uncertainty in the
predicted risks could be a factor of five.
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CINCINNATI, OH 45226

ABSTRACT

This report extends through 1977 the mortality follow-up of the US Public
Health Service cohort of 3362 male uranium miners. The last report on this
cohort followed the miners through 1974. The data were analyzed using the
lifetable analysis system developed by the National Institute for Occupational
Safety and Health (NIOSH). The mean exposure to radon daughters was 821
working level months (WLM); mean period of observation was 19 years. The
following significantly elevated standard mortality ratios (SMRs) were
calculated: lung cancer (482), certain nonmalignant respiratory disease
(WRD) (499), accidents (331), tuberculosis (409), alcoholism (273), chronic
and unspecified nephritis and renal sclerosis (262), rheumatic fever (1093)
and certain heart disease (171). The SMR for all causes of death was 158.
The main reason for this overall increase in mortality was excess deaths from
lung cancer, accidents and NMRD. However, lung cancer was seen to be dropping
in the last 3 year period, NMRD appeared to have peaked in 1975 and accidents
continued a decline begun in the late 1950s. NIOSH's primary interest in this
cohort concerns radiation-induced lung cancer, especially at low WLM levels.
Ongoing research includes consideration of WLM dose data and smoking data.
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ABSTRACT

The long-term health effects associated with the
milling of uranium ore are of interest particularly because
of exposures to uranium and thorium-230. Excess risks of
pulmonary and lymphatic malignancies have been suggested by
previous epidemiologic studies of persons milling or
smelting uranium ores, and nephrotoxic effects of uranium
have been reported in both man and animals. To test these
three previously reported associations and to assess all
cause-specific mortality patterns among uranium mill
workers, we carried out a retrospective cohort study of
2002 uranium millers employed in any of seven mills at
least one year before 1972.

Ninety-eight percent (98%) followup of the cohort
through 1977 resulted in 533 deaths observed versus 605
expected from US White male mortality rates. Mortality
from most causes was lower than expected. Significant
excess risks were found only for nonmalignant respiratory
disease and miscellaneous accidents but not for any of the
three diseases of a priori interest. However,
nonsignificant excesses were found for lymphatic
malignancies after 20 years latency and for death due to
chronic nephritis among short-term workers.

Introduction

Uranium milling, sometimes simultaneously with vanadium milling, has continued
intermittently over the last four decades at a number of mills in the Rocky Mountain
region, including 7 mills that form the basis for this study. However, health
hazards in the uranium milling industry have been largely overshadowed by public
health concerns related to the radon daughter exposures in the uranium mines.
Although radon daughter exposures were relatively insignificant among mill workers
due to the above-ground nature of their work, other radioactive exposures have been
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present from uranium-238, uranium-234, thorium-230, and radium-226, as well as
chemical exposures from vanadium and uranium.

Excess risks of lymphatic malignancies^1) and chemical toxicity to the
kidneys(2) have been suggested to be associated with either employment in uranium
mills or exposure to uranium. High rates of pulmonary malignancies have also been
observed among persons smelting uranium ores in central Europe.'•*) The desire to
test these three previously reported associations and the need to assess all
cause-specific mortality patterns among uranium mill workers stimulated this
epidemiologic study of uranium millers. --

Methods

Personnel records of 7 uranium mills located throughout the Colorado Plateau
were microfilmed in 1971 and 1972, and 2002 males were selected for inclusion in a
retrospective cohort who met the following two criteria;

(1) First, cohort members must have worked at least 1 day after January 1, 1940, and
worked at least 1 year in uranium mills by the time the personnel records were
microfilmed. This criterion was used to facilitate followup and exclude persons
with brief exposures.

(2) Secondly, cohort members must have never worked in uranium mining according to
their mill job application and could not have been a member of the United States
Public Health Service Uranium Miners Cohort. This criterion was used to
distinguish between health effects resulting from uranium milling and those from
uranium mining.

From the microfilmed personnel records, detailed work histories, indicating dates
worked in uranium mills through 1971, were coded together with demographic data.
Over 300 additional persons had incomplete work histories and had to be excluded
from the cohort. The 2002 mill workers were traced using Social Security
Administration records and other standard mechanisms from their first date of
employment at a uranium mill through December 31, 1977, the study end date, Those
workers lost-to-followup were assumed alive until the study end date. Deceased
persons for whom no certificate has yet been located were assumed dead on the date
specified by the reporting agency, with their cause of death unknown.

Risk of mortality within the uranium mill workers cohort was analyzed from
1940-1977 using the modified life-table system developed by NIOSH.^ The
observed deaths among the cohort occurring from 1940 thru 1977 were compared to the
number of deaths expected based on US death rates specific for cause, age, race,
sex, and calendar period. This comparison is reported as the Standardized Mortality
Ratios (SMR)—the observed number of deaths as a percentage of the expected number.

Results and Discussion

The hiring patterns of the cohort naturally followed the demand for uranium
which peaked during World War II and again in the 1950s. Approximately half of the
cohort was hired before 1950, but turnover was high. Of all persons hired, only a
small fraction worked for more than five years. Based on our follow-up efforts
(Table 1), 1433 mill workers were determined to be alive, and 533 deceased as of
December 31, 1977. Thirty-six people—less than two percent—were untraced. Among
the deceased, only 18 death certificates could not be located.
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The 533 observed deaths compared to 605 expected, resulted in an all-causes SMR
of 88 (Table 2). Mortality due to many causes was well below expected. Two in
particular, stroke and cardiovascular disease, were only 80% of expected—a finding
common to many working groups and known as the healthy worker effect. Strikingly
low mortality due to alcoholism and cirrhosis was observed. Mortality due to all
malignant neoplasms was only 75% of expected. Mortality due to most site specific
malignancies was low but based on few expected deaths. No statistically significant
excesses of any malignancies were observed.

Regarding our a priori hypothesis of an excess risk of lung cancer, the 26
deaths observed were only 83% of that expected. To test our second hypothesis, all
malignancies due to lymphatic and hematopoietic tissue other than leukemia were
combined (7th Revision ICDA, 200-203, 205) as previously reported by Archer(D.
This grouping resulted in 7 observed deaths versus 5.6 expected; a slight excess.
Regarding our third a priori hypothesis of an excess of chronic renal disease, 6
deaths were observed due to "chronic and unspecified nephritis and renal sclerosis"
(7th Revision ICDA, 592-594) compared to 3.6 expected, producing an SMR of 167.

In reviewing the other causes of death, two unpredicted statistically
significant excesses were found. First, mortality due to nonmalignant respiratory
disease was significantly elevated (SMR = 163). None of this excess was due to
influenza, pneumonia, or bronchitis. The entire excess was due to the component
"other nonmalignant respiratory disease" (ONMRD), which includes emphysema,
fibrosis, silicosis, and chronic obstructive pulmonary disease. Mortality due to
this subcategory was two and one half times that expected. Our second unforeseen
positive finding was a 44% excess of deaths due to accidents. Fatal accidents of
all types contributed to this excess, but the majority of excess deaths were due to
miscellaneous accidents.

Because we had a priori hypotheses of increased mortality due to 1) malignancies
of the "lymphatic and hematopoietic tissues other than leukemia", 2) lung cancer,
and 3) chronic renal disease, these deaths were examined in more detail, as were the
excess risks due to other nonmalignant respiratory disease and accidents. Table 3
lists the 7 deaths due to lymphatic and hematopoietic malignancies other than
leukemia. Three of these deaths were due to Hodgkin's Disease, a disease not
previously associated with radiation exposures^'. All but two of the persons who
died from lymphatic malignancies had worked only for a short period of time in
uranium mills, and little of their other occupational history is currently known.
Two of them worked briefly in nonuranium mines. All of the deaths occurred after
nine years since their initial employment in the mills. This time period may be
considered as a surrogate measure for induction-latency period. When the risk of
death due to lymphatic malignancies was analyzed by duration of uranium mill
employment, no trends were seen. However, the excess risk was limited to the
induction-latency period beyond 20 years, with 6 deaths observed versus 2.6
expected. Our finding corroborates the excess of deaths (4 observed versus 1.0
expected) due to these same malignancies seen by Archer in another cohort of uranium
millers which in fact prompted our hypothesis. From a toxicologic viewpoint, an
occupational etiology is plausible. Yellowcake dust and insoluble uranium ore dust
are both present in the mills. Some varieties of yellowcake have a relatively
insoluble component in addition to a soluble component.(6) Furthermore, there is
evidence in animals'?'**' and to a lesser extent in humans^) that when inhaled,
relatively insoluble uranium and thorium concentrate in the tracheobronchial
lymphatic system where local alpha irradiation may occur. Our nonstatisti.cally
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significant results should however, be interpreted cautiously because of the wide
range of lymphatic malignancies making up this excess risk and the lack of any
association with duration of employment (which is partially due to the paucity of
both observed and expected deaths beyond 5 years of employment).

The relative risk of death due to lung cancer, which was 83% of expected, showed
no increase with duration of employment or induction-latency period. In fact, among
millers employed over 10 years, there was only 1 observed death due to lung cancer
versus 5.7 expected. Thus, despite the low background lung cancer rates in this
region,(10) which may have accounted for the overall deficit of risk in this
cohort, there appears to be no association between employment in uranium mills and
lung cancer.

The final a priori hypothesis dealt with chronic renal disease, especially due
to the soluble uranium in the yellowcake produced at the mill. Table 4 lists
several clinical and occupational details for the six cases accounting for the
excess risk of chronic renal failure. Three of the deaths were from chronic
glomerulonephritis. The three other deaths occurred in older indiviudals, and
either prostatic obstruction or prostatic cancer was also mentioned on each of the
death certificates. Thus, these latter 3 deaths are probably secondary renal
disease and not associated with uranium exposure. Uranium mill employment was brief
for all of the cases, and induction time varied from 4-19 years. Most had started
mill employment around World War II and all had worked for only a short period of
time in the mills.

The acute nephrotoxicity of soluble uranium has been demonstrated in man and
animals.'^»11) Dose response nephrotoxicity data have also been developed based
on chronic exposure in animals, but the effects of chronic exposure in man have not
been adequately evaluated. This issue is particularly important because the current
occupational standard for exposure to soluble uranium compounds is based on the
avoidance of nephrotoxicity. However, the excess noted in this study (6 observed
versus 3.6 expected), is not clearly occupationally related. All of the cases were
short-term workers and 4 died within 8 years of their initial employment in a
uranium mill- For some of these cases, it is possible that previous mining
(nonuranium) experience may have contributed to the etiology.(H)

Among the other causes of death surveyed, only miscellaneous accidents and ONMRD
were significantly elevated. Further investigation of the death certificates
revealed that, except for 2 deaths, the excess mortality attributed to miscellaneous
accidents was due to a wide variety of causes unrelated to employment in the mills.
The excess risk of ONMRD, when analyzed by induction-latency period, indicated a
very high SMR of 278 (95% Confidence Interval 182-401) based on 27 observed and 9.8
expected deaths after 20 years. However no trends in risk were evident by duration
of employment. According to the death certificates, most of these deaths were due
to emphysema, fibrosis, and chronic obstructive lung disease—all of which may have
etiologies involving cigarette smoking. No data exist regarding the prevalence and
degree of cigarette smoking among this cohort. However, based on their low lung
cancer risk, the assumption could be forwarded that the cohort, as a whole, did not
smoke more than the general United States population. Thus, the excess of ONMRD is
not likely to be due to cigarette smoking.
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Given the data at hand, it is difficult to distinguish the contributions to risk
of ONMRD from uranium mill exposures to silica, vanadium pentoxide, uranium ore
dust, and yellowcake, or even from prior nonuranium mining exposures. The work
histories of the cases of ONMRD did not cluster in any particular area of the
uranium mills, but were distributed throughout. Uranium ore dust,(2) ammonium
diuranate,(2) and vanadium pentoxide(13) have all been previously associated
with pulmonary pathology and are potential etiologic candidates.

It is very likely that silica was at least partially responsible for the excess
of ONMRD. Substantial silica levels were present in these mills, especially in the
earlier years. To invoke a silica hypothesis however, one would have to assume that
the rare occurrence of a diagnosis of silicosis on the death certificates (only 2 of
39) was due to misdiagnosis. If the ONMRD is in fact tnisdiagnosed silicosis, then
the SMR of 255 for ONMRD among those who worked only 1-4 years in the mills, raises
the possibility of occupational risk factors other than work in uranium mills. When
the uranium mill job application forms and death certificates were reviewed, only 11
of the 39 individuals who died from ONMRD had evidence of previous mining
experience. Thus, within the limitations of these data, prior mining would not
appear to explain the entire excess of ONMRD.
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TABLE 1

VITAL STATUS OF COHORT OF WHITE URANIUM MILL WORKERS

Number Percent

Alive 1433 72

Deceased 533 27

Certificate Obtained 515 97

Certificate Outstanding 18 3

Lost to Followup 36

Total 2002

Person Years at Risk 43,252
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TABLE 2

CAUSE-SPECIFIC MORTALITY AMONG A COHORT OF WHITE HALE URANIUM MILL WORKERS
FOLLOWED THROUGH DECEMBER 31, 1977

Cause of Death

Tuberculosis

All Malignant Neoplasms
Buccal Cavity and Pharynx
Stomach
Pancreas
Lung
Prostate
Kidney
Skin
Lymphatic & Hematopoietic

Lymphosarcoma and Reticulosarcoma
Hodgkins Disease
Leukemia
Other Hematopoietic and Lymphatic

Malignancies

Alcoholism

Vascular Lesions Affecting
Central Nervous System

Diseases of the Circulatory System

Nonmalignant Respiratory Disease
Acute Upper Respiratory Infection
Influenza
Pneumonia
Bronchitis
Other Respiratory Diseases

Cirrhosis

Acute Nephritis

Nephritis with Edema including Nephrosis

Chronic & Unspecified Nephritis and

ICD
(7th Rev.)*

(001-019)

(140-205)
(140-148)
(151)
(157)
(162,163)

(177)
(180)
(190,191)
(200-205)
(200)
(201)
(204)
(202,203,
205)

(322)

(330-334)

(400-468)

(470-527)
(470-475)
(480-483)
(490-493)
(500-502)
(510-527)

(581)

(590)

(591)

(592-594)

Observed

1

82
2
3
4
26
6
3
0
7
2
3
0
2

1

39

228

55
0
1
13
2
39

7

0

0

6

Expected

6.0

109.8
3.6
7.5
6.1

31.4
8.5
2.7
1.9

10.1
2.9
1.3
4.5
1.5

2.0

49.3

282.3

33.7

0.1
1.2

14.7
2.1

15.6

13.6

0.4

0.2

3.6

SMR

17

75
56
40
66
83
71
112
0
69
69
231
0

133

53

79

81

163
0
83
88
95

250

52

0

0

167

95Z
Confidence

Level

4-93

59-93
7-201
8-117
18-168
54-121
26-154
23-325

28-143
8-249

48-675
____

16-482

1-293

56-108

71-92

123-212

2-464
47-151
12-344

178-342

21-107

60-353
Renal Sclerosis

Kidney Infection

Accidents

Transportation
Poisoning
Falls
Other

Violent Deaths

Residual*

Unknown Cause

TOTALS

(600) 1.7

(800-962)
(800-866)
(870-895)
(900-904)
(910-936,
960-962)

(963-985)

52
24
1
8
19

11

28

23**

533

36.0
18.6
1.4
5.3
10.0

15.1

45.0

6.5

605.2

144
129
71
151
190

73

62

«

88

108-189
83-192
2-398

65-297
114-297

36-130

81-96

•Residual: calculated by subtraction of the major groupings from all cause*
international Classification of Diseases

**Includes 18 death certificates not yet obtained
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TABLE 3

URANIUM MILLERS WHO DIED FROM MALIGNANCIES OF THE LYMPHATIC AND HEMATOPOIETIC TISSUE
OTHER THAN LEUKEMIA (7th REVISION ICD 200-203, 205)

Age Date Years of Date Years Since
at of Mill of First Mill

Case

1

2*

3

4

5

6

7

Diagnosis

Lymphosarcoma

Lymphosarcoma

Mult, myeloma

Hodgkin's

Hodgkin's

Hodgkin's

Giant
follicular
lymphoma

ICD

200.1

200.1

203

201

201

201

202.0

Death

52

26

81

43

61

78

49

i Birth

03/15

11/27

09/894

04/28

04/16

10/886

04/13

FDE+ 1

1946

1944

1944

1949

1954

1944

1942

Employmei

2

4

1

21

4

1

16

nt Death E

09/67

01/54

02/76

11/71

11/77

10/64

02/63

Imployment

23

9

31

22

23

20

21

*Also included in Archer, 1973
-t-First Date Employed in a Uranium Mill

++No mining experience listed on job application form

Other Known Work History

mining, 1944-1949
steel mill, 1936-1944

mill, 1949
railroad, 1949-1950

miner, 1946-1948
farming, 1916-1944

++electrician, 1948

++welder, mechanic

••farming, 1943

++truck driver, 1941-1942
administrative, 1945-1950

TABLE 4

URANIUM MILLERS WHO DIED FROM CHRONIC AND UNSPECIFIED NEPHRITIS
AND OTHER RENAL SCLEROSIS (7th Revision ICD 592-594)

Case Diagnosis

1 Chronic Glomerulonephritis
Hypertension (1-2 years)

2 Uremia Chronic
Glomerulonephritis (5 years)

3 Uremia Chronic
Glomerulonephritis

4 Chronic nephritis (5 years)
Prostatic obstruction

5 Uremia 2° to chronic
nephritis and prostatic
hypertrophy

6 Uremia (months) chronic
renal disease, etiology
unknown (years) Metastatic
cancer of prostate;
accidential fall at home

Age
at
Death

27

39

76

65

76

FDE+

1953

1942

1944

1942

1943

Years of
Mill
Employment

4

3

1

3

2

Years Since
First Mill
Employment

4

8

19

5

4

Date
of
Death

5/58

5/51

3/64

1/48

10/47

Other Known
Work History

mined 4 months
rancher

draftsman
miner, 1932-1935

laborer++, 1944

grocery clerk++
watchman, 1941

Unemployed 1940-1943
Mined one month, 1939

81 1957 19 2/76

•First Date Employed in a Uranium Mill
*Usual occupation on death certificate
••No mining experience listed on job application form
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RADIATION DOSIMETRY FOR EPIDEMIOLOGIC LUNG CANCER STUDY

W. L. Beck, D. L. Cookfair, C. L. Sowder, and K. Gissel

Medical and Health Sciences Division, Oak Ridge Associated Universities, P. 0.
Box 117, Oak Ridge, TN 37830 (Beck, Sowder, and Gissel)

Bechtel National, Inc., Oak Ridge, TN 37830 (Beck - current address)

University of North Carolina at Chapel Hill, Chapel Hill, NC 27514 (Cookfair)

Roswell Park Memorial Institute, 666 Elm Street, Buffalo, NY 14263 (Cookfair -
current address)

ABSTRACT

Lung doses have been calculated for 999 workers whose primary exposure was
to airborne uranium during the period 1943 to 1947. Internal dose calculations
were needed because the major exposure potential was to airborne uranium and
because no external monitoring data exists. The lung dose estimation process was
divided into two phases: estimation of the uranium intake and calculation of the
internal dose.

The intake information required included the number of hours worked and the
concentration, chemical and physical forms of uranium. These factors were deter-
mined through researching historical documents including plant process descrip-
tions, personnel records, operations records, monitoring records, etc. Additional
information was also gained through interviews of former plant workers. Job
titles and department codes were used to relate uranium exposure conditions to a
given individual.

Lung doses were estimated using internal dose models developed by Oak Ridge
National Laboratory. This system takes into account both particle size and
solubility class. Results show that some workers may have received doses as high
as 74 rads or 740 rems if a quality factor of 10 is used. The results of this
study have been used in a lung cancer case control study to be reported at this
conference.

Introduction

In 1943 the Tennessee Eastman Corporation (TEC) began operating a facility
for producing enriched uranium. This secret facility, known by its war time code
name "Y-12 Plant," was located in Oak Ridge, Tennessee and was part of the
Manhattan Engineer District (MED) project to produce atomic weapons.
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The plant's specific objective was the production of UCI4 from UO3 and its
enrichment via an electromagnetic mass specfcrographic separation process. The
manual nature of the operation caused many TEC workers to be exposed to varying
amounts of ^^%, 235^ an<j their daughter products. These radionuclides and most
of their daughter products are chiefly alpha radiation emitters. For this reason,
external radiation was not a major hazard for TEC workers, and internal exposures
were of considerable concern.

The health physics program at TEC was unsophisticated by today's standards.
It consisted primarily of the collection and evaluation of air samples for uranium
dust. Methods for external radiation measurements and urinalysis were in their
developmental stages at about the time TEC ceased operations. A good summary
description of the TEC operations can be found in Reference 1 (1).

Estimation of Uranium Intake

To estimate the uranium intake for workers, we first had to make a detailed
study of the plant operations where uranium was involved. Two major types of
processes were carried out at Y-12 during TEC operations: (1) Chemical processes,
used to convert uranium oxide to uranium chloride and to recover and purifv uranium
from the waste products of various plant operations; and (2) the physical process
of electromagnetic separation that resulted in the enrichment of uranium in the U-
235 isotope. These processes can be broken down into four basic operations:

1. Chemical conversion of UO3 to UCI4 (the charge material for
electromagnetic separation).

2. Partial enrichment of a small portion of the charge material
via electromagnetic separation.

3. Recovery of the charge material that remained after electro-
magnetic separation by means of manual cleaning operations,
and concentration of recovered material via evaporation and
chemical precipitation methods prior to recycling.

4. Analytical measurements on the enriched uranium and various
recovery products to determine the quality and quantity of
235U#

The four operations just described were carried out in two stages: the
Alpha cycle and the Beta cycle. (This nomenclature was coincidental and not
related to the quantity of radiations associated with the cycles.) Both cycles
involved chemical processing and electromagnetic separation. The Alpha cycle
dealt with a large bulk of charge material, and resulted in a small portion of
partially enriched product that then was sent to the Beta cycle. This material
was concentrated and converted to the beta charge material, and once again was
separated via the electromagnetic process. The result was a product more highly
enriched in 235y than that produced in the Alpha cycle.

The electromagnetic separation process involved the use of a mass spectro-
meter called a calutron that operated in evacuated tanks in a magnetic field. The
charge material (UCI4) was vaporized and disassociated via electronic ionization.
The uranium and other ions were given fairly uniform kinetic energy in a direction
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that was perpendicular to the magnetic field. Under these conditions, the heavier
238U ion had greater momentum than the lighter 23^U ion. The magnetic field
caused the ions to travel in a circular path, the radius of which was proportional
to the momentum of the ion. Collectors were arranged at 180 degree locations
where theoretically, the 238u and 235y ions separated to a maximum degree.

The electromagnets used as part of this process were known as "tracks." In
Alpha production buildings, each track contained 96 tanks, and in Beta production
buildings, each track contained 36 tanks. Tanks were placed upright, side by
side, filling the track. Each tank was operated under vacuum. Following the
operation of the calutron units in the Alpha tracks, the 235u collected was sent
for chemical processing in the Beta chemical departments, and the somewhat en-
riched UCI4 was enriched to a higher degree in the beta calutron units. Then the
product was ccverted chemically to UF4 and shipped to Los Alamos.

The electromagnetic separation process was extremely inefficient. Only a
small portion of the charge material reached the collector; the rest was spattered
on the lining and various parts of the calutron unit. In order to reduce produc-
tion losses, the calutrons were disassembled following each period of operation or
"run" and the parts were cleaned manually. Washing solutions were sent to the
chemistry departments in both the Alpha and Beta production areas, and as much
uranium as possible was recovered and recycled. The cleaned calutron parts were
reassembled and used again.

The Alpha stage began production in 1943 was discontinued in September 1945.
After September 1945, enriched UF6 was received from a gaseous diffusion plant,
converted to UCI4 and cycled only through the Beta stage. All production was
stopped in 1947.

From the extensive searching through historical records, we compiled the
following data into computer files so that uranium intake could be estimated:

1. Uranium air concentrations by building/departments/room

2. Chemical and physical forms and isotopic ratios for various
uranium compounds by building/department/room

3. Processes carried out in departmeuts/building/rooms

4. Job title descriptions by department/building/room

5. Days worked by employee by job title/department

6. Years employee lived until death or until the end of the
study period, July 1, 1973

A "source term" computer file was then created by linking job title/depart-
ment with uranium air concentration and chemical/physical form. A personnel-work
history file was also created to link a worker with his job title/department and
time employed in that specific job.

To utilize these data, certain assumptions were made: (1) Workers did not
use respirators; (2) The uranium concentrations measured by the air samples in
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working areas are representative of uranium concentrations in the air breathed by
workers; and (3) Each worker had a similar metabolism and breathing rate of 9.6 M^
per 8-hour work shift.

Industrial hygiene reports and other TEC records suggest that the first
assumption is fairly accurate. There may be some bias introduced into dose
calculations by assumptions #2 and #3. Individuals do differ somewhat as to
breathing rate and the concentration of uranium dust present in the air breathed
by any given worker may have been greater or less than the air concentration of
uranium dust in the part of the work area where the air sampling device was
located.

Detailed air monitoring data were available for most of the departments that
routinely handled uranium compounds. Air monitoring data were grouped by location
and data included some notes describing the type of process carried out at each
location listed. Every effort was made to use average or most probable values.

Information on the location of departments and the type of jobs carried out
in each department was also available. The department, job code, job title, hire,
and termination data were linked together for the 999 individuals in the cohort.
One record was produced for every job title/department combination found within
each hire and termination period. The start and termination dates for each in-
dividual in a particular job title/department were also calculated.

For example, if a worker's data were as follows:

Hire Term

11/17/1943 06/26/1944

Dept Date Dept Job Date Job Code Job Title

11/17/1943 818 11/17/1943 150458 Process Operator
02/02/1944 195 03/05/1944 120462 Recovery Operator

the records produced would be:

Start Termination
Date Date Dept Job Code Job Title

11/17/1943 02/02/1944 818 150458 Process Operator
02/02/1944 03/05/1944 818 120462 Recovery Operator
03/05/1944 06/26/1944 195 120462 Recovery Operator

Then, for each record produced above, the following attributes were calculated:

Age: Age at death or 7/1/1973 (whichever comes first)

Job Days: Number of days this individual spent in this job title/
department (Termination Date - Start Date)
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Exposure
Days: Number of days this individual was exposed;

Calculated as

either Date of Death - Start Date

or 7/1/1973 - Start Date

(whichever number was smaller)

This allowed the matching of air monitoring data and the exposed individuals
according to the departments in which they worked and job titles held within each
department.

Uranium intake was calculated for each individual for each job title/
department using the following equation:

Days Fraction of Air Breathed Uranium Air Concentration
intake - W o r k e d x T ± m e E x p o s e d x p e r D a y ( M 3 ) X ( m l c r o C 1 p e r M3) (1)

Lung Dose Calculations

The lung dose for each worker was calculated using "lung dose per microcurie
of uranium intake" factors from the Nuclear Regulatory Commissions' Report NUREG/
CR-0150, Vol. 2, "Estimates of Internal Dose Equivalent to 22 Target Organs for
Radionuclides Occurring in Routine Releases from Nuclear Fuel-Cycle Facilities"
(2). This report gives the 50-year dose commitment factors for the lungs for the
various uranium isotopes by transportability class and by particle size. Although
very little information was available on dust particle sizes, what there was
indicated that one micron was probably a reasonable estimate. Transportability
classes were chosen for the various uranium compounds of interest from the litera-
ture (2,3,4). Because the epidemiologic study for which these calculations were
done had a cut-off date of July 1, 1973, and because some workers did not live to
that date, a time correction to the 50-year dose commitment was made to limit the
time for lung dose integration to time lived or until July 1, 1973, as appropriate.

Many TEC employees worked in more than one department before leaving TEC,
and some changed jobs within departments. Because exposure levels and types
of uranium compound often varied by department and job title, lung doses were
calculated per department/job title held and then summed for each employee on an
individual basis. Table 1 shows the distribution of calculated lung doses for
both cases and controls.

Unfortunately air monitoring data did not exist for every department. In
many cases, this was because the department was not conducting work that involved
exposure to airborne uranium (e.g. accounting, payroll, etc.). For these depart-
ments it was considered safe to assume no uranium exposure for the workers em-
ployed in them.

The rest of the departments lacking air monitoring data fell into two
categories. The first category included departments performing functions that may
have resulted in occasional exposures to low-levels of uranium (i.e. guards,
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groundskeepers, firemen, etc.). The second category included those departments
whose workers could have been occasionally exposed to higher-levels of airborne
uranium while performing repair or maintenance work (i.e. mechanics, electricians).
These workers did not stay in process or chemical departments on a regular basis.
It was impossible to tell where such employees worked and how often they were
exposed and consequently, it was impossible to calculate total lung doses for
workers falling into this category. Where no air monitoring data were available
for a given department/job title combination, a worker received an exposure rank
for that portion of his dose assessment. The rankings were defined as follows:

1. No exposure likely

2. Occasional exposure to low levels possible

3. High-level exposures possible

Conclusions

Cummulative lung doses from inhalation of uranium have been calculated for
about 1,000 workers chosen for a lung cancer cease-control study. The lung dose
values ranged from 0 to 74 rads, or 0 to 740 rem dose equivalent if a quality
factor of 10 is applied. The application of these lung dose values with addi-
tional statistical analysis of dose distributions by departments, job titles,
smoking history, etc., will be presented by Cookfair, et. al., at this conference.

Before these calculations could be made, a large number of assumptions had
to be made. We attempted to use the best available data and to make the most
realistic and logical choices where assumptions had to be made. No conservatism
toward overestimating or underestimating doses was knowingly used. Consequently,
the values calculated represent a "best estimate" of the lung dose. As such,
however, the values calculated should not be taken as absolute, but rather as an
indication of the general magnitude of each worker's cumulative lung dose. In
keeping with this, the epidemiologic analyses were carried out for the entire
study population using a classification scheme wherein workers were assigned to an
exposure category based on their cumulative lung dose and each category represented
a defined range of likely absorbed dose and dose equivalent values.
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TABLE 1

SUMMARY OF LUNG DOSE DISTRIBUTION

Cases

Controls

Totals

Unexposed

221

386

607

Lung

to >0
5 Rads

49

103

152

Dose Range

to >5
20 Rads

25

81

106

>20 to
75 Rads

35

71

106
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Introduction

The Uranium Epidemiology Study at the University of New Mexico was initiated
in 1977 with the objective of examining mortality among uranium miners in the Grants
mineral belt. The planned approach was a cohort study of mortality. Information
concerning cigarette smoking was available from records of company physical exami-
nations. State and company sources were to be used to estimate radon daughter
exposure. During the study's first year, emphasis was placed on determining the
feasibility of the project. We confirmed that the needed data sources and a suffi-
cient number of subjects were available (1). Subsequent efforts have focused on
expansion of the health and exposure data base, on the development of an appropriate
data management system, and on comprehensive follow-up. A retrospective cohort
analysis of mortality among early miners will be performed. We will also evaluate
the feasibility of a prospective cohort study of miners who began working under the
current Federal standard. In addition, we have completed a prevalence survey of
respiratory abnormalities among 192 long-term uranium miners (2). This report
summarizes the current status of the Uranium Epidemiology Study. Progress through
1981 was described in an earlier publication (3).
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Background

Uranium Mining in New Mexico

The Grants, New Mexico, uranium belt covers an area of 100 by 25 miles in
Cibola, McKinley, and Sandoval Counties (4). The three chief mining districts are,
from east to west, Laguna, Ambrosia Lake, and Church Rock. New Mexico has led the
nation in uranium production and reserves since the 1960's (5).

In 1918, carnotite, a yellow uranium vanadate, was identified in the Shiprock
area (6,7). It received little attention at the time because of its apparently
limited volume. In 1950, an important uranium outcropping was discovered by chance
in limestone at Haystack Butte, northwest of Grants. In 1951, deposits were dis-
covered in sandstone at Poison Canyon, north of Grants, and at Jackpile, northeast
of Laguna. In 1955, finding of radioactive cuttings at an abandoned oil test site
near Ambrosia Lake led to drilling and discovery of the first underground deposits
(8). Ore bodies were also found near Church Rock in the 1950's (9).

A uranium rush followed, with development centered in the Ambrosia Lake area..
At various times during 1952-1962, 60 mines and 5 mills were in operation (10).
Many early miners came to New Mexico with underground experience in uranium mines
of the Colorado Plateau and in hard-rock mines throughout the West. Others were
coal miners from the East. More recent miners have come principally from New
Mexico and neighboring states. Since the early boom, market fluctuations have pro-
duced shutdowns and consolidations, development and expansion. At present, New
Mexico's uranium industry is profoundly depressed (11). Production declined in
1981 to 1976 levels. The number of producing mines fell from 45 in 1980 to 27 by
the end of 1981, and to 11 by July, 1982 (11). Employment has dropped equally
dramatically.

The New Mexico Health Department took an early interest in the uranium
industry. It began monitoring radon daughter levels in the mines in the 1950's,
with the aid and authority of the State Mine Inspector's Office. Early efforts
were to keep readings below 25 working levels (WL). In 1960, the State mandated
a maximum permissible concentration (MPC) of 10 WL, with correct orders written
in case of excesses (12). In 1963, the MPC became 5 WL, and in 1967, 3 WL, with
cease work orders issued for excesses. In 1968, it remained 3 WL, with cease work
orders for excesses and with correct orders for 2-3 WL. In 1969, it became 2 and
then 1.75 WL, and in 1973, 1.4 WL, with cease work orders for excesses and correct
orders for over 1. Since July 15, 1976, the MPC has been 1 WL, with cease work
orders for excesses.

The State Health Department also conducted a preliminary epidemiological
investigation of Grants area miners in 1961-1963. New Mexico miners were among
participants in the U.S. Public Health Service study in the Colorado Plateau region
(13). Although the State Health Department study did not continue, it implemented
data collection procedures that have been of value to the Uranium Epidemiology
Study. A series of reports describe the results of this early investigation.

Data Sources

The principal source of information concerning tobacco usage and mining
experience is the Grants Clinic, Grants, New Mexico. This facility, established
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in July, 1957, has subsequently handled pre-employment and follow-up physical
examinations for 80-90% of the uranium miners, although for only a small propor-
tion of the American Indian and/or Gallup-area miners. The Clinic examination form
includes a brief mining and cigarette smoking history that is completed by a clerk.
For the years 1961 and on, a self-completed mining and smoking history is available
from many examinations. The Grants Clinic also maintains an alphabetic card file
with demographic data and limited additional information abstracted from each
physical exam. Through December 31, 1982, 29,133 uranium workers had received at
least one examination at the Grants Clinic.

Working Level Month (WLM) estimates will be derived from several sources.
For 1968 on, we have annual WLM records for each individual reported by eaen com-
pany. For years before 1968, we will rely principally on Working Level (WL)
measurements made by the State Mine Inspector and by the State Health and Environ-
ment Department. From 1959, the State Mine Inspector made WL measurements and
calculated derivative mine index values, person-weighted averages for the total
exposed population and for maintenance/management, stope, haulage, and development
workers separately. From 1961, and on a few earlier dates, the State Health and
Environment Department also made WL measurements and calculated similar mine index
values. Since the two groups worked together at times, some data are overlapping.
For the years 1957-1961, we have measurements supplied by Dr. Victor Archer that
were made at Anaconda, Homestake, Kerr-McGee, Phillips, United Nuclear, and other
mines. Jim Cleveland of Kerr-McGee provided an additional source for the years
1960-1975. He maintained WLM records for approximately 500 long-term Grants
miners, most employed by Kerr-McGee, some employed by Homestake and United Nuclear.
He based his figures for 1960-67 on State Mine Inspector's reports.

Methods

Introduction

Estimated exposures among Grants area miners (Figure 1) have declined
steadily since the early 1960's. Since 1971, mean annual exposure for members of
the current study group has been approximately 1 WLM. Consideration of this
exposure pattern and the latent period for lung cancer have guided decisions con-
cerning study design. Thus we are currently planning two parallel, but indepen-
dent, study groups: a cohort of earlier miners that should provide information on
exposures lower than those sustained by subjects in the Colorado Plateau Study;
and a cohort of miners exposed since implementation of the 1971 4 WLM standard.
Each is described separately below.

Cohort of Earlier Miners

The study cohort, already identified, comprises men with at least 1 year
underground experience before 1971. Candidates for the cohort were identified
from the 21,000 persons who had mining company physical exams at the Grants Clinic
between 1957 and the end of 1976. All the microfilmed Clinic cards were abstracted
for relevant demographic data. From the resulting list, rosters of individuals
who had exams requested by each company were generated. These rosters were then
matched against company personnel records, and time in underground pay status for
each person was recorded. A miner was considered qualified when 1 year of under-
ground experience was documented. This criterion, the subject of extensive
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discussion with the Advisory Group, was chosen because miners who had worked 1 year
had sufficient exposure to be of interest and were likely to be more stable and
more easily traced than others.

Examination records from the Grants Clinic are the primary source for cigar-
ette smoking and mining histories. We are currently updating, verifying, and
expanding this data base. For most study subjects, we have crude smoking status
and some information on level of cigarette consumption. The mining history covers
previous underground mining, uranium and other substances, and surface mining.

Radon daughter exposure will be estimated from all available sources. For
1968 and later, we have annual WLM for each individual. For earlier years, we will
link documented dates underground in specific mine sections with the appropriate
WL measurements to calculate WLM. Review of personnel records for this purpose has
already been accomplished.

Follow-up of the study group with standard techniques is in progress. We have
had a Social Security Administration search through December, 1978. We match the
roster annually with New Mexico death tapes, company records, and the case file of
the New Mexico Tumor Registry, a population-based cancer registry that has covered
the entire state since 1969. We are also utilizing such resources as lists of
registered voters and licensed drivers, Post Office changes of address, and tele-
phone and city directories. In the future, we will use the National Death Index as
well.

The development of data handling procedures has been problematic and time-
consuming because of the multiple sources of information and their variability.
The longitudinal nature of the investigation requires careful documentation of all
data items. Accordingly, each miner has been assigned a unique accession number
that joins all data files. A hard copy file, indexed by this number, contains all
records for each miner. In the computer file, a case record containing demographic
and vital status information is linked to files for smoking and mining histories
and for WLM. Changes are updated in batch mode and documented on a data update
sheet, stored in each miner's hard copy folder.

We will not establish a specific comparison cohort both because of feasibility
considerations and because a readily defined industrial population, sufficiently
large and with similar ethnic composition, is unavailable. Instead, we will use
general population mortality rates for New Mexico. Since the State's mortality
rates vary markedly with ethnic group, particularly for lung cancer, we will
calculate ethnic group-specific rates (14).

For study subjects, ethnicity will be determined by surname analysis with a
computer program (15) and the 1980 Census Bureau List of Spanish Surnames (16),
and by death certificate information. The comparison rates will be calculated from
state death tapes, which are available back to 1957 and provide ethnicity as
assigned by the Bureau of Vital Statistics. We are currently coding all death
certificates according to the Eighth Revision of the International Classification
of Disease, adapted for use in the United States.

Initially we will analyze mortality patterns with the person-years-at-risk
approach. To determine expected numbers of deaths, we will apply New Mexico
mortality rates specific for age, sex, ethnic group, and time to the appropriate
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person-year totals. We will then cumulate the number of deaths from each cause,
calculate standardized mortality ratios, and assess the statistical significance
with test procedures based on the Poisson distribution. Detailed analyses will
focus on accidental death, cancer mortality, and respiratory disease mortality,
with the last category subdivided into deaths due to obstructive lung diseases
and deaths due to primarily interstitial processes. This conventional approach
will be supplemented by multivariate modelling.

Cohort of Later Miners

This cohort will include miners whose underground experience began after
1970. Under current standards, members of this group will receive, at most, 120
WLM during 30 years' mining. Thus the cohort must be large enough to show the
small increases of lung cancer risk anticipated from extrapolation of the Colorado
Plateau findings. To detect a doubling of relative risk would require approximate-
ly 5,000 miners with 20 to 30 years' follow-up (Table 1).

TABLE 1. Sample Size Estimates for Prospective Cohort Study

Lung Cancer Relative Risk

For 20 year follow-up

For 25 year follow-up

For 30 year follow-up

Sample size estimates: number of miners required with a = 0.05, 2-
sided, and g = 0.10 (17).

We are currently exploring the feasibility of this proposed investigation.
We are abstracting and keying all individual annual WLM totals reported from 1968
on by most Grants mining companies. After cumulating these totals for each miner,
we will use the distribution of cumulative WLM and the numbers of potential sub-
jects to make appropriate calculations of statistical power.

Prevalence Survey of Respiratory Diseases

In 1981, we cc dieted data collection for a pilot respiratory disease survey
of Grants area miners. Preliminary results have already been reported (2) and are
briefly described below. Candidates for the survey included all long-term under-
ground uranium miners employed at Ambrosia Lake, New Mexico, by two major pro-
ducers. Of 238 males selected for the survey, 192 participated, for an overall
response rate of 81 percent. Survey procedures included spirometry, completion of
a respiratory symptoms questionnaire, physical examination, and interpretation of
available chest X-rays. The last was accomplished by a panel of two pulmonary
clinicians and a radiologist according to the IL0 U/C classification.
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Results to Date

Introduction

This section presents preliminary findings from each of the component investi-
gations: cohort study of earlier miners, cohort study of later miners, and the
respiratory disease prevalence survey. We emphasize that the results of the former
two studies remain preliminary. We have reported them only to document the current
status of these investigations.

Cohort of Earlier Miners

At present, the cohort of earlier miners includes 3,055 males. The median
birth year is 1934, with a range from 1894 to 1952. Based on surname analysis and
death certificate information, 1,793 are Anglo (non-Hispanic white), 1,063 are
Hispanic, 1 is black, and 100 are American Indian, with ethnicity unknown for 98.

We have determined vital status through December 31, 1978, for 2,768 subjects.
Vital status remains unknown for 287, 9.4 percent of the cohort. We have found 292
deaths and currently have death certificates for 276 of these. Table 2 shows the
distribution of cause of death, as recoded to ICDA 8. For comparison, we have
compared proportional mortality for the New Mexico miners and for the Colorado
Plateau cohort at a similar follow-up inverval (13).

TABLE 2. Mortality Among Early Miners.

Deaths Identified Through December 31, 1982

Proportional Mortality, %

Cause of Death (ICDA 8) Number New Mexico Colorado Plateau*

All malignant neoplasms
(140-209) 68 25 25

lung cancer (162) 39 14 16

Chronic obstructive pulmonary
disease (492, 519.3)

Pneumoconiosis (515)

Accidents, poisonings, violence

motor vehicle 41 15 7
suicides, homicides 24 9 3
other 61 22 18

Residual 66 24 46

* Calculated from Table 1, p. 5,

The 276 deaths include 45 from lung cancer: 39 coded lung cancer (ICDA 162.1),
5 coded carcinomatosis (ICDA 199.1), and 1 coded natural causes (ICDA 796.3). The
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proportion of deaths coded lung cancer was similar in the New Mexico and Colorado
groups. Accidents, poisonings, and violence accounted for the largest proportion
of the New Mexico deaths.

So far we have identified 47 incident lung cancer cases through death certifi-
cates, the New Mexico Tumor Registry, physicians, companies, and Colorado Plateau
study records. Of these cases, 2 remain alive. One deceased miner had two
separate primaries. Table 3 summarizes available information on these cases.

TABLE 3. Characteristics of 47 Lung

Cancer Cases Identified to Date

Age (47)* Mean 52.1, range 31 to 67

Ethnicity (47) 42 Anglo, 4 Hispanic, 1 American Indian

Smoking History (46) 44 definite and 1 possible cigarette
smoker• 1 non-smoker

Mining History (45) 11 definite underground uranium
31 other and unspecified
3 no previous mining

* Number with information available.

Cohort of Later Miners

So far, we have abstracted and keyed individual annual WLM records for 1968-
1981 for all but one of the major companies. We have cumulated the annual doses
to obtain individual total WLM for 1968-1981. The numbers of miners and their
mean cumulative WLM are in Table 4. This table does not include data for 966 men
already known to have completed at least 1 year underground from 1971 through 1976.
Mean WLM have been low for those with first exposure after 1968. As anticipated
from trends of employment in the industry, the number of new miners has declined
sharply since 1977.

Prevalence Survey of Respiratory Diseases

The data on nonmalignant respiratory diseases will be reported completely
elsewhere (18) . In all analyses, total duration of underground uranium mining
served as the exposure index. Preliminary results (2) showed small but statisti-
cally significant effects of uranium mining on two spirometric parameters, the
forced expiratory volume in one second and the maximal mid expiratory flow. In a
multivariate analysis of major respiratory symptoms, only dyspnea increased
significantly (p < 0.05) with duration of uranium mining. Category 1/0 or higher
pneumoconiosis was present in 12 of 143 miners with films available. The pattern
of abnormality was compatible with silicosis. Interpretation of these findings
should be constrained by the cross-sectional nature of the data and by the crude
measure of exposure that was used.
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TABLE 4. Cumulative WLM by Year of First Report (1968-80)

Reported by All But One of the Major Producers

Year of
First Report

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

Conclusions

Number

208

141

41

55

27

74

177

414

750

1799

925

798

462

155

Cumulative WLM
Mean

4.1

1.7

1.4

1.6

2.0

1.1

1.2

1.3

2.4

1.5

1.6

1.3

0.6

0.3

Deviation

7.4

3.5

2.1

2.6

3.3

2.5

2.0

2.0

2.8

1.9

1.7

1.2

0.6

0.2

New Mexico uranium miners afford a unique opportunity for epidemiological
investigation. We have adequate historical information on exposure for most sub-
jects, and the dose range complements levels in the literature on health effects
of radon daughters. We are developing two separate cohorts to capitalize on this
research opportunity. A prevalence survey of respiratory abnormalities has been
completed. Future activities for the cohort of earlier miners will include esti-
mation of exposures, completion of follow-up, and an analysis of lung cancer mor-
tality in relation to WLM. We will continue to explore the feasibility of a cohort
study of later miners.
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SAMPLING STRATEGIES FOR INDOOR RADON INVESTIGATIONS

Howard M. Prichard
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ABSTRACT

Recent investigations prompted by concern about the. environ-
mental effects of residential energy conservation have produced many
accounts of indoor radon concentrations far above background levels.
In many instances time-normalized annual exposures exceeded the 4 WLM
per year standard currently used for uranium mining. Further invest-
igations of indoor radon exposures are necessary to judge the extent
of the problem and to estimate the practicality of health effects
studies. A number of trends can be discerned as more indoor surveys
are reported. It is becoming increasingly clear that local geological
factors play a major, if not dominant role in determining the distrib-
ution of indoor radon concentrations in a given area. Within a given
locale, indoor radon concentrations tend to be log-normally distributed,
and sample means differ markedly from one region to another. The
appreciation of geological factors and the general log-normality of
radon distributions will improve the accuracy of population dose esti-
mates and facilitate the design of preliminary health effects studies.
The relative merits of grab samples, short and long term integrated
samples, and more complicated dose assessment strategies are discussed
in the context of several types of epidemiological investigations. A
new passive radon sampler with a 24 hour integration time is described
and evaluated as a tool for pilot investigations.

A number of recent surveys have shown that indoor radon concentrations of five
pCi/1 and higher are not at all uncommon in some regions (A183, Pr82, Sa82, Sc81).
Within a given area values tend to fit the log-normal distribution, although the
distributions found in diff rent areas can differ markedly (Figure 1). The tend-
encies toward log-normality and regional variability will be important factors in
evaluating the practicality of any proposed study of the health effects of indoor
radon daughter exposures. The nature of the log-normal distribution is such that
a substantial portion of a population will be exposed to levels several times the
mean level, a factor which could affect the power of a proposed investigation. The
design of the environmental measurements phase of the study should be influenced
not only by the underlying distribution of the sample set, but also by the choice
of epidemiological strategies. The number and type of measurements made and the
apparatus used to obtain them should reflect the fact that different types of epi-
demiological studies require different levels of effort.
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Epidemiological Requirements

Epidmiological studies have two essential components - - exposure assessment
and health effects assessment. Traditionally, more attention has been paid to the
latter, and study designs are classified by the nature of the health effects assess-
ment scheme. Cohort (prospective) studies follow the incidence of disease in pop-
ulation groups defined by the degree of exposure to an agent. Case-comparison
(retrospective) studies examine the exposure histories of diseased and control sub-
jects, and cross-sectional (ecological) studies are concerned with the prevalence
of disease and the degree of exposure in various populations at a given time. The
three basic study designs and their numerous variants yield qualitatively different
types of information and may differ markedly in practicality of execution.

Generally, cohort studies assume an ongoing assessment of exposure factors,
while case-comparison and cross-sectional designs require that past exposures be
estimated on the basis of present information. The most convincing investigation
of the effects of elevated indoor radon concentrations would be a cohort study with
detailed continuous measurements of radon daughter concentrations, aerosol charac-
teristics, and numerous other variables. However, it does not appear that such an
investigation could be conducted. The logistical requirements are staggering, and
ethical considerations require that subjects not be left indefinitely in known high
r.idon daughter concentrations without warning and advice on mitigation strategies.
This leaves only past exposures open for investigation.

Radon daughter dose assessment is a challenging subject under the best of
circumstances, and is especially formidable when it is necessary to reconstruct
histories of subjects exposed in their homes over a number of previous decades.
The complex chain of events linking radon sources to eventual frank manifestations
of lung cancer presents the investigator with an array of quantities that could be
measured as part of a dose reconstruction program. All of these quantities - -
radon fluxes, radon concentrations, working levels, unattached fractions, etc, vary
with time and circumstance. But the quantities "closest" to the lung dose tend to
be the most variable and subject to external influences. A house with a constant
radon source term will yield different radon concentrations as the air infiltration
rate is altered. In a constant radon atmosphere working levels and more elaborate
indices of ultimate lung dose will vary in response to a host of factors including
smoking habits, air circulation changes, and other life-style related practices.
It is more difficult to acquire a reliable history of these factors than it is to
establish the time of major structural changes that affect the more fundamental
measured quantities. In general, the more a quantity corresponds to the lung.do.se,
the less confident we can be that present measurements will reflect previous con-
ditions. The analogy to Heisenberg's uncertainty principal is quite strong.

It would appear that there is little prospect of obtaining a detailed dose-
response relationship from any sort of study based on residential exposures. What
useful information could a residential survey then provide? For one thing, the
simple demonstration of an effect due to residential exposures would be a major
event. We who concern ourselves with this subj ect on a regular basis would not be
surprised to learn that a given number of WLM acquired in the home produces results
similar to the same number acquired in a mine. But standard setting, and paying
for alterations required by those standards, are activities hardly confined to the
scientific community. In view of the often stated extent of our uncertainty at all
stages of the causal chain, it is desirable to have some direct evidence for (or
against) the proposition that residential exposures above a given level are indeed
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capable of causing harm.

With this limited objective in mind, we examine the available epidemiological
options and consider what kind of measurement program would be most appropriate for
each option. A true cohort study could be carried out on the basis of past, rather
than ongoing exposures. This study would follow the disease history of subjects
found to be living in homes with high radon and radon progeny concentrations. Even
though effective remedial action might be taken soon after the initial exposure
assessment, a prior exposure history could be estimated on the basis of current
measurements, and additional increments could be assessed as part of the mitigation
strategy follow-up. Cohort studies are expensive and time consuming by nature, in-
dependent of the environmental measurement strategy selected. The measurements
should therefore be as complete as possible, with documentation of dose-related
quantities made in all possible dwellings identified with the exposed and the con-
trol groups. While this study design would be the most difinitive option available,
it would be very expensive and the results would not be available for a considerable
amount of time. The results, when available, would still be clouded by the un-
certainties associated with basing past exposure estimates on current measurements.

Case-comparison studies are in general less expensive than cohort studies.
The elaborate dose assessment program that would be consistent with a cohort study
would often not be appropriate for this sort of investigation. It would still be
necessary to compile individual exposure records for exposed and control subjects,
but the exposure histories would not be as "fresh" as those in the cohort study,
in which assessments are made well before the onset of disease. Because it is
necessary to reach deeper into the past in order to reach the exposures thought to
be associated with the disease, working level and other more complicated measure-
ments are subject to more uncertainty than in the case of the cohort study. It is
therefore more appropriate to center the exposure assessment program on the more
fundamental quantities, such as radon fluxes and indoor radon concentrations.
Prior working level ratios and dose modifying factors could be estimated on the
basis oi' external variables determined by observations and questionnaires.

The least expensive approach, the cross-sectional study, deals not with ident-
ified exposed or diseased individuals, but with population groups taken as a whole.
Dealing with aggregate rather than individual information makes the study easier to
conduct, but also tends to leave the result more open to question than in the case
of the other options discussed. Still, a significant positive finding in a crotis-
sectional study would at least serve to direct attention and resources to the prob-
lem, and thus set the stage for more definitive work. The population based nature
of the cross-sectional study permits the investigator to take advantage of aggregate
information such as disease prevalence rates and area-wide exposure conditions.
The measurements program thus is designed to efficiently characterize the exposure
condition of the defined population, rather than to reconstruct the histories of
given individuals. The question of the applicability of present measurements to
past exposures must still be addressed, but the other limitations inherent in the
cross-sectional study make it less likely that this question will prove to be the
investigation's limiting factor. Measuring techniques should be selected with the
intent of developing the the most extensive data set possible within resource con-
straints. The requirement for detailed information about dose modifying factors
is reduced because the data will be pooled and average working level ratios, aero-
sol conditions, and other conditions can be applied to the resulting distribution.
The main thrust of the measurement program should therefore consist of sampling for
radon in air with either grab or integrating-techniques.
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Sampling Strategies

The relative merits of integrated vs. grab samples for determining compliance
in individual cases has been widely discussed (e.g. Sc81). The task of determining
community-wide distributions is inherently less demanding than that of deciding
whether a given structure meets a standard. Grab samples are generally less expen-
sive than long-term integrated samples, and feedback from a grab sampling program
is available much sooner. The relative value of grab and integrated samples for
determining community wide conditions is illustrated in Figures 2 and 3 and in
Table 1. Figure 2 shows the correlation of simultaneous three to five month etched
track measurements made in bedrooms and in first floor living areas in a set of
dwellings in Maine (Pr82). Figure 3 shows the correlation between the same bed-
room measurements and a set of grab samples taken on the first floor at the time
of long term sampler deployment. The grab samples were essentially "targets of
opportunity" - - no effort was made to make them representative of diurnal, season-
al, or occupancy variations. Yet the two techniques yield the same essential de-
scription of the sampled area. This similarity is emphasized in Table 1 which
shows indoor radon concentrations at several percentiles of distributions determined
by the grab and integrated sampling methods in two distinct areas. Three integ-
rating detectors were used per dwelling, and single grab samples were taken at the
time of deployment when possible.

Table 1, Indoor Radon Concentrations (pCi/1) at Several Percentiles
as Predicted by Integrated and Grab Data (Pr83a)

Predictor

Houston Integrated

Houston Grab Samples

Maine Integrated

Maine Grab Samples

Samples

303

23

243

57

50%

0.47

0.49

1.5

1.7

75%

0.74

0.85

2.6

3.5

90%

1.1

1.4

4.2

6.9

98%

1.8

2.6

8.1

16.1

Many of the advantages of the long term integrating sampler and the instant-
aneous grab sample are combined in a passive 24 hour integrating sampler under de-
velopment at our institution (Pr83). A diffusion element regulates the flow of
radon onto an ambient temperature activated carbon bed. While activated carbon is
not an infinite sink for radon at ambient temperatures, the bed does behave as if
it were a relatively large volume of air, with a temperature dependent equivalent
volume of about two liters per gram at room temperature. Radon losses by back
diffusion can be kept within reasonable limits as long as the total diffusive sample
volume is kept well below the effective capacity of the bed. The size of the bed
and the sampling rate can be varied in proportion to accomodate the counting method
to be used. Gamma counting requires a large radon sample, outgassing into an alpha
scintillation cell requires much less, and desorption into a liquid scintillator
(Pr83) requires an intermediate sample. In the latter case, a sensitivity of 0.2
pCi/1 is easily obtained for a 24 hour exposure.

The sampler's integration time spans the diurnal variations which account for
a significant portion of temporal radon variability. The method is relatively in-
expensive and well suited for large scale surveys. Samplers can easily be distrib-
uted and recovered by mail, and no technical training is required for deployment.
Results are available in a relatively short time, and the investigator retains cor-
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trol of the read-out process. The limiting factor of the sampler is the ratio of
the diffusive flow to the size of the carbon bed. As the ratio tends to zero,
errors due to unequal back diffusion in response to different radon and temperature
profiles are eliminated, and the sampler approaches the performance of a sampling
bag filled by a constant volume pump. The sample volume, however, tends to zero
for a finite carbon bed. At high values of the ratio the sample volume is ample,
but the response is erratic. Experimental exposures and computer simulations have
shown that the sampler's performance is optimized for ratio values of about 0.001
to 0.002 hr"1. If the sampler contained 10 g of carbon and had a diffusive sampling
rate of 0.12 1/hr, then, allowing for back diffusion and radioactive decay, a radon
sample corresponding to the amount in 2.6 liters of air is available for analysis.
It is anticipated that this type of sampler, distributed and recovered through the
mail or by other convenient means, could greatly facilitate exposure estimates in
cross-sectional studies, and would also be useful for pilot surveys in cohort and
case-comparison investigations.
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ABSTRACT

A canine cancer registry was established for Mesa County, Colorado in order
to collect material for a case control analysis of exposure to uranium tailings.
Between 1979 and 1981, 212 cases of canine cancer were confirmed histologicaily.
Based on the address provided at the time of diagnosis, 33 dogs (15,6%) lived in
a house with some exposure to uranium tailings. A control group, comprised of
dogs with a histologic diagnosis other than cancer, was stratified according to
hospital and matched with cases on a 1:1 basis. No significant differences were
noted with respect to exposure to uranium tailings for total cancers or cancers
of specific sites including lymph node, breast, liver, testicle and bone. The
overall estimated relative risk was 0.70 (95% CI 0.04-1.16).

Canine population estimates were derived for Mesa County in order to develop
crude incidence rates for the major types and sites of cancer. Crude rates were
compared with those published previously for Alameda County, California and Tulsa
County, Oklahoma. Mesa County rates for total cancer incidence, connective tissue
tumors and non melanoma skin cancer were higher than those reported for Alameda
County. When compared with Tulsa County, Mesa County rates for total cancer,
breast cancer, melanoma and mastocytoma were lower than expected while rates for
osteosarcoma, hemangiosarcoma and fibrosarcoma significantly exceeded expected
values.

Introduction

Spontaneous canine neoplasms may provide useful models for studying the health
effects of environmental hazards on exposed populations. Many forms of canine
cancer resemble their human analogs in biological behavior, pathologic expression,
proportional morbidity and recognized risk factors. Dogs share the environment
intimately with man and thus may constitute a sentinel species for human disease.
Relative freedom from confounding factors such as cigarette smoking have been ad-
vantageous in studying the effects of air pollution on the production of chronic
respiratory disease (1) and lung cancer (2) in canine populations.

Dogs have been used extensively to measure the effects of exposure to ionizing
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radiation under experimental conditions. Relatively high doses of internal and
external radiation have resulted in the development of several forms of cancer
including hemangiosarcoma (3), osteosarcoma (4), myelogenous leukemia (5) and
bronchoalveolar carcinoma (6). This study represent the first attempt to use the
spontaneous development of cancer in a canine population as a model for examining
the health effects of low level ionizing radiation in a community.

During the 1950's and 1960's radioactive tailings from the then active uranium
mill in Grand Junction were used extensively in Mesa County for construction; as
landfill under basements, around foundation walls, as replacement of sand for mor-
tar used in walls and foundations, and for other purposes such as flower bed, patio
and sidewalk filler. Therefore, a considerable number of homes in the county have
radiation levels in excess of background of both gamma and alpha forms. We under-
took to determine whether an association could be demonstrated between incident
cases of canine cancer in the County and residence in a "tailings" house.

Methods

Cancer Registry
Mesa County is served by eight veterinary hospitals which care solely or

primarily for pet animals. These hospitals see essentially all of the pets within
the County since adjacent areas are sparsely settled. The cooperation of all eight
practices was sought and received in 1978. Veterinarians were requested to submit
tissue from all suspected cases of canine neoplasia to the Western Slope Diagnostic
Laboratory in Grand Junction. Special emphasis was placed on submitting tumors of
the nasal cavity and paranasal sinuses, tonsil, thyroid gland, lung, liver, spleen,
lymph node, testicle and bone. All biopsy specimens were examined by a single
pathologist (DJS). Only histologically confirmed cases were included in the ana-
lysis.

Case Control Study
The case group was comprised of all dogs with histologically confirmed malig-

nant neoplasms diagnosed between 1979 and 1981. The address listed at the time
of diagnosis was used to determine exposure. A complete residence history was nc;

obtained. Patient age, sex and breed were recorded.

Controls consisted of dogs from the same hospitals as the cases who had a
histologically confirmed diagnosis other than cancer between 1979 and 1981. The
geographic distribution of veterinarians within the County made it likely that
certain hospitals would serve predominantly older neighborhoods where tailings
houses were more likely to exist due to their dates of construction. Further, the
submission rates and patterns of diagnosis were not uniform between hospitals.
Therefore, cases and controls were stratified according to hospital and matched
on a one to one basis. Controls were further selected to have come from the same
hospital within one year of the case. Additional matching on age, breed and sex
could not be accomplished due to inadequate numbers of eligible controls. All
cases and controls resided in Mesa County at the time of diagnosis.

Exposure classification was accomplished by examining data collected by the
Colorado Department of Health. In 1970 the health department began an extensive
survey of structures in Mesa County to determine the presence of tailings and
recommend remedial action where indicated. Premises were catagorized into 6 groups
with letter designations according to the net average gamma levels and proximity of
tailings to the structure. More recently, measurement of radon and radon daughters
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were included to ascertain levels of alpha radiation from uranium decay products.
This resulted in reclassification of some premises.

The highest exposure group (A) had average gamma levels over 100 mR/hour
above background. Remedial action was recommended for these premises to remove
tailings and replace them with nonradioactive material. Premises classified as B
had readings of 0.050 to 0.100 mR/hr with tailings close to or under the structure
(1,250 premises) C, tailings within 10 feet of the structure (1,850 premises) and
E, tailings 10 feet or more from the structure (2,500 premises). Both commercial
properties and private residences were included in over 26,000 structures screened.
For the purposes of this study all residences classified A through E (tailings on
premises) were considered to be exposed.

Dogs were divided into exposed and unexposed categories on the basis of their
address at the time of diagnosis. No attempt to obtain a cumulative gamma expo-
sure for each subject was made. Addresses which were not found in the health de-
partment's survey were classified unexposed.

Estimated relative risks (odds ratios) were calculated from two by two contin-
gency table for each diagnosis. Estimates were corrected by the addition of 0.5
to the values within each cell. The 95% confidence intervals around the relative
risks were calculated according to Haldane (7). Mantel Haenszel pooled point esti-
mates of the relative risk and test based confidence intervals around the point
estimates were calculated with the programs developed by Rothman and Boice (8).

Results

Between 1979 and 1981, 212 cases of canine cancer from Mesa County were diag-
nosed at the Western State Diagnostic Laboratory. Of these, 33 (15.6%) had lived
at an address with uranium tailings on the premises. (Table 1). The control group
consisted of 212 dogs with a diagnosis other than cancer, selected after stratifi-
cation by hospital. Among controls, 44 (20.8%) gave an address which was classi-
fied as a "tailings" property. The estimate of the relative risk is 0.704 (95%
CI 0.428-1.157). The distribution of exposure categories between cases and con-
trols was not different. (X2 = 2.783 d-f = 3 P > 0.10).

Table 1. Exposure to uranium tailings in cases
and controls. Mesa County 1979-1981.

Disease
Group

Cases

Controls

None

179

168

Exposure
A B

5

10

6

11

Category
C E

14

11

8

12

TOT

212

212

Total 347 15 17 25 20 424

463



The distribution of exposure to uranium tailings for the major sites of
internal cancer among cases and controls is shown in Table 2. The Mantel
Haenszel estimate of relative risk was 0.601 (95% CI 0.308-1.173). With the excep-
tion of cancer of the liver and spleen, all sites had estimated relative risks
below 1.0. No significant risks were detected. The risk for lymphosarcoma (0.27)
was the lowest among the major sites examined. Hemangiosarcomas accounted for 11
of the 14 cases of hepatic and splenic cancer. Hemangiosarcoma of the right atrium
was found in 7 dogs which are listed under the "other" designation. Also included
in !'other" were pulmonary adenocarcinoma, one mesothelioma, 3 carcinomas of the
bladder, 3 pancreatic carcinomas, 3 intestinal leiomyomas, 2 chemodectomas of the
carotid body and tumors of the esophagus, uterus, brain and adrenal gland. A sep-
arate analysis of 22 dogs with hemangiosarcoma of internal organs provided a rela-
tive risk of 1.0.

Table 2. Exposure to uranium tailings in dogs with malignant
neoplasms and controls. Mesa County 1979-1981.

Diagnosis No. CASES
Exp. Unexp.

CONTROLS
Exp. Unexp. RR 95% CI

Lymphosarcoma

Breast

Liver/Spleen

Testicle

Oral/Pharyngeal

Bone

Other

16

36

14

12

9

8

31

1

5

2

2

1

1

5

15

31

12

10

8

7

26

4

8

1

4

2

2

5

12

28

13

8

7

6

26

0.27 0.04-1.97

0.59 0.18-1.92

1.80 0.21-15.69

0.45 0.08-2.70

0.53 0.06-5.02

0.52 0.05-5.09

1.00 0.27-3.66

Total 126 17 109 26 100 0.60 0.31-1.17

In the case control analysis of dogs with malignant neoplasms of the skin and
subcutis, (Table 3 ) , the estimate of relative risk was 0.863 (95% CI 0.406-1.842).
None of the relative risks for specific histologic diagnoses approached statistical
significance. Included among "other" diagnoses were squamous cell carcinoma,
hemangiopericytoma, liposarcoma, and sweat gland adenocarcinoma.
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Table 3. Exposure to uranium tailings in dogs with malignant
cutaneous neoplasms and controls. Mesa County 1979-1981.

Diagnosis No. . CA*ES CONTROLS g5%a Exp. Unexp. Exp. Unexp.

Mast Cell Sarcoma 33 6 27 7 26 0.84 0.26-2.71

Melanoma 14 2 12 4 10 0.47 0.08-2.69

Fibrosarcoma 12 3 9 2 10 1.55 0.24-9.80

Hemangiosarcoma 11 3 8 2 9 1.56 0.24-10.14

Other 16 2 14 3 13 0.62 0.09-4.40

Total 86 16 70 18 68 0.86 0.41-1.84

Incidence rates

Although the study was not designed to develop cancer incidence rates for Mesa
County, some approximations can be made by estimating the size of the county's
canine population. According to the 1980 U.S. census the human population of Mesa
County is 81,530. Based on a demographic study conducted in Yolo County, California
(9), there are approximately 220 dogs per thousand people, or 17,936 dogs in Mesa
County. Only 87% of the dog owning public utilize veterinary services however (10),
and therefore the population at risk becomes 15,604. Over 3 years, the total denom-
inator is 46,813 dog years at risk. Assuming complete ascertainment, incidence
rates were calculated for major sites and types of cancer in the standard manner.

Two other population based canine cancer registries have been developed which
may serve as comparison groups. The first registry, developed by Dorn et. al. in
1963 for Alameda County, California (11) used tumor submission to a diagnostic lab-
oratory as numerator data in a manner similar to that described for Mesa County.
Denominator data were obtained from an estimate of the canine population at risk
based on a partial census, corrected for veterinarian using households. The second
registry was organized for Tulsa County, Oklahoma and used patient visits to parti-
cipating veterinarians for calculation of the population at risk (12).

Incidence ratios and 95% confidence intervals were calculated for the Mesa
County population with each of the respective reference groups in the standard
manner. Standardization of rates by age, sex and breed could not be accomplished
due to lack of specific denominator data.
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When Mesa County estimated incidence rates are compared with those developed
in the Alameda County study (Table 4) the overall cancer incidence rate for Mesa
County is seen to be significantly higher; incidence ratio 1.19 (95% CI 1.03-1.35).
The Mesa County rates for connective tissue and non melanoma skin cancer are also
higher than expected.

Conversely, when compared to Tulsa County rates (Table 5) the overall cancer
rate is slightly lower than expected; incidence ratio 0.89 (95% CI 0.77-1.01). The
rate for breast cancer in Mesa County is substantially lower than expected compared
to Tulsa County, as are mastocytoma and melanoma incidence. Hemangiosarcoma, fi-
brosarcoma and osteosarcoma show incidence ratios of over 2.0 compared to Tulsa
County.

Table 4. Ratios of observed to expected incidence rates
for Mesa County, CO and Alameda County, CA.

Observed Expected rnrifionrc,
Diagnosis/Site Cases Rate/ Rate/ Sa!?n 9S% CI

100,000 100,000 K a t l°

All Sites 212 452.87 381.20 1.19 1.03-1.35

Lymphosarcoma 16 34.18 21.67 1.58 0.90-2.56

Breast 36 149.70 198.80 0.75 0.53-1.04

Testicle 12 53.13 33.90 1.57 0.81-2.74

Bone 8 17.09 7.92 2.16 0.93-4.26

Oral/Pharyngeal 9 19.23 20.42 0.94 0.43-1.79

Connective Tissue 83 177.30 35.83 4.95 3.94-6.14

Non Melanoma Skin 72 153.80 90.41 1.70 1.31-2.09

Melanoma 14 29.91 25.00 1.20 0.65-2.01
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Table 5. Ratios of observed to expected incidence rates for
Mesa County, CO and Tulsa County, OK.

Observed Expected Incidence
Diagnosis/Site Cases Rate/ Rate/ £1!?! 95% CI

100,000 100,000 K a t l°

All Sites

Lymphosarcoma

Breast

Testicle

Bone

Bladder

Connective Tissue

Hemangiosarcoma

Melanoma

Mastocytoma

Fibrosarcoma

Discussion

212

16

35

12

8

3

83

32

14

33

12

452.87

34.18

149.70

53.13

17.09

6.41

177.30

68.36

29.91

70.49

25.63

507.05

29.92

608.68

59.84

6.30

9.45

179.52

25.20

59.84

103.93

11.02

0.89

1.14

0.25

0.89

2.71

0.68

0.99

2.71

0.50

0.68

2.33

0.77-1.01

0.65-1.86

0.18-0.35

0.46-1. !«>

1.17-5.36

0.14-1.98

0.79-1.24

1.85-3.83

0.27-0.83

0.47-0.95

1.20-4.06

This study represents the fourth attempt to delineate the biological effects
of community exposure to low level radiation in Mesa County. The Colorado Depart-
ment of Health conducted an epidemiologic investigation in Mesa County in 1977 in
response to public concern (13). The first phase of the investigation revealed a
two fold excess in leukemia incidence for all ages for the period 1970-1976. The
excess was most striking in persons aged 65 and older and was primarily of the
acute myelogenous type. The second phase was a case control analysis of 44 leu-
kemia deaths between 1970 and 1978. There were no significant differences between
leukemia cases arid controls with respect to length of residence in Mesa County or
cumulative residential exposure to "tailings" premises.

Recently, annual age specific leukemia incidence rates have been examined for
Mesa County. The rates are inconsistent over 5 year intervals and show no differ-
ence from Third National Cancer Survey Data when summed over the 10 year period
1970-1979 (14).

Ferguson et. al. have examined sputum cytology and peripheral chromosomes to
search for evidence of biological effects of ionizing radiation in long term Mesa

467



County residents and controls. Abnormal sputum cytology was not found and the
rate of sputum atypia was similar to controls. A statistically significant 3.8
fold excess of dicentric and ring chromosomal abnormalities was found in Mesa
County residents which was not consistently associated with exposure to tailings
or other etiologic factors examined. No excess of aberration rates for inversions
and translocations was found but both Mesa County residents and controls had higher
rates than non exposed control groups from the same laboratory (15).

The study reported here fails to provide evidence that exposure to uranium
tailing in Mesa County results in an increased incidence of canine cancer. Dogs
with malignant neoplasms of several types including lymphosarcoma, known to be
associated with radiation exposure in man were no more likely to live in "tailings"
houses than controls. Unfortunately the length of residence in tailings houses
and the lifetime cumulative exposures to radiation from environmental and medical
sources was not determined.

Comparison of Mesa County canine cancer incidence rates with comparison pop-
ulations from other registries provided inconsistent results. Differences were
observed between Mesa County and Alameda and Tulsa Counties in both directions.
The greatest single weakness in the Mesa County data is that age, sex and breed
specific incidence rates could not be developed from the estimated population
making standardization across population groups impossible. For example, the in-
cidence of osteosarcoma was found to be higher in Mesa County than in Alameda
(R = 2.2) or Tulsa (R = 2.7) counties. It is well known, however, that canine
bone cancer occurs primarily in large and giant breed dogs. Without being able to
control for breed in the adjustment procedure comparisons have limited value.

In addition, both comparison registries were conducted several years earlier
than the Mesa County study. For Tulsa an 8 year difference exists, while for
Alameda, the temporal difference was nearly 20 years. This makes it likely that
differences in incidence rates might be explained in part by improvements in diag-
nostic methods, diagnostic awareness, and misclassification. We are, therefore,
unwilling to make strong inferences on the basis of the data collected.

Supported in part by funds from Biological Research Support Grant 5S07 RR-
05458-17 and the Colorado Experiment Station.
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"ABSTRACT"

Indoor radon and radon daughter concentrations were measured in a survey of
14,000 homes in 18 Canadian cities conducted in the summers of 1978 through 1980.
Mortality and population data for the period 1966 through 1979 were retrieved for
the geographic areas surveyed in each city. The results of analysis of the
relation between lung cancer and radon daughter concentration, smoking habits and
socioeconomic indicators for each city showed no detectable association between
radon daughter concentrations and lung cancer mortality rates with or without
adjustment for differences in smoking habits between cities.
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1. Introduction

Two papers have been published previously on this work which began in May
1977. ' Following the publication of these papers, new information has
been made available which allows us to present a more complete picture of the
radon distribution in Canada and its relation to lung cancer mortality. Five new
cities have been added to the project giving radon statistics for 18 cities
across the country and smoking survey data have been made available for 14 of
these cities. The purpose of this paper is to analyze the relation between
geometric mean radon daughter concentrations and age-standardized lung cancer
mortality rates for males and females in Canadian cities while controlling for
the effect of smoking.

2. Methods

Indoor radon and radon daughter concentrations were measured in over 14,000
homes in 18 Canadian cities using methods previously described. Mortality
data for each city were retrieved from the national mortality data base at
Statistics Canada. Lung cancer deaths for the period 1966 to 1979 were compiled
by city (using 1976 census boundaries), sex, calendar year and age. Population
by city, sex and 5 year age group were retrieved from Statistics Canada
publications for each of the census years 1966, 1971 and 1976. Populations
for non-census years were estimated by linear interpolation and extrapolation
within sex and age groups. Age-standardized lung cancer mortality rates were
calculated by the direct method using the 1971 Canadian population as standard.
Analyses were restricted to the age range 45 to 79 because there were very few
lung cancer deaths below age 45 and the reliability of diagnoses decreases at
advanced ages. In addition, exclusion of persons less than 45 years of age
reduces the effect of population mobility on the results. Population mobility
(i.e. movement of persons in or out of the study cities) is maximal among young
adults and tends to reduce the chance of observing associations between city of
residence and risk of any particular disease.

Data on the distribution of smoking habits by city, sex and age were
available for the 14 largest cities through the Canadian Labour Force
Survey. Questions on smoking habits were included for about 42,000
individuals, 15 years of age or older, during each of the years 1977, 1979 and
1981. Estimates of the percentage of current and ever smokers among persons age
45 or older were calculated by averaging the results for each of the 3 3urvey
years.

Socioeconomic and demographic characteristics of the study cities were
assessed using data from the 1971 census to calculate the percent of the male
labour force in industries at high risk of lung cancer (see Table 1 Footnotes)
and for average family income. The percent of homes occupied for 10 or more
years was calculated from data collected during the radon survey.

The relations between geometric mean radon daughter concentrations, other
city characteristics and lung cancer mortality rates were assessed by linear
regression analyses using "SAS" (Statistical Analysis System), a computer
software package.
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3- Results

Characteristics of the 18 cities are summarized in Table 1. The total
population of the cities is about 11 million or a little less than half of the
Canadian population. The average annual lung cancer mortality rates per 100,000
varied from 135.0 to 218.5 among men and from 19-3 to 43.0 among women. Geometric
mean radon daughter concentrations varied from 0.0009 to 0.0058 working levels
(WL). The percentage of current smokers ranged from 31.7 to 54.6* among men and
from 21.0 to 32.3* among women. Population mobility was relatively high in all
cities with only 37.9 to 54.0* of homes occupied for 10 or more years. Less than
5* of the 1971 male labour force was employed in industries at high-risk of lung
cancer in all cities except Sudbury where 40* of men worked in such industries
and thus this variable was not suitable for further analysis. Average family
income in 1971 ranged from $8,821 to $11,841 and did not correlate significantly
with lung cancer mortality rates.

Scatter diagrams of the average lung cancer mortality rate during 1966 to
1979 versus percent current smokers in each of the 14 largest cities are
presented in Figures 1 and 2. The results of linear regression analysis of
percent current or ever smokers versus average annual lung cancer mortality rate
or the slope of such rates are given in Table 2. There was a strong correlation
between smoking and lung cancer mortality rates for men. The weak positive
correlation for women was not statistically significant.

Scatter diagrams of geometric mean radon daughter concentration versus
average annual lung cancer mortality rates for each of the 18 cities are
presented in Figures 3 and 4. The results of linear regression analysis of
indicators of radon daughter concentration versus average annual lung cancer
mortality rates or the slope of such rates are given in Table 3. The correlation
coefficients were all weak and statistically insignificant.

Multiple linear regression analysis based on two independent variables
(percent current smokers and geometric mean radon daughter concentration) yielded
the results presented in Table 4. The inclusion of radon daughter concentrations
effectively added nothing to the model based on percent current smokers alone.
There was, therefore, no detectable association between radon daughter
concentrations and lung cancer mortality rates with or without adjustment for
differences in smoking habits between cities.

4. Discussion

The results of this study indicate that lung cancer mortality rates in 18
Canadian cities were associated with the extent of smoking with particularly
strong correlations observed for men. The weak positive association between
smoking and lung cancer among women may be an indication that the rate is
beginning to increase following the later onset of widespread smoking among women
compared to men. Recent lung cancer mortality rate time trends for Canadian
women were similar to those for men with a time lag of 25 years.6
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Deapite the relatively wide variation of radon daughter concentrations
between cities, no association between radon and lung cancer mortality rates was
apparent. Our results do not support or eliminate a carcinogenic hazard due to
chronic domestic exposure to low radon concentrations in Canada but suggest that
any effect of such exposures on lung cancer mortality rates must be very small in
comparison to the effect of smoking. The study design, based on comparison of
large population groups, was adequate to detect the smoking/lung cancer
association among men but did not reveal a statistically significant smoking/lung
cancer association for women even though there is abundant evidence from other
studies based on analyses of individuals. Thus it is conceivable that
domestic radon exposure in Canada may result in such a snail increase of lung
cancer risk that it will only be detectable through a more definitive approach
such as a large case-control study.
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LEGENDS FOR FIGURES

Figure 1 Average annual age-standardized (ages 15 to 79) lung cancer mortality
rate versus percent current smokers (males).

Figure 2 Average annual age-standardized (ages 45 to 79) lung cancer mortality
rate versus percent current smokers (females).
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Figure 3 Average annual age-standardized (ages 45 to 79) lung cancer mortality
rate versus geometric mean radon daughter concentration (males).

Figure 4 Average annual age-standardized (ages 45 to 79) lung cancer mortality
rate versus geometric mean radon daughter concentration (females).
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TABLE 1

Characteristics of Study Locations

5

St. John's, Nf ld .

Charlottetown
Halifax

Fredericton

Saint John, NV

hontrfial

QuCbec

Sherbrooke

Sudbury
Thunder Bay

Toronto

Brandon

Winnipeg

Regina

Saskatoon

Calgary

Edmonton

Vancouver

• Population ,
(000

1966

M

9
3

16

3

9

280

39

8

12

13

269

4
66

14

12
34
38

129

£

10

4

18

4

11

313

48

9

11

13

296

5

74
16
14
35

39
138

Age 45-79
•s)

1976

M

11

3

21

5

14

346

50

9

18

16

355

5

74

17

15

49

52
160

£

12

4

25

6

16

407

63

12

17

16

395

6

88

20

18

54

57

179

Lung Cancer
Deaths, Age

45-79 1966-79

M

244

86

511

104

366

9094

1325

239

406

401

7356

106

1777

328

278

765

894

3768

£

41

21

144

16

83

1836

209

49

73

59

1739

33

430

91

73

206

218

1011

Average Lung
Cancer Mortality Rate

M

176.6

192.2

192.9

172.8

202.8

218.5

217.5

204.0

213.2

184.1

178.9

157.8

175.2

145.7

135.0

136.6

143.4

178.5

£

23.6

31.3

41.0

19.3

35.6

34.3

25.3

30.5

36.2

27.0

33.3

43.0

34.7

33.1

29.4

30.7

30.0

41.1

Geometric Mean
Radon Daughter

Concentration (WL)

0.0015

0.0018

0.0031

0.0032

0.0018

0.0014

0.0013

0.0023

0.0036

0.0025

0.0018

0.0034

0.0058
0.0044

0.0034

0.0019

0.0028

0.0009

Age-standardized deaths per 1C0,000 per year, 1966-79.



St. John's, Nfld.

Charlottetown

Halifax

Fredericton

Saint John, NB

Montreal

Quebec

Sherbrooke

Sudbury

Thunder Bay

Toronto

Brandon

Winnipeg

Regina

Saskatoon

Calgary

Edmonton

Vancouver

Percent of
houses
* 0.02 WL

0.07

0.09

5.1

3.3

2.8

1.0

2.1

6.3

6.9

2.2

0.9

5.3

15.9

9.6

3.8

0.2

2.2

0.0

TABLE 1 (continued)

Characteristics of Study Locations

Percent Current
Smokers

M

46.0

39.3

F

23.5

32.3

41.9
48.1

54.6

52.1

31.8

36.6

35.9

35.7

32.3

39.2

33.5

31.7

26.6
31.0

29.4

30.2

21.0

24.9

25.7

22.1

23.1

29.6

25.8

25.7

Percent
Occupancy
> 10 Years

46.2
41.9

51.9

43.3

43.7

38.2

51.9

38.0

44.9

54.0

51.4

37.9

50.4

42.9

39.1

40.3

41.4

42.0

Percent
in High-Risk
Industries

0.6
0.0

2.8

0.0

4.4
3.4

1.6

3.3

40.0

1.4
3.7

0.0

1.4
3.5

3.5

2.4

2.9

2.1

Average
Fami ly
Income

$ 8488
9287

10397

10450

8821

10292

10273

9333

11739

10217

11841

8993

9989

9637

9479

10943

10699

10664

Industries at high-risk for lung cancer included mining, rubber, primary metal, shipbuilding, non-metallic
mineral products, petroleum and coal, plastics and synthetic resins, paint and varnish and chemical.



TABLE 2

Pearson Correlation Coefficients for Age-Standardized

Lung Cancer Mortality Rates (Ages 45-79, 1966-79)

Versus Percentage Smokers

1 2
Average Rate Slope of Rates

Hale Female Male Female

Percent Current Smokers 0.71** 0.43 0.83** 0.35

Percent Ever Smoked 0.71** 0.27 0.61* 0.35

1
Annual Average Rate, 1966-1979

Slope based on linear regression analysis of rates, 1966-1979

* p < 0.05

** p < 0.01
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TABLE 3

Pearson Correlation Coefficients for Age-Standardized
Lung Cancer Mortality Rates (Ages 45-79, 1966-79)

Versus Radon Daughter Concentration

1 ?
Average Rate Slope of Rates

Radon Daughter Measure Male Female Male Female
Geometric Mean -0.34 0.13 -0.15 0.04

Percent of Houses
- 0.02 WL -0.06 0.21 -0.02 0.07

1
Annual Average Rate, 1966-1979

2
Slope based on linear regression analysis of rates, 1966-1979
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TABLE 4

Linear Regression Models for Lung Cancer Mortality Rates

Versus Percent Current Smokers

and Geometric Mean Radon Daughter Concentration

- Dependent Variable -

Multiple R2

Overall Model

Increase Due to Radon

Percent Current Smoking

Coefficient

95% C. I . (0

t-value

One-sided p-value

Radon Daughter
Concentration in

WL x 10-3

Coefficient

Average
Male

0

0

2

.75

3.

0.

-2.

.52

.02

.60

, 4.44)
.10

.01

71

95% C. I . (-12.93,7.513;

t-value

One-sided p-value

- 0 .

0.

58

57

: Rate1

Female

0.24

0.06

0.71

( -0 .18 , 1.59)

1.76

0.11

0.92

) ( -1.35,3.18)

0.89

0.39

Slope o f Rates
Male

0.71

0.01

0.56

(0 .32 , 0.80)

5.10

<0.01

0.43

( -0 .90 , 1.77)

0.72

0.49

Fema1e

0.12

0.00

0.11

( -0 .08 , 0.31)

1.25

0.24

0.04
(-0.46,0.53)

0.16

0.88

P-value of Overall Model 0.02 0.23 <0.01 0.48

Annual Average Rate, 1966-1979

Slope based on linear regression analysis of rates, 1966-1979

Model with smoking and radon minus model with smoking alone
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FIGURE 1

Average annual age-standardized (ages 45 to 79) lung cancer
mortality rate versus percent current smokers (males)
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FIGURE 2

Average annual age-standardized (ages 45 to 79) lung
cancer mortal i ty rate versus percent current smokers

(females)
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FIGURE 3

Average annual age-standardized (ages 45 to 79) lung cancer
mortality rate versus geometric mean radon daughter concentration
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FIGURE 4

Average annual age-standardized {ages 45 to 79) lung cancer
mortality rate versus geometric mean radon daughter concentration
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ABSTRACT

In November of 1982 the Colorado Department of Health completed an
epidemiologic investigation of leukemia, multiple myeloma, and cancers of the
lung, stomach, pancreas and colon in Mesa County, Colorado for the years
1970-1979. This investigation was performed in response to a concern that the
presence of uranium mill tailings in some Mesa County homes presents a potential
cancer hazard.

The results of the investigation show that the incidence of mutiple myeloma,
colon, stomach and pancreatic cancer are not above expected rates. The incidence
of leukemia, though statistically elevated in the early 1970's, is not above
expected rates for the entire study period, 1970-1979. The incidence of lung
cancer appears elevated when compared to "The Third National Cancer Survey" data
for Colorado1- but lower than expected when compared to "Surveillance,
Epidemiology and End Results" data.2

To further examine the leukemia and lung cancer incidence findings, a
case/control study was conducted. The controls consisted of colon, stomach and
pancreatic cancer cases. The results of the leukemia case/control analysis show
no association with tha radiation exposure variables: occupational radiation
exposure; uranium mining exposure; having ever lived in a type A home (uranium
tailings home); and radiation therapy. The lung cancer case/control analysis
shows a significant association with only the radiation exposure variable,
uranium mining history, indicating cases were more likely to have been uranium
miners than were controls,

As with leukemia, this study found no association between lung cancer and
living in a uranium mill tailings home. However, the limitations of study
design do not allow us to conclude that uranium tailings pose no risk of lung
cancer or leukemia to exposed individuals. The relatively low radiation
exposures typical of type A homes and the small number of persons exposed make
it very difficult to establish, by epidemiologic methods, that a risk exists.

Introduction

During the early years of nuclear weapons development, the U.S. government
through the Atomic Energy Commission, contracted with the Climax Uranium Company
to build a uranium/vanadium processing facility in Grand Junction. The mill was
in operation from 1951-1970 and during this time produced an estimated 2.2
million tons of a sand-like material called tailings in addition to uranium in
the form of yellow cake, and vanadium. The tailings were placed in a repository
next to the mill which was located in the southeast side of town. Between 1951
and 1966, public access to and removal of tailings was allowed. An estimated
50,000 tons of tailings was removed and used in residential and commercial
buildings. Its uses included back-fill under homes and commercial buildings,
sub-base for highways, under patios, flower boxes, etc.

In 1978, the Department felt an epidemiologlc assessment of cancer incidence
was needed to determine if the low level i.diation exposure to residents
resulted in excess lung cancers and leukemia in the community. The Division of
Epidemiology in the Department of Health conducted a study which examined the
incidence of lung cancer and leukemia for the years 1970-1976. An excess of
lung cancer and leukemia was found. The excess of lung cancer was not
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significant as compared to Third National Cancer Survey data for Colorado, the
leukemia excess was significant (p-.Ol) and the excess appeared primarily in
older age groups. To further examine the leukemia finding, a case-control study
was conducted. The results of the study show no difference between the leukemia
group and the controls group for the study variables: length of residence in
Mesa county, general health status prior to diagnosis; and residential exposure
to mill tailings.

A second study, which is the one reported here, was begun in the summer of
1980. This work is similar to the cancer incidence study mentioned a moment
ago. The new study was expanded to include the years 1970-1979, and additional
cancer sites were added. The study examines incidence rates for leukemia,
multiple myeloma, cancer of the lung, stomach, pancreas and large intestine. In
addition, case/control analyses were performed to examine the relationship
between study exposure variables and the tumors of interest.

METHODS

The primary purpose of the study field work was to identify and interview
all individuals who were diagnosed with certain tumors between the years 1970
and 1979. Figure 1 shows an overview of the field work procedures.

Casefinding was performed in all Mesa county hospitals. In addition,
Colorado Central Cancer Registry files and the Utah State Cancer Registry files
were searched for appropriate cases. All new cases identified through
casefinding were abstracted onto standard Colorado Cancer Registry forms.
Particular attention was paid to information concerning next of kin or close
friend, date of diagnosis* primary site and any additional information available
on occupation, smoking habits or unusual circumstances surrounding a case.

The result of the casefinding and abstracting processes was a list of
potentially eligible subjects. To determine final elgibility, an interview with
the patient or next of kin was performed. Since some cases had been diagnosed
as early as 1970, and because all study tumors have poor long-term survival,
most interviews were held with next of kin.

Completed questionnaires plus death certificates, consent forms and cancer
abstracts, were sent to the central office at the Colorado Department of
Health. Questionnaire data were entered into the computer, edited and an SPSS
file was created. SPSS was used for most of the data analysis.

The data analysis scheme had 3 steps as shown in Figure 2. Age specific
incidence rates were calculated for all study tumors. These observed rates were
compared to expected incidence rates which were calculated from 2 sources: the
Third National Cancer Survey (TNCS) data for Colorado and the Surveillance,
Epidemiology and End Results (SEER) data; both sources are published by the
National Cancer Institute.

Incidence rates for each cancer site or type were broken down by the years
1970-1979, 1970-1974, and 1975-1979. For each group of years, separate tables
were produced for both sexes combined, and males and females separately. This
resulted in 9 tables for each cancer site or type. Only summary tables will be
presented today. Those tumors for which incidence rates were not elevated above
expectation were not analyzed further, If detailed breakdowns by year and sex
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showed evidence of a rate elevation, data analysis "step 2" was performed. This
consisted of a comparison of cases to controls on demographic characteristics
and on certain exposure variables. Standard chi-square and t-tests were used to
determine if cases differed from controls on key variables. If a difference was
found, the third data analysis step, logistic regression was used to control for
confounding variables while at the same time retaining much of the statistical
power to detect a difference between cases and controls.

RESULTS

Extensive casefinding in all Mesa county hospitals, the Colorado Central
Cancer Registry and the Utah Cancer Registry resulted in 612 study cases. All
subjects met minimum study criteria, i.e., they had lived in Mesa county at
least 6 months prior to diagnosis and were diagnosed with one of the study
tumors mentioned previously. The following tables show the results of
standardized morbidity ratio (SMR) calculations which summarize the incidence
study findings.

Table 1 shows the standardized morbidity ratios for multiple myeloma, for
the period 1970-1979. The division of observed by expected cases resulted in
SMR's of 0.95 and 0.89 when calculated from TNCS and SEER data, respectively.
Neither SMR's is significantly different from 1.

Table 2 shows the standardized morbidity ratios for stomach cancer for
1970-1979. As you will notice, the SMR's are almost identical - 0.62 as derived
from TNCS data vs. 0.61 as calculated from SEER data. The "p" value is <.01
which means the SMR's are significantly less than unity.

Table 3 shows the standardized morbidity ratios for colon cancer for
1970-1979. There is quite a large difference between TNCS and SEER data sources
in terms of expected cases and this is reflected in the non-significant SMR of
0.93 based on TNCS data and the significantly low SMR of 0.76 calculated from
SEER data.

Table 4 shows the standardized morbidity ratios for pancreatic cancer for
1970-1979. The TNCS and SEER expected number of cases are quite similar and, as
a result, the SMR's are also similar. Neither SMR is significantly different
from 1 and the trend is consistent when the data were broken down by sex and by
5-year periods of time, i.e. 1970-74 and 1975-79.

Standardized morbidity ratios for lung cancer for 1970-1979 are seen in
table 5. Note that there is a substantial difference between the TNCS and SEER
expected period cases. This is reflected in an apparent excess in the TNCS
derived SMR and a deficit in the SEER derived SMR. Three factors could have
contributed to this finding. First, the TNCS data were collected in 1969-1971
and the SEER data were collected from 1973-197 7. In the time interval between
these studies, and in fact, through the 1970's, lung cancer rates were
increasing sharply. Therefore, fewer cases would be "expected" in the TNCS data
which were collected earlier. The result of this lower number of expected cases
explains at least part of the elevated SMR derived from TNCS data. A second
potential influence on the observed vs. expected lung cancer incidence is the
weighting of SEER data towards more urbanized areas of the country. Since Mesa
county is primarily a rural/small urban area, differences in factors such as air
pollution, socio-economic status, the presence of heavy industry, etc. could
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partially account for the fact that no excess of lung cancer is evident when
observed cases are compared to SEER expected cases. The effect of the
urban/rural difference could wash out small elevations in observed rates due to
higher expected rates. A third factor which could influence the number of
observed cases of lung cancer is the presence of uranium miners in the
community, knowing that these miners are at an increased risk of lung
cancer.3-5 A discussion of occupational radiation exposures, including
uranium miners will be presented shortly.

Table 6 shows the standardized morbidity ratios for all leukemias, for the
years 1970-1979. These results clearly show that the incidence of leukemia is
not elevated above expectation for the 10-year study period. You will recall,
during the introduction it was mentioned that the Department of Health conducted
a study of the incidence of leukemia and lung cancer in Mesa county for
1970-1976. This study found no significant increase in lung cancer rates but an
overall 2-fold increase in leukemia was described. To be sure we could
replicate the findings of this study, and to explain the lack of a significant
excess of leukemia for the ten year period 1970-79, incidence rates were broken
down by 5-year time increments, i.e., 1970-1974 and 1975-1979.

Table 7 shows leukemia SMR's for the 1970-74 time period. An excess of
observed cases is seen when compared to TNCS expected cases. TNCS data were
used to produce the expected cases during the previous 1970-1976 study. Notice
that the trend is in the same direction when SEER expected values are used. The
SMR, however, is not significant.

Leukemia SMR's for the 1975-79 time period are shown in table 8.
Significantly fewer cases than expected were found during this period.
Therefore, what has happened is the excess of cases during 1970-74 is balanced
out by a deficit of cases during 1975-79. Hence, the overall SMR's for 1970-79
appear nearly equal to 1.

To examine the relationship between several exposure and demographic
variables and leukemia and lung cancer, case/control univariate analyses were
carried out. In doing so, 2 crucial assumptions were made: 1) the control
group, composed of stomach, colon and pancreatic cancer cases, was representive
of Mesa county residents of the same age and sex; 2) stomach, colon and
pancreatic cancers are not related to the exposure variables used. To the
extent these assumptions do not hold, the analysis will be in error.

The results of the leukemia case/control comparisons are given in table 9.
There was no difference between cases and controls for the variables
occupational radiation exposure (of any kind), uranium mining history, ever
lived in a Type A home (uranium mill tailings home), smoking history, sex, or
years in Mesa county. Cases differed from controls in terms of survival
(following diagnosis), year of diagnosis, and age group at diagnosis.

The age at diagnosis for leukemia cases was less than controls. Likewise,
the survival of leukemia cases following diagnosis was generally shorter than
controls. Since the control group was heavily weighted towards colon cancer
cases, this finding is as expected based on our experience with the Colorado
Cancer Registry. That is, leukemia cases are younger and live fewer years
following diagnosis than colon cancer patients. It should be noted that the
leukemia group does not include chronic lymphocytic leukemia because no
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association of this type of leukemia with ionizing radiation, has been reported
in the literature. Similarly, the leukemia group does not include acute
lymphocytic le ;-emias because the presence of several childhood cases in the
file would skew the distributions on most variables and bias results in favor of
the alternative hypothesis, i.e., there is a difference between cases and
controls.

Proportionately, more cases of leukemia were found in the early 70's than
late 70's; the control cases were more evenly spaced throughout the study
period. Why there were more cases of leukemia in the early 70fs rather than
late 70's is still a puzzle. We have no reasonable explanation for this
phenomenon other than it being a chance occurrence.

Table 10 shows the results of the lung cancer case/control comparisons. As
seen here, cases and controls differed on the variables occupational radiation
exposure, uranium mining history, smoking history, sex, age group at diagnosis
and years in Mesa County. There was no_ difference between cases and controls on
the variables ever lived in a type A home, radiation therapy exposure, year of
diagnosis or survival following diagnosis.

Since in the univariate analysis, leukemia cases did not differ from
controls on the radiation exposure variables occupational radiation exposure,
uranium mining history, ever lived in a type A home and radiation therapy
exposure, no additional analyses were performed. In contrast to this finding, a
possible association was found between some of the radiation exposure variables
and lung cancer. Therefore, logistic regression analysis was performed on lung
cancer data only.

The results of the analysis are shown in table 11. The "odds ratios" seen
here are estimates of the relative risks obtained from the univariate analysis
of lung cancer described a moment ago. These ratios were adjusted for various
confounding factors, i.e., smoking history, uranium mining, sex, etc., as
appropriate. Upon adjustment, the odds ratio for type A residence remained
statistically non-significant, indicating no elevated risk for lung cancer in
comparison to the control cancers due to residence in type A homes. The odds
ratio for occupational radiation exposure decreased from 4.29 to 0.91 and is no
longar significant when uranium mining history is taken into account. The only
radiation exposure variable which remained significant after adjustment was
uranium mining history. Those patients who were reported to have been uranium
miners were about 6 times more likely to develop lung cancer than those not
reporting a history of uranium mining.

CONCLUSIONS

In summary, the following conclusions can be drawn from the study data.

1. There were no significant increases in the incidence of multiple myeloma, or
cancer of the colon, stomach or pancreas.

2. An increase in the incidence of leukemia was seen only during the years
1970-74. This increase was not associated with the variables occupational
radiation exposure, uranium mining history, radiation therapy history or ever
lived in a type A home.
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3. The incidence of lung cancer was elevated when compared to TNCS data for
Colorado; observed rates were less than expected when compared to SEER data.
When lung cancer cases were compared to controls on selected radiation exposure
variables, the only odds ratio which remained significant after adjustment was
uranium mining history. This indicates uranium miners were more likely to
develop lung cancer than the non-miners in this study.
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FIGURE 1

Overview of Data Collection Procedures - Cancer Incidence Study,
Mesa County, Colorado
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FIGURE 2

Data Analysis Decision Tree - Cancer Incidence Study,
Mesa County, Colorado
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TABLE 1

Standardized Morbidity Ratios (SMR) for Multiple Myeloma, 1970-1979
Cancer Incidence Study, Mesa County, Colorado

TNCS 6

SEER7

EXPECTED
PERIOD CASES

23.16

24.68

OBSERVED
PERIOD CASES

22

22

TABLE 2

SMR

0.95

0.89

Standardized Morbidity Ratios (SMR) for Stomach Cancer, 1970-1979
Cancer Incidence Study, Mesa County, Colorado

TNCS

SEER

EXPECTED
PERIOD CASES

59.57

61.09

OBSERVED
PERIOD CASES

37

37

SMR

0 . 6 2 * *

0.61**

**

TABLE 3

Standardized Morbidity Ratios (SMR) for Colon Cancer, 1970-1979
Cancer Incidence Study, Mesa County, Colorado

TNCS

SEER

EXPECTED
PERIOD CASES

193.09

234.82

OBSERVED
PERIOD CASES

179

179

SMR

0.93

0.76**

**p <•

TABLE 4

Standardized Morbidity Ratios (SMR) for Pancreatic Cancer, 1970-1979
Cancer Incidence Study, Mesa County, Colorado

TNCS

SEER

EXPECTED
PERIOD CASES

67.59

66.36

OBSERVED
PERIOD CASES

59

59

SMR

0.87

0.89

492



TABLE 5

Standardized Morbidity Ratios (SMR) for Lung Cancer, 1970-1979
Cancer Incidence Study, Mesa County, Colorado

TNCS

SEER

EXPECTED
PERIOD CASES

216 .54

306.0

OBSERVED
PERIOD CASES

273

273

SMR

1 .26**

0.89*

*p <.O5
**p< .01

TABLE 6

Standardized Morbidity Ratios (SMR) for Leukemia, 1970-1979
Cancer Incidence Study, Mesa County, Colorado

TNCS

SEER

EXPECTED
PERIOD CASES

43.05

46.91

OBSERVED
PERIOD CASES

42

42

TABLE 7

SMR

0.98

0.90

Standardized Morbidity Ratios (SMR) for Leukemia, 1970-1974
Cancer Incidence Study, Mesa County, Colorado

TNCS

SEER

EXPECTED
PERIOD CASES

20.14

21.98

OBSERVED
PERIOD CASES

30

30

TABLE 8

SMR

1.49*

1.36
*p<.05

Standardized Morbidity Ratios (SMR) for Leukemia, 1975-1979
Cancer Incidence Study, Mesa County, Colorado

TNCS

SEER

EXPECTED
PERIOD CASES

22.27

24.17

OBSERVED
PERIOD CASES

12

12

SMR

0.54

0.50*

*p< .05
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TABLE 9

Comparison of Leukemia Cases vs. Controls on Data Collected During
Study Fieldwork - Cancer Incidence Study, Mesa County, Colorado

No Difference Between
Cases and Control (p>.05)

Occupational Radiation Exposure
Uranium Mining History
Ever Lived in Type A Home
Smoking History
Sex
Years in Mesa County*

Significant Difference
Between Cases and Controls (p<.05)

Survival
Year of Diagnosis
Age Group at Diagnosis

•Unpaired t-test used to analyze this continuous variable. All other
variables were tested using chi-square.

TABLE 10

Comparison of Lung Cancer Cases vs. Control* on Data Collected During
Study Fieldwork - Cancer Incidence Study, Mesa County, Colorado

No difference Between
Cases and controls (p>.05)

Ever lived in a type A home
Radiation therapy exposure
Year of diagnosis
Survival*

Significant Difference
Between Cases and Controls (p<.05)

Occupational Radiation Exposure
Uranium mining history
Smoking history
Sex
Age group at diagnosis
Years in Mesa County*

*Unpaired t-test used to analyze these continuous variables. All other
variables were tested using chi-square.

TABLE 11

Odds Ratios for Radiation Exposure Variables - Cancer Incidence Study
Mesa County, Colorado

Variable

Ever lived in a type A home
Occupational radiation exposure
Uranium mining history

Odds
Ratios

0.98
4.29
8.12

Adjusted P-Value
Odds Ratios

1.23*
0.91*
6.28**

0.66
0.82
0.01

* Adjusted for smoking history, uranium mining history, vital status,
age at diagnosis, sex and years of residence in Mesa County in a
logistic regression equation.

** Adjusted for smoking history, vital status, age at diagnosis, sex and
years of residence in Mesa County, in a logistic regression equation.
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A CRITICAL REVIEW OF THE HANFORD WORKER STUDIES:
CANCER RISK AND LOW-LEVEL RADIATION

David A. Savitz, Ph.D., Assistant Professor
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ABSTRACT

Current estimates of cancer risks attributable to low-level radiation exposure
are extrapolated from effects observed at higher doses. The inherent uncertainties
in this approach make direct study of low-dose effects in human populations of
great significance. Employees of the Hanford works in Richland, Washington
constitute a large group of workers exposed to low-level radiation. The cancer
mortality patterns in relation to radiation dose have been discussed by numerous
investigators beginning with Mancuso, Stewart, and Kneale in 1977 and continuing
to the present. These studies and their published critiques are summarized, with
an effort to account for discrepant results by careful review of the analytic
methods. Detailed consideration is given to exposure definition, classification
of health outcomes, latency, the statistical methods employed, and selection biases.
From this, it is concluded that (a) total cancers are unrelated to radiation
exposure among these workers; (b) multiple myeloma and pancreatic cancer show a
positive association with radiation dose based upon a few highly exposed cases;
and (c) the relationship of radiosensitive cancers in the aggregate to radiation
exposure is unresolved. Further study of the temporal course of exposure and
latency in a classical cohort analysis of radiosensitive cancers might be infor-
mative, with special attention to the possibility of selection for jobs within
the cohort.

Overview of Studies

Over the last 5 years, studies of cancer among workers at the Hanford
facility have developed into their own body of literature. In Archer's recent
review of radiation and cancer (1), for example, Hanford worker studies consti-
tuted a category of research in parallel with investigations of background radia-
tion and diagnostic x-rays. A conservative tabulation of the epidemiologic
literature concerning this group is 16 analyses (2-17) totalling 382 pages with
34 subsequent letters and rebuttals. The basis for this unusually intense interest
merits exploration. Rather than reviewing each analysis, the methodological themes
which have emerged will be addressed.

Mancuso et al.'s (2) original publication in 1977 claimed to have demonstrated
that low-level radiation was 10-20 times more carcinogenic than had previously
been thought. The ensuing political and scientific controversy concerned the
analytic methods and interpretation of their data. Later studies (8, 13) indi-
cated that only certain specific cancer sites (pancreatic cancer, multiple myeloma,
kidney cancer) were associated with radiation exposure. More recently, there has
been controversy over whether radiosensitive cancers in the aggregate were related
to external radiation exposure in this cohort. The central concern is whether
low-dose radiation is an order of magnitude or more carcinogenic than earlier
estimates (including those contained in the BEIR III report (18)) had indicated.
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The commonly accepted estimates of radiation's carcinogenicity are based on
the experiences of atomic bomb survivors and recipients of therapeutic medical
radiation. Low-dose estimates are based on extrapolation. Hanford worker studies
provide empirical estimates in the low-dose range. While it is recognized that
conventional estimates of radiation's carcinogenicity would make an association
unlikely among Hanford workers due to their overall low exposures, excess cancers
might be noted if the risks were much greater than anticipated (8). In addition
to the broad question of carcinogenicity of low-dose radiation, researchers are
increasingly focusing on specific cancer sites, sensitivity by age, and potential
confounding factors.

It is important to realize that these studies are not independent replications
but simply reanalyses. The data cannot provide a definitive resolution to the
nature of cancer risk in the low-dose portion of the dose-response function. This
can be attributed to the inherent fallibility of any single epidemiologic investi-
gation rather than limitations of the researchers or imperfect analytic methods.

The worker population which has generated this interest consists of all
employees at the Hanford Works in Richland, Washington. The facility has been
involved since 1944 in a variety of technological activities related to nuclear
energy in recent years, focusing on plutonium manufacture, separation, and
purification earlier (8). For ea> person hired, the annual whole-body external
radiation dose was noted as the primary exposure measure and the vital status was
ascertained through 1977. Cause-specific mortality constitutes the primary
outcome measure for these studies. Additional available information on each
worker includes sex, date of birth, race, year of hire, level of Internal radia-
tion monitoring and job titles (2). These are the only variables other than
radiation which could be assessed for their confounding or effect-modifying
influence on the radiation/cancer relationship. While the inability to address
such potential confounders as lifestyle (smoking, diet) and genetic predisposi-
tions should be recognized, the exposure measure is impressively precise and the
available data on potential confounding factors is as complete as most studies
in occupational epidemiology.

Case-Control vs. Cohort Analysis

Although many methodological decisions are interrelated, one '?y issue has
been whether to conceptualize these data as a case-control or a co ,ort scudy. The
choice to be made consists of (a) viewing the exposure status as the independent
variable and assessing the causes of death as the dependent measure (cohort design)
or (b) fixing the cause-of-death groups, such as cancer versus non-cancer, and
assessing the exposure status as the dependent variable. In their simplest forms,
with appropriate random control selection, both study designs should yield the
same results (19,20).

In practice, the more important distinction is related to the use of persons
versus person-time as the analytic unit. Traditionally, occupational cohort
studies take account of the differing observation periods of workers because that
affects their likelihood of manifesting the health outcome of interest. Case-
control analyses do not usually account for the differing risk periods although
some effort has recently focused on deriving methods for analyzing temporal aspects
of exposure and outcome in case-control studies (21).
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Case-control studies have been conducted by Mancuso et al. (2), Kneale et al.
(3), and Gofman (9) in which the exposure of cancer victims was contrasted with the
exposures of some reference group (usually other decedents). Mancuso et al.'s (2)
initial investigation was rather unsophisticated, disregarding several potential
confounders. Kneale et al. (3) greatly improved the analysis through simultaneous
adjustment for sex, age at death, internal radiation, and calendar period of
exposure. This study, which was the most thorough case-control analysis, identi-
fied a small but statistically significant excess total cancer risk (8-15% excess)
in those workers with 310-5110 millirads of exposure, rising to 26% in those with
over 5110 millirads. The key variable which Kneale et al. (3) could not directly
account for was time at risk. Protection from confounding by the age of the
workers and the calendar period over which they were monitored requires adjustment
for the age-specific, year-specific time at risk. Obviously older workers have
different health risks than younger ones. Similarly, mortality risk changes
secularly with lung cancer, for example, rising by a factor of 3 or mere between
1944 and 1977. Adjustment for age and year of death is not as complete an adjust-
ment as adjusting the actual person-years of observation. The case control
analysis by Sreslow.and Patton (6) effectively accomplished this by individually
matching controls to cancer cases on year of birth, year of hire, and vital status
at the time of the cancer cases' death. This forces the comparison group to have
equal age-specific, year-specific time at risk. Basically, a case-control analysis
of such data is useful for the sole purpose of obtaining detailed information on
a small subset of workers rather than the total cohort. If lung cancer were a key
outcome, for example, and a telephone interview with next of kin were required
to obtain the decedents' smoking histories, a case-control approach would be far
more efficient than pursuing such information for the entire cohort. If the same
amount of data is available for all cohort members, as is the case here, there is
no need for a case-control analysis. In this situation, a cohort analysis is more
familiar and allows greater flexibility in analyzing temporal characteristics of
risk.

In the past few years, all interested parties have adopted a cohort approach
in the analysis of the Hanford workers' cancer experience (8, 13, 15). Using this
method, each individual's time-at-risk begins when he is hired and continues until
his death or the end of follow-up. The person-years are then allocated to specific
age and calendar year intervals to ensure control of confounding in comparisons of
risk across levels of radiation exposure.

The outcome measure of total cancers is now recognized as not being related
to radiation exposure in these data, primarily because of similar methods being
used in recent studies. Whether regression modeling (15) or modified life table
analysis (8, 13) is employed, cohort studies of Hanford workers suggest no
increased overall cancer risk associated with radiation.

Exposure

All investigators have used whole-body external radiation dose as the primary
measure of exposure. While little disagreement exists as to the appropriate dose
measure, a great deal of controversy surrounds the interpretation of a high level
of exposure in a few cancer cases. Analyses relying on mean dose (2) are especially
vulnerable to being unduly affected by a few high values. The cohort analyses by
Gilbert and Marks (8) and Darby and Reissland (13), however, also indicate at
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least borderline statistical significance for increasing risk based on very few
cases. For pancreatic cancer, multiple myeloma, and kidney cancer, 3, 3, and 1
case(s) respectively account for the observed associations. In Darby and Reiss-
land's (13) analysis of multiple myeloma, 3 cases were observed with total expo-
sures over 5 rems, whereas only 0.28 cases were expected. These 3 cases had
accumulated doses 2 years before death of 20.0, 27.0, and 34.4 rems (8), which were
very high doses for this cohort. The positive results for kidney cancer were even
more limited. Only 1 case with over 10 rems (10 year lag) was observed versus
0.01 cases expected (13).

In discussing such limited numbers of cases, the observed data are consistent
with a variety of interpretations. The primary argument against a causal inter-
pretation is the fact that these cancer sites were not selected a priori and as
many cancer sites were ostensibly "avoided" by radiation as were "caused" (22),
with overall results consistent with chance fluctuations. The lack of an associa-
tion with leukemia also troubles those familiar with radiation carcinogenesis.
Resolution of these uncertainties requires longer follow-up and attempts at repli-
cation in other populations. No amount of statistical manipulation can prove or
disprove the cause of these individual cancer cases.

Latency

A related issue which must be considered is that of latency, that is, the
period between exposure and manifestation of an adverse effect. Latency is a
complex issue in all studies of chronic disease (21) and has not been addressed
convincingly in studies of the Hanford population.

Mancuso et al. (2) examined the mean dose at varying intervals prior to death
and declared the time of maximum contrast as the latency period. Probably the
most apparent failure to consider latency was Sanders' (5) comparison of annual
population doses and concurrent cancer mortality.

The cohort analyses of Gilbert and Marks (8) and Darby and Reissland (13)
explored latency by discounting dose for a specified interval prior to the time at
which mortality rates were analyzed, e.g., 2 years or 10 years. Most of the know-
ledge regarding radiation induction of cancers would suggest that the dose
received near the time of the death did not have a role in the causation of that
fatal cancer. Just how long before death the radiation exposure should be dis-
counted or lagged is unresolved.

The findings on pancreatic cancer illustrate the important influence of
assumptions about the appropriate latency period. If one counts all radiation
exposure up to the time of death* dose up to 2 years before death, or dose 2-10
years before death, a significant association between external radiation and risk
of pancreatic cancer is apparent (8, 13). However, when the 2-year lag was
extended to a 10-year lag, the association between radiation and pancreatic cancer
was eliminated (8, 13). Consistent with this result, Mancuso et al. (2) found
maximum case-control differences 0-10 years before death from pancreatic cancer.
Given the current understanding of radiation carcinogenesis of solid tumors, an
effect operating over this brief time span prior to the cancer death is not very
plausible.
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Outcome

Cancer has been the principal outcome reviewed here, and not unexpectedly,
this health endpoint has been treated in a variety of ways in the various studies.
Three principal types of outcome measures have been used. (1) Total cancers, as a
group, 2) Aggregates of cancer sites, and (3) Specific cancer sites. The endpoint
of total cancer has been discussed in all of the studies except one (15). The
major value in examining total cancers as an outcome is the relatively large number
of cases. However, the etiologic heterogeneity of the various specific cancers
diminishes its value substantially. At the other end of the spectrum, specific
cancer types can be exceedingly rare but they are likely to be much more homogen-
eous in their etiology. Unfortunately, the small number of cases inhibit causal
inferences.

A compromise solution has been the formation of rational aggregates of cancer
sites, gaining some statistical stability while only losing some etiologic homo-
geneity. Kneale et al, (3) proposed analyzing the cancers in aggregations based
upon the International Commission on Radiological Protection classification of
tissue sensitivity (23). The aggregated cancers are presumably homogeneous in
terms of their inducibility by radiation, which is not necessarily true for
aggregations based on anatomic proximity or physiologic function. Kneale et al.
(3, 15) considered cancers of established high sensitivity (bone marrow, thyroid),
apparent high sensitivity (lymph nodes, reticular tissue, pharynx, lung, pancreas,
stomach, large intestine), low sensitivity (mouth and salivary, esophagus, small
intestine, liver and gall bladder, nose and larynx, bone, connective tissue, skin,
testis, penis, kidney, eye, central nervous sytem, other endocrine), and unclassi-
fied (all others). A positive association between dose and the high sensitivity
cancers was identified (15), but only when adjustment was made for the level of
internal radiation monitoring. This adjustment, discussed in the following sec-
tion, has emerged as a key issue. There has been general acceptance, however, of
the value in aggregating radiosensitive cancers for analysis.

Potential Confounding Factors

Direct measures of cancer risk factors are not available in the Hanford data,
forcing researchers to rely on proxies of cancer risk. Sex, race, age, and
calendar year are well-recognized for their potential confounding influence and
thus are routinely controlled in the analyses. A principal controversy that
surrounds the finding of an association between external radiation and radio-
sensitive cancers is whether or not it is appropriate to take account of the
worker's status as regards internal radiation monitoring.

Internal radiation monitoring refers to whether or not a worker underwent a
bioassay for the presence of radioactive contaminants in his urine. Kneale et al.
(3) noted the potential for this source of radiation to have spuriously produced
the observed association between external radiation dose and cancer risk. In
that study, workers were classified into 3 groups: Not monitored (N=6,500),
Monitored (negative), i.e., no evidence of radioactivity in urine (N=3,894), and
Monitored (positive) (N=13,371). Adjustment for this factor strengthened
rather than weakened the association between external radiation dose and cancer,
suggesting to the authors that internally deposited radiation was not the real
cause of the apparent cancer excess, in lieu of external radiation dose.
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More recently, Kneale et al. (15) and Stewart et al. (24) have re-interpreted
monitoring for internal radiation as a marker for hazardous jobs. They postu-
lated that a selection of workers upon hire placed the exceptionally healthy,
cancer-resistant individuals in the more dangerous positions which required
internal monitoring. Thus, internal radiation monitoring was postulated as a
potential confounding factor since it is (purportedly) positively associated with
radiation exposure and (due to selective job placement) an indicator of cancer
resistance.

This rationale is critical to Kneale et al.'s (15) most recent report of a
positive association between external radiation dose and radiosensitive cancers.
Only by controlling for level of monitoring for internal radiation is the positive
association produced. The arguments in favor of using this adjustment are (1)
there is a demonstrable correlation between being monitored and having a higher
external radiation dose; (2) the unexplained negative association of total mortal-
ity with external radiation is reduced if it is included; and (3) another measure
of the work hazards produces an equivalent effect. The opposing arguments note
that (1) cancer is difficult to predict in workers at the time of hire and a
postulated selection of this magnitude is untenable; (2) while the positive asso-
ciation between level of internal monitoring and external dose was documented (15),
the requisite negative association with all cancer mortality was not observed (23);
and (3) that it is of dubious validity to include or exclude a confounding factor
based upon the way the results are impacted. These arguments have become central
to the fundamental question of whether these workers have manifested radiation
carcinogenesis. At the present time, the issue remains unresolved (25, 26).
Nonetheless, Darby and Reissland (25) have noted substantial progress toward a
consensus since 1977, such that the inclusion or exclusion of a single potential
confounder is the major remaining source of disagreement.

Conclusions

The extensive analyses and debates have surely included some political argu-
ments masquerading as science and personal attacks. Nonetheless, the rapid move-
ment towards a scientific consensus speaks well for the responsiveness of the
research community. In addition, the methodologic attacks and replies have led to
some significant developments (6, 17).

The remaining controversy concerns the effect of external radiation dose on
the risk of radiosensitive cancers. A detailed analysis of these cases in a more
conventional cohort analysis with step-wise addition of potential confounders
would probably complete the analysis of Hanford workers data until substantially
more deaths have occurred. The interpretation of the internal radiation variable
needs substantial clarification prior to its use, esepcially since it alone
creates or eliminates an association between radiation and radiosensitive cancers.
Further details on Kneale et al.'s (15) independent index of job hazards need to
be reconciled with Gilbert's (8, 17) job categories. A more lucid conceptual
development and empirical justification for the use of this variable is called
for.
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These data certainly do not refute all risk estimates from previous epidemio-
logic investigations, as has been suggested (24). They do suggest a careful exam-
ination of selected cancers in subsequent investigations of radiation carcinogen-
ecity including radiosensitive cancers in the aggregate, pancreatic cancer, and
multiple myeloma. The relatively rapid progress towards a consensus in the
past 5 years speaks well for the flexibility of the epidemiologic research commun-
ity in developing, evaluating, and accepting or rejecting new methods. Develop-
ments in methodology (6, 17 ) have added much to the occupational epidemiology
literature. Hopefully, the continued debate about potential job hazards and
selective placement will add more broadly to the understanding of within-cohort
selection and the effect of job placement on subsequent cancer risk.
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ABSTRACT

Current epidemiological studies of the age-dependent risk of radiogenic
carcinomas are based on populations still in the early stages of cancer expression.
The result is a set of logical uncertainties concerning the manner in which
inferences may be drawn from the existing data. These uncertainties may be
formalized and examined through the application of various radiobiological prin-
ciples developed from more fundamental experimental data. Chief amongst these
considerations are the time course of tumor expression, the role of relative and
absolute risk models, the distribution of effects between initiation and promotion,
the age-dependent fraction of time a critical cell remains in radiosensitive stages
and the combinatorics of the critical cellular subpopulations. Each of these
principles are examined in light of their impact on the structuring of epidemio-
logic data and the drawing of inferences concerning age-dependent radiogenic risk.
The data on atomic bomb survivors are employed as a relevant example.

Introduction

Epidemiological studies of the effect of radiation on the incidence of cancer
mortality in a population ideally would be performed after that population has
reached the end of life. If this is the case, and if a suitable control population
can be defined, it is possible to specify an average annual or lifetime risk
resulting from an incremental dose. Assuming the absolute risk model holds, studies
of acute irradiation yield age-dependent risk estimates which may be applied
directly to other, unstudied, populations. These same studies could be used in
instances where the relative risk model is assumed to cohere, with the computed
risk replaced by the incremental fractional increase above the control group.

This simplified (and typical) approach works well when the study population
has reached the end of expression of induced tumors. The only problem associated
with applying such knowledge arises in choosing between the predictions derived
through the assumption of a model for risk (relative or absolute). More elaborate
problems arise when the doses are not delivered acutely but rather are extended
over some significant period of time. This is true especially when much of the
dose is delivered during the later years of life. Most previous epidemiological
studies have not incorporated consideration of this problem, choosing instead to
develop a risk factor by computing the total population dose and dividing it into
the total incidence of expressed tumors. An alternative has been to focus attention
on small cohorts whose doses were initiated at similar ages and terminated well
before the onset of the normal increase in cancer incidence. The risk factors thus
developed would be generally applicable to unstudied populations which receive
doses at similar ages.
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This latter procedure, however, either requires that the doses be delivered
well before the onset of the study (to allow the most recent doses sufficient time
to begin expression of their effects) or limits derived risk factors to similar
temporal patterns of irradiation. The former requirement probably would exclude
many of the low dose/dose rate studies contemplated today, since these involve
individuals exposed over extended periods of time approaching the date of
retirement (well within the period of normal increased incidence). The latter
restriction invalidates the extrapolation of risk factors derived under one
temporal pattern of exposure to other patterns. Both cases further are limited by
the requirement that the cohorts be followed throughout their lifetime, or at least
until the end of expression of the induced tumors. An important side consideration
is the possible loss of statistical power in focusing on limited cohorts.

The current controversy over the effects of low doses and dose rates of
radiation has necessitated the study of populations exposed over long periods
of time with non-uniform temporal patterns of irradiation (1,2,3). In addition,
most of the cohorts, as in the case of the atomic bomb studies (4), have yet to
reach the termination of cancer expression. To compound matters, there is a need
for estimates of the risk imposed by irradiation of younger age groups, particul-
arly neonates and young children, and to incorporate these considerations into
current radiological standards. It may be noted from the atomic bomb studies
that the youngest age groups (0-9 and 10-19 years) have, after some 35 years,
only begun to express the cancers presumably induced during the original bomb
blast (4,5). Predicting the risk factors to be expected ultimately in these groups
requires that both the total number of carcinomas (typically computed in
epidemiological studies) and the temporal pattern of these carcinomas (atypical)
be considered in assigning lifetime risk.

In order to develop parametric estimates which remain valid under differing
temporal patterns of exposure, as well as differing microdosimetric patterns, it is
necessary to develop a generalized model of age-dependent cancer induction and
expression. Such a model could then be employed in epidemiological studies to
determine the values to be assigned to underlying parameters, allowing both
extrapolation to the final risk factors and an intercomparison of the effects of
different modes of irradiation. Such a model must be sufficiently simple to
require regression on only a few key components, while at the same time remaining
general with tespect to radiation quality, target organ, age at irradiation and
schedule of administered dose. In addition, the theory must be general in the sense
of identifying key parameters which remain invariant with study population. The
present paper attempts to outline such a theory, and associated model, and is an
extension of work reported elsewhere (6). In addition, it draws loosely upon some
of the formulations published by Scott (7,8). The present theory is intended to
allow "stripping" of age-dependent risk factors frcm data arising out of studies
on populations exposed over appreciable lengths of time and/or studied for a time
less than the total life. The developments reported here represent a first attempt
at testing the effects of various model assumptions on the interpretation of age-
dependent radiological data.

Basic Considerations

Throughout the present work, it will be assumed that the initiation-promotion
model of human carcinogenesis (9) remains valid for radiogenic tumors. Under these
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assumptions, radiation transforms a cell or colony of cells into a precancerous
state (see, for instance, reference 10). This precancerous state may then be
expressed by the promoting properties of other environmental exposures or through
the breakdown of normal immunological control (as evidenced in advanced age groups)
and surveillance. As such, the incidence of expressed tumors in an irradiated
population depends both on the level of induction and the normal "driving force"
for tumor expression. In a previous paper, Crawford-Brown (6) has shown that these
considerations lead to a conceptual model incorporating the features of both the
absolute and relative risk models.

Initiated cells may be removed through .immune surveillance, with the
probability of removal being a function of age. The data of Beebe et al. (4),
however, show no major decline in tumor incidence when comparing the 20-34 and 50
age groups, despite significant differences in latent periods (due, presumably,
to the requirement that "normal" promotional factors, which become active after age
50, come into play). In addition, studies by Lambert et al. (11), Goldstein (12),
Linifecki et al. (13), Curtis and Tilley (14) and McFee et al. (15) show little
significant age dependence in chromosome aberrations and breakage, suggesting no
age dependence in short term DNA repair (16). As a result, the first version of the
present theory does not include considerations of age dependent tumor repair or
removal. An initiated cell (or colony) is assumed to remain viable until the period
of increased natural incidence, at which time it is expressed (with some probabil-
ity) by the underlying force driving the expression in a control group A ; a result
the present analysis is restricted to solid tumors (the "all cancers except
leukemia" category in the atomic bomb studies). Consideration of possible age
dependent immune surveillance is developed in a later section.

Basic radiobiological work by Borek (17), Little (18), Terzaghi and Little
(19,20), Borek and Sachs (21) and Kakunaga (22) suggest that at least one rapid
cell division is required for an induced cell to survive, and that several such
divisions are necessary to prevent short term removal. It is necessary to include
in any theory of age dependent tumor induction an expression for the probability
of colony "fixation". Assuming n such divisions are necessary for "fixation", a
suitable expression for the probability, P.(x), of fixation may be given as:

Pf(x) = Kx
11 + C (1),

where K and C are constants and x is the mitotic index for the irradiated organ
relative to a 30 year old adult.

The probability of induction in an organ may be determined from the level of
delivered dose (or dose equivalent) and the number of irradiated cells (23-28).
While classical approaches in health physics employ only considerations of average
organ dose, it is doubtful to the author that any theory of cancer induction can
avoid the additional consideration of the number of irradiated cells. Since, as
shown earlier, DNA repair mechanisms do not appear to be a function of age, the
probability of causing radiologically significant DNA damage per unit dose to a
given cell should be invariant with age. This probability also should be age
invariant even if induction requires transformations in n contiguous cells (29),
as suggested by Bevan and Haque (30), for example, in the induction of lung
carcinomas. It is assumed here, therefore, that the probability of inducing a
tumor in a mass of cells is a linear function of the number of those cells.
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Let the probability, P.(D), of damaging a single cell or critical cluster by
a dose D be: ?

Pi(D) = ( aD + BD ) (2).

The probability of inducing at least one viable colony will then be given by:

P(D) - 1 - ( 1 - ( aD + BD2 ) N ) (3),

where N is the total number of surviving irradiated cells or colonies. (This factor
itself may be a function of dose, particularly at high doses.) When the dose is
sufficiently low to preclude the possibility of several colonies being expressed
in an individual, equation 3 reduces approximately to:

P(D) = N ( aD + 6D2 ) (4).

In instances where microdosimetric considerations suggest non-uniform spatial
irradiation of critical cells, equation 4 is replaced by:

P(D) = C N ( D ) ( aD + BD2 ) dD (4a),

where N(D) is now the number of cells receiving a dose D. In instances of
irradiation by high LET particles, D is replaced by the product of the dose and the
appropriate quality factor, derived from knowledge of the LET (31).

The probability, P (D), of initiating a viable colony will be given by the
product of equations 4 and 1:

Pv(D) = P(D) Pf(x) = N ( aD + BD
2 ) ( Kx11 + C ) (5).

Given the assumption of age invariant DNA repair and immune surveillance, the
parameters a and 8 will not be a function of age. Relative values of N as a
function of age may be taken from compilations such as Figure 1. Performing
regression on the different age groups and doseage levels in the atomic bomb data
(4), K has been determined to be 0.208 and C to be 0.792. Best fits to the data
were obtained with a value of n equal to 2. It must be noted that these values were
obtained from the data concerning "all cancers except leukemia" and, hence,
represent an average over all organs. It is unlikely that individual organ
parameters can be estimated at this time. Model predictions are compared to the
Beebe data (4) in Figure 3. The reader should bear in mind that it is necessary
to integrate equation 5 over the range of ages comprising each data point from the
atomic bomb data.

For ages larger than 30, groxfth in most organs has stopped and the mitotic
indices have stabilized. It is assumed here that the natural tumor incidence at
each advanced age is an expression of an underlying loss of cohesion in the
cellular community, such as loss of basal membrane contact in lung epithelium (6).
This loss of control would act as a promotor of previously transformed cells and
as a stimulus to mitosis in those cells. Assuming that the probability of "fixat-
ion" of induced cells at advanced ages is proportional to the natural rate, and
employing the values for ( K, C, n ) developed earlier, one obtains the values for
induction probabilities displayed in Table 1. The organ reported here is the lung,
but the same procedure may be applied to any organ. The reader should note that
these values were determined by assuming the natural incidence to be proportional
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to the driving force at the time of expression. It is probable that the amount of
expression is proportional actually to some integral of the driving force over
several years prior to manifestation. This consideration has not been incorporated
here due to the use of data broadly grouped into five year intervals. In addition,
it is not clear what interval should constitute the range of integration.

Several mathematical formulations have been proposed for the time course of
appearance of carcinomas. These range from the normal and lognormal (23,32)
distributions to the Gaussian, probits, Weibull (33) and logistic functions (34).
The general foundations for many such models of tumor expression have been
reviewed by Whittemore and Keller (35). Most of the latter models would be diff-
icult to apply in epidemiological studies due to the complexity of the terms. In
the present work, it is assumed that the logistic model (34) is applicable to the
time course of expression of carcinomas following irradiation. This model has been
applied successfully by Rosenblatt et al. (36) and Goldman et al. (37) in
examining radiogenic tumors following radionuclide injection. It should be noted,
however, that the use of a model presumes certain characteristics of the underlying
tumor expression. Since the theory developed here relates radiogenic expression to
the natural incidence through the use of relative risk, it is possible, in
principle, to avoid the use of any model of temporal expression. If this is
desireable, lifetable methods such as that by Cutler and Ederer (38) may be
employed. This assumes, of course, that valid data are available on the expected
future incidence of carcinomas in the control group. A polynomial fit to the
control data (or predictions) would then suffice for epidemiologic analysis of the
relative risk factor.

The general formulation for the logistic describing cumulative incidence rates
is given by:

E(t) = M / ( 1 + Be" Xt ) (6).

In the present work, equation 6 is replaced by a finite difference equation
reported by Rosenblatt at al. (36). In relation 6, E(t) is the cumulative
incidence at time t, X is a rate constant and B is a parameter determined from a
fit to the data. The term M represents the maximum incidence of the carcinoma
under investigation. Goldman et al. (37) suggest that the parameter B may be
related to a repair potential, which has been described earlier in this paper as
being age invariant. It is further assumed here that the low doses typical in
epidemiological studies do not affect this factor. The rate constant X is inter-
preted as indicating the promotional driving force. Values for these parameters
are obtained from the cohort control data.

The present theory suggests that the difference between cumulative incidence
curves for irradiated and unirradiated cohorts should be reflected in differing
values for M. In this case, M would be replaced by a linear function of P (D),
given in equation 5. The ratio of values for M between the two groups (control
and irradiated) then would correspond to the relative risk factor at the level of
dose assigned. Determining values for the parameters K, C and n in equation 5
would require the use of equal doseage""groups of varying age at exposure (such as
was done earlier in this work). Values for a and 0 would derive from data on
separate cohorts varying in delivered dose but not in age at exposure. Alternativ-
ely, all parameters can be estimated simultaneously by cross comparison between
age and dose cohorts. In either case, it should be clear that the use of broad
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age categories requires integration over the range of ages within the cohort.

Immune Surveillance

The previous estimates have assumed that transformed and "fixed" cells
remain viable until the period of natural expression. There remains, however, a
possibility that such an assumption is invalid. This is, in part, suggested by
the decreased incidence in the 35-50 age group of both the atomic bomb survivors
and the uranium miners (1). While this occurance has been accounted for by the
previous model, it can also be explained by assigning a rate of removal which
applies to "fixed" cells. The functional age dependence of this rate is not
known at present, but some loose bounds can be placed on the function. Results may
then be compared to the results obtained under the first set of model assumptions.

If all of the difference in relative risk between the 35-50 and 50 age groups
arises from the removal (assuming x is constant after age 30) mechanism, and if the
removal constant A is assumed age invariant until loss of surveillance at some
fixed age T, it is possible to determine values for the triplet (K,C,n). Equation
5 is replaced bv the relation:

P (D) = N(t) ( aD + g D2 ) ( Kx" + C ) e" ( A ( t~ T ) ) (7),

where t is the age at irradiation. Employing the atomic bomb survivor data, the
value for A is determined to be approximately 0.1 year . This corresponds to a
removal halftime of 6 years. Harley and Pasternack (39), in a partially similar
development, employ a minimum halftime of 10 years (although their value was
chosen a priori). Substituting the value of 0.1 into equation 7, and using the
data as described in the development of the first model, the triplet (K,C,n) is
determined to have values of (0.64, 85, 3 ).

Table 1 summarizes results under the three sets of model assumptions. In the
first and second models, the triplet has the values (0.208, 0.792, 2). These two
models differ only with respect to the cause of increasing radiosensitivity after
age 30. In the first case, the cause is a generalized increased "fixation" which
is related linearly to the natural rate. In the second, equation 5 is presumed to
hold after age 30, with values of x increasing linearly with age. The third model
utilizes equation 7 throughout the lifespan, with the removal rate constant at 0.1
until the onset of increased natural incidence. After this point, it is set equal
to zero. The "true" model probably incorporates features of all three models,
with the functional form of age dependence lying within the range of the three
models reported here.

Discussion

The above models are intended to interface with age-period-cohort analyses.
They may be applied to instances where exposure is extended over some appreciable
period of time. The logistic curve in the exposed group will then display a value
of M which has been compounded by exposures occurring at many ages. In addition,
it is necessary to employ a minimum latency period to exposures occurring
within a short time of the onset of "natural" carcinomas. By way of example,
consider a cohort of individuals, each receiving a temporal pattern of dose
given by f(t), where the initial time is the start of exposure. If f(t) goes to
zero at a time separated from the onset of natural increase by the latency period,

509



then the analysis outlined earlier is applicable.

In general, however, it should be expected that individuals would continue
to work until retirement. This would result in doses being delivered during the
period of increased natural incidence. In addition, doses recieved only a short
time before this period (less than the latency period, here taken as 10 years)
would not contribute immediately to changes in the value of M. These doses only
would contribute after the passing of the latency period. As a result, M would
increase with time and strict linear logistic regression would not be possible
on the compounded data. In this event, the data would require decomposition into
a series of linear functions incorporating equation 5 and the latency period.
Non-linear regression could then be performed on a curve of M versus time. If
individuals differ greatly in age at the onset of exposure and in length of
exposure, it would prove necessary to determine separate functions, f(t), for each
individual. This process currently is being performed for an epldemiological
study at a uranium processing plant in East Tennessee.

The logistic analysis described here should not be attempted prior to the
onset of natural incidence in the exposed group. Overestimation of relative risk
is likely before this point due to the expected temporal increase in the number
of naturally induced cells. It should be noted that t in equation 6 is the age of
the individual during this period, and not the time since delivery of dose. This
is a consequence of the particular initiation-promotion formulation presented
here. The assumptions underlying the model would not be satisfied by leukemia
incidence, which apparently follows a course of expression only loosely related
to the natural incidence. The incidence rate of leukemia in the atomic bomb
survivors clearly peaks within a relatively short time and then decays to the
background level (4,40). It should still be possible, however, to employ a
logistic curve to describe the cumulative incidence with time following
irradiation. Values for the parameters in equation 6, however, cannot be
estimated from the control population.

On a final note, several studies have examined the incidence of carcinomas
in experimental animals following injection or inhalation of long-lived radio-
nuclides (41-43). The model developed here applies to such studies, with f(t)
corresponding to the incremental doses delivered during suitably small intervals
beginning at the tiem of injection. Consideration of this additional complicating
factor (internal doses extended in time following intake) must be included in
studies attempting to relate exposure to long-lived internal emitters and the risk
of developing carcinomas. Useful dose-risk factors can be developed only after
proper deconvolution of the data using an appropriate theory.
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TABLE 1

Age-dependent Induction Probabilities per Unit Dose

Age (years)

0
10
20
30
40
50
60
70
80

Induction
1

24.0
2.0
1.3
1.0
1.4
2.8
5.0
6.9
6.1

Probability
2

24.0
2.0
1.3
1.0
1.4
3.5
7.5
13.0
11.0

for Ea
3

45.0
2.3
1.2
1.0
3.0

10.0
10.0
10.0
8.0

* Relative to value at 30.
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