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INTRODUCTION

Ethel S. Gilbert
Pacific Northwest Laboratory

These proceedings provide a summary of papers presented at the seventh
annual ASA Conference on Radiation and Health, held July 12-17, 1988 at the
Cool font Conference Center in Berkeley Springs, West Virginia. More than
forty scientists, including statisticians, epidemiologists, biologists, and
physicists, participated in the conference. Three participants were graduate
students or post-doctoral fellows who received ASA fellowships to attend the
Conference. Sessions were scheduled for mornings and evenings with ample
time for discussion, thus encouraging communication between scientists, from
a variety of disciplines, working on problems related to the health effects
of ionizing radiation.

The 1987 conference focused on lung cancer risks, especially lung cancer
risks due to radon. The BEIR IV report, which addresses health risks of radon
and other internally deposited alpha-emitters, was summarized early in the
conference. Results of analyses of data on miners in Colorado and in New
Mexico were presented as well as analyses of-combined data from several
studies, which were used as the basis of estimates in the BEIR IV report.
Statistical issues related to appropriate analysis of chronic exposure and of
smoking data received considerable attention and discussion. Papers describing
models for lung cancer risks based on exposure to cigarette smoke, radiation,
and other substances provided insights into general understanding of lung
cancer mechanisms. Carcinogenic models were also the subject of a presentation
on radiation-induced skin cancer in humans and anaimals. In addition, relevant
data on animal experiments involving radon exposure were summarized.

Understanding risks requires relating them to dose, and thus the
presentation on dosimetry, both for miner populations and for residents of
U.S. homes, made an important contribution to the conference. Presentations
on current efforts at the state and national level to assess radon levels in
U.S. homes were also of considerable interest to the participants.

The initial paper of the conference provided a perspective on the history
and development of radiation protection standards, and noted the need for
good risk estimates for adequate balancing of risks and benefits. The final
paper of the conference presented initial results from a large epideiniological
study of naval shipyard workers, and described efforts to evaluate both
dosimet^y and the differential healthy worker effect for radiation and non-
radiation workers. A special presentation was made by Dr. Gilbert Beebe of
the National Cancer Institue describing the potential for epidemiological
studies of those exposed as a result of the Chernobyl accident.

I hope that, as a result of the conference, all of us have developed new
insights in our individual fields that can be directly applied to what we do
professionally. In addition, I hope that we have Increased our understanding
of what others in related disciplines are doing, thus broadening our
perspective in the radiation field.

I would like to thank the members of the organizing committee for their
assistance in organizing the conference, including Michael E. Ginevan, Vice
Chairperson, Edward L. Frome, R.J. Michael Fry, Bernard Pasternack, and Jerome
Wilson, who chaired the effort to review applications for fellowships. The
professional support provided by the American Statistical Association is also
very much appreciated, including Fred C. Leone, ASA Executive Director, Richard
L. Anderson, ASA Representative to the Conference, and Mary Barnes, ASA
Conference Coordinator. I would like to thank the Mine Safety and Health
Administration of the U.S. Department of Labor, and the U.S. Department of
Energy for providing partial financial support for the confe.-ence. Finally,
I would especially like to thank the speakers, chairpersons, and all who
participated in the discussions of the conference.

VII



HISTORY AND DEVELOPMENT OF RADIATION PROTECTION STANDARDS
Edward E. Pochin

National Radiological Protection Board, Chilton, Didcot
Oxfordshire, 0X3) ORQ, England

Methods for protection of individuals against
undue exposure to ionizing radiation have
developed progressively since the discovery of
x rays and of radioactivity 90 years ago. These
methods, and the quantitative criteria to whiih
they are related, are of particular interest as
illustrating the kinds of information that are
also needed to provide adequate protection
against a number of other potentially harmful
physical and cnemical agents which may be present
in the working or the general environment.
Similar problems must occur whenever - as in the
case of radiation - severe harmful effects may
occasionally be caused by exposure at even the
lowest doses, without evidence of any entirely
safe "threshold" level of dose. These problems
are compounded when such effects may develop at
long intervals after the exposure, and when they
are indistinguishable from naturally occurring
effects of the same kinds, except by their
increased frequency.

Before the 1920's, with no generally agreed
method of estimating tissue exposure or dose, .10
quantitative criteria of oafe, or adequately safe,
dose could be established, although it had been
known since 1896, within months of the discovery
of x rays and of radioactivity, that "high" local
doses to skin could cause early inflammatory
changes with subsequent fibrosis(1), and since
1902 that cancer might develop in such grossly
damaged areas(2).

With broad international agreement on valid
methods of estimating exposure by J928,^ '
intercomparison between the experience bf clinics
and laboratories became effective, and
quantitative evidence accumulated as to the levels
of exposure at which harmful effects occurred, not
only in patients and radiologists, but also in
cells and animals under radiobiclogical
investigation. Mutations were shown to be caused
in fruit f7ies at exposures as low as 25r in
1949(3) (and down to 5r by 1961X4). In man,
however, in the absence of detailed epidemioJogica?
surveys at moderate dose levels, cancer induction
was detected, and regarded, only as following the
gross early tissue injuries caused by high doses.
Protection criteria, however, were based on the
lowest doses known to produce any harmful early
effects, either in man or in animals;
predominantly as affecting skin, blood forming
tissues, the eyes and the gonads(5).

During the 1950's, however, 5 important papers
were published(6-10), showing that certain types
of cancer (including leukaemia) were caused at
lower c'-'ses than hitherto recognised, down to
about 1 Gy (100 rad) or less, and that their
frequency was roughly proportional to dose. The
suggestion that cancer frequencies might continue
to be related to size of dose down to the lowest
doses, and that there might be no entirely safe
threshold of dose, was supported by evidence on
cancer induction in animals, and by increasing
knowledge of the frequency and effectiveness of
ionizing particle tracks through tissues in
causing potentially malignant cell transformation.

Once it became likely that no safe threshold
dose could be assumed, the basis for radiation
protection standards changed immediately in two
ways. First it was necessary to estimate, on the
limited available evidence what, numerically, was
the risk of exposure of the human body at
different dose rates, or of individual organs when
body tissues were non-uniformly exposed(H). And
second, if any exposure might involve some risk,
how low must risks be kept in circumstances in
which some exposure - occupational or public - was
unavoidable. This latter question necessitates
judgements on relative size of risks from exposure
of different organs, intercomparison of different
kinds of radiation effects in these organs, and
some perspective on the levels of risk resulting
from prevalent non-radiation hazards of life and
of occupations(12,13); with some form of societal
review of the weight that should be, or is,
attached to different types of harmful effect,
imposed in different ways.

While both these requirements are clearly of
general application, the level of achievement that
is practicable in ensuring safety will necessarily
be much greater in some circumstances than in
others, both in the occupational and in the public
fields, and both as regards radiation and other
more familiar sources of hazard. The occupational
radiation exposure of the dentist may be of much
below that of the underground miner of a high ore
uranium body, as the occupational accident rate of
office workers is below that of deep sea fishermen
03).

Currently the mean dose rate in a majority of
industries involving radiation exposure is lower
than ICRP's internationally recommended annual dose
limit by a factor of 20 or more (USA and UK data),
and the mean of all occupational exposures lower
by a factor of about 40(13). In a few industries,
however, and particularly in hardrock mining, the
average annual doses may run at about half the
recommended limit.

The problem of comparing risks of different
kinds(13) was presented for discussion; and
evidence was reviewed suggesting that the
observance of the dose limit had an effect in
constraining occupational doses received at dose
rates considerably lower than the dose limit(14).
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THE BEIR IV REPORT

Jacob I. Fabrikant, M.D., Ph.D.

Dormer Laboratory
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

Introduction

The BE1R-IV Report addresses demonstrated and potential
health effects in human populations exposed to internally de-
posited alpha-emitting radionuclides and their decay products.
Emphasis has been placed primarily on the carcinogenic effects in
humans, and where possible, quantitatve risk estimates for cancer
induction are presented. The largest part of the Report concen-
trates on the health outcomes due to exposure to radon and its
progeny, primarily because of a need for a comprehensive charac-
terization of the lung cancer risk associated with exposure to
radon and its short-lived daughters in indoor domestic environ-
ments. The Report also addresses health effects due to exposure
to other groups of radionuclides and their progeny that emit
alpha particles, viz., the isotopes of polonium, radium, thorium,
uranium, and the transuranic elements.

Alpha-emitting radionuclides and their daughter products
may be absorbed into the tissues of the body following inhalation
or ingestion, through wounds in the skin, or after injections and
instillations for diagnostic or therapeutic medical applications,
and irradiate adjacent cells, tissues and organs. Laboratory ani-
mal experiments and human studies demonstrate that radiation
effects depend not only on the physical properties of the emitted
radiations, but also on the physical and chemical characteristics
of the radionuclides, which control their deposition, transport,
metabolism, excretion, and reutilization within the body (1-9).
Radiation health effects in humans include cancer induction,
genetic disease, teratogenesis (induction of developmental abnor-
malities), and degenerative changes. The most important target
tissues for cancer induction and degenerative changes are the
respiratory tract, bone, liver, and the reticuloendothelial system.

Lung cancer risk is derived from the epidemiological surveys of
underground miners who breathe high levels of radon-222
progeny; risk estimates based on dosimetric models of the
respiratory tract are complex, and values are based largely on the
location of the target cells in the bronchial epithelium, the
physiological processes involved in the variable dosimetry, and
uncertainties introduced by numerous confounding risk factors, such
as smoking (1.5.8). The risk of bone sarcomas is derived from the
United States radium dial painters who ingested radium-226 and
radium-228 and from German patients who received radium-224
for therapeutic purposes (3). The risk of head sinus carcinomas is
obtained from the United States radium dial painters; the radon-
222 gas and its progeny accumulated in the sinuses and mastoid air
cells in workers with increased body burdens of radium-226 (2).
The human data on liver cancer risk come mainly from Thorotrast
patients who received colloidal thorium-232 dioxide and its
progeny during medical procedures (4). Interpretation of these
studies complicated by the potential physical and chemical
effects of the colloidal material, although laboratory animal
experiments suggest that nonradiation factors of Thorotrast are
not important in liver tumor induction. All of these epidemi-
ological surveys are presently in progress, none is completed, and
the person-years of follow-up are still relatively small, so that
the lifetime carcinogenic risks of alpha-radiation exposure
remain uncertain. And finally, sufficient human data are not
available for assessing the late health effects of the transuranic
elements, e.g., plutonium-239, and here it has been necessary to
estimate risks from these internally deposited alpha-emitters in
humans by simplified mathematical and dosimetric models or

from comparison of effects with other radionuclides, where both
direct experimental observation in laboratory animals and
knowledge of radiation effects in humans are available.
Complications arise in evaluating such comparisons because of
such factors as different time patterns of deposition and
resorption of the various radionuclides, e.g., radium vs.
plutonium in bone.

This Report attempts to respond to a broad range of scientific
questions that impact current public health issues; not all of these
questions can be addressed adequately with currently available
information. There is considerable variation in the amount of
data from epidemiologic studies of human populations and from
experimental animal investigations that are available for each
radionuclide (1-9). For certain of the alpha-emitting radio-
nuclides, such as radon and its daughters, radium and thorium,
human epidcmiological data are available. For others, however,
such as the transuranic elements, some useful information is
available on humans; accordingly, dependence must be placed on
extensive experiments with animals (6). As in all experimental
studies with animals, the extent to which the information and
conclusions can be extrapolated to humans and the confidence that
can be placed on such an extrapolation remain uncertain. Where
human data are available, wherever possible the Committee has
relied on its own analyses using current epidemiological methods
to address these problems rather than relying solely on published
information. The Committee has also explored statistical
methods for analysis of interspecies comparisons of the risks from
different radionuclides where useful animal data are available
and the human data are limited. The Committee recognizes the
uncertainties inherent in such animal-to-human extrapolation;
nevertheless, the Committee believes the methodology intro-
duced helps provide for more detailed comparisons as additional
data from epidemiological and animal studies become available.

Radon

The evaluation of the lung cancer risk from radon and its
progeny has been the most challenging task of the Corr mittee.
Numerous studies of underground miners exposed to radon
daughters in the air of mines have shown an increased risk of lung
cancer in comparison with nonexposed populations. Laboratory
animals exposed to radon daughters also develop lung cancer.
There is abundant epidemiological and experimental data to
establish the carcinogenicity of radon progeny. These observa-
tions are of considerable importance because uranium, from which
radon and its progeny arise, is ubiquitous in the earth's crust, and
radon in indoor environments can reach relatively high levels.
Nevertheless, while the carcinogenicity of radon daughters is
established and the hazards of high levels of exposure during
mining is well recognized, the risks of exposure to lower levels of
radon progeny have not yet been precisely characterized (§).
However, risk estimates of the health effects of lower levels of
exposure are needed to address the potential health effects of
radon and radon daughters in homes and to determine acceptable
levels of exposure in occupational environments.

Two approaches are currently being used to characterize the
lung cancer risks of radon daughter exposure: mathematical
representations of the respiratory tract that model radiation
doses to target cells and epidemiological investigation of exposed
populations, mainly underground miners. The dosimetric



approach used by other investigators and committees provides an
estimate of lung cancer risk of radon daughter exposure that is
based specifically on modelling the dose to target cells. A number
of different dosimetric models have thus far been developed; all
require certain relevant assumptions, some not subject to direct
verification, concerning the deposition of radon daughters in the
respiratory tract and the type, nature and location of the target
cells for cancer induction. Accordingly, the Committee chose not
to use dosimetric models for calculating the lung cancer risk esti-
mates in this Report. The results of such dose-effect models were
used to extrapolate lung cancer risk coefficients derived from the
epidemiological studies of occupational exposure of the under-
ground miners to the general population in indoor environments.
However, the lung cancer risk estimates for radon daughter ex-
posure derived by the Committee in this Report are based solely
on the epidemiological evidence.

The Committee turned to the available epidemiological data
because the studies of radon daughter exposed miners provided a
direct assessment of human health effects. While each of the
investigations has limitations, the approach of a combined anal-
ysis of major data sets permitted a comprehensive assessment of
the health risks of radon daughter exposure and of factors influ-
encing the risk of exposure. In analyzing the data, the Committee
used a descriptive analytical approach rather than using statis-
tical methods based on conceptual models of carcinogenesis or
radiation (dose-response) effects.

The Committee obtained data from four of the principal
studies of radon-exposed miners (the Ontario uranium miners, the
Saskatchewan uranium miners, the Swedish metal miners, and
the Colorado Plateau uranium miners) and developed risk models
for lung cancer from its own analyses.

In the Committee's model, viz., a modified linear dose-effect
relationship, although simple in its mathematical formulation,
the excess relative risk after a 5 y lag period varies with time
since exposure rather than remaining constant and depends on age
at risk: the expression, therefore, is a departure from most pre-
vious risk models which have assumed that the relative risk is
constant over both age and time. In the Committee's relative risk
model, radon exposures more distant in time have a somewhat
lesser impact on the age-specific excess relative risk than more
recent exposures. Moreover, the age-specific excess relative risk
is higher for younger persons and declines at older ages. The
Committee's analysis did not assume a priori that analysis based
on the relative risk was necessarily more appropriate than
alternatives, such as the absolute risk. However, an absolute risk
model would have involved a complex power function of age. The
relative risk form adopted by the Committee provides a simpler
description of observed lung cancer risks in the miner cohorts; it
requires fewer variables than would an absolute risk form.

Recognition that radon and its daughter products may
accumulate to high levels in homes has led to concern about the
potential lung cancer risk resulting from indoor domestic exposure.
While such risks can be estimated with the current model for
excess relative risks, it must be recognized that the Committee's
model is based on data from occupational exposure and under-
ground miners, mortality experience. Several assumptions are
required to apply risk estimates from an occupational setting to
the indoor domestic environment. Accordingly, the Committee
assumed (1) that the epidemiological findings in the underground
miners could be extended across the entire life span, (2) that
cigarette smoking and exposure to radon daughters interact
multiplicatively, (3) that exposure to radon progeny increases the
risk of lung cancer proportionally to the sex-specific ambient risk
of lung cancer, and (4) that a WLM yields an equivalent dose to
the respiratory tract and to the bronchial epithelium in both
occupational and environmental settings. This last assumption
was a qualitative decision by the Committee. The Committee
concluded that additional data on ventilation rates and aerosol

characteristics in mines and homes arc needed to address quanti-
tatively the comparative dosimetry of radon daughters in the
occupational and environmental settings.

Based on the estimates of excess relative risks per WLM of
exposure to radon progeny derived from analysis of the four miner
cohorts, and the assumptions outlined, the Committee projected
lung cancer risks for United S'utes males and females. The
Committee's risk projections estimate lifetime risks, ratios of
lifetime risk, average Jifespans, and average years of life lost for
various exposure rates and durations of exposure. Tables are pro-
vided in the Report for estimating risks conditional on survival
and exposure to a particular age and for smokers and nonsmokers
of either sex. For projecting lifetime effects due to radon exposure,
the Committee used the 1980-1984 United States mortality rates
as referent rates, and a five-year lag period. In all of these cases,
most of the absolute increase in risk occurs to smokers for whom
the risk of lung cancer is ten or more times greater than for
nonsmokers.

Comparisons of estimates of the lifetime risk of lung cancer
mortality due to a lifetime exposure to radon progeny in terms of
WLM and alpha-particle dose to the target cells of the bronchial
epithelium—excess deaths per million persons exposed—made by
this and other scientific committees appear in this table.
Although the present Report uses much information not available
for the earlier reports, the differences mainly reflect differences
in assumptions made and the models used by the various
committees—the present Committee developed risk models for
lung cancer mortality from its own analyses of the epidemiologic
studies.

Study
Excess Lung Cancer Deaths/

lfjSPerson-WLM

1987 BEIR IV
1984 NCRP a>
1981ICRP (5)
1980 BEIR HI ©
1977 UNSCEAR (9J

350
130

150-450
730

20(M50

The BEIR IV Committee's modified relative risk model differs
from the others in that it incorporates a dependence of the rela-
tive risk of lung cancer mortality on both time since exposure and
age at risk. This model was derived from a formal statistical
analysis of primary data from four of the most complete
epidemiological studies of underground miners.

The uncertainties that affect the estimates of the lung cancer
risk due to exposure to radon progeny given in this Report must be
considered by users. These uncertainties include (1) random and
possibly systematic errors in the original data on exposure and
lung cancer analyzed by the Committee, (2) inappropriate
statistical models for analysis or mispecification of the com-
ponents of the models, (3) sampling variation, and (4) incorrect
description of the interaction between radon daughter exposure
and cigarette-smoking (5_). In addition, the actual computed life-
time risk and expected life shortening depend on the age-specific
disease rates of the referent population, in our examples the 1980-
1984 United States population mortality rates. Projections based
on a different referent population would be expected to differ,
although the ratio of lifetime risks and years of life lost to
ambient values may be more stable across populations.

Review of the literature and the Committee's own analyses of
the relevant data did not lead to a conclusive description of the
interaction between radon daughters and cigarette smoking for
the induction of lung cancer. Several data sets were analyzed,
and while the Committee chose a multiplicative interaction on a
relative risk scale for its risk projections, it recognizes that a sub-
multiplicative model is also consistent with the data an.i]v7cd.



However, neither additive nor subadditive models appear
consistent with the available data.

diminishing with a half-life of about 5 y after a minimum latent
period of 4 y.

A few exploratory epidemiological investigations of the lung
cancer risk associated with radon daughter exposure in homes
have been carried out, but the study populations have been small
and the results inconclusive. The Committee judged these
exploratory studies to be inadequate for the purposes of risk
estimation. For this reason, the Committee's risk projections for
the general population are based on the studies of miners. The
Committee concluded that estimates of lung cancer risks from
studies on miners can be used to estimate the potential lung cancer
risk from elevated levels of indoor radon; however, the estimates
derived are uncertain. The Committee has provided estimates of
the effects of indoor exposure to radon in homes while recognizing
that differences between mining and domestic environments and
the interaction between smoking and exposure to radon progeny
remain incompletely resolved.

In laboratory animal experiments the relative toxicity of
polonium-210 is a function of time and radiation dose. At high
doses, it is much more toxic than uranium, plutonium, radium, or
the transplutonic elements. Because of its shorter half-life,
toxicity at longer times and lower doses, it is comparable to
plutonium 239, i.e., about five times as effective as radium-226; at
very low doses and very long times, its effectiveness approaches
that of radium-226.

Experimental studies in humans and accidental exposures
indicate metabolism in the human body is similar to that found in
laboratory studies in animals. Only a few cases of effects in
humans due directly to exposure to polonium-210 have been doc-
umented, and thus estimates of carcinogenic risk from exposure to
polonium cannot be ascertained directly. Estimates for lung cancer
risk from radon in mines can be used to infer risk of short-lived
polonium isotopes; liver cancer risk can be inferred from experi-
ence with the Thorotrast cases, and risk for the longer half-life
isotopes can be approximated from organ specific risks for high-
LET radiation. For example, applying risk estimates for radon-
222 for the short-lived polonium isotopes and for pIutonium-239
for the longer-lived polonium isotopes, on this basis, very
approximate lifetime risks of lung cancer mortality may be
estimated- Liver risks would be similar, but the bone cancer risk
would be considerably less.

Radium

The main sources of information on the health effects of
radium deposited in human tissues are the United States cohorts
with occupational exposure (mostly dial painters and radium
chemists) and medical exposures to radium-226 and radium-228,
and the German patients given repeated injections of radium-224,
primarily for treatment of ankylosing spondylitis in adult life
and tuberculosis in childhood. Malignant effects are almost ex-
clusively the induction of skeletal tumors and to carcinomas
arising in the paranasal sinuses and mastoid air cells. The evi-
dence for induction of leukemia is weak except at dose levels far
in excess of occupational, environmental or therapeutic exposures
encountered during the past 50 y.

The dose-response data for bone sarcomas are characterized by
low-dose regions of zero observed risk. A variety of dose-response
relationships are consistent with the human data within the
higher dose range for cohorts in whom bone tumors have occurred,
the lifetime risk for radium-224 is estimated to be about 200 x 10"4

person-Gy average skeletal dose for children and adults when a
linear function is assumed for the dose response relationship and
taking into account the apparent increase of risk with dose
protraction. Tumors are distributed over time, their frequency

For radium-226 and radium-228 bone sarcoma induction,
various dose-response functions provide statistically acceptable
fits to the data. Within Ihe higher range of exposures where
tumors have been observed to occur, these functions predict
approximately the same r sk for a given exposure. Below this
range, where there have txen no tumors observed, the functions
differ considerably for some exposure levels. The cancer risk
coefficient is estimated to be approximately 2 x 1(T"4 person-year-
Gy.

Bone sarcomas have appeared 7 y after first exposure and
continued to appear throughout life. The appearance time
increases with decreasing dose and dose rate and characterizes a
practical threshold of about 0.8 Gy average skeletal dose below
which the chance of developing bone cancer from radium-226 and
radium-228 during the normal lifetime is extremely small and
possibly zero.

Carcinomas in the paranasal sinuses and mastoid air cells are
observed following exposure to radium-226 or to radium-226 in
combination with radium-228, but have not yet been observed
among persons exposed to radium-224. The tumors occurred as
early as 19 y after exposure and continue to occur throughout life.
In the dose range where tumors have been observed to occur the
linear risk coefficient is approximately 16 x 10"4 person-year-Gy
average skeletal dose from radium-226 (minimum latency period
of 10 y). Causation is thought to be partly associated with the
generation of radon-222 by radium-226 decay with subsequent
irradiation of the sinus and mastoid epithelial tissues by radon-
222 and its progeny.

Thorium

Epidemiological surveys of Thorotrast patients are in progress
in Germany, Denmark and Portugal; additional studies are being
carried out in Japan and the United States. Approximately 4,000
patients are being followed. The late effects of Thorotrast
incorporated in the body are primarily the induction of liver
cancers and bone sarcomas and myeloprolifcrative disorders,
including Icukemias. These appear in excess, notably liver cancer,
in all epidemiological studies.

Risk estimates for thorium-232-induced liver cancer, bone
cancer and leukemia have been calculated; these come from the
epidemiological surveys of the Thorotrast patients who were in-
jected with colloidal thorium-232 dioxide and its progeny. For
liver cancer, a lifetime linear risk coefficient is estimated to be
about 260-300 x 10""4 person-Gy (average dose of alpha radiation
to the liver), with a 20 y minimum latent period. For bone
sarcoma, the lifetime linear risk coefficient is estimated to be
about 55-120 x 10~4 person-Gy (average dose to the skeleton
without bone marrow), and a 5 y minimum latent interval. For
leukemia, a lifetime linear risk coefficient of 50-60 x 10~* person
Gy is estimated with a 10 y minimum latent interval.

Uranium compounds may induce detrimental health effects due
to both chemical toxicity or alpha-radiation damage. Animal
experiments demonstrate a specific toxic effect of natural and
depleted uranium on the kidney, but with little evidence of toxic
effects on other organs, chemical toxicity results in renal damage;
the renal tubules are affected, and chemical complexing leads to
cell death and renal insufficiency. Uranium compounds have
produced lung fibrosis and lung cancer in primates, dogs, and
rodents, due to alpha-particlo irradiation of bone and of the lung,
respectively.



Epidemiological surveys of uranium miners and millers
occupationally exposed chronically to dusts containing relatively
high concentrations of natural uranium compounds have not
demonstrated serious renal disease nor increased rates of malig-
nant rumors. No association has been demonstrated between the
effects of chronic uranium dust and mortality, nor has there been
an association established in humans exposed to low-specific-
activity uranium for renal disease, nonmalignant respiratory
disease, leukemia or bone cancer. However, these epidemio-
logical studies had limited statistical power and there were
confounding risk factors that obscured the interpretations of an
association with alpha radiation during chronic exposure to
uranium.

Experiments in animals using high-specific-activity uranium
suggest that the most probable carcinogenic effect expected in
humans would be an increase in bone sarcomas. Estimates of the
effects of human population exposures to natural uranium indicate
that a small excess of bone sarcomas could result. For a linear
dose-response relationship, ingestion of soluble uranium isotopes
in water or food at a constant daily rate of 1 pCi/d could be
associated with a lifetime risk of 1.5 excess bone sarcomas per
million persons; the incidence of spontaneously-occurring bone
sarcomas in the United States is about 750 per million.

Transuranic Elements

Human exposures to the transuranic elements primarily
involve occupationally exposed workers in nuclear facilities. The
United States Transuranium Registry and other studies involving
several thousand workers who have been accidently exposed,
predominantly to low levels of transuranic elements, have shown
that plutonium tends to concentrate in the tracheobronchial
lymph nodes with smaller amounls in the lung, liver, and bone.
The most extensive epidemiological study of plutonium workers
found that mortality experience for the entire cohort was less
than expected based on United States mortality rates. The
human data and the alpha-radiation dosimetry are, at present,
alone inadequate to provide direct calculation of cancer risk
coefficients in the radiosensitive organs and tissues.

Currently, human cancer risk estimates may be derived from
studies of human populations exposed to other alpha-emitting
radionuclidcs. For lung cancer the lifetime risk estimate is
approximately 700 x 10~* pcrson-Gy, based on the estimates for
radon-222 and its progeny; this value is about one-third greater
than those derived from studies of plutonium in dogs. The
Committee has applied a Bayesian components of variance model
to 15 different data sets for bone sarcoma induction in humans and
laboratory animals. This analysis yields, for plutcnium deposi-
tion in human bone, a lifetime risk estimate of 80-1100 x 10~4

pcrson-Gy. This is based on human radium and animal
transuranic and radium data, and is consistent with estimates
based solely on radium-224 data in human beings. For liver
cancer, the lifetime risk is approximately 300 x 10^ person-Gy,
based on the human Thorotrast data. In applying these cancer
risk estimates to the transuranic radionuclidcs, their origin and
the data on which they are based and the uncertainties
associated with their calculation, must be considered.

Genetic Effects

The genetic effects of an average United States population
exposure of the gonads to 0.01 Gy of low-LET radiation per 30-y
reproductive generation (0.33 mGy/y) has been estimated in the
1980 BEIR III Report. Estimates based on the current incidence of
hereditary disorders and on the relative mutation risk are the
increases expected in the different classes of genetic disorders
among 1 million liveborn people whose ancestors had received
this increased radiation exposure. This information was

combined with RBE values for alpha irradiation derived from
plutonium-239 experiments in mice, specifically an RBE for
mutations of 2.5, and for chromosomal aberrations of 15, relative
to x- and gamma rays. Numerical estimates of incidence of three
classes of genetic effect over a 150-y span (5 generations) were
made for continuous average population gonadal exposure to 0.33
mGy/y. For a stable population of about 1 million persons, nearly
200 dominant, X-linked, and translocation genetic effects would
accumulate over 150 y.

What May We Conclude?

The Committee found it necessary, based on time and resources
available, to narrow the scope of its charge, to examine only
those alpha-emitting radionuclides known to induce health
effects in exposed human populations, and to concentrate its
efforts on specific areas in each case. The Committee's focus and
efforts were strongly influenced by the need to address the health
effects of inhaled radon progeny because of the concern of lung
cancer risk due to increased levels of indoor radon. Where
epidemiological surveys were available, e.g., radon, radium and
thorium, analysis of human data was preferred to laboratory
animal data, e.g., polonium, uranium and the transuranic
elements, for quantitative human risk estimation. The constraints
of time precluded: (1) detailed reviews of the scientific liter-
ature; (2) thorough examination or application of all relevant
mathematical, metabolic and dosimetric models presently being
developed, or the development of new models for each radionu-
clide and each tissue; (3) analysis of the wide range of laboratory
animal experiments for estimation of human risk coefficients; and
(4) characterization of indoor radon levels in the United States or
analysis of the relevant but limited epidemiological data for
estimation of lung cancer risk in the general population. Accord-
ingly, the Committee has attempted to limit the scope of its
Report primarily to those areas of current societal concern, e.g.,
the health outcomes of inhaled radon progeny.

As in the case of the 1980 BEIR-HI Report, the current
Committee cautions that the risk estimates derived from the
epidemiological and the experimental animal data should not be
considered as precise numerical values. All are derived from
analyses of incomplete data and involve numerous uncertainties.
It is expected that these risk estimates will change as new infor-
mation and methods for analysis become available. And lastly,
the Committee assumes no responsibility to recommend regulatory
limits, or to address cost-benefit issues involving the radionu-
clides of concern. Such issues are beyond the scope of the task and
the expertise of this Committee.
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BASICS OF RADON DOSIMETRY

Naomi H. Harley
New York Univ. Med. Center, 550 First Ave. New York, NY 10016

Alpha particles passing through
cells in bronchial epithelium in the
upper airways from radon daughters
inhaled and deposited on the airway
surfaces deliver the carcinogenic dose
observed in follow-up studies of
underground miners. The bronchial
epithelium in the region where lung
cancers are seen (branching airway
generations 2 to about 6) is 40 urn
thick. The range of the alpha particles
from radon daughters, are 47 urn and 70
um respectively for 2 1 aPo and !1'Po,
irradiating the entire tissue. The site
of most lung cancer, radiogenic or not,
is bronchogenic not the lower or
pulmonary lung. Only a few percent of
the radon daughters inhaled are
deposited on the upper airways. The
majority ( 20%) are deposited in the
lower or pulmonary lung. The large
surface area of the pulmonary region
versus the few hundred square
centimeters of the upper airways makes
the activity per unit area very low in
the pulmonary region compared with the
airways and for this reason the airway
dose is significantly higher. It is not
possible to measure the bronchial
activity directly with external counting
even though two of the short-lived
daughters emit gamma radiation. This is
because the bronchial tree is surrounded
by the pulmonary lung and the activity
in the lower lung is overwhelming.
Thus, calculations of the alpha dose
must suffice unless a new and
revolutionary counting device is
developed.

Although there are several
published calculations of the alpha dose
to cells in the bronchial epithelium, a
few have remained suspicious of these
dose models because ten factors must be
brought into any serious dose modeling.
The alpha dose is not necessary for
estimating the lung cancer risk from
radon daughters because all of the
measurements in underground mines were
made in units of the working level month
(WLM) and the risk may be related to
this air exposure. However, to
transport the risk in underground mines
to environmental exposure in homes
requires a knowledge of the dose per
unit exposure expected at both
locations. Also, to relate radon

daughter induced lung cancer to other
types of radiation induced cancer, the
bronchial dose is necessary.

The factors required in the
calculation are,

Physical Factors

Radon daughter disequilibrium
Particle deposition models
Physical radiation dose calculation
Unattached fraction of daughters
Particle size of carrier aerosol

Biological Factors

Breathing pattern (nasal deposition)
Bronchial morphometry
mucociliary clearance rates
Mucus thickness
Location of target cells in bronchial

epithelium

There are published data for all of
the factors described. The most recent
data included in our model is the
measured deposition in the airways.
This work was performed at NYU Medical
Center by Dr. Beverly Cohen and the
deposition in a hollow cast of the human
upper airways was measured for 0.03,
0.15 and 0.2 um diameter particles under
cyclic inspiratory flow. This refined
previous calculations but did not
substantially change the actual dose per
unit exposure delivered to the airways.
The alpha dose has remained at about 0.5
rad/WLM over many minor changes in input
data in the models of bronchial dose.

The parameter which most affects
the bronchial dose is the particle size
of the carrier aerosol. The usual
aerosol size encountered in the
environment has been measured as 0.12 um
and for underground uranium mines 0.17
um. A small shift in size of from 0.12
to 0.17 um, for example, does not affect
the alpha dose except in a very minor
way. Unusual aerosols, such as those
from open flame burning with a kerosene
heater for example, generate measured
particle sizes of 0.03 um. This does
affect the dose to the bronchial airways
and the calculated dose conversion
factor is 2 rad/WLM exposure. On the



other hand larger particles such as
hygroscopic particles which grow in the
lung to about 0.5 urn have reduced
deposition and, consequently, a reduced
alpha dose (0.2 rad/WLM) to cells in the
airways. Although of interest, these
unusual aerosols are rare and do not
affect a substantial fraction of the
population. It still appears that the
dose per WLM in the environment is
within 20% of the dose in mines with the
envronmental dose per unit exposure
always somewhat higher than the mining

value. This result is a consequence of
the lower breathing rate in a home
environment with slightly higher
deposition in the airways and the
somewhat higher fraction of unattached
radon daughters (those not attached to
the ambient aerosol) in homes versus
mines.

Each of the ten factors and their
effect upon the dose calculation will be
discussed during the presentation.



ANALYSIS OF LUNG CANCER RISKS IN MINERS EXPOSED TO RADON DAUGHTERS: COLORADO MINERS
Richard W. Hornung

National Institute for Occupational Safety and Health, 4676 Columbia Pkwy., Cincinnati, OH 45226

Introduction

The association of lung cancer and exposure
to radon daughters has been well documented
(Lundin, et. al., 1971; Muller, et. al., 1983;
Thomas, et. al., 1985). It was the purpose of
this study to make quantitative risk estimates
for various levels of cumulative exposure, as
well as to identify other factors influencing
the exposure-response relationship. The data
used in this analysis was collected on U.S.
underground uranium miners by the U.S. Public
Health Service, and more recently by the
National Institute for Occupational Safety and
Health (NIOSH).

The study group consisted of 3366 white male
underground uranium miners working in the states
of Colorado, Utah, New Mexico and Arizona. The
actual risk estimates were generated from data
on 3346 members of the coho:t. Twenty miners
were eliminated for not conforming to the cohort
definition or inadequate cigarette smoking
data. A miner entered the cohort after at least
one month of underground mining and after
volunteering for at least one medical survey
between 1950 and 1960. The entry date was
determined by whichever of these events came
later. Mortality status was updated through the
end of 1982 at which time 256 lung cancer deaths
had occurred. Lung cancer was defined as anyone
assigned an International Classification of
Diseases (ICO) code of 162 or 163 (sixth through
ninth revisions). Table 1 compares the
mortality experience of this cohort at the end
of 1977 and 1982.

Statistical Protocol

In order to produce risk estimates as a
function of radon daughter exposure and
cigarette smoking, as well as to investigate the
influence of other confounders and/or effect
modifiers, a statistical model was developed.
Since earlier efforts in analyzing this data
(Lundin, et. al., 1979; Whittemore and McMillan,
1983) indicated that relative risk models
provided a good fit, the analysis was confined
to multiplicative models.

A relative risk model which is particularly
well-suited to longitudinal mortality studies is
one proposed originally by Cox (Cox, 1972).
This model is often referred to as Cox
regression or the proportional hazards model.
The proportional hazards model ;an be expressed
mathematically as:

\(t;z) = X0(t)R(fi;z(t))

Where X(t;z) for this study is the
age specific lung cancer mortality rate for a
nuner with exposure and other risk factors
represented by a covariate vector z. The
underlying age specific lung cancer mortality
rate in the absence of factors z is represented
by \0(t). The function R(£;z(t)) is some
model of risk depending upon the risk factors

z(t) and coefficients H which are estimated
from the data.

Although the exponential or log-linear
function exp(pz) is the usual choice of a
model for risk, any positive function may be
used as long as the risk function is equal to
1.0 when the coefficients |} are all equal to
zero. Two of the most common alternative risk
functions are the linear (1 + |3z) and the
power function (exp (Plnz)) All three of
these types of models were examined with this
data.

There were a considerable number of variables
considered for potential inclusion in the risk
assessment model. Cumulative exposure as
measured by total working level months (WLM) for
each miner was the primary exposure variable. A
working level (WL) is defined as any combination
of radon daughters in 1 litsr of air which
results in the ultimate relatease of
1.2 x 10s MeV of potential alpha energy.
Working level months (WLM) are the product of
months underground (170 hours) and the radon
daughter concentration in WL. Since cigarette
smoking is known to have a strong effect upon
the risk of lung cancer, cumulative smoking
history as measured in pack-years was also
included in the model. Another risk factor
strongly associated with lung cancer mortality
is age. This was tightly controlled by using
age as the time dimension t in the model
\(t;z). That is, the age at death of each
lung cancer victim was recorded and all other
miners alive and at risk were compared to him at
that age. In this way, the cumulative exposure
to radon daughters and pack-years of cigarettes
were incorporated as time-dependent covariates
by calculating their values at each age of death
from lung cancer. This assures that proper
age adjusted comparisons were made throughout
the period of follow-up.

A number of other variables listed in Table 2
were examined in developing the appropriate risk
model. These variables were considered
independently as potential confounders in a
stepwise fashion (both backward and forward
selection procedures) and also as potential
effect modifiers by assessing their interaction
with cumulative radon daughter exposure.

An important consideration in fitting any of
these models was the proper time-weighting of
exposure. Since most forms of cancer, including
lung cancer, have relatively long latency
periods between exposure and manifestation of
the disease, some weighting of exposure over
time is appropriate. The most common weighting
scheme is commonly referred to as lagging. This
involved elimination of any exposure accumulated
in a specified period of years before death from
lung cancer.

To investigate the appropriate number of
years to lag exposure in this cohort, a series
of lags ranging from 0 to 12 years was used.
Figure 1 illustrates the results of these
trials. It is evident from the improved fit, as
measured by the log-likelihood of the model.
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that a lag of 6 years for cumulative exposure is
the best choice for this analysis. Cumulative
cigarette smoking was rather insensitive to the
amount of lag in the range of 0 to 12 years.
Therefore, for the purpose of consistency,
cumulative smoking was also lagged 6 years.

The aim of lagging exposure is the
elimination of exposure which is not
etiologically responsible for lung cancer
mortality. An implicit assumption in the use of
this technique is that exposure changes from
completely effective to completely ineffective
at one instant in time. The actual form of this
weighting function is illustrated in Figure 2.
Because of the biological implausibility of such
a situation, an alternative approach is to
linearly weight the effectiveness of cumulative
exposure over a period of several years
(Mazumdar and Redmond, 1979) . An illustration
of such a weighting function is provided in
Figure 3. Consequently, we tried various
combinations of lagging and linear partial
weighting, with the combination illustrated in
Figure 3 providing the best fit, i.e. a lag of 4
years followed by linear partial weighting in
the period 4-10 years before death from lung
cancer. This scheme provided a fit essentially
the same as that of a simple lag of 6 years, but
was chosen over lagging because of its
biological plausibility.

Development of the Risk Model

Of the three types of risks models used
(log-linear, linear and power function), the
power function model provided the best fit to
the data as measured by the log-likelihood.
This model is of the form <Jxp(Plnz)=zP,
where z is cumulative exposure in WLM or
pack-years of cigarette smoking. Since the
power function model involves the natural
logarithm, zero values of covariates were not
permitted. To avoid this, an estimate of
cumulative background exposure was added to each
miner's cumulative radon daughter and pack-year
totals. Based upotf estimates of background
exposure in the Ur.ited States, 0.2 WLM/years
since birth were added to each miner's
cumulative exposure CNCKP85). This was the same
background used in an earlier report on lung
cancer mortality in this cohort (Whittemore and
McMillan, 1983). In a similar fashion, 0.005
packs per day were added as an estimate of
passive smoking exposure for each day since
birth to the cumulative smoking totals (Hinds
and First, 1975) .

Results of fitting the power function model
to cumulative radon daughter exposure and
cumulative smoking are given in Table 3. Both
effects are sub linear or convex, as indicated
by both coefficients less than unity.

The joint effect of exposure to radon
daughters and cigarette smoking has been an
issue of particular interest in past research.
Therefore, the interaction of radon daughter
exposure and cigarette smoking was assessed in
the multiplicative power function model.
Results showed a negative result
(0 = 0.088, P -- 0.06) which, while not
strictly significant, is suggestive of a
departure from a multiplicative effect. When a

similar analysis was run with mortality data
complete only through 197 7, there was no
suggestion of a significant negative effect.
Therefore, based upon more complete follow-up
through 1982, the joint effect of radon daughter
exposure and cigarette smoking appears to be
slightly less than multiplicative but greater
than additive.

INFLUENCE OF TEMPORAL FACTORS

Exposure-rate effect

Perhaps the most difficult aspect of
producing a valid quantitative risk assessment
is dealing with the effects of various
time-related factors upon the exposure-risk
relationship. One very important temporal
influence concerns the two components of
cumulative exposure itself. In most
longitudinal studies, the quantitative exposure
index is some form of cumulative exposure.
However, cumulative exposure is actually the
product of duration of exposure and rate of
exposure. When one uses cumulative exposure in
assessing risk, the implicit assumption is that
high exposure rates for short periods of time
are equivalent etiologically to low exposures
for long periods of time, all else being equal.

A number of investigators have examined the
effect of exposure rate in the U.S. uranium
miner data and found no statistically
significant results (Whittemore and McMillan,
1983; Lundin, et. al., 1971). Thesa
investigators apparently defined exposure rate
as the ratio of total cumulative exposure and
duration of employment (defined as the period of
time between first and last employment in
underground uranium mining work histories). For
most forms of employment, this is the accepted
definition of average exposure rate. However,
underground uranium mining is a very
intermittent form of employment. The actual
time spent underground was often a relatively
small fraction of the total employment history.
Therefore, exposure rate was redefined as
cumulative exposure divided by the number of
months actually spent underground. This was
often a very different measure than that
obtained by using duration of employment in the
denominator.

Consequently, the effect of exposure rate was
re-examined using the actual average exposure
rate experienced while underground, eliminating
any gaps in employment. Although earlier
analyses using total duration of employment
produced negative but non-significant results,
the refined definition showed a statistically
significant negative exposure rate effect
(0 = -0.043, p < 0.001) as shown in
Table 4. This implies that among groups of
miners receiving equivalent cumulative
exposures, those exposed to lower levels for a
longer period of time are at greater risk of
lung cancer. Because the coefficient is
relatively small, however, an appreciable effect
upon risk of lung cancer would not be expected
unless rates were different by an order of
magnitude, i.e. a miner with exposure received
at a rate of 10 times lower than a miner of the
same age, smoking habits, and cumulative



exposure would have (0.1)-.043 = 1.104 or
10.4'l greater risk of lung cancer.

Because a negative exposure rate effect is
very important and potentially controversial, it
was examined in more depth. Of particular
interest was the possibility that this effect
was different at lower versus higher cumulative
exposure levels. Consequently, the homogeneity
of this effect across the full exposure range
was examined by forming two sub-cohorts: one
below the mean exposure (834 WLM) and one above
the mean. The interaction of the exposure rate
effect with these two strata was then tested.
Results showed a significant interaction (|3 =
0.157, P = 0.019). The direction of the
interaction indicated that the exposure rate
effect was stronger in the lower cumulative
exposure range (0-834 WLM). Specifically, a
miner who received total exposure below 834 WLM
at a rate one-tenth as great as another miner of
the same age, smoking status and cumulative
exposure would have a 58% greater risk of lung
cancer. However, the increased risk would only
be 10% at the lower exposure rate for miners in
the 834-10,000 WLM range.

Age at initial exposure

There was a high degree of variability in the
ages at which members of this cohort were
initially exposed to underground uranium
mining. Therefore, this variable had the
potential to substantially affect risk estimates
in this cohort. Results of the inclusion of age
at initial exposure (in months) indicated a
positive and statistically significant
coefficient (|3 = 0.0023, P = 0.004). This
implies that miners initially exposed at later
ages are at greater risk of lung cancer than '
those exposed at younger ages, all else being
equal. Specifically a miner with the same radon
daughter exposure and smoking history who was
initially exposed 10 years (120 months) later in
age than another miner, would have exp(0.OO23 x
120) = 1.32 or 32% higher risk of lung cancer.

Time since cessation of exposure

To investigate the effect of cessation of
exposure on this cohort, all miners were
identified who had indicated retirement from
uranium mining during the course of follow-up.
Approximately 95% of the cohort had retired for
more than 1 year before 1970. The average time
since last exposure was 18.0 years for those
miners not dying of lung cancer and 9.9 ye%rs
for lung cancer cases.

The time in months since last exposure was
entered as a time-dependent covariable in the
original model containing log of exposure, log
of smoking, and age at initial exposure. The
coefficient of this term was negative and highly
significant (P = -0.005, P < 0.001). Thus,
a miner's chances of surviving lung cancer
increase dramatically with each year outside the
mines. Specifically, the model predicts that
the risk of lung cancer 10 years after mining
uranium is exp(-0.005 x 120) = 0.549 relative to
someone who was currently mining or within 4
years of last exposure with the same cumulative
exposure, smoking history and age.

Effect on relative risk estimation of exposure
measurement errors

In general, it has been shown that relative
risk estimates are biased too low in the
presence of non-differential misclassification
(equal misclassification of disease in both
exposed and unexposed groups)(Bross, 19b4; Keys
and Kihlberg, 1963; Copeland, et. al., 19/7).
Little work has been done concerning the effects
of errors in continuous measures of exposure
upon relative risk estimates obtained frum
statistical models. It is this situation that
is a potential problem to the analysis in this
report.

Prentice (1982) introduced a method for
dealing with errors in individual exposure
measures when using the Cox proportional hazards
model. It has been shown that thu direction of
bias in relative risk estimation depends upon
the error distribution and the shape of the
exposure-response model (Prentice, 1982;
Hornung, 1985). The effect upon risk estimates
using the power function model was investigated
when errors in exjisure are lognormal. Without
presenting the statistical de'-iils, it is
sufficient to say that under these conditions
(power function model and lognormal distribution
of exposure errors) the effect upon relative
risk estimates is relatively low.

The degree of error in individual exposure
measurements was quite high, an estimated
relative standard deviation of 97%. If,
however, these errors were lognormally
distributed about the annual average
concentration in each mine, the degree of bias
in relative risk estimates generated by the
power function model would be low. Regardless
of the form of the error distribution, the
relative risks generated by the
exposure-response model would be too low if the
exposure measurements were systematically too
high, as suggested by Lundin, et. al. (1971).
Therefore, examination of the pattern of error
in the exposure data would suggest that relative
risks produced by the power function model are
either unbiased or possibly a bit low.

QUANTITATIVE RISK ESTIMATES

The previous sections have outlined the
protocol for the risk model development, the
selection of an appropriate quantitative risk
model, the temporal factors influencing risk
estimation, and the magnitude and effect of
exposure measurement errors. These are factors
requiring careful study beforo attempting to
make valid quantitative risk estimates.

In most risk assessments, results are
reported relative to some unexposed population.
In animal studies, a control group in generally
used for this purpose. In life table analyses,
expected mortality is obtained from some
standard population, often that of the United
States. The problems inherent with the use of
such external referents have boon documented
(McMichael 1976; Kntcrline 1976). Although a
sub-cohort of miners unexposod to radon
daughters would be ideal, for a rnforent v-roup,
there weL*e no unexposed minors in the U.".
cohort. Since the proportional hizards ::w.1ol
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uses internal comparisons in generating risk
estimates, risk projections relative to an
unexposed population necessarily involve an
extrapolation to zero exposure. In the case of
the power function model, a background exposure
of 0.2 WLM/years of age was added to every
miner's cumulative total. All risk estimates
are relative to someone exposed to these
background rates. Therefore, quantitative
relative risk estimates are somewhat sensitive
to the choice of background exposure rate.

One way of checking the fit of this model is
to divide cumulative exposure into discrete
intervals and calculate lung cancer risks in
each interval relative to risks experienced in
the lowest interval. In this way, relative risk
estimates are free of any exposure-response
function. If the risk model then fits the risk
estimates in the selected intervals, one would
be assured that the model is appropriate for
quantitative risk estimation.

The cumulative exposure intervals chosen for
this analysis were: less than 20, 20-120,
120-240, 240-480, 480-960, 960-1920, 1920-3720,
and greater than 3720 WLM. Risk estimates in
each interval are calculated relative to the
risk in the interval less than 20 WLM and are
plotted at the mean exposure in each interval:
66.6, 179, 351, 698, 1352, 2579, and 5416 WLM,
respectively. Figure 4 illustrates how these
interval estimates are uniformly lower than
those produced by the risk model when using
0.2 WLM/year as a background rate of exposure.
The shape of the risk model, however, shows
remarkably good agreement with the pattern of
relative risk estimates in the selected
intervals. This implies that the quantitative
risk model has the appropriate shape but is #
shifted upward. This could be due to either an
improper choice of baseline exposure rate or the
fact that all interval estimates are relative to
exposure in the lowest interval, 0-20 WLM. If
there is some level of excess risk in this
interval relative to an actual unexposed
population, the interval estimates would be too
low.

In order to provide a better fit of the risk
model to the interval estimates, the baseline
exposure rate was raised until the risk model
was in close agreement with the interval
estimates. This empirical fit showed best
results when the baseline rate was set at
0.4 WLM/year. This produced a quantitative risk
model which shows a remarkably good fit to the
individual relative risk estimates in each of
the seven exposure intervals. (See Figure 5).
Other factors in the risk model were unaffected
by this change in baseline exposure.

While the selection of a background exposure
rate was motivated by improvement in fit of the
model it may also be a better estimate of actual
background exposures in the Colorado Plateau.
The initial selection of 0.2 WLM/year was based
upon an estimate of average background exposure
in the overall U.S. population (NCRP report,
1984). Exposures near ore-bearing lands are
known to be higher than average (NCRP report,
1975). Therefore, it is probable that
environmental exposures in the Colorado Plateau
are higher than overall U.S. levels, although no
attempt was made to measure the homes of miners

in this study.
The risk model illustrated in Kig. 5

illustrates the estimated risk of lung cancer
mortality as 3 function of cumulative exposure
to radon daughters in WLM units (including
background). All risks are relative to persons
of the same age, smoking history, and birth
decade but with only a background exposure to
radon daughters of 22 WLM. This background was
obtained by multiplying 0.4 WLM/year times
55 years, which is approximately the average age
in the cohort less lag. The convex curvature of
the model implies that the excess relative risk
at lower cumulative exposure levels is greater
per unit WLM than at higher cumulative exposures.

Using this model, relative risk estimates
were calculated for cumulative radon daughter
exposures in the range 30 to 120 WLM (excluding
background exposure) corresponding to exposure
rates of from one to four WLM per year over a
30-year working lifetime. The results are
presented in Table 5. The use of different
exposure rates required the introduction of the
negative exposure rate interactive effect
(Table 4) into the model. These estimates range
from a relative risk of 1.47 at 30 WLM to 2.17 at
120 WLM compared to someone of the same age and
smoking habits with a cumulative lifetime
background exposure of 22 WLM and a background
exposure rate of 0.4 WLM/year. These estimates
(0.9 to 1.4 excess relative risk per 100 WLM)
are slightly higher than those reported for the
Ontario miners (Muller, et. al., 1983), but
somewhat less than the estimates for the Swedish
iron miners (Radford and Renard, 1984). They
are considerably higher than the 0.31 per
100 WLM reported in an analyses of the 1977
follow-up of this cohort (Wliittemore and
McMillan, 1983).

Relative risk estimates are the natural
output of the proportional hazards model.
However, lifetime risk estimates can be
generated by applying these relative risk
estimates as a function of age to the age, sex,
race, and calendar year-specific rates in a
selected referent population. In order to
generate lifetime risk estimates the lung cancer
mortality rates in Colorado, Utah, New Mexico
and Arizona were chosen as the referent
population. These rates were combined in
roughly the same proportion as deaths from lung
cancer in the miners cohort. Lifetime risks of
lung cancer per 1000 persons exposed to radon
daughters were then produced by multiplying the
relative risks by the population mortality
rates. These risks were then combined using an
actuarial procedure involving the use of
conditional probabilities. Since these risks
are for a lifetime which includes years after
cessation of mining, the relative risk model
used for these estimates incorporated the time
since last exposure term described earlier.
This term introduces an exponential decay in
relative risk with increasing time since last
underground uranium mining. The results for a
hypothetical 30 year employment history at four
exposure rates are given in Table 6. It should
be noted that these lifetime risk estimates are
strongly influenced by the age at which the
miner ceases underground exposure. This is due
to the fact that peak risk of lung cancer does
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not occur until beyond age sixty and is almost
non-existant before age forty. Therefore, if a
miner ceases exposure at a relatively early age,
the exponential decay in relative risk predicted
by the model would reduce the multiplicative
effect upon the baseline population rate before
the peak risk age interval was reached. The
result will be considerably smaller lifetime
risk estimates for miners leaving underground
uranium mining at earlier ages compared to those
leaving when they are older, cumulative exposure
being equal.

Obviously all these estimates are subject to
the usual caveats concerning extrapolation from
higher cumulative exposures and exposure rates.
Because relatively little data is currently
available in this cohort below 120 WLM
(15 lung cancer deaths out of 709 miners after
time-weighting of exposure), there may be some
doubt that the model used actually is
appropriate at these low levels. However, the
pattern of relative risk estimates produced in
each of the categorized exposure levels would
suggest that this model fits the data well in
range of 60 to 6000 WLM.

SUHMARY AND CONCLUSIONS

A valid quantitative risk assessment is much
more than simply fitting an exposure-response
curve to mortality data. This is especially
true when considering an epidemiologic risk
assessment. There are a great variety of risk
factors and temporal effects that may alter the
interpretation of the data analysis. This
analysis is an attempt to address such modifying
influences in an effort to better understand the
underlying cancer mechanisms operative in the
cohort of U.S. uranium miners exposed to radon
daughters.

There were a number of findings which are
important in assessing the risk of lung cancer
in the U.S. cohort.

Influence of cigarette smoking

The joint effect of cumulative cigarette
smoking and cumulative radon daughter exposure
appears to be slightly less than
multiplicative. This would still imply a
synergistic relationship in the usual definition
as an effect exceeding the sum of the two
relative risks. The lung cancer mortality
pattern between 19 7 7 and 1982 suggests that the
joint relationship is gradually moving away from
multiplicative toward additive.

for the present, however, the lack of
clear-cut statistical significance (P = 0.06) of
interaction in the power model makes the
multiplicative model the most reasonable
choice. In addition, cigarette smoking is not a
serious confounder in the U.S. cohort, i.e.
smoking patterns are similar in the various
exposure groups. Therefore, the effect of
cigarette smoking is to increase the relative
risk of lung cancer at all levels of radon
daughter exposure by a multiplicative factor
given in Table 3.

Exposure-rate effect

Analysis of this data revealed tnat modeling
cumulative exposure alone may not adequately
predict the relative risk of lung cancer from
chronic exposure to radon daughters. Miners
receiving a given amount of cumulative exposure
at lower rates for longer periods of time were
at greater risk relative to those with the same
cumulative exposure received at higher rates for
shorter periods of time. This effect is
supported by the convex (decelerating) shape of
the exposure-response model whi .. indicates
lower exposures are more effective per unit WLM
than higher exposures. Though this result may
seem somewhat counter-intuitive, it is
consistent with a variety of animal
carcinogenesis and in-vitro cellular studies
after treatment with radiation (Raabe, et. al,
1983; Cross, et. al. 1980; Chameaud, et. al.,
1981; Hill, et. al., 1982). This implies that
results extrapolated from historical exposures
at high rates may yield conservative results at
current lower rates. Indeed, it is possible
that recently reported lower risk estimates in
the U.S. study as compared to the four other
major radon studies (Thomas, et. al., 1985) may
be due to the higher exposure fates received by
U.S. miners.

Temporal effects

A significant positive effect of age at
initial exposure was found for the U.S. data.
This has the important implication that miners
first exposed at later ages are at greater risk
of lung cancer than younger miners, all else
being e^ual. This effect was not founc1 to be
statistically significant in a case-control
study of this cohort with 197 7 follow-up
(Whittemore and McMillan, 1983). A possible
explanation is that a sample of four controls
per case used in that analysis was not
sufficient for a variable as highly skewed as
age at initial exposure.

Risk of lung cancer was found to be
significantly reduced with increasing time since
last exposure. This reduction was in the form
of an exponential decay function, i.e. eP*-e
where (3 = -0.005 and tc = time in months
after cessation of exposure. This predicts that
excess risk of lung cancer will be reduced
almost 55H ten years after retirement from
underground mining compared to miners with the
same exposure, smoking history and age who were
currently mining or less than 4 years from last
exposure.

Multistage theory of carcinoRenesis

One of the most popular theories for
explaining the temporal patterns in mortality
studies of carcinogenesis is the multistage
model (Armitage and Doll, 1961). The multistage
theory predicts an increase in cancer incidence
as a function of time since exposure to some
carcinogen. In general, the theory proposes
that a malignant tumor arises from a single cell
which has undergone a series of heritable
changes. The changes may be thought of as
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distinct stages in the carcinogenic process,
each with a low probability of occurrence and a
slow progression time in the absence of
carcinogenic exposures. A carcinogen may act on
any or all of the stages in this process.
Carcinogens affecting the first stage are
commonly referred to as initiators, while those
affecting later stages are called promoters or
progres-jors. Initiators are characterized by
long latency periods between initial exposure
and de=th, often exceeding 20 years. Promoters,
on the other hand, usually have shorter latent
periods since fewer stages must be transgressed
before a malignant cell is produced. It is
impossible to prove whether the mathematical
form of the multistage model actually holds in a
given situation. However, a number of its
predictions have been verified experimentally
(Peto, et. ai., 1975). Therefore, if one
subscribes to some form of the multistage model,
it is possible to predict whether exposure acts
at an early or late stage in the carcinogenic
process by examining the temporal patterns in
the data. There has been considerable work
recently concerning the effect on excess
relative risk of age at initial exposure and
time since cessation of exposure in the context
of multistage theory (Whittemore, 1977; Day and
Brown, 1980; Brown and Chu, 1983). By examining
these factors, we may better understand the
underl>ing cancer mechanism operative in this
cohort.

If a late stage is effected by a carcinogen,
tho multistage theory predicts a rising relative
risk with increasing age at exposure and a
falling relative risk with increasing time since
last exposure. The opposite is true for an
early stage effect or initiator. Therefore, if
the multistage theory is applicable to the
cancer process in this cohort, exposure to radon
daughters apparently has primarily a late stage
cr promotional effect. This conclusion is also
supported by the relatively short lag
(4 to 6 years) providing the best fit to the
data. Whether or not the mathematical form of
the multistage theory holds for this data, the
temporal effects are potentially important from
an occupational and public health standpoint.

Quantitative risk estimates

Present-day radon daughter exposures are
considerably less than those experienced in the
past by uranium miners. There is also current
interest in low- level exposure to the general
population from indoor radon and its decay
products. Consequently, the primary cumulative
exposure range of interest in risk assessment

appears to be below 120 WLM. Although
approximately 20% of the cumulative exposures in
this study were below this level, there have
been only 15 lung cancer deaths among this
subgroup after time-weighting as of the end of
1982. Until this cohort is followed to
extinction, epidemiologic models such as that
produced here will be necessary to evaluate the
risk of lung cancer mortality at these lower
exposures.

The model developed for this report provides
a very good fit to the data in the range 60 to
6000 WLM. However, these estimates are three to
four times higher ihan those reported in a
case-control analysis of this data using 19 7 7
follow-up (Whittemore and McMillan. 1983).
There are at least two potential reasons for
this discrepancy. The earlier analysis used
only four controls (non-lung cancers) per case
of lung cancer and was based upon 5 years less
observation. While this may account for small
differences, it is doubtful that this could
explain such a large disagreement. The most
probable reason is that the earlier analysis
used a lag of 10 years which has now been shown
to be much too great. This degree of lag forced
18 lung cancer deaths into the baseline or
referent group in the earlier analysis
(0-21 WLM). This represents approximately 47%
of lunj, cancer deaths expected in the entire
cohort by the end of 1977 (Waxweiler, et. al.,
1981). Since this baseline mortality rate
appears to be too high, its effect would be to
lower risk estimates in higher exposure
categories relative to it.

Care was taken to use a background exposure
rate and exposure weighting function that were
reasonable in this risk assessment. However,
since no actual environmental measurements were
made for members of this cohort, all risk
assessments involving this cohort are somewhat
sensitive to choice of a referent population
and/or background exposure rates. It seems
reasonable that predictions based upon the model
developed in *-.his study would be reliable at
least for occupational exposure to adult white
males. There is little or no mortality data
available regarding '.omen and children. The
risk estimates provided in Table 7 are presented
as an evaluation based upon careful
consideration of all factors thought to
influence such long-term mortality studies. The
resulting risk assessment estimates more than a
doubling of risk of death from lung cancer after
a 30-year exposure to the current standard of 4
WLM per year relative to environmental levels of
radon daughters.
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Table 1

Status of Data Base

19 7 7 1982

Alive

Deceased

Lung Cancer

Other Causes

Total

Number Percent

2388 71.4

958 28.6

18 7 19.5

771 80.5

3346 100.0

Number Percent

2131 63.7

1215 36.3

256 21.1

959 78.9

3346 100.0

Table 2

Regression Variables Considered
in Development of Model

Variable

Cumulative exposure

Average exposure rate

Cumulative cigarette
smoking111

Smoking rate

Age at initial
exposure

Calendar year of
initial exposure

Birth year

Height

Duration of
employment

Units

Working level
months (WLM)

ULM/month

Packs

Packs/day

Months

Year

Calendar year

Short (173 cm)
Medium (173-178 cm)
Tall (>178 cm)

Months underground

Median

430.40

10.30

10,027.00

0.64

348.4

1954

1921

48.0

Range

0.3-10,000+

0.03-998

0.0-61,000

0.0-3.5

101-877

1908-1963

1877-1948

1-371

Years of prior
hardrock mining**

Years 0.0 0-42

* 20.4 percent never smoked
** 62.0 percent had no prior hardrock mining
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Table 3

Radon Daughter and Cigarette Smoking Effects in
Power Funcion Relative Risk Model

Main Effects Model: (WLM+bgra)|51 <packs+bgsb)P2
Risk Factor Coefficient Std. Error

Cumulative exposure (WLM)

Cumulative smoking (packs)

0.626

0.298

0.054

0.050

Likelihood ratio x2=213.2, p<0.001

Interaction model: z^=ln(WLM+bgr)
Risk Factor Coefficient

2=In (packs t-bgs)
Std. Error

zx 1.418

z2 0.922

z-i X Z2 -0.088

Likelihood ratio x2=216.9, p<0.001

_abgr = background radon exposure = 0.2 WLM/year
= background cigarette smoking = 0.005 packs/day

0.419

0.336

0.046

Table 4

Quantitative Relative Risk Model

Risk Factor Coefficient

0.731

0.291

0.0023

-0.043

Std. Error

0.062

0.050

0.0008

0.001

ln(Cumulative exposure+bgra)(WLM)

ln(Cumulative smoking +bgsb)(packs)

Age at initial exposure (months)

In(Exposure rate)(WLH/month)

Likelihood ratio x2=228.8, p<0.001

Exposure rate interaction model

ln(Cumulative exposure+bgr)

ln(Cumulative exposure+bgs)

Age at initial exposure

In(Exposure rate)

In(Exposure rate) x exposure category

0.660

0.292

0.0024

-0.198

0.157

Exposure <834 WLM=0
Exposure >834 WLM=1

Likelihood ratio x2=234.2, p<0.001

abgr = background radon daughter exposure =0.4 WLM/year
= background cigarette smoking = 0.005 packs/day

0.066

0.050

0.0008

0.06 7

0.06 7
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Table 5

Quantitative Risk Estimates of Lung Cancer at Tour Exposure
Rates Over a Thirty Year Working Lifetime

Exposure
Rate

1 WLM/year

2 WLM/year

3 WLM/year

4 WLM/year

Cumulative Exposure
(30 Years)a

30 WLM

60 WLM

90 WLM

120 WLM

Relative
Riskb

95% Confidence
Limits

1.47

1.73

1.96

2.17

1.23 - 1.77

1.29 - 2.32

1.36 - 2.84

1.47 - 3.32

• Exclusive of background exposure

k Risks are calculated using exposure rate interaction model in Table 6
relative to miners of the same age and smoking habits with a cumulative
lifetime background exposure of 22 WLM and background exposure rate of
0.4 WLM/year.

Table 6

Lifetime Risk1 of Lung Cancer for White Male Miner*
Beginning Exposure at Age 30 and Ending at Age 60

Exposure Rate

Background

1 WLM/Year

2 ULM/Year

3 WLM/Year

4 WLM/Year

Total Cumulative Exposure2

0.0 WLM

30 WLM

60 WLM

90 WLM

120 WLM

Risk/1000

45.8

53.1

63.3

73.7

83.6

Excess Risk/1000

0.0

7.3

17.5

27.9

37.8

1 Using power function model with relative risk decreasing at rate «
exp(-0.0051 months) beginning four years after cessation of exposure.

2 Exclusive of background exposure outside the mines.
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FIGURE 1
EFFECT OF LAGGING OF RAOON DAUGHTER EXPOSURE
OH THE LIKELIHOOD OF THE RISK ASSESSMENT MODEL
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FIGURE 3
EXAMPLE OK LAGGING WITH PARTIAL WEIGHTING
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FIGURE 4
RELATIVE RISK AS A FUNCTION OF CUMULATIVE RADON DAUGHTER EXPOSURE
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FIGURE 5
RELATIVE RISK AS A FUNCTION OF CUMULATIVE RADON DAUGHTER EXPOSURE
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LUNG CANCER EPIDEMIOLOGY IN NEW MEXICO URANIUM MINERS
Dorothy R. Pathak, Marion V. Morgan, and Jonathan M. Samet

Dorothy R. Pathak, The New Mexico Tumor Registry, The University of New Mexico Medical Center
Albuquerque, New Mexico 87131

The Uranium Epidemiology Study at The Universi-
ty of New Mexico was initiated in 1977 with the
objective of examining mortality and morbidity
among uranium miners in the Grants mineral belt,
the main uranium mining area of New Mexico.
Underground uranium mining began on a large scale
in New Mexico in the late 1950's. The New Mexico
Health Department took an early interest in the
uranium industry. Efforts were made to monitor
and reduce exposures; consequently, exposures for
New Mexico's uranium miners were generally lower
than those sustained by miners in the Colorado
Plateau region.

The study draws on several sources of informa-
tion on exposure to radon daughters and tobacco
smoking. The principal source of information con-
cerning mining experience, other than uranium,
and tobacco usage is the records of the Grants
Clinic, Grants, New Mexico. The clinic was estab-
lished in July 1957, and has handled pre-employ-
ment and follow-up physical examinations for most
of the uranium miners in the Grants mineral belt.

Estimates of radon daughter exposure come from
several sources:

(a) From 1968 on, we have annual Working
Level Month (WLM) records for each indi-
vidual as reported by each company.

(b) For years prior to 1968 for exposures in
New Mexico, we have to rely on Working
Level (WL) measurements made by the State
Mine Inspector and by the State Health
and Environment Department. Both agencies
took sample readings in the mines and for
certain years provided us with the indi- .
vidual sample readings on a given visit
and a calculated derivative mine index
(Total Mine Index - TMI), which are
person-weighted averages, for (i) the
total underground population and for (ii)
the maintenance/management, slope, haul-
age, and development categories separately.
Since the TMI was not available for all
mines and all years, a formal comparison
of TMI values with mean, median and
trimmed means of individual WL measure-
ments was done to determine which of the
above mentioned statistical functions of
individual measurements was the best pre-
dictor of TMI. Consistently (as measured
by the highest R^ value from linear re-
gressions), we found that the mean of WL
measurements is the best predictor of TMI.

(c) For work experience outside New Mexico,
we rely on WL's estimated by the Public
Health Service for the cohort study of
Colorado Plateau miners. These data
cover miners in Colorado, Utah, and
Arizona.

Candidates for the cohort were identified from
the 21 ,000 miners who had at least one mining
company physical between 1957 and 1976 at the
Grants clinic. The entry criteria into the co-
hort was 1 year of documented underground experi-
ence; 4,048 miners satisfied this criteria. Of
those, 3,055 first worked before 1971 and 993
first worked in or after 1971, when maximum

exposure of 4 WLM/year was implemented as the
federal standard.

Through December 31, 1985, 70 incident lung can-
cer cases were identified through death certifi-
cates, the New Mexico Tumor Registry, physicians,
companies, and records of the Colorado Plateau
study. On review of the records, four of the
cases were found to not meet the entry criteria
of one year underground.

Initial analysis of lung cancer mortality was
done with the conventional person-years-at-risk
approach. To determine the expected numbers of
deaths, we applied New Mexico's age, sex, ethnic
group and calendar time specific lung cancer mor-
tality rates to the appropriate person-year totals.
The standardized mortality ratios (SMR = observed
cases/expected cases) were then calculated. The
oversall ethnic specific SMR's were 5.0 for non-
Hispanic whites and 7.6 for Hispanic whites. We
also looked for an exposure-response with length
of employment serving as a proxy for exposure.
The SMR's were 3.9, 2.5, 7.7, 5.6, 29.9 and 74.6
for years of employment 0-4, 5-9, 10-14, 15-19,
20-24 and 25-30, respectively. The SMR's by
latency (i.e., years since first exposure) were
2.7, 3.9, 8.5, 31.3 and 53.1 for latencies of
0-9, 10-19, 20-29, 30-39 and >40 years, respec-
tively.

In addition to the conventional analysis, a
nested case-control study was conducted. Cases
were the 65 incident cases in Hispanic and non-
Hispanic whites (1 American Indian case was elimi-
nated from analysis) identified through 12/31/85.
Controls were matched in a ratio of 4:1 and satis-
fied the following criteria:

(a) Within 2 years of case's age.
(b) Started working before case died.
(c) Alive at the time of case's death.
For these individuals, we have the following

information:
(a) Years of underground employment.
(b) WLM - provided by companies for years

1968 and later; estimated from the WL
readings made by the State Mine Inspector
or the State Health and Environment
Department for years prior to 1968, or
from WL values prepared by the Public
Health Service for New Mexico and other
states. Underground experience for the
earlier years was documented by review of
employment records or by information given
on the Grants clinic physicals.

(c) Both years of employment and WLM exposures
were cumulated for controls through diag-
nosis date of case.

(d) Cigarette smoking history also cumulated
through diagnosis date of case.

The overall mean exposures (excluding the last
5 years of exposure) for the 65 cases (8 Hispanic
and 57 non-Hispanic whites) and 230 controls (69
Hispanic and 161 non-Hispanic whites) with known
WLM's were 472 WLM and 179 M>i, respectively.
Three cases and 1 control had cumulative exposures
over 1,000 WLM. (Cases - WLM's = 2,257, 3,259 and
5,28); control - WLM - 1,889). The analyses were
done with and without these four individuals.
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The mean exposure levels without these four sub-
jects were 321 for cases and 171 for controls.
Cox's proportional hazards regression program
(PHGLM in SAS) was used to analyze this matched
case-control study. The results of the analysis
for cumulative exposures up to 1,000 WLM (exclud-
ing last 5 years of exposure) are shown in Table
1.

To calculate the excess relat ive risk/WLM (in
the range up to 1,000 WLM), weighted least
squares regression was used. The individual OR's
weighted by the inverse of their variance were

f i t t ed against the midpoint of the correspond-
ing exposure interval . The estimated excess
relat ive risks were 1.04%/WLM and 0.86;i/WLM for
the smoking unadjusted and smoking adjusted odds
rat ios, respectively. The smoking unadjusted
OR's in the table are based on a l l available
data, since parallel analyses carried out on
only the individuals with smoking information
gave similar estimates of OR's and excess rela-
t ive r isk.

Further follow-up of the cohort and comple-
tion of a l l exposure estimates are in progress.

TABLE 1

The Unadjusted and Smoking Adjusted Odds Ratios for the Increasing
Levels of WLM* Exposure Relative to the Baseline of 0-100 WLM

WLM Categories

B-100) (baseline)
[100-200)
[200-300)
D00-400)
[400-500)
E500-1,000)
Eversmoke

•Excludes last 5 year

1
2
1
4
10
12

•s o f i

OR

.0

.0

.9

.2

.1

.7

exp

(95%

(0.8,
(0.7,
(1.6.
(3.0,
(3.7,
--

losure

C.I

5
4
11
34
43

• )

• 1)
• 7)
•2)

• 3)
• 7)

OR 95%
(Smoking

1.0
1.4
1.7
3.7
5.4

25.4
12.8

(0.5
(0.6
(1.1
(1.5
(4.2
(2.0

C.I.)
Adjusted)

, 4.1)
, 4.5)
, 11-8)
, 20.3)
, 153.4)
, 80.8)
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COMBINED EFFECTS OF SMOKING AND RADON EXPOSURE ON RISK OF LUNG CANCER
Jay H. Lubin, Ph.D.

National Cancer I n s t i t u t e , 7910 Woodmont Avenue, Bethesda, MD 20892

Introduction
An evaluation of the role of exposure to

radon and i t s decay products in the et iology of
lung cancer would be incomplete without an
assessment of the ef fects of c igaret te consump-
t i o n , the leading cause of lung cancer. In t h i s
report we review published studies and present a
general methodology for formally examining j o i n t
re la t i ve r i s ks . The methods are used to
consider data from a cohort study of Colorado
Plateau uranium miners.

In studies of miners, exposure to radon is
usually measured in units of Cumulative working
level months(CWLM). I t i s the product of t ime,
In units of working months which is taken to be
170 hours, and working leve ls , a measure of
radiat ion exposure. One working level equals
any combination of radon daughters in one l i t e r
of a i r which resul ts in the emission of 130,000
MeV of potent ial energy from alpha pa r t i c l es .

Previous Studies. Results of several
epidemi ologic studies of smoking and radon
exposure are summarized in Table 1. The tab le
i s adapted from a s imi lar tab le i n (27). The
interested reader is referred there for a
deta i led descript ion and c r i t i que of each study.
I t is important to note that most study
populations are smal l . Excluding the various
studies among Colorado miners, the largest
single study has been the Saskatchewan, Canada
cohort with a t o ta l of 62 cases. In add i t ion ,
the cases in the Saskatchewan study and in one
of the Colorado populations were defined by
moderate or worst ce l l atypia based on periodic
sputum cytology and so the studies only
ind i rec t l y address the issue of lung cancer r isk
e f fec ts , that i s , only insofar as r isk factors
fo r ce l l atypia status are predict ive of lung
cancer.

Table 1: Results from selected studies of c igaret te use, radon exposure and lung cancer r isk

Study Area Design Results Comments

Ki runa and
Gal l i va re ,
Sweden (12)

Malmberget,
Sweden (30)

Ueland,
Sweden (14)

Hanmar,
Sweden (3)

Colorado,
U.S.A. (2)

Cases (60) from death
register 1972-82. Two
types of cont ro ls , a l ive
from general population
(60) and deceased from
death regis ter (67)

Cohort study of 1,415
mi ners wi th 50 lung
cancers.

Cases (22) and controls
(178) draun frm death
registry 1960-1978.
Smoking habits obtained
from next-of-kin using
mail questionnaire.

Underground
Miner
No
Yes

Cigarette t

0 <150
1.0 2.4
5.4 21.7

j se

>150
8.4

69.7

Lifetime numberxlO^

Nonmi ner
Miner

Nonsmoker
1.0

10.0

Smoker
1.0
2.9

Housing
type

0
1
2

Cigarette
Ho

1.0
1.3
4.4

use
Yes

2.7
3.6
9.3

Smoking data from in ter -
views of subjects or next-
o f -k in . Results con-
sistent with mult ipl ica-
t ive RR model, although
formal testing not
presented.

Results suggestive of
greater than additive
model. Calculation of RRs
not precisely described.
Formal model f i t t i n g not
presented.

Data were sparse and no
f o r m a ) mdeis were fit
but RRs suggest mu l t i -
p l icat ive in te rac t ion ,
or at least greater than
addi t ive.

See text for category def in i t ions

Cases (29) l is ted in
death regi ster 1957-76.
Controls (174) also from
register, matched on year
of death.

Cohort study of uranium
miners examined through
iy6G. Follow-up from
1964-67 with 39 lung
cancers.

RR for mining 16.6 (90% C. I .
7.8-35.3); RR for smoking
among miners 0.5 (90% C . I .
0.1-2.2)

Lung Cancer
ratexl0b

Mi ners
Expected"1"

Cigarette
use

No Yes

Suggestive of a protec-
t ive effect of smoking
among miners. Results
subject to biases (see
tex t ) .

Mult ipl icative combina-
t ion is suggested.

7 . 1
1 . 1

42.2
4.4

+Incidence based on rates
in mountain states.
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Study Area Design Results Comments

Colorado,
U.S.A. (27)

Grand
Junction,
Colorado,
U.S.A. (31)

New Mexico,
U.S.A. (27)

Cohort study of 3,362 Cigarettes (no./day)
miners followed through WLM 0-4 5-19 20-29 30+
1982, with 256 observed 0-59 1.0+ 2.7 7.8 2.9
lung cancers. Exposures 60-119 0.0 0.0 5.6 26.6
lagged 5 years. 120-239 2.4 9.1 15.3 9.8

240-479 8.4 3.5 14.6 25.8
480-959 17.8 12.6 32.0 34.0

960+ 27.6 36.0 63.6 90.3
+Base1ine category had zero observed
cases replaced by expected (=0.7)

Cases (489) and controls Years Cigarette use
(992) drawn from cohort Underground (pack yrs)
of 9817 miners followed 0 1-20 21+
from 1960-80 for whom 0 1.0 0.3 ?.9
sputum specimens regularly 1-10 7.3 4.1 18.2
obtained. Cases defined 11+ 9.6 9.8 26.0
as moderate or wor^t cell
atypia.

Cases (52) and controls
(222) extracted from
cohort of uranium miners.

Yrs. Mining
Underground

<10
10-14
15-19

20+

Cigarette use (no./d)
<5

1.0
1.0
3.7
0.0

5-14
5.1

12.0
4.2

39.9

16-24
7.0
6.7

17.5
24.0

>25
8.2
6.2
0.0

30.1

Data f i t well with mult i-
pl icative model (p=0.53),
while additive was re-
jected (p=0.03). Al-
though data consistent
with mult ipl icative
model, best f i t t i n g power
model was submulti-
pl icat ive.

Study is of cell atypia.
Suggests multipl icative
effects, although stat-
is t ica l testing not pre-
sented.

Both multipl icative and
additive RR models con-
sistent with data, a l -
though former exhibits
better f i t .

Uranium City, Follow-up for three years
Saskatchewan, of underground miners (249) WLM
Canada ( 5 ) and controls (123) who 0

participated in lung cancer 120
screening program. Cases >120
defined as moderate or worst
cell atypia.

Port Hope, Cases (27) from cancer registry
Ontario (21) 1969-1979. Controls (49) from WLM

cancer registry or family 0
physicians. All subjects >0
residing 7+ years in area.
WLM exposure since 1933
were estimated from homes.

Two studies were carried out in populations
which were exposed to radon in the home (14,21).
Results for levels of excess radon risk and risk
patterns with smoking were in general agreement
with studies among miners. However, direct
comparisons are hampered oy the lack of
comparable quantitative exposure data.

Table 1 shows that radon and cigarette
smoking do not appear to combine additively on
the relative risk scale and that the relative
risk patterns are more compatible with a mult i-
plicative model. These conclusions must be
considered tentative, since most data sets were
small, with few nonsmoking cases and few non-
radon exposed cases.

Formal analyses using models for combined
exposures were reported for two study popula-
t ions. Results for the Colorado data reject
addit iv i ty and are consistent with a mult ipl ica-
tive model, although the "best" model was
submultiplicative (23,27) (see below). Although
data for the New Mexico case control study of
uranium miners were sparse and addit ivi ty could
not be s tat is t ica l ly rejected, the maximum l ike-
lihood model was supramultiplicative (27).

Cigarette Use
No Yes
1.0 2.7
2.6 3.7
1.2 12.6

C iga re t t e Use
No Yes
1.0 10.3
1.9 25.6

Study is of cell atypia.
Few events among non-
smokers. Data and analy-
sis insuff icient to
assess interaction of

Study has few cases, but
suggestive of mult i -
pl icative RR model.

In Table 1, our conclusion for the Swedish
iron ore miners' study dif fers from the authors'
conclusion. Suppose 1+6S is the relative risk
for smokers and 1+BW is the relative risk for
miners. The parameters, 9S and 0W, define the
excess relative risk for smoking and radon
exposure, respectively, with eo=0 and pQ=0
denoting nonexposure. I f the relative risk of
lung cancer were additive, then the jo in t
relative risk model is 1+9S+0W. In the Swedish
data, among nonsmokers, the relative risk for
miners compared to nonmi ners is 1+0 =10.0, so
that Bw=9.0. Among smokers, the relative risk
for miners is (l+es+0w)/(l+9s)=2.9. I f smoking
is unrelated to miner status and i f the
deleterious effect of mining, 0 , is similar in
smokers and nonsmokers, then solving for 6S one
obtains the relative risk for smoking as
1+9S=4.7, which is substantially less than
expected (30,35). ( I f the relative risk for
smoking is l+es=15.0, then the risk for miners
relative to nonmi ners would be
(1+14.0+9.0)/15.0=1.6. while i f l+8s=10.0, the
risk would be 1.9.) Based on these considera-
t ions, we interpret the results of the Swedish

27



study as consistent with a model which is
greater than additive and therefore generally
consistent with other reports.

Results of the case control study from
Hammar, Sweden (3) d i f fe r from other reported
studies, indicating a protective effect of
smoking. The authors explain the finding by
suggesting that smokers have a thickened mucus
layer in c r i t i ca l bronchial regions. However,
the study had few cases and the design may have
introduced biases in exposure assessment. Cases
consisted of the 29 males who died of lung
cancer between 1956-1976. Controls consisted of
174 males who were matched to the cases on time
of death. A subject was considered a miner,
i . e . , radon exposed, i f he appeared on employee
l i s t s of the company. Smoking status was
determined from foremen who were contemporaries
of the miners. Smoking status for nonminers was
not established. Conclusions drawn from these
data are dubious, since the results (nay be
severely biased by the possible inclusion of
controls who died with tobacco-related diseases,
by inadequate company f i l e s , by poor recall by
the contemporaries, or by nonsmokers having
spent more time underground fhan smokers V&)*

Models for relat ive risks for smoking and
radon exposure. Let a, y, w, and n denote
values for age, calendar year periodi cumulative
working level months and number of cigarettes
per day, respectively. Since disease occurrence
is probably not related to exposures immediately
preceeding the event, cumulative working level
months exposure is lagged by several years. In
the example, we lag f ive years, that i s ,
exposure w at age a is the exposure accumulated
through age a-5. Let r(a,y,w,n) define the age
and year specific lung cancer disease fate at
exposure w and smoking rate n and let
i"o(a,y)=r(a,y,w=0,n=0) define the background
lung cancer rate for nonsmokers who are not
miners and therefore assumed not occupationally
exposed to radon decay products. Suppose R(w,n)
is the relat ive risk pattern for the jo in t
effects of w and n, while R(w) and R(n) define
the relat ive risks for cumulative working level
months and number of cigarettes per day,
respectively. We assume "R^D")=1. Ine age ana
year specific disease rate is
r(a,y,w,n)=ro(a,y)R(w,n).

Two strategies for analyzing jo in t exposures
are possible. Suppose the relat ive risks for
radon and smoking Interact mul t ip l icat ive ly .
Then R(w,n)=R(w)R(n) and r(a,y,w,n)=
ro(a,y)R(w)R(n). For a fixed value of n, the
age and year specific relat ive risk for radon

r(a,y,w,n) = rQ(a,y )R(w)R(n) _ R ( w )

r(a,y,0,n) rQ(a,y) R(n)
One strategy is then to estimate the age and
year adjusted R(w) separately for strata, which
are determined by various values of n. If R(w)
is homogeneous across levels of n, then the data
are compatible with a mult ipl icat ive associa-
t i on . If homogeneity 1s s ta t is t i ca l l y rejected,
then an alternative model is indicated. In
practice, a l ikelihood rat io chi-square test can
be used. Suppose radon risk follows the excess
relative risk model, R(w)=l+gw. A l ikel ihood
rat io test is obtained try l i t t i n g an v*6T&\\

linear excess relative risk model R(w)=l+3w and
a stratum specific excess relat ive risk model
R(w) = l+£nw, where 6 is the overall slope
parameter and where 6*, denotes a separate slope
parameter for each level of n. The s ta t i s t i c has
degrees of freedom equal to one less than the
number of strata.

Limitations with this approach are an
inabi l i ty to quantitatively express departures
from the mult ipl icat ive model when R(w) TS
heterogeneous and lack of methods to evaluate
the appropriateness of the mult ipl icat ive model,
compared to competing models, when R(w) is
homogeneous. An alternative strategy is to
model R(w,n) d i rec t ly . In th is way the invest i -
gator can better describe the jo in t relationship
of w and n (and other factors) , and better
evaluate the role of exposure* as related to
public health or to biologic models of disease
processes.

One method of modeling R(w,n) introduces an
additional parameter in order to create a richer
family of models which includes the additive and
mult ipl icat ive models. One such family is (32)
R[w,n;X] = [R(w)R(n)]J[R(w)+R(n)-l]1"x [1]
The parameter X defines a family of smooth
deformations of the relative risk function from
subariditive (\<0) through additive (\=0) and
mult ipl icat ive (x*l) to supramultiplicative
(X.>1). The maximum likelihood estimate of \ 1s
usually estimated indirect ly by f ix ing a
sequence of values and examining the l o g - l i k e l i -
hood value. The rnaximum likelihood estimate, \ ,
is the value that maximizes the Iog-likel1hood.
One can test the f i t of a mult ip l icat ive model
R[w,n;\ = l ]_re lat ive to the maximum likel ihood
f i t R[w,n;X] using the l ikelihood rat io ch i -
square test on one degree of freedom; likewise
one can test the additive model R[w,n;\=0]
relat ive to R[w,n;X]. We use this approach to
consider the Colorado miners' cohort. Note that
because the additive and mult ipl icat ive models
are not nested within each other, the two models
themselves cannot be compared with th is method.
(In a recent paper, Wahrendorf et al (36)
proposes a bootstrap method for comparing
additive and mult ipl icat ive models without
introducing an enlarged class of models.)

I l l u s t r a t i on . The cohort study of Colorado
Plateau uranium miners includes 3,362 workers
who were employed underground for at least one
month prior to 1964. This analysis uses data on
follow-up through December, 1982. There were
over 73,000 person years of observation and 256
lung cancer deaths. Several previous analyses
of the cohort have shown increases in lung
cancer rates with greater radon exposure
(2,19,20,24-26). Reports on the jo int risk of
radon exposure and smoking have also appeared
(2,19,20,23,40).

Variables of interest consist of radon
daughter exposure, measured in cumulative
working level months up to f ive years prior to
age at r isk , and number of cigarettes smoked per
day. Cumulative working level months exposure
was determined by linking work histories of
miners to area measurements of working levels or
to estimates of working levels based on extrapo-
lations or interpolations in time and by mine
sites (26). Smoking information was obtained
from periodic surveys of tne conort \^)
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Data were crossclassified by five age
categories ( <55,55-59,60-64,65-69, 70+), five
calendar year categories (1950-59, 1960-64,
1965-69, 1970-74, 1975-82), six cumulative
working level months categories (0-59, 60-119,
120-239, 240-479, 480-959, 960+) and four number
of cigarettes per day categories (0-4, 5-19,
20-29, 30+). For each cell" we counted the
observed lung cancer deaths and the accumulated
person years and computed mean cumulative
working level months exposure (w) and mean
number of cigarettes smoked per day (n). There
were 578 cells with nonzero person years.
Preliminary analysis showed a quadratic effect
i n w at very high radon daughter exposure (27).
Since primary interest is in the low to moderate
exposure range, we excluded the 52 cells with a
mean radon daughter exposure exceeding 2000
cumulative '-,'orking level months. Data are
summarized in Table 2 by collapsing over age and
year groups, although model fitting utilized 526
cells. There were 151 lung cancer deaths and
over 65,000 person years of observation. It is
seen that the standardized mortality ratios,
based on US white male mortality rates,
generally increase with radon exposure and
number of cigarettes smoked per day.

Recent analyses of four cohorts of radon
exposed miners, including the Colorado cohort,
suggest that radiogenic excess lung cancer
mortality increases with age. However, the
excess did not appear to follow a constant
relative risk model, i.e., excess in constant
proportion to the background rate, as the
relative risk with radon exposure declined with
age at risk anc' >vith time since exposure (27).
The Colorado cv. TL was at variance with the
other cohorts anj did not exhibit a time since
exposure effect when data were restricted to
less then 2000 cumulative working level months.
In the analysis presented below, we therefore
only account for age at risk.

The following analyses are based on regres-
sion techniques assuming Poisson probabilities
and using internal comparisons
(4,6,7-9,15,16,18,23,29). This is carried out
as an iterative weighted regression of the
observed rates in each cell on age, year, w and
n.

For the regressions, the background lung
cancer rate was modeled r(a,y)=oqxa^, where a^,
i=l,...,5, are baseline rate parameters for the
five age categories and a-̂ , j=2,3,4,5, are
parameters for four binary variables defining
five year categories.

We next define models for R(w) and for R(n).
Figures 1 and 2 present crude relative risks for
cumulative working level months and for

Table 2
Data on lung cancer- mortality from a cohort of Colorado Plateau

uranium miners by categories of cumulative working level
months (CWLM) and number of cigarettes smoked per day.

Data excluded for radiation exposure exceeding 2000 CWLM.

No/day

0-4

5-19

20-29

>30

Total

Cumulative Working Level Months
0-59 60-119 120-239 240-479 480-959 >960 Total

Obs
P-yr
SMR
Mean
Mean

Obs
P-yr
SMR
Mean
Mean

Obs
P-yr
SMR
Mean
Mean

Obs
P-yr
SMR
Mean
Mean

Obs
P-yr
SMR
Mean
Mean

CWLM

tf/d

CWLM
#/d

CWLM
#/d

CWLM
0/d

CWLM
#/d

0
5878.8

0.00
15.1
0.2

1
2790.5

0.67
13.8
11.1

7
6848.3

1.97
13.9
20.1

1
2530.5

0.67
15.0
36.8

9
18048.1

1.01
14.4
14.6

0
2263.0

0.00
86.6
0.3

O
894.0
0.00
84.2
11.2

2
2443.5
1.17
85.7
20.2

3
742.0
5.2^
85.3
37.2

5
6342.5

1.04
85.8
13.8

1
2872.0

0.50
169.5

0.3

1439.5
1.87

175.0
11.3

9
3879.0

3.07
174.7
20.1

2
1271.5

1.88
176.8
36.2

14
9462.0

1.98
173.4
14.9

6
3809.3

1.56
341.8

0.1

1
1851.5

0.71
343.3
11.3

12
5236.8

2.91
350.6
20.1

a
1897.0

4.90
352.6
34.9

27
12794.6

2.46
347.2
15.1

11
3404.5

3.43
703.8

0.2

3
1389.0

2.47
708.7
11.2

29
5536.5

6.10
699.7
20.1

14
2148.3

5.99
692.5
36.4

57
12478.3

4.95
700.6
16.5

4
1381.8

3.36
1901.8

0.2

6
1083.0

5.35
1603.3

11.0

10
2186.0
16.38

1778.8
20.1

19
1598.0
14.46

1785.0
34.4

39
6?39.8

9.21
1774.4

17.7

22
19609.3

1.5 2
362.0

0.2

13
9447.5

1.88
394.0
11.2
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cigarettes per day. Abscissa coordinates are
mean values for categories. Relative risks with
increasing radon exposure are well described by
e linear model, as can be seen by comparing
category specific relative risks with the graph
of the fitted regression model R(w)=l+0w. The
slope estimate is 0=0.006, which indicates that
the excess relative risk increases 0.6% per unit
increase in cumulative exposure. The relative
risk pattern for n is not as clear as for w.
Figure 2 presents relative risks by categories
and the fitted regression lines under the models
R(n) = l+6n and R(n)=exp(8n). A linear model for
R(n) appears more compatible with the observed
relative risks. A formal statistical evaluation
revealed that the linear model fits the data
better than the exponential model, although not
significantly so (23). We take for the analysis
R(n) = l+6n. A repeat analysis with the
exponential form had no impact on conclusions.

Previous analyses indicate that relative
risks for radon exposure vary by age at risk
(27). This effect is incorporated into model
[1] by allowing the 3 parameter to vary with
age. Set va=l if a<65 and va=v if a^65 and let
R[w(a)] = l+va6w. For those under age 65 years,
tha relative risk increase is l+6w, while for
those 65 and older, the increase is 1 + Y B W . The
estimated Y then specifies the effect of

increased age on the slope parameter.
Similarly, for cigarettes per day define 6a such
that 6,=1 if a<65 and 6a=6 if a>65 and set
R[n(a)J=l+6a9n. The general mod*el which we
consider for the lung cancer disease rate is
r(a,y,w,n)=o^oc>-R[w(a),n(a);\], where

JR[w(a),n(a);X] =
[(l+vagw)(l+6 en)]x[l+-Ya0w+6a9n]1-x [2 ]

Unless x is exp l ic i t l y fixed at 0 or 1, \ is
unconstrained and \, the maximum likel ihood
estimate, is determined from the data.

In addition to model [ 2 ] , certain restr icted
models were f i t . For testing variation of the
radon effect with age at r isk , we f i t the rela-
t ive risk model R[w,n(a) ; \ ] , which denotes the
model where Ya is constrained to one, so that
R(w)=l+flw for a l l ages. Similarly, we f i t
models which restricted the age variation in
smoking effects R[w(a),n;\] and restr icted the
age effects for both radon and smoking
R[w,n;\ ] .

There are six categories for cumulative
working level months and four for cigarettes per
day. The jo in t radon and smoking relat ive risks
are allowed to vary for ages under 65 years or
ages 65 and over. We defined two additional
modefs for the relative risk in order to assess
overall f i t of R[w(a) , n ( a ) ; \ ] , namely,
l+*(w,n,a) and 1+Y.*(w,n). The term 4(w,n,a)

Figure 1: Relative Risk by Cumulative fUl
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Figure 2: Relative Risk by Cigarettes Per Day
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denotes 2 3 parameters for 6x4=24 exposure
categories under age 65 and 23 parameters for
categories age 65 and over. The complete model
therefore has 5+4+46=55 total parameters. With
the second model, the va parameter is associated
with the indicator of ages under 65 and 65 and
over, while t(w,n) denotes 23 exposure para-
meters. The second model therefore includes
5+4+23+1=33 parameters.

Table 3 presents results from f i t t i n g several
different models to the data. The models
2(A)-(C) have va and 6a f ree, the models
3(A)-(C) have va free and 6a=l for a l l ages,
4(A)-(C) have va=l and 6 free, and 5(A)-(C)
have va=l and 6 a=l . Table 3 also presents tests
of various hypotheses. Comparing model 2(A)
with 1(A) or 1(B) indicates that model 2(A) or
equation [2] above f i t s the data we l l . The test
of homogeneity of the radon effect across age is
clearly rejected, while the smoking effect is
consistent with homogeneity across age
categories. Thus, the model R[w(a),n;X] T'S
preferred.

In each group of models, (A) is the model
with X free, while (B) and (C) constrain \ to
the mult ipl icat ive and additive models, respec-
t i ve l y . Relative to 3(A), the mult ipl icat ive
model 3(B) is not rejected, p=0.76, while the
additive model 3(C) is rejected, p<0.001.

r i
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Table 3
Results for f i t t i n g various relat ive r isk

models to Colorado Plateau uranium
miners' cohort.

1(A)
KB)

2(A)
2(B)
2(C)

3(A)
3(B)
3(C)

4(A)
4(B)
4(0

5(A)
5(B)
5(C)

ModeH

l+4(w,n,a)
l+va4(w,n)

R[w(a),n(a);
R[w(a),n(a);
R[w(a),n(a);

R[w(a),n; X=0
R[w(a),n; X=l
R[w(a),n; X=0

R[w,n(a); X=0
R[w,n(a); \=1
R[w,n(a), X=0

R[w,n; X=0.3]
R[w,n; X=1.0]
R[w,n; X=0.0]

X=0.6]
X=1.0]
X=0.0]

.9]

.0]

.0]

.2]
•0]
.0]

-2xMLL

338.8
368.1

382.4
382.7
394.2

382.8
382.9
395.6

388.6
390.8
396.3

389.9
391.2
398.6

# Param

55
33

14
13
13

13
12
12

13
12
12

12
11
11
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Tests of hypothesis:
Chi-sq (dof)

Fit of mixture model:
2(A) vs 1(A) 43.6 (41)
2(A) vs 1(B) 14.3 (19)

Age effects for w:
4(A) vs 2(A) 6.2 (1)
5(A) vs 3(A) 7.1 (1)

Age effect for n:
3(A) vs 2(A) 0.5 (1)
5(A) vs 4(A) 1.3 (1)

Mult ipl icat ive f i t :
2(B) vs 2(A) 0.3 (1)
3(B) vs 3(A) 0.0 (1)

Additive f i t :
2(C) vs 2(A) 11.9 (1)
3(C) vs 3{A) 12.7 (1)

p-value

0.361
0.766

0.013
0.008

0.471
0.249

0.566
0.764

0.001
<.001

+ See text for def in i t ion of models.

For the mult ipl icat ive model R[w(a ) ,n ; \=1] ,
the parameter estimates were 8=0.0118 (1.8),
Y=0 .073 (1.4) and 9=0.078 (2.6) , where the
numbers in parentheses are mult ip l icat ive
standard errors. (The actual f i t t i ngs use the
exponential of each parameter, for example,
exp(p) in place of 3. This parametrization
results in estimates which are more nearly
symetric and whose distr ibut ion is better
approximated by a normal d is t r ibut ion.) Ninety
percent confidence l imits are obtained by
multiplying and dividing by the standard error
raised to.the 1.64 power. For the radon risk
estimate 0,,the 90% confidence interval is
(0.0118/1.81-64 ,0.0H8xl.81*64) = (0.005,0.030).
The estimate of Y indicates that the excess
relative risk due to radon exposure is reduced
by a factor of about 0.1 for ages over 65 years.

Figure 3 is the graph of the l ikel ihood
values for R[w(a),n;\] by \. The maximum occurs
at X=0.9. The figure shows that the data are
consistent with the mult ip l icat ive model (\=1).
However, the curve drops sharply for \ less than
about 0.3. The f l a t shape for \>0.3 indicates
that a wide range of \ values are consistent
with the data.

Figure 3:2xMax Log-likelihood of Hhr(a),n;)a by X
Maximum Occurs at A=0.9

11 i 11 i i i | i 11 i i i i I i | i 11 11 M i i ; i i i 11 i i i 11
-410-
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Discussion. Results from several studies
(Table 1) and this analysis of the Colorado
cohort lead to a conclusion that a wide range
of relative risk patterns for the combined
exposure to radon progeny and cigarettes, from
submultiplicative through supramultiplicative,
is possible, but that an additive relationship
is unl ikely. A mult ipl icat ive model for
combined exposures is compatible with available
data. A mult ipl icat ive model may well he the
model of choice, because of parsimony and the
general d i f f i cu l t y of precisely defining an
appropriate X.

While th is conclusion currently seems wel l -
supported by published work, i t roust be
emphasized that analyses have relied on limited
data. In addit ion, most studies lack informa-
t ion on current smoking habits, part icularly
whether subjects have ceased tobacco consump-
t i on . Data on other smoking related factors are
usually unavailable, for example, f i l t e r versus
nonf i l ter use, depth and frequency of inhala-
t i o n , and more detail on duration and rate of
cigarette use. The importance of these
covariables has not been evaluated in most study
populations and could conceivably influence
conclusions.

The precise form of the jo in t relat ive risk
pattern has s t r ik ing public health implications.
As before, assume that 9S and 0W define the
excess relat ive risk effects for smokers and for
radon exposure, respectively, with 9o=0 for
nonsmokers and So=0 for nonradon exposed
individuals. For ease of interpretat ion,
consider a variant of [ 1 ] , where the jo in t
relat ive risk is 1+0S+0W+X9S0W (23). As before,
this jo in t model defines a family of models
which include the additive (X=0) and mult ip l ica-
t ive (x= l ) . I f rQ is the background lung cancer
disease rate, then the radiogenic contribution
to the overall disease rate is
ro (1-9s+fV*9s fV- ro (1+0s> = r o!V 1 + x ( V- I f

the combined relat ive risk is additive X.=0, then
the absolute excess due to radon exposure is
r^w and is unrelated to cigarette consumption.
I f the relat ive risk is greater than additive
\>0, in part icular , mult ip l icat ive \ = 1 , then
smoking status affects the radon-associated
excess.

The Report of the National Academy of
Sciences (27) developed a model for the relat ive
risk with radon exposure. Because of a lack of
smoking data, the model was developed ignoring
cigarette use. Although generally applicable
only for populations with similar follow-up and
similar age and smoking characteristics as the
miner groups, the risk model w i l l undoubtedly be
used to project l i fet ime risk of lung cancer in
other populations. A mult ip l icat ive association
for the jo in t effects of radon and smoking
implies that , insofar as smoking behavior is
unrelated to level of radon exposure in the
miner cohorts, the developed relat ive risk model
for radon can be applied without regard to
smoking status or separately to smokers and to
nonsmokers. (Of course, the usual uncertainties
of applying any model beyond the range of
follow-up and of exposures from which i t was
developed and of transferring a model from one
population to another are s t i l l relevant. See

(27) for a further discussion of
uncertainties.)

The effects of gender on the modeling of
radon exposure and of radon and cigarette use is
problematic, since most analyses use data on
male miners. I f gender effects were mult ipl ica-
t i ve , then models for radon apply directly usiig
background rates rQ for males and for females
and models for j o in t exposures apply using sex
specific background rates for nonsmokers.
Despite apparent sex differences in the d i s t r i -
bution of lung cancer by histologic type, rela-
t ive risks for cigarette use are not substan-
t i a l l y different for males and for females
(22,34,35), suggesting a mult ipl icat ive effect
for gender. Thus, there is no a pr ior i reason
to suspect gender effects for radon are not also
mul t ip l icat ive. However, some contrary evidence
has emerged among Japanese A-bomb survivors
where gender effects may be additive (28),
although the relevance of th is finding to radon
exposure is unclear, since properties of the
types of radiation d i f fe r substantial ly.

Biologic implications of the form of the
jo in t mode) as determined by the estimated \ can
also be considered, at least qua l i ta t ive ly . The
multistage model for carcinogenesis assumes that
a cell undergoes a sequence of k d is t inc t ,
heritable and i rreversible stages, which result
in malignant prol i ferat ion (1,13,38,39). A
carcinogen produces i t s effect by acting on one
or more of the cel l t ransi t ion rates. Suppose
there are two carcinogens and each acts at a
single stage. Continuous, long term exposure at
the same stage results approximately in an
additive relat ive risk relat ionship, while i f
the two carcinogens act at d is t inct stages, the
relative risk is approximately mul t ip l icat ive.
The lack of support in the radon data for the
additive model suggests that smoking and radon
do not primarily affect the t ransi t ion rates of
the same stage. The consistency of the mul t i -
pl icat ive model suggests that the two exposures
act at different stages. In miners, however,
th is interpretation is complicated by the fact
that exposure to radon is not l i fe long. Recent
work suggests that th is attenuation of exposure
duration on jo in t relat ive risks would induce a
submultiplicative association (10), precisely
what is observed in the human data. Distinct
stages of action for radon and smoking are
supported by animal studies which have shown
that radon exposure followed by smoking exposure
increases tumor rate, whereas the reverse expo-
sure pattern results in l i t t l e or no increase in
tumor production (11,17).

Current analyses support a submultiplicative
to supramultiplicative relat ive risk re lat ion-
ship for radon and smoking. However, the issue
has yet to be fu l l y resolved, since formal
analysis has not been done in most studies.
This task is complicated by the limited amount
of available data. Additional follow-up of the
miner cohorts with the aquisition of accurate,
up-to-date smoking information is important. In
addition, studies in the general population are
needed to assess whether risk patterns for radon
exposure and for jo int exposure to radon and
smoking are similar to patterns that are found
in miner populations.
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ANALYSIS OF LUNG CANCER RISKS IN WORKERS EXPOSED TO CHLOROMETHYL ETHERS: AN INDUSTRY-WIDE STUDY
Bernard S. Pasternack, Kim W. Collingwood* and Roy E. Shore

New York University Medical Center
Institute of Environmental Medicine

550 First Avenue, New York, New York 10016

Commercial-grade chloromethyl methyl ether
(CMME), which has 12-8% contamination by bis-
(chloromethyl)ether, is used primarily in the
manufacture of ion exchange resins. The carcino-
genic and mutagenic properties of the chloromethyl
ethers (CME) have been established by animal
and in vitro studies. Previously we conducted
a retrospective cohort mortality study of chemical
workers engaged in the manufacture of CMME at
six of the seven major U.S. producer companies
between 1948 and 1972, and reported excess lung
cancer mortality in the CME-exposed at one compa-
ny where higher exposures occurred (Pasternack
et_ al. , 1977). There were significant exposure-
response relationships with respect to exposure
duration and cumulative exposure (defined as
the product of exposure levels and exposure
duration).

The present study was undertaken to character-
ize more precisely the risk of lung cancer death
at lower exposure levels and to examine further
the relationship between time-related exposure
factors and respiratory cancer. This study
has extended the follow-up an additional seven
years, through September 1979, for the six
companies and included the seventh major producer
company for follow-up, so that it has become
an industry-wide study (Pasternack e± al., 1986,
Collingwood, 1986, Collingwood et al., 1987).

The study population was defined from company
records and consisted of all 2460 CME-exposed '
workers, plus a sample of 3690 unexposed workers.
Follow-up was accomplished by using the Social
Security Administration, telephone directories,
state motor vehicle bureaus, post offices, and
employment records. At the study's closing
date, 32Z of the workers were employed, 562
had separated or retired, and 12% were known
dead. Vital status ascertainment was greater
than 952 for the workers at all companies. Of
744 known deaths, death certificates were
obtained for 98%.

Few measurements of workplace air concentra-
tions were made before the early 1970s, but
others have estimated that workroom air concen-
trations ranged from 1 ppm to 10 ppm for CMME
and from 10 ppb to 800 ppb for bis(chloromethyl)-
ether (BCME). Company personnel records provided
information on the duration and relative magnitude
of CME exposure, based on job descriptions,
with allowances for temporal changes in plant
processes. Factors considered in the assignment
of exposure scores included the proximity of
jobs to CMME operations, degree of enclosure,
production-schedule frequency and quantity,
and patterns of air movement.

Mortality from seven selected causes of death
was assessed for CME-exposed and non-exposed
workers at each company separately, and at all
companies combined. Standardized Mortality
Ratios (SMR « observed deaths/expected deaths)
were obtained with expected numbers of deaths
derived from the U.S. general population. In

all companies combined, a significant excess
mortality occurred in exposed workers for all
malignant neoplasms (observed = 80; SMR = 1.6)
and for lung cancer (observed = 52; SMR = 3.0).
Lung cancer deaths at all companies combined
totalled 90 (52 CME-exposed, 38 nonexposed).
The elevated SMR for lung cancer in the exposed
group was attributable mainly to company 2
(observed - 32; SMR • 4.3) and company 7
(observed = 9; SMR - 6.0). Of 32 lung cancer
deaths in exposed workers with known cell types,
the highest proportion was oat cell (38%), while
among nonexposed workers the highest proportion
was adenocarcinoma (31%).

Exposure-response analyses of lung cancer
SMRs and absolute excess risks by cumulative
exposure and latency showed significant positive
trends in mortality by cumulative exposure at
company 2. Analysis by temporal factors showed
that the absolute excess risk decreased with
time since last exposure.

Exposure-response relationships at company 2
were further investigated using an adaptation
of the Mantel-Haenszel procedure for internal
comparisons of lung cancer mortality. After
adjustment for confounding factors, relative
risks increased with increasing exposure duration
and cumulative exposure. The relative risk was
elevated 10-fold in the highest exposure group.
In exposed workers at company 2, life-table
estimates of mean latency showed decreased
latency at higher cumulative exposure levels,
indicating that CME exposures lead to both greater
and earlier lung cancer risk.

Relative risk regression analyses of lung
cancer mortality at company 2, showed that
cumulative exposure and time from termination
of exposure had independent significant effects.
In addition, an interaction was seen between
age at risk and cumulative exposure, such that
exposures had greater effects on risk at younger
ages.

Within the framework of a multistage carcino-
genic process, it appears that CME may exert
its effects at both an early and a late stage.
The former is suggested by the finding of no
effect for age at first exposure, while the
latter is shown by the decrease in risk with
time since last exposure.
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EXPERIMENTAL ANIMAL STUDIES OF RADON AND LUNG CANCER: SUMMARY(a)
F. T. Cross and G. E. Dagle

F. T. Cross, Pacific Northwest Laboratory, P. O. Box 999, Richland, WA 99352

Several biological effects have been observed
in dogs and rodents following the inhalation of
radon and radon daughters; primarily, respira-
tory epithelial carcinoma, pulmonary fibrosis, pul-
monary emphysema ana lifespan-shortening.
Extrapulmonary lesions are generally not a signif-
icant finding in these exposures.

Five variables appear to influence the tumori-
genic potential of radon daughters in the experi-
mental-animal studies:

• Radon-daughtercumulative exposure
• Radon-daughter exposure rate
• Radon-daughter unattached fraction
• Radon-daughterdisequilibrium
• Concomitant exposures to cigarette smoke.

Tumorigenic potential increases with: 1) increase
in WLM-exposure until lifespan-shortening re-
verses the trend; 2) decrease in radon-daughter
exposure rate; and 3) increase in radon-daughter
unattached fraction and disequilibrium. Al-
though simultaneous exposure to elevated levels
of ore dust or diesel-engine exhaust increased the
incidence of emphysema and fibrosis, it did not
appear to increase the number of tumors pro-
duced by high radon-daughter exposures. The
influence of cigarette smoke depends on the tem-
poral sequence of.the exposures. In beagle dogs,
alternating cigarette-smoke and radon-daughter
exposures on the same day produced a decrease
in lung-tumor incidence from that produced by
radon-daughter exposures alone. Smoke expo-
sures completed before radon-daughter expo-
sures did not alter the lung-cancer incidence in
rats; however, smoke exposures following com-
pleted radon -daughter exposures produced a syn-
ergistic effect. The influence of exposure to other
pollutants is unknown at current low radon-
daughter levels in the mines or in the environ-
ment.

Although lung-tumor data differ somewhat,
the overall incidence data in animals (rats, pri-
marily) are similar to present estimated lung-
tumor-incidence data in man. The derived range
in mean lifetime risk-coefficient for atmospheres
with low percentages of unattached daughters,
weekly exposure rates exceeding about 200 WLM
(0.7 J h m-3), and data uncorrected for lifespan
differences from control animals, is about 1 to 5 x
10-4 WLM-1 (300 to 1400 x 10-4*J-ih-im3) between
100 and 5000 WLM (0.35 and 17 J h m-3) expo-
sures. Similar cumulative exposure data from
underground miners are also estimated to range
between about 1 and 5 x 10-4 WLM-'. Recent
data from rats with 20 to 50 WLM (0.07 to 0.17 J h
m-3) exposures, at low exposure rates, place the
lifetime risk-coefficient at about 6 to 8 x 10-4
WLM-1 (1700 to 2300 x 10-4J-ih-im3).

Data observed in animals that are not un-
equivocally demonstrated in human exposures to
radon daughters are: 1) the increase in tumor
production with increase in radon-daughter un-
attached fraction and disequilibrium, and 2) the
importance of the temporal sequence of expo-
sures to cigarette smoke and radon daughters.
(The absence of these findings, however, does not
constitute proof that similar data might not be
obtainable in human exposures but may rather
reflect the paucity of this type of human data.)

The similarities in the human and animal data
presently outweigh the differences between
them. The animal experiments continue to yield
valuable information that help to explain the
effects on man of inhaled radon and daughters,
and associated pollutants, especially in mine envi-
ronments.

(a)General reference: Cross, F. T. (in press). Evi-
dence of Lung Cancer from Animal Studies. In W.
W. Nazaroff and A. V. Nero, Jr. (eds.), Radon and
its Decay Products in Indoor Air, John Wiley &
Sons, Inc., New York, N.Y.
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MULTIPLE STAGES IN RADIATION SKIN CARCINOGENESIS
Fredric J. Burns, Stephen Hosselet, Greg Dudas and Seymour J. Garte

550 First Avenue, Hew York, NY 10016New York University Medical Center,

ABSTRACT
Epithelial cell cancers are induced in rat

skin by ionizing radiation in a manner that is
consistent with the dual action (i.e., 2 altera-
tions) hypothesis of radiation effects on DNA.
This hypothesis states that 2 initial altera-
tions are necessary to start a normal cell on
the pathway to cancer. The expected dose- 2

response relationship has the form Y(D)-aLD+BD ,
where Y(D) is lifetime cancer yield, L is the
average LET, D is dose and a and B are constants
that need to be evaluated experimentally. In
experiments on rat skin exposed to low and high
linear energy transfer (LET) radiation, a and B
have been evaluated. For skin cancer induction
by l_,w LET radiation, the repair halftime was
found to be 4.0±1.0 hrs, and the initial altera-
tion in the DNA is assumed to be repairable with
the same halftime. The dependence of tumor
yield on LET was verified experimentally by com-
paring cancer induction in rat skin exposed to
monoenergetic electrons and argon ions. As an
approach to identifying cancer-relevant events,
tumor DNA was analyzed for oncogene activation.
K-ras and c-myc oncogenes were activated in
highly anaplastic rat skin cancers, whereas only
one of these oncogenes, usually c-myc, was
activated in squamous cell carcinomas and in
comparatively benign basal cell carcinomas.
INTRODUCTION

Rat skin exposed to ionizing radiation, exhi-
bits a variety of tumor types including,
squamous carcinomas, basal cell carcinomas, sar-
comas, and sebaceous cell tumors. These cancers
presumably arise from cells of the appropriate
type within the various tissue structures occur-
ring in skin. Rat skin has proved to be a sen-
sitive and reproducible system for studying the
dose-response and time-response characteristics
of radiation-induced epithelial cancer and for
investigating how the early biological events
associated with the absorption of the radiation
might cause a cell to embark on the pathway to
cancer (Bock, 1977).

Basal cell carcinomas are by far the most
common cancer seen in human skin. These lesions
occur predominantly in white skinned individuals
who lack sufficient pigmentation for filtering
out the ultraviolet component of sunlight.
These cancers rarely (<5X) metastasize beyond
their local site of origin. Ultraviolet light
is thought to be the causative agent of most
human basal cell carcinomas. Other skin cancers
occurring in human skin include squamous carci-
nomas and melanomas, but the causative agents
associated with these cancers are generally un-
known. In early radiation workers whose skin
was heavily exposed to x-rays, squamous carcino-
mas were a common occurrence. Perhaps the most
extensive comparison of cancer incidence in
animals relative to human epidemiological data
is available for skin (Albert, Burns, Shore,
1978; Modan, Baidatz, Mart, 1974).

The multistage theory of carcinogenesis was
originally invoked to explain the temporal
steepness of lung cancer incidence data in
ers Urmitage, fcoiA , WbV>. ttwSiU<* j
of this theory have been postulated to explain

Avenue,
certain aspects of experimental carcinogenesis
in animals, eg. initiation and promotion in
mouse skin (Heniungs and Boutwell, 1970), and
more recently tlie occurrence of multiple
oncogene activations in experimental tumors
(Land, et al., 1983).

Simple elements of this theory are illus-
trated in Figure 1- Each transition, of which 6
are shown, is considered to be a genetic altera-
tion that is transmitted to daughter cells and
represents another step in the "progress" of the
cell to the final neoplastic state. As illus-
trated 2 of the transitions are alterations
caused by action of the carcinogen. The
remainder are spontaneous in the sense that they
do not require direct carcinogen action. There
is a potential for any of the cells at inter-
mediate stages to proliferate into clones
thereby amplifying enormously the accumulated
alterations and cells at risk for the next tran-
sition. Whether such amplification actually
occurs is controversial and has only been shown
conclusively for mouse skin papillomas fBalraain,
et al., 1984).
The Time-Response Function

A single dose of ionizing radiation applied
to rat skin produces epithelial tumors that
begin to appear about 10 weeks after irradiation
and continue to appear at an accelerating rate
essentially until the end of the normal
lifespan. The consistency of this time pattern
is remarkable and is the basis for constructing
dose-response relationships. A time-independent
dose-response relationship is possible if the
overall tumor yield function can be expressed as
a product of a function of time with a function
of dose (Whitteioore and Keller, 1978). This
important idea can be expressed analytically as
follows:

Y(D,t) - f(D)g(t)

(1)

where Y(D,t) is the overall cancer yield in
tumors per animal as a function of dose, D, and
time, t. The functions f(D) and g(t) depend
only on dose and time respectively. For compa-
tibility with the multistage theory of carcino-
genesis, we have chosen the following form for
g(t):

g(t) - c(t-w)

(2)

smok-

where t is time and c, w and n are constants.
This form has frequently been fitted to temporal
cancer incidence data, especially epidemiologi-
cal studies of cigarette smokers. While non-
integer values of n are conceivable, strict con-
sistency with tpe multistage model requires the
use of integer values. Based on single doses of
ionizing radiation in rat skin, n is about 2 if
w is 0 (Figure ?)•

For acute doses of ionizing radiation,
carcinogenically-relevant alterations in the
target cell DNA presumably occur during or
within a few hours alter irradiation. It cancer
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cells existed within these same few hours, the
time of tumor occurrence should be distributed
around a median induction time with the earlier
tumors being the more rapidly growing ones, and
the later tumors being the more slowly growing
ones. However, tumor growth rates as a function
of the time of detection (generally when the
tumors are about 1 mm in diameter) indicated an
equivalent distribution of growth rates among
the late and early tumors (Albert, et al., 1969;
Burns, et al., 1973). Moreover, the distribution
of histological types of tumors was approxi-
mately the same in early and late occurring
tumors. These results are consistent with the
idea that the initial carcinogenic alteration
caused by action of the radiation establishes a
potential cancer cell that does not become an
actual cancer cell until many cell divisions
later.
The Dose-Response Function

The most widely used analytic form of the
dose-response function, f(D), to describe the
effect of radiation on cell lethality and chro-
mosomal aberrations is the, so-called, linear
quadratic function derived from the dual action
theory (national Academy of Sciences, 1980;
Kellerer and Rossi, 1973). The hypothesis
underlying the dual action theory states that
the yield of any biological endpoint requiring 2
radiation-induced events is proportional to the
square of the radiation dose in a microscopic
region of apace that defines the target region
with the cell. In the dual action hypothesis,
alterations or hits resulting in molecular dam-
age are postulated as the starting point for
several measurable endpoints of biological dam-
age.

In this formalism an interaction is assumed
to occur between two primary alterations forming
an aberrant cell that progresses in a stepwise
manner to acquire malignant properties (Burns
and Vanderlaan, 1977; Burns and Albert, 1983).
The interaction is envisioned to proceed quickly
when the events are in close geometrical and
temporal proximity. Furthermore, the events are
assumed to be repairable, so that an interaction
may be averted if one event is repaired before
the second one occurs.

We must assume that the hypothetical events
are determined by the physical location of the
ionizations, which in turn depend markedly on
the LET of the radiation. At extremely low LET
values, where many individual tracks are neces-
sary to produce a given dose, most ionizations
art associated with different particle tracks.
High energy electrons produce only about 3 ions
in traversing an epidermal nucleus, and a few
thousand tracks are required to produce a
nuclear dose of a few Gy. At high LET the
chance of an interaction between alterations in
different tracks is quite low, because the
tracks are well separated and the chance of
interactions within the same track are
correspondingly high. Intratrack events are
simultaneous and interactions occur without the
possibility of repair.

Events in different tracks are independent,
and the probability of an interaction is the
product of the individual events probabilities
yielding a term proportional to dose squared.
Events in the same track events are not

independent yielding a. term proportional to
dose. The above considerations lead to the fol-
lowing dose-reaponse function.

f(D) - aLD + BD
(3)

where f(D; is the cancer yield at a specific
time after exposure, a and B are constants, D is
the radiation dose and L is the linear energy
transfer. Equation 3 is derived from biophysi-
cal considerations of the way radiation dose
distributes statistically in small regions of
space or from various biological hit theories
that are based on genetic alterations, e.g.,
breaks in the DNA, being a primary event. Car-
cinogenic doses of radiation kills many of the
cells in the irradiated tissue, yet the cancer
yield appears not to be reduced by this lethal-
ity, except at extremely high doses. If. as
expected, the alterations relevant to carcino-
genesis are transmitted to daughter cells during
cell division, then cell lethality would not be
expected to reduce the number of cells at risk
if the altered cells participate in the repopu-
lative regeneration to the same extent aa normal
cells. More work is needed to resolve this ques-
tion.

The approach outlined here is overly simpli-
fied in that it neglects a number of potentially
important factors, such as, the cytotoxic effect
of the radiation and the likelihood that a
variety of biological or hormonal factors may
modify the expression of neoplastic and poten-
tially neoplastic cells. Certainly, cytotoxi-
city cannot be ignored at doses above the peak
yield where further dose increases lead to unre-
generated tissue destruction and fewer tumors.
Accordingly, the model outlined can only be fit-
ted to data below the peak.

The occurrence of L in the coefficient of the
linear term of equation 3 is one of the more
important results of the linear quadratic
theory. This question vas examined for cancer
induction by exposing rat skin to an argon ion
beam at the Lawrence Radiation Laboratory
Bevalac Accelerator (Burns and Albert, 1981).
The LET of this bean was high enough (125 kev/fi)
that only a few tracks per nucleus were suffi-
cient to produce doses of several Gy. The
results, » striking confirmation of the
hypothesis, are shown in Figure 3. The dose-
response relationship for argon ions is nearly
linear, exponent-1.20, in the region belov about
9 Gy. The data from Figure 3 can be used to
provide estimates of the relative biological
effectiveness (RBE) for tumor induction as a
function of radiation dose. The resulting RBE
is about 2.5 at the peak yield dose and
increases to about 5 at the lowest dose where
data is available (about 1.0 Gy). With a and B
evaluated, equation 3 can be used to extrapolate
skin cancer risks to low single doses of radia-
tion for any LET value.

Recovery and Repair in Radiation Carcinogenesis
of Skin

Cancer risk for chronic radiation exposure
can not be directly estimated from results
obtained with acute exposures because of the
uncertain effects of split dose repair and
cancer cell brogression. Generally mammalian
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cells are capable of repairing part of the dam-
age caused by the low LET ionizing radiation.
Results in rat skin indicate that carcinogenic
alterations ire subject to similar repair
processes (Burns et al., 1973; Vanderlaan et
al., 1976; Burns et al., 1968; Albert et al.,
1967).

Experiments were conducted to determine how
two or more individual radiation doses add
together to produce their overall carcinogenic
effects. One possible expectation was that mul-
tiple doses produce time functions of tumor
yield that are additive in all time increments.
That such a possibility was not the case was
found on the basis of results where 2 doses of
radiation were applied to the rat skin (Figure
4). The results indicated that the skin cells
were capable of repairing a substantial part of
the radiation damage leading to cancer induction
and the repair half-time was found to be 4.0*1.0
hrs (Burns et -".I., 1975; Burns and Vanderlaan,
1977). If multiple events are involved in carci-
nogenesis, and if one or more events are
repaired before subsequent ones occur, the risk
of cancer induction should be substantially
reduced.

There are numerous candidates for the initial
lesion in DNA that sets a cell on the path to
cancer. Some of the most frequently cited are
DNA strand breaks, base damage in the form of
adducts, base deletion, DNA-protein cross links
and DNA-DNA cross links. Breaks in the DNA
strand structure are one important way that ion-
izing radiation damages DNA. We compared the
induction and reoair kinetics of DNA breaks with
carcinogenesis in the rat skin. DNA single-
strand breaks (SSB), are readily repairable,
presumably correctly, because of the availabil-
ity of an unbroken homologous template (0rmer6d,
1976), but double-strand breaks (DSB) may not be
repairable or may repair in a way that cause*
chromosomal rearrangements (Leenhouts and
Chadwick, 1974). Utilizing alkaline unwinding,
we obtained data indicating that SSB in rat epi-
dermis were produced in proportion to doaa, and
that the repair halftime was about 21 min, not
very different from values found for a variety
of fibroblast cell lines in vitro (Burns and
Sargent, 1981). The short repair halftime for
SSB in comparison to the repair halftima
observed for tumor induction indicates that SSBs
art not the initial lesion in the dual action
theory.
Age and Radiation Carcinogenesis

In the multistage theory of carcinogenesis,
the events necessary to produce a tumor cell can
occur spontaneously which means they might accu-
mulate with age. If spontaneous events relevant
to carcinogenesis accumulate with age, one would
expect a given dose of radiation to produce
tumors more readily in older animals than in
younger ones. To test this expectation, we
exposed rats to single doses of radiation at
various ages. The yield of tumors was deter-
mined at identical times after irradiation (Van-
derlaan et al., 1976). The results contradicted
the expectation that spontaneous events accumu-
late with age. Fewer, not more, tumors at a
given radiation dose were induced in rats irra-
diated at progressively older ages. These
results ara shown in Figure 5.

As an approach to elucidating the molecular
basis of carcinogenic alterations, a group of 12
large radiation-induced rat skin tumors were
analyzed for activation of oncogenes from the
ras and rayc complementation groups (Sawey et
al., 1987). These tumors were of the following
histologic types: 4 squamous cell carcinomas, 3
poorly differentiated carcinomas (clear cell), 1
basal cell carcinoma, 1 sebaceous carcinoma, 1
sarcoma, 1 mixed (mostly squamous) carcinoma,
and 1 fibroma (benign connective tissue tumor)
(Burns and Albert, 1986). DNA was extracted
from the tumors and transfected onto NIH 3T3
fibroblasts. Positive transfections were found
for the 3 clear cell carcinomas, the sebaceous
carcinoma, the sarcoma and 1 squamous carcinoma.
Southern blot restriction analysis revealed rat
derived restriction fragments homologous to the
k-ras oncogene.

Southern hybridization of the original tumor
DNA to the third exon human c-myc probe indi-
cated gene amplification and polymorphism in 10
of the 12 tumors for the restriction enzymes,
bam HI, eco RI and hind III. Neither enhanced
band intensity nor restriction fragment polymor-
phism was seen when the DNA was probed with the
first exon c-myc probe. These results are con-
sistent with an internal rearrangement of the
c-myc gene. Whether the breakage leading to the
rearrangement was caused by direct action of the
radiation has not been established.

Double oncogene activation (k-ras and c-myc)
was found in 4 of the 12 tumors examined. These
were particularly large tumors showing signifi-
cant amounts of local invasiveness and included
3 clear cell tumors and one sebaceous carcinoma.
Amplification of the c-myc gene was found in 4
of 5 squamous carcinomas with the fifth showing
k-ras activation. The sarcoma showed activation
of k-ras but not activation of c-myc.

It is presumed that activation of the k-ras
oncogenu requires a point mutation at a specific
base pair location in codons 12, 61 or a nearby
codca. It is doubtful that radiation doaes as
employed in these experiments (12 Gy) could have
produced an alteration in such a small target
(one base pair) with the frequency that altered
tumor DNA was actually observed. Further stu-
dies are required to link the genetic altera-
tions found in the tumors with the original DNA
alterations produced by the ionizing radiation.
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Figure 1. Diagram of the stages in carcino-
genesis. Genetic alterations labeled C or S are
envisioned to occur in association with cell
division. The C alterations are produced by
action of a carcinogen, while the S alterations
are spontaneous.

Figure 2. Examples of temporal tumor onset
data. Rat skin was irradiated with single or
multiple weekly doses of electron radiation that
penetrated about 1.0 mm. The onset time of each
tumor was taken to be the earliest time of
visual detection. Generally each tumor was
examined and confirmed histologically. Equation
2 was fitted to the data with n-2 and w-0.

Figure 3. Cancer yield as a function of surface
dose at 100 weeks after irradiation for rat skin
irradiated at 28 d of age with monoenergetic
electrons or argon ions. The n values refer to
the best fitting power function based on a least
squares fit.

Figure 4. A plot of the percentage unrepaired
(P) versus time between fractions. P was deter-
mined from the equation:

P-(f(d,O)-f(d,t))/(f(D,O)-f(D,+)), where f(D,O)
is the cancer yield for two doses of magnitude D
given with zero time separation, f(D,+) is the
yield for two exposures well separated in time
(greater than 24 hrs) and f(D,t) is the yield
for two exposures separated by time t.

Figure 5. Cancer yield in rat skin as a func-
tion of x-ray exposure at different ages.
Yields were determined at 70 weeks after irradi-
ation. Error bars are standard deviations
estimated from the total number of tumors.
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PROGRAM

Sunday. July 12
8:00 p.m. Welcome Reception

Monday. July 13
9:00 a.m. Opening Remarks

Ethel S. Gilbert, Chairperson, Conference Organizing
Committee, Battelle Pacific Northwest Laboratories

STANDARDS AND RISK ASSESSMENT
Chairperson: Peter Groer, Oak Ridge Associated

Universities

9:10 a.m. The History of Development of Radiation Protection
Standards
Sir Edward Pochin, National Radiological Protection Board

Overview of BEIR IV
Jacob Fabrikant, Donner Laboratory, University of
California

DOSIMETRY
Chairperson: James F. Park, Battelle Pacific

Northwest Laboratories

7:30 p.m. Basics of Radon Dosimetry
Naomi Harley, New York University, School of Medicine

Tuesday. July 14
ANALYSIS OF LUNG CANCER RISKS IN MINERS EXPOSED TO
RADON-DAUGHTERS *

Chairperson: Edward L. Frome, Oak Ridge National
Laboratory

9:00 a.m. Methods for Analyzing Longitudinal Cohort Data
Bryan Langholz, University of Southern California

Analysis of Lung Cancer Risks in Miners Exposed to
Radon-Daughters: Colorado Miners
Richard Hornung, National Institute for Occupational
Safety and Health

Analysis of Lung Cancer Risks in Miners Exposed to
Radon-Daughters: New Mexico Miners
Dorothy Pathak, University of New Mexico

Evaluating the Combined Effects of Smoking and Radon on
the Risk of Lung Cancer
Jay Lvbin, National Cancer Institute

2:30 p.m. The Status of Potential Epidemiological Studies of Those
Exposed as a Result of the Chernobyl Accident
Gilbert W. Beebe, National Cancer Institute

RADON MONITORING PROGRAMS
Chairperson: John H. Harley, Consultant

7:30 p.m. Radon Monitoring Programs in New Jersey
Gerald Nicholls, New Jersey Department of Environmental
Protection

National Assessment of Indoor Radon
Richard Guimond, U.S. Environmental Protection Agency
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Wednesday. July 15
MODELS FOR LUNG CANCER RISKS

Chairperson: Jerome Puskin, U.S. Environmental
Protection Agency

9:00 a.m. Models for Lung Cancer Risks Resulting from Exposure to
Asbestos, Cigarette Smoke, and Radiation
Julian Peto, Institute of Cancer Research, Great Britain

Analysis of Lung Cancer Risks in Workers Exposed to
Chloromethyl Ethers: An Industry-Wide Study
Bernard Pasternack, New York University Medical Center

DISCUSSION OF ANALYSES OF MINERS
Chairperson: Ethel S. Gilbert, Battelle Pacific

Northwest Laboratories

Edward L. Frome, Oak Ridge National Laboratory

7:30 p.m. Bryan Langholz, Discussion Leader, University of Southern
California
Richard Hornung, National Institute of Occupational
Safety and Health
Dorothy Pathak, University of New Mexico

Thursday. July 16
ANIMAL EXPERIMENTAL STUDIES

Chairperson: Fletcher Hahn, Lovelace Inhalation
Toxicology Research Institute

9:00 a.m. Animal Experimental Studies of Radon and Lung Cancer
Gerald Dagle, Battelle Pacific Northwest Laboratories

Radiation-Induced Skin Cancer Risks in Rats and Humans
Fredric J. Burns, New York University

THE NAVAL SHIPYARD WORKER STUDY
Chairperson: Robert Goldsmith, U.S. Department of

Energy

7:30 p.m. The Naval Shipyard Worker Study
Genevieve Matanoski, Johns Hopkins University, School of
Hygiene and Public Health

Friday. July 17
9:30 a.m. CONFERENCE WRAP-UP

Ethel S. Gilbert, Battelle Pacific Northwest Laboratories
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ASA CONFERENCE ON RADIATION AND HEALTH
Coolfont Conference Center

Berkeley Springs, West Virginia
July 12-17, 1987

Summary of Evaluations

1. WHAT I LIKED MOST ABOUT THE CONFERENCE:

Size and depth with which topics were covered.

The opportunity for statisticians and professionals in the radiological protection
field to meet and to present and discuss the work that each is involved in.

Interaction with other attendees.

Very good planning; very good venue; high quality of participants.

Informal setting; brought together experts from different areas.

The wide variety of topics covered that were pertinent to the theme of the
conference. A good blend of focus plus variety.

The pace was not hurried and there was time to assimilate and understand the
speakers and the talks.

The topic.

It gave me a perspective on the importance of these data sets as well as new ideas
on h«fw to analyze the New Mexico data set.

Informal discussions; having time to meet other participants. This was especially
good at the picnic Wednesday afternoon/evening.

The informal and collegial atmosphere and the attraction of many of the important
scientists, both epidemiologists, statisticians, and public officials all together
in small enough numbers to promote an effective exchange of ideas and information.

Good selection of papers, especially on radon exposure.

Easy, friendly, and welcoming atmosphere, and much good material, stimulatingly
discussed.

Papers.

Small informal setting.

The diversity of the participants. I learned a lot about all aspects of the
problem.

Splendid opportunity provided for bringing the top people in th-i CLelcj
administrative arrangements were handled graciously and most professionally; kudos
to Mary of the ASA staff.

Long sessions with much time for discussion. Good selection of speakers and
audience.
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Good interchange. Some new, or at least unpublished, data presented. Many
well-prepared papers.

2. WHAT I LIKED LEAST ABOUT THE CONFERENCE:

I'd do away with Friday morning wrap up.

Some speakers (invited ones) were not well prepared.

Without a personal car it is difficult to get around Coolfont and see the sights.

Overruns by speakers.

Discussion rambled Wednesday evening.

No complaints!

No active participation (i.e., giving talks) by conference fellows. They should be
given chance to present their work.

Having to leave on Friday!

Free afternoons.

I'm not sure that the specific problems of radon were laid out, so we couldn't
focus on specific solutions.

The unfocused question and discussion period, which was too long and not terribly
productive; chairs were weak and did not add to the program; Friday session
unnecessary.

Wednesday night discussion was not structured well.

Overtime speakers.

3. I WOULD RECOMMEND THESE IMPROVEMENTS:

No Friday morning session.

That other topics in which statistical analysis is pertinent be included (not only
irradiation), e.g., clinical trials, toxicology, etc.

Maybe ask for extended summaries from invited speakers.

General discussion sessions need to be better organized.

Maybe one afternoon an arranged trip to some of the sights around; could be on a
ticket basis for interested attendees.

Ways to keep discussions "in focus" on problems related to statistics.

The formula is correct: small numbers, about one week, in summer, rural conference
site, mix of representatives from key research areas and affected community
(government). More attention to participants. Papers should be available for all
talks.

Effects of non-ionizing radiations and their effects on health should be included
in the conference next year. These non-ionizing radiations have profound effects
or. heurobiological system.
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Perhaps a somewhat tighter chairing of some discussions.

Tighten schedule and run Tuesday-Thursday.

I would have liked to have had fewer sessions which were just with statisticians so
we could discuss some of our technical problems. Others could also have their
groups. This happened informally but it would have been nice if there was some
structure to it.

More effective use of time; while I generally like the a.m., evening schedule
suggests that the meals could be used as either speaker or discussion time
(especially with facilities such as Coolfont, where the group is together for the
most part anyway).

Careful selection of chairpersons. They must be able to direct the questions or
discussions to avoid what happened on Wednesday evening.

Really limit speakers to one hour max. Have chairs control discussion a bit (some
of the less vocal attendants wanted to ask questions but could not gain the
floor). This merely requires keeping an eye on the audience and calling on such
attendees.

4. WOULD I ATTEND ANOTHER CONFERENCE OF THIS TYPE?

Yes (19)

5. OVERALL EVALUATION:

Very high quality for the most part. Program well-arranged, so it gets high
marks. Must also compliment the breaks and the refreshments.

Excellent. (4)

The overall program was solid with well-informed and prepared speakers; informal
interaction was lively—more so sometimes than the formal discussions.

Very worthwhile concept and interchange of ideas.

Good. (2)

Excellent conference with healthy group discussion.

8/10.

I really enjoyed interacting with other individuals who had faced similar problems
in data analysis and were able to share them with me.

Excellently organized and very well managed overall.

Very useful.

One of the best conferences I have attended because of unique organization (morning
and evening sessions) and opportunity for interaction with other researchers.

Very good.

Valuable and enjoyable.

I think the conference is very educative, refreshing, and yet scientific. Very
good inter-participant interaction.
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Excellent meeting. I learned a lot.

6. OTHER SUGGESTIONS:

Think the picnic was a good idea and should be repeated. Include a brief resume of
the Fellows in the package so we can interact with them on an easier basis.

Do not change the Coolfont format. It can turn (easily) into another ho-hum type
of meeting. Try to obtain firm funding by one or two agencies to assure
continuance.

Must make better use of audio-visual aides; sound and slides difficult to
appreciate; the speakers should interact more—should make discussions more lively.

One out of ten talks should be based on the understanding of the mechanism of
interaction of radiation and/or smoking with cell or cell components.

Increase opportunities for educational exchanges and information dissemination and
elaboration.

On the list of participants, put recreation favorites, then golfers can get
together, tennis players, etc.

It is sad, although probably inevitable, that the audience/membership/attendance
tends to diminish during the week.

7. SUGGESTED TOPICS FOR FUTURE CONFERENCES:

Sampling theory and practice—with some papers on sampling results. Look at the
populations near the Nevada and Pacific test sites—mostly exposures, but with an
eye to possible epidemiology.

Population exposure to medical (diagnostic) radiation and risk predictions from
same.

Using statistics in baseball to inform and entertain (half-session); the
Statistician and the Policy Maker.

Effects of non-ionizing electromagnetic radiations on neurobiological disorders (I
have done work in this field and would like to give biochemical and molecular
evidence to prove it).

Bayesian methods. I would be willing to help organize such a conference since I
know many Bayesians personally.

Non-ionizing radiation or new developments in epidemiologic methods, modeling, etc.

Epidemiology of occupational lung diseases. Biological effects of ionizing
radiation.

8. PLEASE EVALUATE AS: A=Very Good; B=Good; C=Fair; D=Poor; E=Terrible

Program: A(15); B(3)
Speakers: A(7); B(9); C(l)
Discussants: A(2); B(9); C(l)
Chairs: A(7); B(8); C(3)
Accommodations: A(6); B(ll); C(l)
Food: A(7); B(7); C(4)
Overall: A(10); B(8)
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9. OTHER COMMENTS:

A lot of material is compressed into very dense presentations. More attention to
the dissemination of this material by having background methods and science
discussed and allowing for more educational opportunities (recommended reading
lists, slides, and overheads should be part of paper handouts).

The picnic was a good idea.

I would have liked to have one group of speakers address the use of models and
statistical findings in assisting policy and decision makers. Suggest shortening
the conference by one day (enthusiasm obviously waned).

Dinner should be served at 6:30 p.m., and evening discussion should be started at
8:00 p.m. I would like to give a talk next year.

Ms. Barnes was a great help.

This was my first time at Coolfont. If in the future there will be a conference
that relates to work I would be doing, I would certainly want to come.

I really think Coolfont is an excellent site for a conference. No distractions;
but enough recreation to be a real pleasure.

I thought the food not up to prior standard; we were housed in style (home at last)
but many windows were inoperable.
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ASA CONFERENCE ON RADIATION AND HEALTH
Coolfont Conference Center

Berkeley Springs, West Virginia
July 12-17, 1987

PARTICIPANTS

Richard L. Anderson
Statistical Consultants, Inc.
3349 Braemer Drive
Lexington, KY 40502

Robert T. Beckmm
Denver Safety and Health Technology

Center
P.O. Box 25367
Denver, CO 80225-0367

Gilbert W. Beebe
National Cancer Institute
Clinical Epidemiology Branch
Landow Building, Room 8C41
Bethesda, MD 20892

Maria Blettner
National Cancer Institute
Landow Building, Room 3A22
Bethesda, MD 20892

FredricJ. Burns
New York University Medical Center
Department of Environmental

Medicine
550 First Avenue
New York, NY 10016

Gwen W. Collman
National Institute of Environmental

Health Sciences
Epidemiology Branch
P.O. Box 12233
Research Triangle Park, NC 27709

Adolfo Coma
Johns Hopkins University
School of Hygiene and Public

Health
Department of Epidemiology
615 North Wolfe Street
Baltimore, MD 21229

Gerald E. Dagle
Battelle Pacific Northwest

Laboratories
P.O. Box 999
Richland, WA 93352

Jeffrey Doranz
Mine Safety and Health Administration
4015 Wilson Boulevard, Room 631
Arlington, VA 22203

Jacob Fabrikant
University of California
Donner Laboratory
Berkeley, CA 94720

Ethel S. Gilbert
Battelle Pacific Northwest

Laboratories
Box 999
Richland, WA 99352

Michael E. Ginevan
Environ Corporation
1000 Potomac Street
Washington, DC 20007

Carl V. Gogolak
U.S. Department of Energy
Environmental Measurements Lab
376 Hudson Street
New York, NY 10014

Robert Goldsmith
U.S. Department of Energy
Office of Energy Research, ER-73
Human Health & Assessments Division
Washington, DC 20545

Aurel Goodwin
Mine Safety and Health Administration
4015 Wilson Boulevard
Arlington, VA 22203

Peter Groer
Oak Ridge Associated Universities
P.O. Box 117
Oak Ridge, TN 37831

Richard Guimond
U.S. Environmental Protection Agency
Office of Radiation Programs
Washington, DC 20460

Fletcher Hahn
Lovelace Inhalation Toxicology

Research Institute
Albuquerque, NM 87185

John H. Harley
Consultant
Box M268
Hoboken, NJ 07030

Naomi Harley
New York University
School of Medicine
550 First Avenue
New York, NY 10016

James G. Heller
Industrial Disease Standards Panel
Government of Ontario
10 King Street East, 7th Floor
Toronto, Ontario Canada M5C 1C3
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Richard W. Hornung
National Institute for Occupational

Safety and Health
4676 Columbia Parkway
Cincinnati, OH 45226

Zdenek Hrubec
National Cancer Institute
Landow Building
Bethesda, MD 20892

Marvin A. Kastenbaum
Tobacco Institute
1875 Eye Street, N.W.
Washington, DC 20006

Bryan Langholz
University of Southern California
Department of Preventive Medicine
2025 Zonal Avenue
Los Angeles, CA 90033

Robin C. Leonard
Brookhaven National Laboratory
Medical Department, Building 490
Upton, NY 11973

Fred C. Leone
American Statistical Association
1429 Duke Street
Alexandria, VA 22314-3402

Jay Lubin
National Cancer Institute
Landow Building
Bethesda, MD 20892

Cenevieve M. MatanoaM.
Johns Hopkins School of Hygiene

and Public Health
Epidemiology Department
615 N. Wolfe Street, Room 2405
Baltimore, MD 21205

Colin R. Muirheod
National Radiological Protection

Board
Chilton, Didcot, Oxon OX11 ORQ
United Kingdom

Veal S. Nelson
U.S. Environmental Protection Agency
Office of Radiation Programs
Bioeffects Analysis Branch (ANR-461)
401 M Street, S.W.
Washington, DC 20460

Gerald Nicholls
New Jersey Department of

Environmental Protection
380 Scotch Road-CN411
Trenton, NJ 08625

MarvinW. Nichols Jr.
Mine Safety and Health Administration
4015 Wilson Boulevard, Room 703
Arlington, VA 22203

Adeniyi O. O&ndvan
University of Pittsburgh
3615 Dawson Street, #9
Pittsburgh, PA 15213

James F. Park
Battelle Pacific Northwest

Laboratories
Box 999
Richland, WA 99352

Bernard S. Pagternack
New York University Medical Center
Institute of Environmental Medicine
505 First Avenue
New York, NY 10016

Dorothy R. Pathak
University of New Mexico
School of Medicine
Dept. of Family & Community Medicine
Albuquerque, NM 87131

Julian Peto
Section of Epidemiology
Institute of Cancer Research
Sutton, Surrey SM2 5PX
England

Sir Edward Pochin
National Radiological Protection Board
Chilton Didcot
Oxfordshire OX11 ORQ
England

Jerome S. Puskin
U.S. Environmental Protection Agency
Office of Radiation Programs
Bioeffects Analysis Branch (ANR-461)
401 M Street, S.W.
Washington, DC 20460

Mukund Ramarmirthi
Institute for Environmental Studies
1005 W. Western Avenue
Urbana, 1L 61801

Steve R. Rohrer
Reynolds Electrical and Engineering

Company, Inc-
P.O. Box 14400
Las Vegas, NV S9114-4400

Elaine Ron
National Cancer Institute
Landow Building, Room 3A22
Bethesda, MD 20892

Harry S. Shannon
McMaster University
1200 Main Street West
Hamilton, Ontario Canada L9H ISA

Thomas F. Tomb
Pittsburgh Health Technology Center
4800 Forbes Avenue
Pittsburgh, PA 15213

Mukesh Verma
Howard University Cancer Center
2041 Georgia Ave., N.W., Room 512
Washington, DC 20060
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