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A Brief History of the American Statistical Association
Conference on Radiation and Health

Jay H. Lubin
National Cancer Institute, Bethesda, Maryland

The conference in Park City, UT was the 14th in a series of conferences
beginning in 1981, sponsored by the American Statistical Association
(ASA), on the health effects of radiation exposures. The initial organizing
committee [including Drs. Peter Lachenbruch (chair), Robert Wallace,
Bernard Pasternack, Charles Lynch, R. L. Anderson (representing the
ASA) and C. Spector (representing the Environmental Protection Agen-
cy)] proposed a yearly meeting for the purpose of ‘““bring[ing] together
statisticians and epidemiologists to discuss various problems in the anal-
ysis of the biological effects of ionizing radiation.” At the first confer-
ence, there were about equal numbers of statistical and epidemiological
presentations. Under the guidance of the 1982 organizing committee [in-
cluding Drs. Bernard S. Pasternack (chair), Theodore Kneip, Peter Lach-
enbruch, Howard Greenberg, R. L. Anderson (ASA), and R. Brandwein
(EPA)] and the 1983 organizing committee [including Drs. Ray A. Waller
(chair), Edward L. Frome, Ethel S. Gilbert, Bernard S. Pasternack, Gary
L. Tietjen, R. L. Anderson (ASA), and Fred C. Leone (ASA)], the ob-
jectives of the conference broadened to “‘facilitate effective communi-
cation and technical interaction among environmental scientists, epide-
miologists, health scientists, life scientists, physical scientists, and stat-
isticians to address problems related to ionizing radiation and associated
environmental and health issues.”” In subsequent years, the objectives
were further enlarged to include effects of ionizing and non-ionizing ra-
diation in cellular, experimental animal and human systems, and risk as-
sessment, as well as a variety of statistical issues, such as dose-response
modeling, low-dose risk estimation, meta-analysis methods, biologically
motivated risk models, study design, and the consequences of exposure
measurement error.

From the outset, the intention of the organizers was a relatively small
(50-80 presenters and attendees), multidisciplinary, Gordon-type confer-
ence that met in a semi-isolated location. There would be no concurrent
sessions. Presentations would be comprehensive, with aformat that would
alow an extensive discussion period, so that topics would be critically
evaluated. In addition, presentations were limited to mornings and eve-
nings, so that participants had the opportunity for substantial and informal
interactions outside the scientific sessions.

For the first 7 years from 1981-1987, the conference was held in Cool-
font, WV, and became known as the ** Coolfont Conference” . The themes
of the first two conferences were ** Statistical and Epidemiological Meth-
ods in lonizing Radiation” and *‘Environmental Sampling and Analysis
of Sampling Data: Assessment of Human Exposures and Health Effects”,
respectively. From 1983, Coolfont conferences had no specifically des-
ignated themes, but topics were structured under the general heading
“Radiation and Health””, which became the conference appellation.

Yearly conferences became unsustainable, and the eighth conference
was held in 1989. The conference was reorganized, becoming biennial
starting in 1990 and more thematic, and held at a variety of venues.
Starting in 1989, the next seven meetings (with dates and themes) were
sited in Copper Mountain, CO (1989: ‘““Health Effects of Electric and
Magnetic Fields: Statistical Support for Research Strategies’; and 1990:
““lonizing Radiation Risks: Present and Future’”), Hilton Head, SC (1992:
“Radiation Risk and Interactions’), Nantucket, MA (1994: ‘‘Dosimetry
and Risk Assessment’”), Vail, CO (1996: ‘‘Radiation Risk Assessment,
Statistical Methodology and Mechanisms”), San Diego, CA (1998: *‘Ra-
diation Effects at Low Doses’), and Park City, UT (2000: *‘ Temporal
Factors and Radiation Effects”).

At the 1981 conference, participants identified a variety of topics of
scientific importance. Topics included biomathematical modeling, epide-
miological designs, time-varying dosages, communication to the public,
overview sessions, low-dose extrapolation, estimation of latent periods,
and handling missing data. These topics highlighted the major areas of
radiation research at that time and became the focus of many sessions.

Currently, the conference attempts to include the full spectrum of radia-
tion-related research topics.

As expected from a conference spanning 20 years, topics have fre-
quently been revisited, so that the newest information can be presented.
For example, studies among the Japanese atomic bomb survivors have
been the subject of many sessions, highlighting the central role of this
population in radiation research, and epitomizing the changing scientific
interests. At the 1981 conference, the atomic bomb survivors were the
subject of talks on methodology (Gilbert Beebe), low-dose modeling
(Charles Land), dosimetry (George Kerr), non-carcinogenic effects (Sey-
mour Jablon), and human genetic effects (William Schull). Analytical
methodology for the Life Span Study cohort of atomic bomb survivors
was revisited in 1983 (Donald Pierce), while dosimetry issues were re-
visited in 1985 (George Kerr) and 1986 (William Ellett). As additional
follow-up has accrued, radiation disease effects have been updated and
expanded (1985: radiation and smoking, William Blot; 1990: modeling
disease incidence, Dale Preston; 1992: incidence of solid tumors, Elaine
Ron; 1992: neutrons and uncertainties in risk estimates, Seymour Jablon;
1994: in utero exposure effects, William Schull; 2000: biologically mo-
tivated models, Donald Pierce and Suresh Moolgavkar; 2000: non-cancer
outcomes, Dale Preston). Similarly, exposure to radioactive radon gas in
mines and in houses has been a continuing topic. There have been pre-
sentations on effects of exposure to radon and its decay products in 11
of the 14 conferences, highlighting the scientific evolution of radon ef-
fects over the past two decades and its importance as the principal com-
ponent of radiation exposure in the general population.

Summary reports from the earliest conferences suggested a tension
between the needs of scientists and **basic science’” and the requirements
of “regulators”’. Although the focus of the conference has always been
scientific, topics were selected that acknowledged the needs of regulatory
agencies. In addition to a continuing emphasis on low-dose modeling of
disease risk and several presentations on adaptive response to radiation
exposure, topics which have both scientific and regulatory implications,
there have been a variety of regulatory-related presentations (1982: en-
vironmental monitoring of exposures, speaker not identified in the pro-
gram; 1987: national radon risk assessment, Richard Guimond; 1990:
environmental transport models, Steven Bartell; 1992: issues in risk as-
sessment, Ethel Gilbert; 1996: identifying areas of high residential radon
concentrations, Anthony Nero; 1983: risk projection models, Naomi Har-
ley; and 1984, 1985, 2000: probability of causation, Seymour Jablon,
Frederick Mosteller and Charles Land, and Duncan Thomas and Sander
Greenland, respectively). There have also been presentations on the his-
tory of radiation protection (1987, Edward Pochin), the cost of residential
radon mitigation (1992, Daniel Krewski), and the incorporation of radio-
sensitive subpopulations in radiation risk assessment (1998, R. Julian
Preston).

A particular strength of continuing conferences has been the opportu-
nity for a wide variety of tutorials and special topics that enhance com-
munication across disciplines. In the 14 ASA conferences to date, there
have been specia presentations on a variety of topics, including rate
standardization, analysis of sampling data, risk assessment, spatial and
robust statistics, analysis of cohort studies, probability of causation, the
measurement and potential effects of electric and magnetic fields, effects
of errors in dosimetry, multiple comparisons, meta-anaysis, Bayesian
methods for combining studies, mechanisms of carcinogenesis, experi-
mental animal studies, radiation cytogenetics, biodosimetry and molec-
ular signatures.

If history is a guide, then this conference will continue to highlight the
most important challenges facing radiation health effects research. The
14th ASA Conference on Radiation and Health included presentations on
the consequences of, and methods of adjustment for, exposure measure-
ment error, the application of biologically motivated multistage models
to epidemiological data, temporal effects in radiation epidemiology, dose
and dose-rate effects at the cellular and epidemiological levels, radiosen-
sitivity, susceptible subpopulations, and the evolving interrelationship of
molecular biology and human genetic epidemiology. As the study of ra-
diation effects continues, increasingly greater emphasis will be placed on
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linking biological parameters and processes and molecular pathways di-
rectly to data on human disease outcome, and on the consequences of
radiation and environmental exposures and the role of specific genetic
polymorphisms. The range of radiation doses of greatest interest to the
general population is precisely the range where epidemiology provides
the least assistance. As a result, there will be an increasing reliance on
molecular and radiobiology to bridge this gap and provide greater con-
fidence in, and scientific support for, low-dose risk estimates.

Finally, on a practical level, the conference has been fortunate in its
ability to maintain a relatively stable funding base from a variety of
governmental and non-governmental organizations. However, adequate
funding is vital to maintain a full conference schedule, as well as expand
the scientific base to include a greater number of international colleagues
and create opportunities for the participation of young researchersthrough
grants supporting travel and registration. Scientifically, the conference
will continue, as in the past, to enhance and expand its interdisciplinary
focus, providing programs at the cutting edge of radiation science and
fostering new directions and new collaborations.

. DEBATES

Resolved: Biologically Based Models are Useful for
Analyzing Radiation Epidemiological Data

Chair: Evan Douple
National Academy of Sciences, Washington, D.C.

PRO: Daniel Krewski, University of Ottawa, Ottawa, Ontario, Canada

Both empirical (1) and biologically based (2) models have found ap-
plication in assessing the risks of cancer-causing substances in the envi-
ronment. Empirical models are effectively statistical models that provide
a parsimonious description of the available data without consideration of
biological mechanisms of action. Biological models, on the other hand,
are based on a plausible biological theory of the fundamental biological
events such as mutation and cell proliferation involved in neoplastic
transformation.

Biological models have a number of advantages over empirical models
in cancer risk assessment (3). First, because biologica models have a
mechanistic basis, they may enjoy greater acceptance than empirical mod-
els, particularly if the model incorporates those events known to play a
role in neoplastic conversion in a meaningful way. Second, the use of
biologically based models invites meaningful questions that may stimu-
late further research to deepen our understanding of the process of car-
cinogenesis as an incomplete or inadequate model is first rejected and
then refined. Third, the parameters of a biologicaly based model afford
adirect biologica interpretation, and they can be examined for biological
plausibility as part of the process of model vaidation. Fourth, a validated
biologically based model may lead to more accurate predictions of risk
in different species in cases where accurate estimates of those parameters
that are species specific are available. Fifth, extrapolation from high to
low doses may be done more accurately and with greater confidence using
avalidated biologically based model, since mechanisms of carcinogenesis
are not likely to differ quditatively at different dose levels. And sixth,
biologically based models may provide a basis for better characterizations
of uncertainty associated with cancer risk predictions. Although the de-
velopment of a biologically based model may require more effort and
data than an empirica risk model, the potential for more accurate pre-
dictions of risk can lead to more appropriate risk management decisions.

Radon, which has been shown to interact in a synergistic manner with
tobacco smoke in the induction of lung cancer in underground miners,
can be described using the two-stage clonal expansion model of carci-
nogenesis (4, 5). This biologically based model presumes that two critical
mutations are required to convert a stem cell to a malignant state, and
that the size of the pool of intermediate cells that have sustained the first

mutation may be increased by promoting agents that selectively increase
the rate of proliferation of intermediate cells. Analyses of data on the
Colorado uranium miners suggest that radon acts both as an initiator,
increasing the first-stage mutation rate, and as a promoter. However, ap-
plication of the two-stage model to a cohort of Chinese tin miners ex-
posed to radon suggests that the second-stage mutation rate may also be
affected (6). The two-stage model has also been used successfully to
describe temporal patterns of cancer risk among atomic bomb survivors
(7). Because the radiation exposure was instantaneous, only initiation was
assumed to be affected by exposure.

The two-stage model predicts both the inverse dose-rate effect in min-
ers exposed to radon and the direct dose-rate effect among A-bomb sur-
vivors. The former effect, which is negligible at low doses, is attributed
to increased cell proliferation after protracted radon exposure, whereas
the latter effect is associated with initiation. The ability to distinguish
quantitatively between the effects of initiation and promotion at different
dose levels is an important property of the two-stage model. This dis-
tinction was pivotal in a recent regulatory application of the two-stage
model in describing the dose—response curve for squamous cell carci-
nomeas of the nasal passage of rats exposed to formaldehyde (8), in which
the promotional effects of formaldehyde appeared to be the most impor-
tant determinant of cancer risk.

Although cancer risk estimates are subject to uncertainty (9), the ap-
plications noted above indicate that biologicaly based risk models are
useful in radiation risk assessment. Biologically based models permit in-
corporation of time-dependent exposure patterns in risk modeling in a
natural way and provide a basis for interpreting temporal characteristics
such as the inverse and direct dose-rate effects seen with high- and low-
LET radiation, respectively. Although both biologically based and flexible
empirical models can provide good fits to most data sets, careful con-
struction, validation and interpretation of biologically based models can
provide valuable insights into the mechanisms of radiation carcinogene-
sis.
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CON: Kenny S. Crump, ICF Consulting, Ruston, Louisiana

The term “‘biologically based model”” refers to a model whose param-
eters have physiological meaning and could, at least in theory, be mea-
sured by direct experimentation. Examples of such models include phar-
macokinetic models of the distribution and metabolism of chemicalswith-
in the body (1) and the two-stage model of cancer (2). The U.S. EPA (3)
draft guidelines for cancer risk assessment defined a biologically based
model for cancer very stringently as one ‘“whose parameters are calcu-
lated independently of curve-fitting of tumor data’”’.

Potential Uses

There are severa reasons for applying a model to epidemiological data,
including:

1. To determine if an effect is present and estimating its magnitude.
2. To make predictions outside of the region of observation.
3. To understand mechanisms.

In item 1, the crucia issues are confounding, statistical power, and
precision of data. Although some confounding variables (e.g. age, other
exposures) may be incorporated naturally into a biologically based model,
others (e.g. socioeconomic) will need to be handled in much the same
manner as in standard statistical models. In many cases, a biologically
based model may add little to such an analysis, and the added complexity
of such a model may obfuscate rather than enlighten.

Extrapolations beyond the range of the data include extrapolation to
different temporal exposure patterns, to younger or older ages, to different
routes of exposure, and to lower doses. Biologically based models have
obvious advantages over statistical models in such applications. A phar-
macokinetic model can be used to predict exposures at critical target
tissues from both air and oral routes of exposure and the result can be
used to estimate the risk of oral exposure from a study of air exposures.
A biologically based model of cancer, possibly coupled with a pharma-
cokinetic model, can facilitate extrapolation from short-term exposures to
lifetime exposures.

Biologically based models aso have a distinct advantage over statis-
tical models in understanding mechanism of action. Predictions from
models incorporating specific mechanisms of action can be compared to
data and used to test hypotheses regarding these mechanisms.

Potential Concerns

However, there are a number of potential concerns regarding these
applications of biologically based models. The term ““biologically based
model” has avery intuitive appeal to biologists and other nonstatisticians,
who may already be suspicious of outputs from more standard statistical
models. As a result, they may tend to accept results from a biologically
based model without fully understanding its assumptions or limitations.
It istherefore particularly important for modelers to be very explicit about
the assumptions and limitations of these models.

Some applications may incorporate parameter estimates (e.g. estimates
of metabolic rates or cell proliferation rates) obtained from data in an-
cillary experiments. The relevance of such data to the particular epide-
miological population of interest may be questionable. Because of lack
of datafor humans, some parameters may have to be estimated from non-
human data. Even if data for humans are available, they may have been
obtained from a non-representative population. Measured cell division
rates for use in a biologically based model of cancer may not be from
the cells most at risk of progressing to cancer. Even if the ancillary data
used in abiologicaly based model are representative, there may be large
statistical uncertainty in the output stemming from uncertainties in each
of numerous estimated parameters.

It must be clear what the limitations of the model are. The two-stage
model of cancer (2) expresses the probability of cancer as a function of
rates of cell division, death and mutation. To enhance mathematical trac-

tability, simplifying assumptions are made that include independent ac-
tion of cells, unregulated clonal growth, and exponentially distributed cell
lifetimes. Since these assumptions may not be redlistic, it is important
that conclusions based on the model not be sensitive to these assumptions.
The model does not directly incorporate the effect of dose, and a dose
effect is normally added by simply assuming a dose response for one or
more of the underlying parameters. Although the resulting dose response
for cancer can be compared to data, unless the assumed dose responses
for the more basic parameters have some valid biologica basis, predic-
tions of the effects of low doses will be subject to the same uncertainties
as those made from purely statistical models (4, 5).
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Resolved: The Probability of Causation can be Used in an
Equitable Manner to Resolve Radiation Tort Claims and
Design Compensation Schemes

Chair: Robert Rinsky
National Institute for Occupational Safety and Health, Cincinnati, Ohio

PRO: Duncan C. Thomas, University of Southern California,
Los Angeles, California

The probability of causation (PC) is defined as the probability that a
particular exposure caused or contributed to the development of disease
in an affected individual with that exposure. A widely used estimator of
this quantity from epidemiological datais (r — 1)/r, where r is the esti-
mated relative risk associated with a case's exposure history. This cal-
culation underlies the * Radioepidemiologic Tables” (1) which have been
used to resolve the claims of the atomic veterans and others. In a com-
mentary on these tables, the NAS Oversight Committee (2) pointed out
that these were not strictly probabilities and suggested the term “‘As-
signed Shares” instead. Considering that the Radioepidemiologic Tables
are currently being updated, it istimely to revisit some of the fundamental
issues that have been raised about their interpretation and how uncertain-
ties in PC estimates ought to be incorporated into decision-making.

In a series of papers, Robins and Greenland (3, 4) have argued that
the PC is not estimable for individuals without making unverifiable as-
sumptions concerning biological mechanisms and the extent of hetero-
geneity between individuals. In particular, they have demonstrated sce-
narios in which the relative risk could be arbitrarily close to 1 (and hence
the PC would be close to zero), yet al cases were affected by exposure
in the sense that their death times had been advanced by some small
amount. They have also shown that even the population mean of a het-
erogeneous distribution of PCsis not estimable and that the compensation
schemes that pay in proportion to the PC are neither ““‘robust” to model
mis-specification nor ‘‘economicaly rational” in the sense of assessing
total damages in proportion to the amount of harm caused; however, they
have also shown that robust and rational compensation schemes can be
developed based on expected loss of life expectancy.
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These points are well taken and mathematically correct. | have no
dispute with these authors about the inherent uncertainty in PC estimates
and the importance of allowing for these uncertainties in reaching com-
pensation decisions or about the bias in PC estimates that can be caused
by heterogeneity in baseline rates. | also agree that compensation schemes
based on loss of life expectancy are more appropriate than those based
solely on the PC and that schemes that pay in proportion to either quantity
are more rational than all-or-none schemes based solely on whether the
PC estimate is greater than 50% or not. However, | disagree that these
theoretical problems of estimability invalidate the utility of the PC for
decision-making and feel that realistic degrees of heterogeneity produce
only moderate bias. In particular, | shall show that, despite the overall
underestimation in absolute PCs, this quantity still provides a good basis
for approximately ranking claims.

Following Robins and Greenland (3, 4), let \(t,Z) denote the hypo-
thetical hazard rate that individual i would experience were he exposed
to Z. Then the individual’s probability of causation is p. = [\(t,2) —
Ni(t,O)]/N(t,2). Of course, these individual hazard functions are not di-
rectly observable, and hence neither is p. The population rate is given
by \.(t,2) = E[N(L,2)] = 2 N(6L2) S(6,D)/3; S(t,2), where S(t,2) is the
corresponding individual surviva function. The “naive PC” (or “‘rate
fraction’” in the terminology of Greenland and Robins) is given by p. =
[N.(t,2) — N(t,2)] / N\.(t,2), which in general will not equal E(p) if there
is heterogeneity between individuals in their baseline hazards. In fact, it
can be shown that p. = E(p).

How much heterogeneity is it reasonable to expect might actualy
exist? Unfortunately, for a non-recurrent event like death, survival times
of independent individuals provide no information about the variability
in individual hazard rates. However, such information can be obtained
from a study of related individuals, particularly monozygotic twins, who
are perfectly matched on genotype and tend to have experienced similar
environments (identical in utero and very similar childhood). Frailty mod-
els can be used to estimate the variance between twin pairs in the com-
ponent of the baseline risks they share. This can be interpreted as an
estimate of the variance in baseline risks between unrelated individuals.

The best data on lifetime surviva data in twins come from the registry
of Danish twins born from 1881-1930. These data have been fitted using
a variety of models, of which | will focus on the gamma-frailty model,
N(t2) = N(t) X r(Z;), where the frailty X, shared by twin pair i is
assumed to follow a gamma distribution with variance 1/6 and r(Z;) is
the relative risk for member j of the pair. Hougaard et al. (5) provide an
estimate of § = 1.94 (SE 0.32) in males and 2.11 (SE 0.42) in females,
much lower than for dizygotic twins (5.65 and 3.49, respectively) using
a nonparametric baseline hazard. Anderson et al. (6) provide a similar
estimate of 2.55 in monozygotic twins (compared with 8.99 in dizygotic
twins) using a parametric Gompertz baseline hazard. To illustrate the
implications for between-individual heterogeneity in baseline risks, | will
adopt a value of 6§ = 2 in a proportional hazards frailty model with a
Weibull baseline risk with exponent k = 6 and a relative risk of 2. This
corresponds to a 10th—90th percentile interval of fralties X; from 0.26
to 1.93, arange of more than 7-fold. The true PC, p, is of course exactly
0.5 for al individuals in this model. Up to about age 50 (90% survival),
there is no noticeable bias in the naive estimate p. based on the marginal
hazard rate; thereafter, the naive PC declines to about 0.2 by age 90 (10%
survival), reflecting the effect of differential surviva—high-frailty indi-
viduals in an exposed population are being eliminated faster than their
counterparts in an unexposed population.

Greenland and Robins have also discussed models in which all indi-
viduals' death times are advanced by an amount that depends upon ex-
posure. This can be expressed in terms of the ““accelerated failure time
model’’, in which S(t,2) = S,(t — ZB), where S;(t) is, for argument’s
sake, the survival curve derived from the same gamma-frailty model dis-
cussed above. Similar calculations based on an assumption of 6§ = 2 and
an acceleration of 2 years for all subjects produce a pattern of declining
PCs with increasing age, whether computed as p. or p;, athough again
the naive PC begins to underestimate the true PC starting at about age
50. In particular, note that the true PC is less than 100% in this frame-

work, even though we have assumed that the entire survival distribution
has been shifted by a constant 2 years.

Despite these biases due to differential survival, the strongest deter-
minants of an individual’s PC are still his dose and age at death, so it is
reasonable to inquire whether the naive PC could still be used to rank
individuals. To investigate this question, | computed the naive p. and the
true p; for 450 combinations of X, Z and t;, chosen to represent a rea-
sonable range of possihilities. X; were chosen from the 10th, 30th, 50th,
70th and 90th percentiles of a gamma distribution with 6 = 2; 10 values
of ZB were chosen to produce a range of PCs from 10% to 90%; and
for each combination of X, and Z3, 9 values of t, were selected from the
10th to the 90th percentiles of the corresponding distributions among
cases. Although there was some underestimation of the true PC by the
naive p. for many of these scenarios, the overall correlation between p.
and p; was 0.995 under the accel erated failure time model and 0.969 under
the conditional proportional hazards model. Since, as Robins and Green-
land have pointed out, the calculation of the PC depends upon unverifi-
able assumptions of model, | aso computed p. under a mis-specified
constant relative risk model where the true model was the accelerated
failure time model; the correlation was still 0.971. | therefore conclude
that the naive PC can indeed be used to approximately rank an individ-
ua’s claims.

The ““balance of probabilities”’ principle in tort law has been widely
interpreted by the courts as requiring that the point estimate of the PC
be at least 50%. If these estimates are inherently uncertain, then even
setting aside the questions of bias discussed above, it is evident that some
individuals whose PC estimates are just below 50% will be unjustly de-
nied compensation (and vice versa). To alow for this, some agencies
such as the Veterans Administration have taken a more libera approach
to triaging claims by considering all those for whom the upper 99%
confidence limit on the PC is at least 50%. Unfortunately, this approach
has the unsatisfactory feature of favoring claimants for whom the evi-
dence of a causal association is the weakest. For example, a claim with
a PC of 45% with confidence limits 42—48% would lose, while one with
a PC of 10% and confidence limits 0—90% would win, even though there
is much stronger evidence of a population association for the former than
the latter. More rational strategies might pay in proportion to the expected
value of the PC, or the posterior probability that the PC is greater than
50%.
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The concept of probability of causation forms the basis of important
legal standards, legislation and compensation schemes, which in turn use
epidemiological data to estimate the probability of causation by equating
the latter to the attributable fraction. This usage is a misapplication of
epidemiology, for it has been shown that epidemiological data cannot
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supply estimates of the probability of causation without imposing restric-
tive biological assumptions (1-5). The continued misapplication of prob-
ability-of-causation concepts stems from a need to resolve cases in a
rational and consistent manner. This need does not, however, justify the
continued misuse of epidemiological data in compensation decisions.
Compensation schemes and legal standards need to recognize that an
upper bound on the probability of causation cannot be determined from
epidemiologica data alone; biological models are also needed. Although
equitable compensation schemes can be formulated without reference to
the probability of causation, all schemes must deal with fundamental
methodological uncertainties in estimation.
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[I. UNCERTAINTIES IN EXPOSURE AND IN RESPONSE
Chair: E. Vincent Holahan
Nuclear Regulatory Commission, Washington, D.C.
Uncertainties in Medical Radiation Exposures
H. D. Royal

Mallinckrodt Institute of Radiology, Washington University School of
Medicine, &. Louis, Missouri

Diagnostic medical radiation exposures are the largest contributor to
man-made sources of radiation exposure. In 1987, NCRP Report 87 es-
timated that the total per capita radiation dose in the United States from
natural and man-made sources is about 360 mrem per year (1); 300 mrem
is from natural sources and 60 mrem is from man-made sources. The
contribution from diagnostic radiology studies is 39 mrem and from nu-
clear medicine studies is 14 mrem. Since 1980, the per capita contribution
from radiology and nuclear medicine studies has probably doubled. This
increase is due to the increased use of certain diagnostic tests that involve
exposure such as cardiac catheterization to detect coronary artery disease
and due to the introduction of new technology such as spiral computed
tomography (2-5). Doses from some interventional studies can reach lev-
els where deterministic effects are seen (6).

Because the diagnostic use of radiation is the largest single man-made
source of radiation exposure, some researchers have tried to estimate the
potential harmful effects of these exposures. Such studies are plagued
with numerous uncertainties including uncertainties in dose and uncer-
tainties in dose-response relationships.

Sources of Uncertainty

The uncertainties in dose include variability due to technica factors
and variability in how dose is defined (7). Important technical factors
include the exposure rate, the number of films taken, the amount of fluo-
roscopy time, and the portion of the body exposed. Furthermore, dose
often varies considerably with depth. Skin dose may be very different
from bone marrow dose. Some have suggested that the doses to patients

be recorded, but whether any simply recorded dose (presumably skin
dose) can be converted to a meaningful risk is debatable.

Most epidemiologists would like to have organ doses to convert dose
to risk. Converting inhomogeneous partial-body doses into organ doses
is problematic. Furthermore, many obstacles, in addition to the uncer-
tainty in dose, hinder choosing the correct dose-response model. Organ-
specific cancer risk coefficients are more uncertain than are generic risk
coefficients. For radiation protection purposes, a simple linear, no-thresh-
old dose—response model is generally assumed. It is unlikely that this
simple model accurately predicts the interactions that occur in a complex
biological system, and many scientists believe that this dose—response
model overestimates the harmful effects of radiation, particularly at low
doses. Important modifiers for medical exposures include the age and life
expectancy of the exposed population. Finaly, the radiation exposure
results in not only potentially harmful effects but also potentially bene-
ficia effects. Optimizing the ratio of potential benefits and risks will
continue to be a challenge.

Conclusions

Epidemiologists who attempt to directly determine the dose-response
relationship between diagnostic radiation exposure and adverse outcomes
face formidable obstacles. Despite the large collective dose, it is difficult
to imagine a study design that would defensibly account for the large
uncertainties and confounding variables. Only in rare instances involving
particularly vulnerable populations have epidemiological studies of di-
agnostic radiographic studies yielded results that have been accepted as
valid.

The difficulty that epidemiologists have in measuring the effect from
the use of diagnostic medical imaging should not be used as an excuse
for having a cavalier attitude about radiation exposure in medicine. Phy-
sicians using equipment that exposes patients to radiation are often poorly
trained in even basic radiation protection concepts (8). Real-time mea
surement of radiation exposure during interventional procedures would
provide useful feedback (9). The ALARA (as low as reasonably achiev-
able) concept should be discussed and promoted. Unfortunately, there is
considerable disagreement about what is ‘‘reasonable””. This is particu-
larly true in a medica setting when there are tangible benefits (as well
as risks) associated with medical exposures.
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Variations in Dose from Diagnostic Radiographic
Examinations in Los Angeles County

Wendy Mack

University of Southern California, Department of Preventive Medicine,
Los Angeles, California

(with Susan Preston-Martin, Duncan Thomas and Zhonghuan Ma,
University of Southern California)

Radiation exposures from medical diagnostic examinations are a sig-
nificant source of X-ray exposures to the U.S. and other populations (1,
2). To assess diagnostic X-ray exposures as a possible etiological agent
in acute myelogenous leukemia (AML), we conducted a case—control
study among residents of Los Angeles County. From each subject, we
obtained a detailed history of diagnostic radiographic examinations, in-
cluding the type and site of examination, the examination date, and the
facility at which the examination was performed. We then attempted to
obtain medical records for each reported examination.

Los Angeles County Radiation Management (LACRM) routinely mon-
itors al X-ray machines used in the county. LACRM mesasures and re-
cords entrance skin exposure (ESE) and other examination-specific data
for the three most common examinations conducted on any particular
machine. These machine inspection records were obtained for each med-
ical facility from which any subject-reported X-ray examination was ver-
ified with medica records. For our case—control study, the exposure pe-
riod of interest was 10 years prior to diagnosis. Therefore, LACRM data
were obtained and abstracted for the calendar period of 1978-1994. Al-
though we could obtain these data by facility, we cannot link any subject-
reported X-ray examination to a specific machine.

The ultimate goal in obtaining the LACRM data is to obtain a subject
estimate of bone marrow dose. In this report, we use these data to (1)
describe variations among machines and facilities in ESE for three com-
mon diagnostic examination sites: chest, abdomen and spine (including
thoracic and lumbar spine); and (2) evaluate factors which might con-
tribute to this variability. A total of 5856 records with ESE recorded were
apstracted from LACRM. Of these, 1395 (24%) represented chest X rays,
897 (15%) represented abdomina X rays, and 639 (11%) represented X
rays of the lumbar or thoracic spine. While the median ESE is consistent
with guidance-level exposures reported for these examinations (3), there
is a tremendous range of ESE for each examination.

In regression models, we evaluated variations in ESE (log-transformed)
according to calendar year, facility type (teaching hospital, HMO, private
acute care hospital, radiology group, private physician), and machine type
(fixed or mobile) and manufacturer (GE, Siemens, Picker, and other). All
three examinations showed a highly significant trend of decreasing ESE
by calendar year. The parameter estimates for year of inspection did not
vary significantly by examination type [over dl three examinations, B
=—0.033 (0.004) per year]. Relative to acute care hospitals, teaching
hospitals (chest and spine) and HMOs (abdomen and spine) used on av-
erage higher ESE. Relative to a mobile X-ray machine, fixed machines
were associated with higher ESE for chest and abdominal examinations.
Finaly, there was some variation by machine manufacturer, with the Sie-
mens machine associated with higher ESE (relative to GE) for chest and
spinal examinations. Notably, the LACRM database does not include data
on the year of manufacture of any specific machine. The associated model
R? and root mean squared (r.m.s.) error for each examination were: chest,
Rz = 13.5%, rm.s. error = 0.734; abdomen, Rz = 10%, r.m.s. error =
0.637; spine, Rz = 8%, rm.s. error = 0.633. Thus there remains sub-
stantial variation within each examination that is not explained by ma-
chine and other health delivery factors. Remaining sources of variation
may include (but are certainly not limited to) factors not measured in this
study, including age of the X-ray machine, specific radiographic protocols
used by afacility or technician, and level of individual technical expertise
2.

Implications of these data for modeling organ dose in our case—control

study (and other epidemiological studies assessing exposures to diagnos-
tic radiography) are severafold:

1. Estimates of ESE and organ dose that assign a mean value per subject/
examination are likely upwardly biased.

2. The objective of such an exercise is to arrive at a probabilistic model
for a subject/examination organ dose, which will incorporate both the
expected dose and the residual variation around that expectation.

3. Estimation of total organ dose must also incorporate some estimate of
the number of exposures. Externa data for the number of exposures
are also available, and the numbers will also vary by many of the
factors we have evaluated.

We have not evaluated doses for fluoroscopic examinations in this ex-
ercise. Such an effort would require estimates of exposure time.

References

1. D. W. Johnson and W. A. Goetz, Patient exposure trends in medical
and dental radiography. Health Phys. 50, 107-116 (1986).

2. J. R. Williams and M. K. Catling, An investigation of X-ray equip-
ment factors influencing patient dose in radiography. Br. J. Radiol.
71, 1192-1198 (1998).

3. R.A. Pary, S. A. Glaze and B. R. Archer, The AAPM/RSNA physics
tutorial for residents. Typical patient radiation doses in diagnostic
radiology. Radiographics 19, 1289-1302 (1999).

Tinea Capitis. Uncertainties in Radiation Dose Estimates
D. Followill

Department of Radiation Physics, The University of Texas M. D.
Anderson Cancer Center, Houston, Texas

(with M. Stovall, The University of Texas M. D. Anderson Cancer
Center)

In the 1940s and 1950s, approximately 11,000 children in Israel re-
ceived radiation therapy for tinea capitis. The purpose of the treatments
was to deliver a reasonably uniform dose totaling approximately 7 Gy to
the scalp to produce epilation (1, 2).

The radiation therapy consisted of five fields to the scalp (anterior,
posterior, right and left laterals, and vertical), with lead shielding over
the face and neck. The patients wore a cap that positioned the fields but
were not immobilized during treatment. The beams were superficia X
rays (70-100 kVp, half-value layer of approximately 1.0 mm auminum).

Several investigators have assessed the late effects of the radiation
therapy, including the incidence of thyroid tumors (3, 4). The latter study
(4) is reviewed here to ascertain the sources and magnitude of uncertain-
ties in the dosimetry and what impact these may have on the risk esti-
mates for radiation-induced thyroid tumors.

The principal sources of uncertainties in the dosimetry are related to
patient treatment; these include patient movement during treatment as
well as errors in calibration of machine output, patient set-up (including
target-to-skin distance), machine-on time, constancy of machine output
during treatment, and documentation of treatment parameters. Of lesser
magnitude are the uncertainties inherent in the methods of estimating
dose to the thyroid, such as phantom measurements and associated cal-
culations.
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Thyroid Cancer after Scalp Irradiation: A Reanalysis
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In the 1940s and 1950s, approximately 11,000 children in Israel re-
ceived radiation therapy for tinea capitis (ringworm of the scalp). The
purpose of the treatments was to deliver a reasonably uniform dose of
approximately 7 Gy to the scalp to produce epilation (1, 2). The radiation
therapy consisted of five fields to the scalp (anterior, posterior, right and
left laterals, and vertical), with lead shielding over the face and neck.
The patients wore a cap that positioned the fields, but they were not
immobilized during treatment. The beams were X rays, 70-100 kVp,
half-value layer of approximately 1.0 mm aluminum.

Severa investigators have assessed the late effects of radiation therapy
with these data, including the incidence of thyroid tumors (3-5). The
thyroid gland in the young is highly sensitive to the carcinogenic effects
of ionizing radiation. Ron et al. (4) note that the Israel study ‘‘is one of
the few human studies reporting a significant risk of cancers at doses on
the order of 10 cGy”.

The major issue for this paper involves the dosimetry in converting a
recorded course of radiation therapy into a dose to the thyroid. In their
analysis of the tinea capitis data, Ron et al. (4) used the results of an-
thropomorphic phantom studies (2, 3, 6) to construct a dose to the thyroid
from the child’s age at first irradiation, filtration of the X-ray machine,
prescribed radiation beam exposure (in roentgens), and number of treat-
ments.

At the time of the analysis reported by Ron et al. (3), the potential
biases due to dose imprecision in the estimates of dose in relative risk
regression were not as widely appreciated as they are today. More recent
articles (7-13) have heightened the awareness of the problem and have
provided solutions in various situations. The workshop Uncertainties in
Radiation Dosimetry and Their Impact on Dose-Response Analysis (14)
was particularly influential in motivating a re-examination of the tinea
capitis data.

Our purpose is to reconsider the tinea capitis study to see whether the
thyroid radiation dose uncertainties have an effect on the reported dose—
response relationship and on the modifying effects of age at exposure.
We will aso provide areanalysis that accounts for uncertainties. A major
component of this work is the formal incorporation of “‘external predic-
tion data’ into the analysis. By this we mean something like the standard
idea of “‘external validation data’ (15, Chapter 1) in which dose and
estimated dose are available for an external data set, the difference in the
tinea capitis data being that instead we observe only estimated dose and
predictor variables for dose. The use of an externally estimated prediction
equation leads to a multiplicative Berkson-type model, but with a clas-
sical measurement error component due to the estimation of parameters
in the prediction equation. Two additional difficulties complicate the anal-
ysis: the dose predictor variables are missing for many patients, and the
use of the external data set, which is based on phantoms (simulated hu-
man bodies exposed in the same way as actual patients), misses some of
the sources of dose uncertainty in live humans. Some speculation is there-

fore necessarily required, and sensitivity analysis is used to study the
ramifications of this speculation.

The uncertainties in thyroid radiation dose in the tinea capitis study
are due to a variety of factors, particularly the following.

Missing data for predicting dose:

1. Age at second and subsequent exposures is missing for the 9% of the
subjects with more than one exposure.

2. The machines used, their filtration, and the prescribed beam exposures
to the scalp are not known for many patients.

Berkson-type errors:

1. Within-individual effects, reflecting the different thyroid doses that
would occur if a child were hypothetically irradiated twice under idea
conditions.

2. Between-individual effects, reflecting the different thyroid doses that
would occur for different children of identical ages (rounded) under
ideal machine conditions, due to differences in head size and shape.

3. Random errors due to differences between prescribed and actual skin
exposure.

Classical measurement errors:

1. The error model includes two parameters that control the relationship
between added filtration and dose, and these parameters are unknown
and must be estimated. When they are estimated from phantom stud-
ies, which act as atype of classical measurement error, although shared
among all individuals.

2. The variances of the Berkson-type errors are unknown and must be
estimated. In principle, the error in this estimation is of the same
classical type as the error in estimating the parameters described
above. Because these error variances are estimated with little preci-
sion, we have chosen to perform a sensitivity analysis for them, find-
ing little sensitivity.

We have developed models that account for these uncertainties, and
methods of estimation and inference for them. In particular, we devel oped
the idea of a calibrated likelihood, which is similar to the standard re-
gression calibration or substitution algorithm, but which uses the likeli-
hood contribution about uncertainty parameters from external sources.
Statistical estimation and inference were based on the techniques of Bres-
low et al. (16).

Our results were striking in finding that accounting for uncertainty had
little effect. Parameter estimates, standard errors and inferences were all
little affected by accounting for the uncertainty. We believe thisis because
the relative risk model is linear in dose, and because much of the uncer-
tainty is of Berkson-type.
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Uncertainty of Response to lonizing Radiation due to
Genotype: Potential Role for Variation in DNA Repair
Genes

Harvey W. Mohrenwelser

Biology and Biotechnology Research Program, Lawrence Livermore
National Laboratory, Livermore, California

(with Irene M. Jones, Lawrence Livermore Nationa Laboratory)

The risk of cancer after exposures to environmental agents and lifestyle
factors is influenced by the genetic constitution of the individua. The
role of genetics in the individua risk of cancer is most apparent for the
known cancer genes, e.g. variants of the breast cancer genes BRCA1 and
BRCA2 and variants of the nucleotide excision repair genes associated
with xeroderma pigmentosum. Although the individuals with these highly
penetrant variant aleles are at very high risk for cancer, these variants
account for less than 5% of the cases in the population. Accumulating
evidence suggests that most cases of cancer are associated with low to
moderate levels of exposure in genetically susceptible individuals; that
is, most cancer results from the interaction of common, low-penetrant
genetic variants with environmental exposure or lifestyle. These poly-
morphisms in susceptibility genes are associated with small elevationsin
risk in exposed individuals but have the potential to have a significant
impact on the population incidence of cancer because of the large number
of individuals at risk.

Although genetic susceptibility to cancer has been widely studied in
relation to chemical carcinogenesis, only limited data are available on the
potential for genetic variation to be a population risk factor for the con-
sequences of radiation exposure. DNA repair proteins are involved in the
removal or repair of DNA damage and thus are critical in protecting cells
from the consequences of exposure to carcinogenic agents, including ra-
diation. The DNA damage recognition and cell cycle checkpoint genes

also haverolesin the repair of damaged DNA and in cancer susceptibility.
The regulation of the timing of DNA replication by cell cycle checkpoint
genes has an impact on the extent of DNA repair and the consequences
of reduced repair. It is the level of unrepaired damage at the time of cell
division that is critical for determining the consequences of DNA damage.
Genetic variation that reduces the function of these pathways, especially
variant alleles present in a significant portion of the population, could
affect the population cancer incidence after exposures to low to moderate
levels of cancer-causing agents.

Variation in Response to Radiation

A genetic basis for variation in response to radiation has been estab-
lished in both humans and mice. These studies suggest an important role
for DNA repair. An example of genetic variation in a cancer-predisposing
geneis ATM, where several studies have reported that ATM heterozygotes
are at increased risk for breast cancer (1). It has been suggested that the
increased breast cancer risk in ATM heterozygotes is expressed after ra-
diation exposure. However, other studies have reported that ATM hetero-
zygosity is not a risk factor for early-onset breast cancer (2). Cells defi-
cient in ATM are hypersensitive to ionizing radiation and exhibit abnor-
mal DNA repair, consistent with its role in regulation of the cell cycle
(3). Several human genetic diseases, e.g. Nijmegen breakage syndrome,
are associated with increased sensitivity to ionizing radiation and cancer
proneness. Bloom's syndrome and Fanconi’s anemia are examples of oth-
er diseases exhibiting sensitivity to ionizing radiation and marginaly in-
creased cancer risk. Studies of inbred strains of mice, where differences
in both tumor incidence and lethality after radiation exposure are noted,
provide the most definitive support for genetic variation in susceptibility
to radiation-induced cancer and sickness. Storer et al. (4) have summa-
rized a series of studies showing that the incidence of severa tumors
differed among different mouse strains after radiation exposure. Ullrich
and colleagues (5) have related the high sensitivity of BALB/c mice to
radiation-induced mammary tumors to the high level of radiation-induced
chromosome instability in this strain and sequence variation in the gene
encoding DNA-PK. The difference in ability to repair radiation-induced
double-strand breaks noted between the BALB/c (sensitive) and C57BL6
(resistant) mouse strains is consistent with a role for DNA-PK and DNA
repair in the differential response to radiation exposure. Thus a precedent
for variation in individual susceptibility to ionizing radiation-induced can-
cer and a role DNA repair has been established. Chakraborty and San-
karanarayanan (6) have modeled the relationship of genetic variation,
radiation dose and cancer risk and identified 30 genes as potentia *‘ can-
cer-predisposing genes'”.

DNA Repair Capacity as an Indicator of Cancer Susceptibility

Further support for arole of DNA repair in cancer susceptibility comes
from a series of lymphocyte-based studies reporting that the repair ca-
pacity for several classes of DNA damage is a polymorphic trait. Ap-
proximately 20% of healthy individuals exhibit a repair capacity that is
65-80% that of the overall population mean. The repair capacities for
damage induced by bleomycin, v radiation and BPDE are independent
traits and the heritability of the repair capacity phenotypes is 0.63-0.80,
characteristics expected of genetic traits (Wu et al., unpublished results).
It has been observed in a large number of case—control studies that in-
dividuals with reduced repair capacity have a higher probability of being
in the cancer cohort than in the control cohort. It should be noted that
these repair capacity assays sum the activity and functionality of the total
pathway but do not provide direct evidence for reduced function at any
specific step or gene.

Molecular Basis for Variation in DNA Repair Capacity

Studies in mammalian cells have identified more than 40 genes with
roles in the processing of radiation-induced DNA damage. Studies of
these cells confirm that the loss of function of DNA repair, DNA damage
recognition, and cell cycle checkpoint genes is associated with impaired
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ability to repair DNA damage induced by ionizing radiation and the con-
sequent reduced cell survival. Identification and sequencing of these
genes provides the information necessary to screen for genetic variation.

To provide the reagents necessary for molecular epidemiology studies
that directly address the hypothesis that polymorphic variation in DNA
repair and repair-related genes is associated with cancer risk, we have
initiated a program to resequence the exons and adjacent regions in the
introns of these genes. Thus far, 19 DNA repair or repair-related genes
have been screened for variation by resequencing of DNA from 36-92
individuals (7). A total of 280 single nucleotide polymorphisms (SNPs)
have been identified, including 48 different amino acid substitution var-
iants. An average of more than two amino acid substitutions per gene
were detected with an average variant frequency of ~8% in this small
set of individuals. Several DNA repair gene variants exist at sufficient
frequency that homozygous variant individuas, individuals with two dif-
ferent variant alleles at one locus, or individuals with variant aleles for
several genes in the same pathway have been observed. Approximately
50% of the individuals screened have variant subunits of two proteins
that are components of multimeric complexes or genes comprising se-
quential steps of a pathway. Approximately 50% of the amino acid sub-
stitutions are non-conservative amino acid replacements at amino acid
residues that are identical in humans and mice. This conservation sug-
gests that the variation is occurring at residues that may be significant
for normal protein function and that the variant proteins may exhibit
reduced function. Biochemical characterization of variants of the major
apurinic endonuclease indicated that four of seven variants had signifi-
cantly reduced catalytic function. Nine of the genes screened for variation
thus far have roles in base excision repair, and four have roles in repair
of double-strand breaks or damage recognition, pathways important for
repair of damage induced by ionizing radiation. Future studies will re-
quire that all of the genes with roles in relevant pathways be screened
for variation so that the genotyping studies will emulate the repair ca-
pacity phenotyping studies in monitoring the function of the entire path-

way.

Risk Associated with Repair Gene Variants

Epidemiology studies are beginning to address questions of the health
relevance of variation in DNA repair genes. The variants identified in the
DNA repair gene resequencing are in the public domain and are reagents
for both biochemical characterization and molecular epidemiology stud-
ies. Several collaborators have used this information to develop genotyp-
ing assays for studies of cancer cohorts and controls with a goal of iden-
tifying associations of variants with increased cancer risk or phenotypes
presumed to be indicative of cancer risk. Examples include associations
of variation in XPD with risk of basal cell carcinoma (8) and XRCC1
with smoking-related cancers (9). XRCCL1 variation has been associated
with increased levels of aflatoxin adducts and an increased frequency of
GPA mutations and sister chromatid exchanges in smokers (10, 11).

Conclusion

A range of strategies, including biochemistry, cell biology and epide-
miology, will be required to define the functiona significance and health
consequences of genetic variants in these DNA repair and repair-related
genes. Understanding the impact of inherited genetic variation in genes
that repair damaged DNA on individual susceptibility to cancer will re-
quire studies in large cohorts to have sufficient sample size to support
gene-gene interaction studies. It will aso require that the exposures be
well characterized so that the gene—exposure (dose) interaction can be
characterized. Very large studies will be critical for predicting the human
health consequences of low-level exposure to cancer-causing agents, in-
cluding ionizing radiation.
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DISCUSSION: Uncertainties in Exposure and Response
Susan Preston-Martin

Keck School of Medicine, University of Southern California, Los
Angeles, California

Henry Royal has pointed out that medical exposures are by far the
largest man-made source of population exposure to ionizing radiation and
that diagnostic exposures are the predominant contributor to this. David
Followill and Ray Carroll have discussed the many sources of uncertainty
in estimates of the radiation dose to those in the Isragli tinea capitis
cohort, for whom considerable data on radiation parameters were record-
ed. The uncertainties involved in estimating doses from past radiographic
procedures are far more daunting. For diagnostic procedures, far less is
recorded. No information is available in medical charts on critical dose-
related details such as what machine setting was used or the length of
time of fluoroscopic examinations. Wendy Mack presented comparison
dosimetry data on X-ray machines currently in use in Los Angeles Coun-
ty that show wide variation in the radiation dose to the patient during
several specific types of radiographic examinations. But no information
is available in medical charts in the county on which machine was used
for a recorded radiographic examination. Our County Hospital, the pri-
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mary teaching hospital for USC Medical School, has more than a hundred
X-ray machines in current use.

This dose uncertainty is becoming an increasingly formidable obstacle
in studies of radiographic exposures. In a dental X-ray validation study
we did 15-20 years ago as part of a study of salivary gland tumors, we
were able to estimate doses. Even when the radiation parameters were
not recorded in the dental chart and the dentist did not remember the
machine settings or what speed film he had used in a given calendar year,
we were able to make assumptions that allowed us to estimate doses. For
example, Kodak's sales records allowed us to know the year most dentists
switched to a new faster-speed film. For this study we asked patients with
sdlivary gland tumors and their controls about all the dentists they had
gone to and how often each had X-rayed their teeth. When we compared
interview information to that from dental charts, we learned that recall
of dental X rays appeared to be unbiased. We also learned that 85% of
radiation exposure to the salivary glands came from dental X rays. Fur-
thermore, we found a clear, statistically significant dose-response rela-
tionship between cumulative exposure of the salivary glands from dental
X rays and risk of salivary gland cancer.

The situation today is vastly different when trying to estimate doses
from an increasingly broad range of medical radiographic procedures. We
are currently trying to finish the analysis of a subtype-specific study of
adult-onset acute myelogenous leukemia (AML). We have done a thor-
ough literature search, searched the Web, and consulted numerous rec-
ommended experts and have estimated doses for more than 200 different
types of radiographic examinations which the 850 subjects in our study
had in the 10 years before diagnosis. Nonetheless, we have no idea what
dose to assign to dozens of types of examinations. This obstacle is be-
coming more formidable with the rapid proliferation of imaging proce-
dures. Investigators need to be able to estimate dose from all these types
of examinations in future studies to estimate sources of population ex-
posure and to evaluate possible dose-response relationships. The studies
of the gene—environment interactions Harvey Mohrenweiser discussed
will not be possible unless we also consider radiographic exposures. As
he stressed, most cancer is associated with low to moderate levels of
exposure in genetically susceptible individuals.

Therefore, | am making an appeal to al of you here to point us to
appropriate help in tracking down dose estimates for three groups of
radiographic examinations. The first includes diagnostic imaging proce-
dures other than nuclear scans where someone has given us a guess as
to what the dose might be, but we have been unable to track down a
defensible dose estimate. The second includes the ‘‘guesstimates’ we
have been given for various nuclear medicine scans. The third includes
nuclear medicine scans for which we have no dose estimates whatsoever.
If any of you can help us with pinning down doses for any of these
examinations, please let me know.

In closing, | want to say how glad | am that the ASA agreed to include
a session on medical exposure at this meeting. Indeed, a session on issues
relating to medical exposures would be appropriate to have at every ASA
radiation meeting given that this is the number one source of population
exposure from man-made sources of ionizing radiation.

I1l. THE EVALUATION OF DISEASE RISKS
Chair: Amy Kronenberg
Lawrence Berkeley National Laboratory, Berkeley, California
Predisposition, Susceptibility and DNA Repair in Radiation-

Induced Skin Cancer

Kenneth H. Kraemer

Basic Research Laboratory, National Cancer Institute, Bethesda,
Maryland

People with the rare genetic disorder xeroderma pigmentosum (XP)
have marked sensitivity to sunlight, multiple pigmented lesions, and skin

cancer at an early age (1-3). XP patients have an approximately 1000-
fold increased risk of developing cutaneous basal cell carcinoma, squa-
mous cell carcinoma, and melanoma (3). The average age of first skin
cancer in XP patients is less than 10 years—a 50-year reduction in com-
parison to the U.S. genera population (4). Cells from XP patients are
hypersensitive to killing by ultraviolet (UV) radiation and are hypermu-
table after exposure to UV radiation. These abnormalities are caused by
defective DNA repair.

There are seven DNA repair genes (XPA to XPG) involved in nucle-
otide excision repair and another gene (XPV) involved in bypass of UV
photoproducts (1). Defects in these genes are associated with different
clinical forms of XP. They result in large (50—100%) reductions in ex-
cision repair.

Aging in the genera population is associated with a progressive small
decline (about 0.6% per year) in DNA repair (5). The mechanism of this
decline has not been discovered. People with skin cancer may have a
more rapid decline in DNA repair with age.

Mutations in DNA repair genes that do not appear to greatly ater their
function are now being identified. If their frequency is at least 1% in the
genera population, they are termed ‘‘polymorphisms”’. Some of these
polymorphisms in coding sequences result in changes in amino acids in
the affected proteins, and others may change the tRNA recognition se-
quences while preserving the amino acids. Changes in introns may alter
gene function in presently unknown ways. Polymorphismsin DNA repair
genes may play a role in cancer susceptibility and are currently being
intensively investigated (6).
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Cancer Predisposition, Radiosensitivity and the Risk of
Radiation-Induced Cancers: Biological Aspects and
Computational Modeling

K. Sankaranarayanan

Department of Radiation Genetics and Chemical Mutagenesis, Leiden
University, The Netherlands

It has long been known that among human Mendelian diseases (i.e.
hereditary diseases due to mutations in single genes), there is a subset in
which a cancer of one type or another is the sole or frequent phenotypic
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manifestation of the mutant gene. Individuals with such mutant genes are
said to be cancer-predisposed, cancer-prone or cancer-susceptible. Mul-
vihill’'s 1999 compilation (1) shows that 635 (6.2%) entriesin McKusick's
1998 compendium (2) represent genes and/or disorders that predispose to
or are associated with neoplasia. Interest in the question of whether in-
dividuals with such disorders or their cells would be radiosensitive was
catalyzed by two important discoveries in the late 1960s: First, in 1968,
Cleaver demonstrated that in patients with xeroderma pigmentosum, an
autosomal recessive disorder, defective DNA repair is the biochemical
cause for cellular UV-radiation hypersensitivity, which in turn leads to
solar radiation-induced skin cancers. Around the same time, other inves-
tigators found that patients with ataxia telangiectasia, another autosomal
recessive disorder reacted catastrophically to conventional X-ray therapy.

Research carried out during the last several years lends support to the
view that some of the genes underlying cancer predisposition may aso
make their carriers more sensitive to ionizing radiation-induced cancers.
If this were true, (a) individuals who carry the radiosensitive cancer-
predisposing gene(s) may be at a higher risk for induced cancers than
those who do not have them, (b) the risk of radiation-induced cancersin
a population in which these radiosensitive subgroups exist may be higher
than in a population which does not have these subgroups, and (c) the
risk of radiation-induced cancers to relatives of cancer-predisposed indi-
viduals will be higher (because of the enrichment of cancer-predisposing
mutations in them) than to unrelated individuals.

To study this problem, a Mendelian autosomal one-locus, two-alele
model was developed. The model assumes that one of the aleles is mu-
tant and that the genotypes carrying the mutant allele are cancer-predis-
posed and are also more sensitive to radiation-induced cancer. The model
alows for the dose dependence of radiosensitivity differentials among
genotypes and incomplete penetrance (i.e., not al individuals who carry
the mutant allele express the cancer phenotype); additionally, it takesinto
account the possibility that not all cancers of a given type are due to
mutations in the gene under study. The following specific questions were
addressed: (@) If a population is heterogeneous (i.e. consisting of cancer-
predisposed and non-predisposed subgroups) and if the predisposed sub-
group is aso more sensitive to radiation-induced cancers, how much
higher will the radiation cancer risks be in such a heterogeneous popu-
lation, compared to one which is homogeneous in this regard? (b) Under
the same circumstances, what will the increase in radiation cancer risks
be in relatives of cancer-predisposed individuals compared to that in un-
related individuals? Formal analytica predictions were made with the
model, and these were illustrated using recent data on breast cancers due
to the BRCAL gene (3-5).

The following results have been obtained: (a) When the population is
heterogeneous with respect to cancer predisposition and radiosensitivity,
irradiation results in a greater increase in the frequency of induced can-
cers; the relative risks (i.e. the ratio of cancer risks in a heterogeneous
population relative to that in a homogeneous population) increases with
increasing dose, but the dose dependence of relative risks diminishes at
higher doses. (b) The attributable fraction (AF, the proportion of increase
in risk that is due to both increased susceptibility and increased radio-
sensitivity) and the proportion of attributable risk due to increased radio-
sensitivity alone increase with increasing dose, and the dose dependence
of each measurement also diminishes at higher doses. (c) When the pro-
portion of cancers due to susceptible genotypes is small (<10%, as is
likely to be the case for breast cancer in non-Ashkenazi Jewish women),
the increases in the relative risk and attributable risk are marked only
when there are very large increases in cancer susceptibility (>1000-fold)
and radiosensitivity (>100-fold) in the susceptible group. (d) When the
proportion of cancers due to the susceptible genotypes is appreciable (i.e.
>10%, as may be the case for breast cancer in Ashkenazi Jewish women),
there may be large increases in the relative risk and attributable risk for
comparatively moderate increases in cancer susceptibility (>10-fold) and
radiosensitivity (>100-fold) in the susceptible subpopulation. (e) For val-
ues of predisposition strength and radiosensitivity differential <10, even
when the estimated frequency of a mutant BRCAL gene is 0.0047 and the
proportion of breast cancers due to these mutations is 38% (as is the case

for Ashkenazi Jewish women under age 30), the increase in breast cancer
risks is only marginal even for first-degree relatives. (f) For any given
combination of strength of predisposition and radiosensitivity differential,
incomplete penetrance dilutes the effect.

These results support the general conclusion that increases in radiation
cancer risks to a heterogeneous population to be detectable epidemiolog-
ically will occur only when the mutant alleles are common and the
strengths of predisposition and radiosensitivity differentials are conjointly
dramatic.
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Hemochromatosis Heter ozygotes May Constitute a
Radiation-Sensitive Subpopulation

R. G. Stevens

University of Connecticut Health Center, Farmington, Connecticut

A primary mechanism of radiation-induced DNA damage is by gen-
eration of free radicals. Chronically increased oxidative stress from ele-
vated body iron may increase radiation sensitivity by decreasing cellular
oxygen radical scavenging capability. Hemochromatosis heterozygotes
have elevated body iron. Low-level radiation sensitization by iron may
be particularly pertinent for risk of breast cancer. Since 10% of the pop-
ulation appears to be heterozygous for the hemochromatosis gene, a ra-
diosensitizing effect would have pervasive implications.

Hemochromatosis is a genetic condition (termed HFE and located on
chromosome 6) that leads to a morbid accumulation of body iron. Un-
treated hemochromatosis is physically catastrophic. In addition, more
than 10% of the population is heterozygous for HFE mutated genes (1),
and heterozygotes have moderately elevated body iron stores (2). The
disease hemochromatosis is a clear example of a gene—environment in-
teraction. HFE-normal people maintain an effective intestina block to
the absorption of dietary iron once they are iron-replete; non-heme iron
is not absorbed, and very little heme-iron is absorbed (3). In contrast,
iron in the diet, particularly heme-iron, is readily absorbed by HFE-mu-
tation homozygotes well beyond an iron-replete body iron status. Hetero-
zygotes have an intermediate phenotype in which some block is induced
when iron-replete, but more iron than necessary is still absorbed. It is
important to note that HFE is common in people of northern European
ethnicity, but uncommon in other ethnic groups (1). Gordeuk et al. (4)
reported on an iron overload genetic predisposition in parts of Africathat
isnot linked to HFE yet is very common in the population studied. Other
iron-overload genes should be pursued vigorously.

Oxidative stress and free radical processes are believed to contribute
to the pathogenesis of many maladies including cancer, heart disease,
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arthritis and neurodegenerative disorders (5). Elevated body iron has been
reported to be associated with increased cancer risk (6, 7), perhaps by
generation of free radicals (8).

Breast cancer can be caused by radiation exposure (9), and a primary
mechanism for radiation-induced DNA damage is generation of free rad-
icals, thisis true for low- (10) and high- (11) LET radiation. Therefore,
elevated body iron may increase sensitivity to low-dose radiation-induced
cancer, particularly of breast, through chronic oxidative stress leading to
a compromise of oxidative defense mechanisms (12).

Zhou et al. (13) reported that cell—cell communication greatly facili-
tates the bystander effect, in which unirradiated cells suffer DNA damage
when neighboring cells are irradiated. Although DM SO had no effect on
the bystander effect, this does not rule out arole for free radical biology.
Iliakis et al. (14) reported that hydrogen peroxide induces DNA double-
strand breaks in Chinese hamster ovary cells at very low concentrations
(~1 pM), much lower than required for cell killing. The authors speculate
that iron~-DNA complexes alow for Fenton chemistry when hydrogen
peroxide is present and production of hydroxyl radicals in proximity to
the DNA. Therefore, the bystander effect may be influenced by produc-
tion of hydrogen peroxide in irradiated cells diffusing through gap junc-
tions to DNA of unirradiated cells where an iron complex could rapidly
damage the DNA by Fenton chemistry. High intracellular iron content
would be expected to increase the bystander effect and low iron to inhibit
it. Catalase would be expected to reduce or eliminate the bystander effect
if hydrogen peroxide is involved.

These hypotheses can be tested by application of biomarkers of oxi-
dative stress which offer the potential for elucidating mechanisms of bio-
molecular damage from many sources including endogenous biochemis-
tries, genetic polymorphisms, occupational or environmental xenobiotic
exposures, and diet. However, use of biomarkers of oxidative stress suf-
fers from two dangers: (1) that the chosen biomarker does not actually
reflect damage relevant to pathogenesis, and (2) that it is very difficult
to measure accurately due to artifact in isolation. Despite these concerns,
there is considerable interest in pursuing this direction for research on
mechanisms of disease causation (15).
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DISCUSSION
Antone L. Brooks

Washington State University at Tri-Cities, Kennewick, Washington

‘“Evaluation of Disease Risk’” was alogical follow-up to the final paper
in the session on ““Uncertainties in Exposure and in Response”’, where
Dr. Harvey Mohrenweiser discussed the use of biomarkers of dose and
reviewed markers of exposure. In our session, the theme was expanded
to include markers of sensitivity and disease. The papers presented illus-
trated the relative role of genetic background in radiation sensitivity and
the impact of genetic sensitivity on risk from radiation-induced disease.

Dr. Ken Kraemer of the National Institute of Health presented “‘Pre-
disposition, Susceptibility and Radiation-induced Cancer”, which re-
viewed the role of sensitivity in radiation-induced disease. This talk il-
lustrated a very good example of a genetic condition that alters sensitivity
and response to an environmental insult. Dr. Kraemer discussed the role
that ultraviolet (UV) radiation plays in the induction of skin cancers (bas-
a cell carcinoma, squamous cell carcinoma, and melanoma) in individ-
uals with the rare genetic disease xeroderma pigmentosum (XP). Those
with this disease have more than a 1000-fold increase in risk for the
development of these cancers. For XP, the link between UV-radiation
exposure and the development of cancer is well established. However,
unlike the other skin cancers, the induction of melanoma is not limited
to areas where there is sunlight and UV-radiation exposure. This obser-
vation suggests additional mechanisms for the induction of melanoma
Dr. Kraemer aso described the biochemical basis for this genetic defi-
ciency and demonstrated that DNA repair deficiencies play a central role
in development of the disease. Finaly, he discussed the fact that those
with this disease are not sensitive to exposure to ionizing radiation. This
observation suggests very different pathways for cancer induced by ion-
izing radiation and UV radiation and supports the concept that the types
of damage induced by ionizing radiation and the repair of that damage
are unique. His talk demonstrated how an understanding of the mecha-
nisms underlying disease can be used in establishing the impact of genetic
background on risk in individuals with the disease. Such understanding
makes it possible to predict sensitivity to environmental agents that have
similar modes of action and illustrates that sensitivity to one agent does
not necessarily confer sensitivity to exposure to other agents.

Dr. K. Sankaranarayanan from Leiden University presented the second
talk, “ Cancer Predisposition, Radiosensitivity and the Risk of Radiation-
Induced Cancers: Biological Aspects and Computational Modeling”, in
which he presented models that have been developed to define the impact
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of genetic disease on cancer risk. These models made it possible to vary
both the frequency of the genes in the population and the sensitivity of
the carriers that are either homozygous or heterozygous for the genes
associated with the disease. The models can predict the impact of genetic
background on risk from low levels of radiation exposure. They aso
compared populations that were very homogeneous with respect to both
cancer predisposition and radiosensitivity to populations that were more
heterogeneous with respect to these traits. The models suggested that the
more heterogeneous population would have a higher relative risk than
the homogeneous population. The dose dependence was predicted to be
nonlinear with a decrease in relative risks at higher doses. Dr. Sankar-
anarayanan did an excellent job of showing the magnitude of the impact
of genetic disease, i.e. reduced DNA repair, on cancer risk. He demon-
strated that the presence of a sensitive subpopulation would have very
little impact on total cancer risk for genetic diseases that have low gene
frequency, less than 10%. He aso demonstrated that the relative risk for
a total population would be affected only when there were very marked
increases in cancer susceptibility and sensitivity (>1000-fold) in the in-
dividuals that had the sensitive phenotype. The models all assumed com-
plete penetrance of the genes. Any decrease in penetrance, which is pre-
sent for most genes studied, would decrease the risk. These results sup-
port the concept that increases in cancer risk related to genetic back-
ground will be detectable epidemiologicaly only when both the mutant
dleles are common and the strength of the predisposition and radiosen-
sitivity differentials are very dramatic. To date, we do not have examples
of genetic diseases that have both a high frequency and high sensitivity.
This presentation represented a very careful and complete review of ge-
netic markers of both sensitivity and disease.

The final presentation in this session was ‘‘Hemochromatosis May In-
crease the Sengitivity to Radiation-Induced Carcinogenesis’ by Dr. Richard
G. Stevens of the University of Connecticut Health Center. The genes that
predispose individuas to hemochromatosis have been identified, located on
a specific chromosome, and sequenced. The frequency of the gene in car-
riers has been shown to be about 10%. Iron was postulated to act as a
“food” for cancer cells or to produce free radicals that increase oxidative
stress. The magjor emphasis of the presentation was on the role that iron
playsin freeradical production. Dr. Stevens reviewed a number of different
epidemiological studies that suggest that carriers of this gene and persons
who are homozygous for the hematochromatosis gene have an increased
risk for cancer, especialy in the liver. He aso demonstrated that individuals
who are homozygous for the gene have iron overload in many tissues and
that this overload can be reduced with treatment. When the overload is
decreased, the risk for cancer was also decreased. This suggests that the
presence of the iron in the diet and in the organs plays a direct role in the
development of cancer. However, the link between radiation sensitivity and
hematochromatosis is presently limited to in vitro studies. Dr. Stevens re-
viewed studies currently under way at Pacific Northwest Nationa Labo-
ratory in which the level of iron in the diet, the genetic makeup of the
mice, and the exposure to radiation are being combined to determine if
identification of this gene could represent a marker of sensitivity. If these
studies demonstrate an increased sensitivity to radiation, this gene could
meet the criteria set out by Dr. Sankaranarayanan for major impact on risk.
Hematochromatosis genes occur at high frequency and may have an in-
creased sengitivity to radiation. If a high sengtivity is confirmed for he-
matochromatosis, this disease could have a major impact on cancer fre-
quency.

In summary, the presentations in this session demonstrated how biolog-
ical markers of radiation exposure and dose, markers of sensitivity, and
markers of disease can be used to support and supplement current epide-
miological approaches. As these cellular and molecular studies are contin-
ued, and as the techniques improve and become faster and more econom-
ical, biomarkers may play an important role in risk assessment. In the
future, it may become possible to include genetic predisposition as a marker
of radiation risk in the same way that age at exposure, sex, race, dose and
economic status are currently used. Such molecular epidemiological ap-
proaches may become useful tools for understanding the mechanisms in-
volved in the development of disease, and provide important information

on the magnitude of the health risk after exposure to low levels of man-
made occupational and environmental radiation.

IV. TEMPORAL EFFECTSIN RADIATION
EPIDEMIOLOGY—1

Chair: Bobby Scott
Lovelace Respiratory Research Institute, Albuquerque, New Mexico

Age-Time Digtribution of Cancer Risks to be Expected from
Acute or Chronic Exposures to General Mutagens

D. A. Pierce
Radiation Effects Research Foundation, Hiroshima, Japan
(with M. Vaeth, University of Aarhus)

Our am is to indicate some mathematical considerations that may pro-
vide guidance in the descriptive anaysis of excess cancer due to either
acute or prolonged exposures to carcinogens. It is particularly challenging
to carry out and interpret such analyses for prolonged exposures, and even
for acute exposures it is difficult to distinguish between effects of age at
exposure, time since exposure, and attained age. Carcinogenesis is quite
complicated, and we prefer not to think of our formulation as a mathe-
matical model for this. There are, however, some plausible aspects that
dlow interesting mathematical development that bear on the anticipated
general character of age-time patterns of effects due to a general mutagen.
This is based simply on the notion that a cancer is due to accumulation of
mutations in a stem cell, and that a general mutagen might increase al
their rates. The most notable aspect of the results is provision of possible
insights into age-time patterns of risk rather independently of parameter
vaues in the mathematical formulation.

Suppose, certainly as an idealization, that background cancer arises sub-
stantialy as follows. There is a class of relevant mutations that can occur
in a stem cell, each of which occurs at a rate that is independent of age
but—importantly—may depend arbitrarily on which mutations have a-
ready occurred in the cell. A cell becomes malignant when some k of these
mutations have occurred. For the moment, we equate the existence of a
malignant cell with a cancer. Such a process is both biologicaly more
specific and mathematically more genera than the Armitage-Doll multi-
stage model, but it remains true that background cancer rates would, for
suitably small mutation rates, increase approximately as age to the k — 1
power.

Now suppose that when a cell is exposed to a general mutagen at age-
specific rate d(a), the rates of all the mutations are increased by a factor
[a + Bd(a)]. This departs markedly from the usual considerations of the
effects of a specific carcinogen in the Armitage-Doll multistage model,
where a tenet has been that the carcinogen can affect only one or two of
the stage transitions, in terms of the order of their occurrence.

It can be shown that under the above assumptions the result of exposure
is to change the age scale for acell from ato [a + BD(a)], where D(a) is
the cumulative dose by age a. It then follows directly that under this for-
mulation the relative risk of an exposed to unexposed collection of cellsis
given by

D@)|*

RR(@) = |1 + BT [1+ Bd(a)]. (1)

The first term is the ratio of [a + BD(a)]** to a<*, and the second term
is a differentia element resulting from the change of age scae. One could
in this entire development consider d(a) as any given nonlinear function
of dose rate, with D(a) the integral of this function.

Others have suggested the change of age scale argument independently
of the specific considerations here. Note that, provided background cancer
increases as a power of age, for whatever reason, Eq. (1) follows from the
change of age scale assumption without regard to the development here.
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Howevey, it is significant that in our formulation the final term in Eq. (1)
corresponds to the effect of the exposure causing the final one of the re-
quired mutations. Moreover, the terms in the expansion of the initial term
in Eq. (1) correspond to the exposure causing 0, 1, 2, ... mutations in the
same cell. Although for RR(a) to involve a high-degree polynomia in dose
may seem implausible, it should be observed that the function (1 + x)° is
very nearly linear in x even for p = 5, say, over arange where the function
valueis no greater than about 3 or 4—afairly large relative risk in radiation
studies. Moreover, because of this, the age patterns of risk given by Eq.
(1) are insensitive to variations in the value of k, provided that correspond-
ing adjustments are made to B.

When alowing for the time between the presence of a maignant cell
and a cancer, both rates forming the ratio RR(a) are lagged and smoothed
by a random latent period. The smoothing is fairly important, particularly
in regard to the find factor of Eq. (1) when the exposure period is short.
Applying this smoothing to RR(a) rather than the rates is more transparent
and usuadly results in negligible error. The chance that a malignant cell
may not develop into a cancer is important, affecting equally the two can-
cers involved but canceling in the relative risk.

The formula of Eq. (1) corresponds more closely than perhaps it should,
given the idedlization involved, to age-time patterns of risk due to both
ionizing radiation and cigarette smoking. The ideas leading to it were first
developed for the atomic bomb survivors (1). In this case the exposure was
acute and follow-up began severa years after exposure, leading to the
smplification that during follow-up RR(a) = [1 + BD/a<* = 1
+(k—1)BD/a + ..., where D is smply the dose. For solid cancers, the
RR is small enough for the indicated linear approximation in D to be totally
adequate. If the decline in RR normaly attributed to age at exposure is
attributed to attained age a, then this is fundamentally the age-time pattern
seen for most solid cancers in the atomic bomb survivor data. The sug-
gestions that age at risk—as opposed to age at exposure or time since
exposure—may be the primary age-time scale and that there is a simple
reason why the RR may decrease with age indicate how such mathematics
may be useful for descriptive analyses and interpretation of data For can-
cers with strong hormonal influences, such as breast and thyroid, there are,
not surprisingly, departures from predictions based on age aone.

For miners exposed to radon, matters are substantially more interesting,
since as noted the descriptive analyses and their interpretation are quite chal-
lenging. From the joint anadlysis of a large number of cohorts, with far more
information than is usudly available, it has been possible to describe the
age-time patterns of risk in some detail (2). These descriptions involve vary-
ing weights for dose according to time since exposure, a general decrease
with attained age, and a possible effect of dose rate or duration of exposure.
The characteristic age-time pattern for RR(a) resulting from such descriptions
is arather sharp increase beginning about 5 years after the start of exposure,
continuing until about 5 years after exposure ends, then a decrease which is
correspondingly rapid for 1015 years and subsequently becomes more mod-
est. Although the descriptive models are rather complex, the formula of Eq.
(1) predicts essentialy the same age-time patterns for various exposure sce-
narios and up to moderate doses. The risks for miners at high doses are large
enough for Eq. (1) to predict modest upward curvature in dose, but as with
the atomic bomb survivors, even linear models overpredict the risk at highest
doses. Equation (1) may, to some extent, clarify the issue of the so-called
inverse dose-rate effect, mainly through the impact of the find factor in that
equation during a lengthy exposure period. More generaly, since the ob-
served RR varies markedly with age in relation to the exposure period, as
described above, issues such as a dose-rate effect, and indeed the shape of
the dose response, become quite complicated.

Although there is probably less reason than for ionizing radiation to think
of cigarette smoking products as general mutagens, Eq. (1) also predicts the
age-time patterns of lung cancer risk associated with cessation of smoking
remarkably well. In both this setting and that for the underground miners,
the fina factor in Eq. (1) plays amaor role through contributing substantially
during the exposure period but vanishing after termination of exposure.

Important questions pertain to the value of such mathematics, and mod-
eling of mechanisms more generally, in substantive analyses and inter-
pretation of data. Most would agree that some hybrid approach of em-

pirical description and idealized deductive reasoning is the best aim. Al-
most never would one want to use something as ssmple as Eq. (1) for
descriptive purposes. But there is need for guidance in descriptive anal-
yses, which are not trivial even for acute exposures and become truly
daunting for prolonged exposures. Seldom is there the opportunity for
the heroic efforts employed during the past 15 years on joint analyses of
the data for miners exposed to radon. Use of ideas indicated here could
substantially affect analyses in more typical prolonged-exposure studies.
However, the most important issues often involve interpretation of de-
scriptions, where one is inevitably faced with the need to sort out plau-
sible causality in the presence of too many highly correlated age-time—
dose covariables. Considerations here have affected our attitude toward
age-at-exposure effects for the A-bomb survivor data, and they could
bring into question the current emphasis on time-since-exposure effects
in interpreting the data for the miners.
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Multistage Models and the A-Bomb Survivor Data:
Implications for Carcinogenic M echanisms?

Suresh H. Moolgavkar
Fred Hutchinson Cancer Research Center, Seattle, Washington

This presentation consists of two parts. The first discusses the concept
of multistage carcinogenesis in mathematical terms. The observation that
both mutation and cell proliferation kinetics play essentia roles in carci-
nogenesis suggests the framework for a mathematical model for carcino-
genesis that incorporates the essential biological features of the process.
The first multistage models for carcinogenesis (1) were proposed to explain
the epidemiological observation that the age-specific incidence curves of
many common human carcinomas rise roughly with some power of age.
These early models ignored cell proliferation kinetics. Later models, e.g.
the two-stage clonal expansion model (2), explicitly introduced stochastic
birth and death processes to describe the kinetics of intermediate cell pop-
ulations. It can be shown rather generally that the hazard functions arising
from multistage models can be written as follows: h(t) = w,E[X,(H)|M(t) =
0], where t is age (time), E denotes the expectation, ., is the rate of the
last mutation on the pathway to cancer, X, isarandom variable representing
the number of cells in the premalignant compartment, and M is a random
variable representing the number of malignant cells. Thus h(t) is the product
of the last mutation rate and a conditional expectation. A commonly used
approximation assumes that h(t) ~ w.E[X,(t)]; i.e., the conditional expec-
tation is replaced by the unconditional expectation. Additionally, most ap-
plications of the Armitage-Doll multistage model make one more approx-
imation: Only the first non-zero term in the Taylor series expansion of the
unconditional expectation is retained. With these two approximations, the
hazard function of the Armitage-Doll model becomes h(t) ~ ct, where ¢
and k are constants. The use of approximate solutions (3) can yield mis-
leading results.

Analyses of the A-bomb survivor data using a number of versions of
multistage models, undertaken in collaboration with Heidenreich, Lue-
beck and Hazelton, were motivated by a recent paper by Pierce and Men-
delsohn (3). Based on a statistical smoothing of the data, they concluded
that excess cancer rate after radiation exposure depends only on age and
not on age at exposure. They ask, *“Can this observation help to discrim-
inate between various models of radiation carcinogenesis? Are there gen-
eral implications regarding mathematical models of carcinogenesis?’ Us-
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ing an approximate form of the multistage model of Armitage and Doll,
they contend that the observations are consistent with a multistage pro-
cess if and only if exposure to radiation causes the same proportionate
increase in each of the transition rates. Previously, we (4) had analyzed
the data using the two-stage clonal expansion model and concluded that
the data are consistent with radiation affecting only the initiation step.
We have now used a number of models: the Pierce-Mendelsohn model,
the two-stage clonal expansion model, the exact Armitage-Doll model,
the exact Nordling model, and the attained age model. These analyses
indicated that, among females, all the models fit about equally well as
judged by the likelihood. Among males, however, the exact versions of
the Armitage-Doll and Nordling models and the two-stage clonal expan-
sion model fit better than the Pierce-Mendelsohn model. Moreover, these
models predict very different patterns of excess risk, indicating that
smoothing of data may yield misleading results.
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Using a Biologically Motivated Cancer Model to Understand
Dose and Temporal Radiation Effects

H. P Leenhouts

National Institute of Public Health and the Environment (RIVM),
Bilthoven, The Netherlands

(with M. J. P Brugmans, RIVM)

In the last few years, we have developed a two-mutation clonal ex-
pansion model for radiation-induced carcinogenesis to function as a link
between radiation effects at the cellular level and excess cancer incidence
(1). Essentia for the model is the assumption that two mutations are
necessary for making a normal cell malignant and leading to cancer. The
number of cells in the intermediate stage, with only one mutation, may
increase in time at an expansion rate of e. Radiation is assumed to induce
cancer by increasing the mutation rates, ., and ,, depending on the type
of radiation and of cancer, using the dose relationship below derived from
cellular radiation biology: p; = (g + a,; D + &, D?) exp(—b,; D —
b,; D?), where i represents the mutation rate number, w,,; the background
mutation rate without exposure, D the dose in the considered model pe-
riod, and &;; and b; parameters to be fitted by the model.

This model simultaneously describes the dose and age dependence of
radiation-induced cancer and has been used successfully for a number of
cancers in animals and humans (1-4). Here we present some dose and
time dependences that are relevant to the extrapolation of radiation effects
found at high doses to the risks at low doses.

Effect of Dose Rate in Low-LET Radiation

For low-dose-rate exposure to low-LET radiation, a smaller radiation
effect is observed for such effects as cell killing and mutation induction
than for acute irradiation. This effect is caused by a smaller contribution
of the quadratic component of the linear-quadratic dose—response rela-
tionship, which can be ascribed to repair of sublethal damage (5). The
reduction of the radiation effect occurs for dose rates between about 1
Gy mint and 0.1 Gy h* (exposure periods of 1 min and a few hours).

For still lower dose rates, no further reduction is possible, resulting in a
linear dose—response relationship.

Although it is assumed in the model that in principle both mutations
may be dependent on radiation, for short exposures (say within a day)
only the radiation effect of one mutation rate is important in the cancer
incidence. In such a case the cellular dose—response relationship is re-
flected as for radiation-induced cancer incidence. This conclusion is il-
lustrated by the experimental data of Coggle as described in ref. (1): The
induction of lung tumors at age 15 months in mice exposed at a high
dose rate at age 3 months resembles the (cellular) dose—effect relation-
ship of the first mutation rate. The reduction in effect by lowering the
dose rate can be observed in the dose—effect relationship for tumor in-
duction.

These results show the dose-rate effect for low-LET radiation to have
an important cellular component. This lesser effect at low dose rates, for
example, is pertinent for evaluating cancer in the Japanese atomic bomb
survivors, where the exposure occurred in a split second.

The **Reverse Dose-Rate’” Effect for High-LET Radiation

The dose-rate effect as described above does not occur for high-LET
radiation (« particles and neutrons), because the quadratic component of
the cellular dose—effect relationship is not significant for high-LET ra-
diation. However, two other important aspects of the carcinogenesis mod-
el define the dose and time dependence for high-LET radiations:

1. The effect of the age at exposure. Depending on the parameters of the
model, the radiation effect is dependent on the age at exposure. For
example, for lung cancer, exposure of individuas around the age of
10 results in the highest cumulative incidence per unit dose at the age
of 75. Exposure of older individuals is less effective since the time
for development of the cancer is shorter. It is obvious that on the basis
of this effect, two different exposures may show a reverse dose-rate
effect; e.g., a dose received between 20 and 50 years of age has an
effect about three times as large as the same dose received (with a
higher dose rate) between 40 and 50 years of age.

2. The influence of cell killing. For high doses, the exponential part of
Eq. (1) becomes significant. This results in a downward bending of
the dose—effect relationship, indicating a greater effect per unit dose
at lower doses than at high doses. Such a dose—response relationship
has been observed for lung cancer in uranium miners and bone cancer
in radium dia painters (3).

These aspects play a role in low-LET radiation as well, but the im-
portance is overshadowed by the regular dose-rate effect. It should aso
be kept in mind that the incidence of radiation-induced cancer is depen-
dent on both the age at exposure and follow-up time. This is especialy
important when comparing results from different epidemiological studies.

The model results show dose—response relationships for lung cancer
after exposure to radon and bone cancer after radium intake, both of
which may lead to a reverse dose-rate effect. The effect for high-LET
radiation, which is completely different from the regular dose-rate effect
for low-LET radiation, is expressed for much longer exposure times. It
can be explained by a different effect for the age at exposure and/or
radiation-induced cell killing.

Absolute Compared to Relative Radiation Risks
