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ABSTRACT

This report is a revision of NUREG/CR-4214, Rev, 1, Part 1 (1990), Health Effects Models for Nuclear
Power Plant Accident Consequence Analysis. This revision has been made to incorporate changes to the
Health Effects Models recommended in two addenda to the NUREG/CR-4214, Rev. 1, Part II, 1989
report. The first of these addenda provided recommended changes to the heaith effects models for
low-LET radiations based on recent reports from UNSCEAR, ICRP and NAS/NRC (BEIR V). The
second addendum presented changes needed to incorporate alpha-emitting radionuclides into the accident
exposure source term. Particular attention was directed to the inhalation route of exposure and alpha
irradiation of the lung, liver, bone, and bone marrow. As in the earlier version of this report, models
are provided for early and continuing effects, cancers and thyroid nodules, and genetic effects.

Weibull dose-response functions are recommended for evaluating the risks of early and continuing health
effects. Three potentially lethi early effects—the hematopoietic, pulmonary, and gastrointestinal
syndromes—are considered. In addition, models are included for assessing the risks of several nonlethal
early and continuing effects—including prodromal vomiting and di.rrhea, hypothyroidism and radiation
thyroiditis, skin burns, reproductive effec.. and pregnancy losses.

Linear and linear-quadratic models are recommended for estimating cancer risks. Parameters are given
for analyzing the risks of seven types of cancer in adults—leukemia, bone, lung, breast, gastrointestinal,
thyroid, and “other.” The category, "other” cancers, is intended to reflect the combined risks of multiple
myeloma, lymphoma, and cancers of the bladder, kidney, brain, ovary, uterus and cervix. Models of
childhood cancers due to in wero exposure are also developed. For most cancers, both incidence and
mortality are addressed. The models of cancer risk are derived largely from information summarized in
BEIR I, IV and V as well as other current reports.

Linear and linear-quadratic models are also recommended for assessing genetic risks, Fiv~ classes of
genetic disease—dominant, x-linked, aneuploidy, unbalanced translocations, and multifactorial
diseases—are considered. In addition, the impact of radiation-induced genetic damage on the incidence
of peri-implantation embryo losses is discussed.

The uncertainty in modeling radiological health risks is addressed by including central, upper, and lower

estimates of all model parameters. Data are provided that should enable analysts to consider the timing
and severity « f each type of health risk.
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PREFACE

In the early 1980°s, the U.S. Nuclear Regulatory Commission recognized the need to review and revise
the health effects models that had been used in the Reactor Safety Study. At that time, a group of us at
Harvard were asked to identify experts who could contribute to the revision of health effects models and
to coordinate the development of a complete suite of revised health effects models. Two issues were of
particular interest to the NRC. First, that an open and scrutable process be used to develop the new
models—i.e., identification of experts, selection of members of our advisory committee, model
formulation and review. Second, that the uncertainty in the health effects models was to be quantitatively
characterized.

Considerable efforts were made in the initial work, 1981-85, to ensure that these goals were achieved.
Experts in radiation health were identified on the basis of a systematic review of the published literature
using publication counts and peer-group nominations as indices of expertise. Twenty individuals so-
identified agreed to serve as members of our advisory committee. This advisory committee played an
active role in model development and review during the early phases of the work. Uncertainty was
addressed in this initial work by providing central, upper and lower estimates of radiation health risks
for each effect of interest.

Since the middle 1980's the original report has been revised several times to reflect advances in
knowledge about the effects of radiation. The current revision incorporates new information about the
health effects of alpha particles and modifications of cancer risk assessment models necessitated by the
ongoing followup of the survivors of the atomic bombs at Hiroshima and Nagasaki.

Although the models have been repeatedly revised, they have not been subjected to the degree of peer
review that characterized the initial model development. In particular, the approach taken for
characterizing uncertainty is a bit outdated and deserves reconsideration. In the areas of air pollution risk
assessment, chemical carcinogenesis, and engineering risk assessment, there have been great advances
in formal approaches for incorporating expert scientific judgment in risk analysis.

Should it become necessary for these models to be further revised, it would be desirable to incorporate

these advances throughout the model development process, using recent approaches for characterizing the
degree of uncertainty and disagreement among experts about the health risks posed by ionizing radiation.

John S, Evans, Sc.D.
Harvard School of Public Health
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1.0 INTRODUCTION

For several decades, there has been interest in predicting the health effects of accidental releases of
radionuclides from nuclear power plants. In 1975, the U.S. Nuclear Regulatory Commission (NRC)
issued the Reactor Safety Study, which gave quantitative estimates of the health and economic
consequences of such accidents. The health effects models developed for the Reactor Safety Study have
provided the basis for most of the official estimates of the health consequences of nuclear power plant
accidents. They are used in several health consequence computer codes, e.g., CRAC (Ritchie, 1983).

In 1981, the NRC, through a contract with Sandia National Laboratories, began a critical review of the
Reactor Safety Study health effects models. The review, which was directed by Dr. Douglas Cooper at
Harvard University, concluded that several components of the Reactor Safety Study health effects models
required revision.

In 1982, the NRC initiated an effort 1o prepare improved bealth effects models to replace those used in
the Reactor Safety Study. The focus of this initial effort was to review the models for low-LET
radiations. An Advisory Committee, consisting of 17 experts, was assembled. Nominations for
appointment to the Advisory Committee were solicited from over 300 scientists. The Advisory
Committee was responsible for oversight and review of the model development process and for assisting
in the selection of Working Groups.

The Working Groups were responsible for reviewing the literature, recommending health-effects models,
and preparing reports giving the scientific basis for each model recommended. The entire project was
managed by scientists at Harvard University, initiaily by Dr. Douglas W. Cooper and later by Dr. John
S. Evans.

The first draft of the report, eventually published as NUREG/CR-4214, was completed in 1983. It was
reviewed at a meeting of the Working Group Chairpersons in August 1983 and, after minor revisions,
at a joint meeting of the Advisory and Working Groups in January 1984. A second draft of the report
was completed in 1984, It was reviewed by the Advisory Group, the Working Groups, Sandia National
Laboratories, the NRC, and a small group of external reviewers who were not involved in the model
development process.

NUREG/CR-4214 (NRC, 1985), which dealt with low-LET radiation, was published in July 1985. The
NRC circulated the document widely; mare than 1000 copies of the report were distributed for public
review and comment. The new models were formally presented in Washington, DC, in October 1985,
and in Luxembourg in April 1985.

Since their publication in 1985, the NUREG/CR-4214 health-effects models have been revised twice.
A primary goal of the first revision was to ensure that the models tor early effects of low-LET radiation
were consistent with the data on humans who had been accidentally or therapeutically exposed 1o
radiation. Scientists at the University of Pittsburgh, led by Dr. Niel Wald, were retained to review the



available human data; to assist in the interpretation of these revisions; and to recommend values of
pojulation injury thresholds based on the human data. A second goal was to develop upper and lower
estimates of parameters for all early effects to reflect the uncertainties inherent in the models. Drs.
Bobhy Scott and Fletcher Hahn of the Inhalation Toxicology Research Institute, the developers of the
early effects models presented in the original report, were retained to revise those models. The NRC was
particularly concerned that the parameters for pulmonary syndrome mortality be critically reviewed.

In addition 1> achieving these two goals, the NRC sought to update the models for late somatic effects
to reflect data from the continuing follow-up of the survivors of the atomic boabings at Hiroshima and
Nagasaki and to expand the definition of genetic effects to include consideraticn of peri-implantation
embryo losses (spontaneous abortions) induced by radiation. The authors of the late somatic effects and
genetic effects chapters of the original report, Drs. Ethel Gilbert and Seymour Abrahamson, were asked
to review their chapters in response to these concerns. Reports reflecting these first revisions were
published in 1989 and 1990: Health Effects Models for Nuclear Power Plant Accidemt Consequence
Analysis, Low-LET Radiation. Part 1; Introduction, Integration and Summary (NRC, 1990a) and Part Il
Scientific Bases for Health Effects Models (NRC, 1989,

The second revision, which began in 1989, had two basic goals: (i) to compare the NUREG models for
cancers and genetic effects with models presented in UNSCEAR (1988), BEIR V (NAS/NRC, 1990), and
ICRP Publication 60 {ICRP, 1991) and to make modifications where necessary, and (il) to recommend
approaches to estimate risks from exposure to high-LET, alpha-emitting radionuclides. This project was
managed by a group at the Inhalation Toxicology Research Institute led by Dr. Bruce Boecker, These
revisions were made by several authors of the origingl report, including Dr. Scott - ITRI, Dr. Gilbert -
PNL, Dr. Abrahamson - University of Wisconsin, and Dr. Mike Bender - Brookhaven National
Laboratory. As & result of these efforts, two addenda to NUREG/CR-4214, Rev. 1, Part Il (NRC, 1989)
have been published. Addendum | is entitied Health Effects Model« for Nuclear Power Plant Accident
Consequence Analysis, Modifications of Models Resulting from Recent Reports on Health Effects of
lonizing Radiation, Low-LET Radiation, Part Il Scientific Bases for Health Effects Models (NRC, 1991)
and Addendum 2 is entitled Health Effects Models for Nuclear Power Plant Accident Consequence
Analysis, Modifications of Models Resulting from Addition of Effects of Exposure to Alpha-Emiiting
Radionuclides, Part Il: Scientific Bases for Health Effects Models (NRC, 1993).

Addendum 1 (NRC, 1991) presented reviews of new reports that could impact the health effects models
for low-LET radiations given in the NUREG/CR-4214 report (NRC, 1989), especialiy the reports of the
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR, 1988). the National
Academy of Sciences/National Research Council BEIR V Committee (NAS/NRC, 1990), and revised
recommendations of the International Commission on Radiological Protection Publication 60 (ICRP,
1991). Most of the recommended changes to the NUREG/CR-4214 health effects models were related
to the late somatic effects. The most important of these changes fell in three areas. First, the
recommended dose and dose rate reduction factors (DDREF) for calculating central and lower bound
estimates for low dose and low dose rate exposure to low-LET radiations were modified. The previous
factor of 3.3 for the central estimate was changed to 2 and the previous factor of 10 for the lower bound



was changad to 4. Second, it was recommended that central estimates for most cancer types be based
on age-specific coefficients rather than the non-age-specific treatment used earlier. Finally, many of the
risk coefficients were modified to account for recent data and analyses, particularly analyses of the
Japanese A-bomb survivors based on revised dosimetry. For early occurring and continuing effects, the
model presented in NUREG/CR-4214 for severe mental retardation associated with in ufero exposure was
modified to allow for uncertainty associated with threshold dose. For genetic effects, the treatment of
irregularly inherited diseases was changed to include the new natural incidence estimates of irregularly
inherited diseases and their corresponding estimates of radiation-induced risks.

All of the NUREG/CR-4214 health effects models presented up through the Adderdum 1 report were
directed 1o brief or protracted exposures to low-LET radiations. Because nuclear power plants also have
alpha-emitting radionuclides in their fuel inventories, it was necessary to also incorporate the health risks
from possible exposures to the high-LET radiations from these radionuclides. Chronic internal radiation
from alpha particles is more effective in producing biological effects than is low-LET radiation. The
Addendum 2 report (NRC, 1993) presented the changes needed to incorporate alpha-emitting
radionuclides into the accident exposure source term. Particular attention was directed to the inhalation
route of exposure and irradiation of the lung, liver, bone and bone marrow. Possible genetic effects were
also discussed.

This report, which is a revision of NUREG/CR-4214, Rev. 1, Part 1 (NRC, 1990a), is directed
specifically to incorporating the new information presented in these two addenda (NRC 1991, 1993) as
they may impact on the models and the recommended parameters associated with these models. Those
portions of the earlier NUREG/CR-4214 report that were not impacted by the two addenda are included
without revision in this version of Part 1 for completeness. This report assumes only rudimentary
familiarity with mathematics and littie prior knowledge of biology or health physics, and is intended to
make the models available 1o the widest possible audience. Part II: Scientific Bases for Health Effects
Models, which was prepared by the scientists in the various Working Groups, is intended to provide
epidemiologists, radiobiologists, and other health scientists with detailed information on the origins of
the models.

The models presented in this report are intended for use in analyzing the consequences of nuclear power
plant accidents. They represent one element of a much larger effort to improve the computer codes used
by the NRC to estimate the health and economic consequences of various potential accident scenarios.
Other components of the accident consequence codes consider the probabilities of initiating events, the
likelihood and magaitude of the releases, the environmental fate and transport of radionuclides, and the
organ-specific doses expected. Although important, these topics are not addressed in this report.
Interested readers should consult the PRA Procedures Guide (NRC, 1983) and several volumes of a more
recent report (NRC 1990b) for discussions of these matters.

The purpose of this report is simply to document the dose-response models recommended for estimating
the health effects of nuclezr power plant accidents. The report is not intended as a guide for physicians
or others involved in the handling of radiation emergencies. It is also not intended to represent a
compendium of information on radicbiology.
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1.1 Treatment of Uncertainty

The health risks caused by radiation cannot be predicted precisely. The initial statement of work leading
to this report reflected an awareness of this and sought:

a realistic assessment of the health effects and risks due to the
radiation dose levels and types expected from nuclear reactor accidents.
The uncertainties associated with each health effect relationship shali be
described and, to the extent possible, quantified. For those cases where
the uncertainty can’t be fully quantified, upper and lower bounds should
be estimated.

The uncertainties in modeling health risks are of two types: parameter uncertainty and model uncertainty.
Parameter uncertainty arises in the process of drawing inferences about processes that are to some extent
random (or are observed with error) from small samples. If this were the only source of uncertainty, it
would be relatively simple to provide complete descriptions of the uncertainty in each estimate of health
risk. Unfortunately, the other source of uncertainty—mode! uncertainty—is not amenable to simple
analysis. Model uncertainty arises from the need to rely on analogy. For example, estimates of the risks
of pulmonary syndrome mortality are based in part on evidence from studies of Beagle dogs and estimates
of genetic risks are based on studies in mi~e. The accuracy of such estimates depends on the adequacy
of the analogies. Similarly, most estimates of radiation-induced cancer risk for low-LET radiation are
based on studies of the survivors of the bombings at Hiroshima and Nagasaki. Again, the accuracy of
the extrapolation from the high doses and high dose rates received by the Japanese survivors to the low
doses and dose rates frequently of interest depends on the validity of the analogy. Furthermore, there
is uncertainty about how to transport cancer risks from the Japanese to the U.S. population. Estimation
of the extent of the uncertainty in these analogies is unavoidably subjective.

We have taken a first step toward addressing uncertainty by providing three estimates of each effect: a
central estimate, a lower estimate, and an upper estimate. The central estimates are intended to be
realistic estimates, reflecting the coliective judgment of the scientists involved in model development.
The upper and lower estimates are intended to reflect alternative assumptions that are reasonably
consistent with available evidence and that may be preferred by some scientists.

The uncertainties in estimating the health effects induced by exposure to radiation are considerable. In
view of this, it is important that accident consequence analyses consider the spectrum of possible
consequence estimates rather than focusing attention on the central estimates.
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1.2 Measures of Accident Consequences

Any complete description of risk involves both probability and severity. This report provides models for
estimating the probabilities of more than 25 effects that may be induced by ionizing radiation. The report
also includes some information about the severity of each effect. For most early effects, the nature and
duration of symptoms are briefly described.

For each type of cancer, in addition to the models of morbidity and mortality risk, the report gives two
measures of severity: (1) the average interval (years/case) between diagnosis and death (an index of the
length of illness), and (2) the average loss of life (years/death) among those who die from the disease.

For each class of genetic disease, the report provides estimates of the typical interval (years/case) between
the onset of symptoms and death and of the average loss of life expectancy (years/case). In addition,
examples of the types of genetic diseases (defects) included within each class are described.

Some analysts may be concerned about the distribution of radiation-induced cancers and genetic effects
over time. Tables are provided that illustrate the temporal aspects of these risks.

1.3 Organization of Part I

The remainder of this volume is organized in two chapters and two appendices. Chapter 2, Model
Descriptions, gives the mathematical forms of the models and summarizes the parameter values
recommended for central, lower, and upper estimates of health risks. In most cases, the parameter values
recommended are those presented in Part 11 as developed by the Working Groups, and the revisions
recommended in Addendum ! (NRC, 1991) and Addendum 2 (NRC, 1993). In the few cases where
alternative values have been chosen, the reasons for departing from the recommeadations of the Working
Groups are given.

Chapter 3, Computational Aspects, has several purposes, primarily to describe the mathematical
procedures used to obtain the population-based models of health risks needed for accident consequence
analysis and to discuss approaches for implementing the models in accident consequence analyses
computer codes. In addition, this chapter briefly considers other topics of computational interest, €.g.,
the risks of early effects, based on different models (Weibull, probit and logistic) are compared.

Appendix A includes baseline demographic and mortality data used in the calculations. Appendix B
presents a set of tables useful in estimating risks for a population exposed to the plume.



2.0 MODEL DESCRIPTIONS

The health-effects model represents one of many components within the family of nuclear power plant
accidem consequence models. Other models are used to describe the release and transport of
contaminants, analyze the need for and effectiveness of emergency countermeasures such as evacuation,
sheltering, and respiratory protection, and to calculate the doses received as a result of an accident. The
Overview of the Reactor Safety Study Consequence Models (NRC, 1977) provides a clear introduction to
consequence modeling. The output from the release, transport, and dosimetry models is a set of estimates
of organ-specific doses expected to be received by the population in each geographic cell surrounding a
nuclear power plant. This set of organ-specific absorbed doses for both low-LET and alpha radiations
is one input required by our model. Information on dose rate is also required.

The health effects model is a collection of models. The coliection includes three broad classes of effects:
early and continuing effects, late somatic effects, and genetic effects. Tables 2.1 and 2.2 list the effects
for which models have been developed, the organ doses that are required as inputs to evaluate these
models, and the types of radiation, i.e., «, 8, v, for which models have been developed.

2.1 Early and Continuing Effects

In the event of a severe nuclear power plant accident, those living nearby may receive doses large enough
to suffer from the "early and continuing” effects of radiation. The early effects—which include the
potentially lethal hematopoietic, pulmonary, and gastrointestinal syndromes and several less severe effects
such as vomiting, diarrhea, and skin burns—typically occur within the first few days or weeks after
exposure. Continuing effects such as  hypothyroidism, pneumonitis, diminution of sperm
count/suppression of ovulation, and cataracts may require somewhat longer to develop or may involve
symptoms that persist for several years after exposure. Irradiation of pregnant women may also lead to
increased risks of embryo loss, fetal death, or wental retardation among those babies that survive.

Knowledge of the risks of these effects is derived largely from four sources: (i) studies of radiation-
related side effects among humans exposed therapeutically, (ii) analyses of the experience of the survivors
of the atomic bombings of Hiroshima and Nagasaki, (iii) examination of the health effects observed
among the relatively small number of individuals who received large radiation doses in various accidents,
and (iv) investigations of the effects observed in animals experimentally expused to radiation.

Models for early and continuing effects of low-LET radiation were developed by Dr. Scott and Dr. Hahn
of the Inhalation Toxicology Research Insatute. The models are based in part on data concerning human
radiation injury reviewed by Dr. Wald, Dr. Joseph Watson and Dr. Albert Spritzer of the University of
Pittsburgh. Information on thyroid effects was provided by Dr. Harry Maxon and several of his
colleagues. The models for early and continuing effects due to irradiation of the lungs and bone marrow
were subsequently modified by Dr. Scott to reflect the impact of dose from high-LET alpha particles.



Table 2.1

Early effects included in these health effects models

Model developed
Effect Mortality Morbidity radiation Target organ

Hematopoietic syndrome v - «, 8,y Bone marrow

Pulmonary syndrome v v a, B,y Lung

Gastrointestinal syndrome v - B, vy Small intestine® - colon

Prodromal symptoms
Vomiting - v B. v Abdomen®
Diarrhea - v 8.y  Abdomen®

Pneumonitis - v B, vy Lung

Thyroid effects
Thyroiditis - v B8, v Thyroid
Hypothyroidism - v B, v Thyroid

Skin effects
Erythema v B, v Epidermis® |
Transepidermal injury - v B. vy Epidermis®

Cataracts - v B, v Lens of eye

Embryo/Fetus ,'
Microencephaly v B. v Embryo/Fetus |
Severe mental retardation - v B,y Embryo/Fetus |
Death of embryo/fetus v - B, vy Embryo/Fetus

* The dose to the small intestine is used 1o estimate the risk from brief external exposure. The
dose 10 the colon is used to estimate the risk from protracted internal exposure.

b Midline, midplane upper abdominal dose.

¢ Dose to the basal cells (sbout 0.1 mm depth) of an area of 50 to 100 cn?.



Table 2.2

Late effects included in these health effects models

Model developed
Types of
Effect Mortality Morbidity  radiation Target organ
Somatic effects
Leukemia v - B, v Red bone marrow
in wero v - B,y Fetus
Bone cancer v . o, 8,y Bone
Breast cancer v v B.y Breast
Lung cancer v v a, 8.y Lung
Gastrointestinal cancer® v v a, B,y  Lower large intestine®
Thyroid cancer v v B,y Thyroid
Skin cancer - '4 B, v cpidermis®
Other cancer v v B. v Otherd
in utero v - B. v Fetus
Benign thyroid nodules v B, v Thyroid
Genetic effects
Single gene
Dominant v a, 8,7  Gonads
X-linked v a, B,y Gonads
Chromosome aberrations
Numerical - v a, 8,y  Gonads
Structural v a, 8.y  Gonads
Multifactorial v a, 8,y  Gonads
Pregnancy loss® - v o, B,y  Gonads

® And liver cancer risks from high-LET radiation.

b A weighted combination of the doses to the esophagus, stomach, colon and liver is
recommended for use in evaluation of risks from low-LET radiation. However, 1o evaluate
liver cancer risks from high-LET radiation only the dose to the liver should be used.

© Dose to the basal ceils (about 0.1 mm depth) of an area of 50 to 100 et

d A weighted combination of the doses to the bone marrow, brain, kidney, bladder, ovary, and

uterus is recommended.

€ Most of these losses will occur within the first few days of the pregnancy before the fertilized
egg is implanted in the uterine wall.



Scientific understanding of the biological nature of early effects indicates that most are threshold effects
i.e., in any individual the effect will not be experienced unless a threshold dose is exceeded. Population
dose-response functions for these deterministic (non-stochastic) effects are simply reflections of the
distributions of individual thresholds, or tolerances, among the population.

The risks of early and continuing effects of low-LET ‘riui.ation have been modeled using hazard
functions. The relationship between risk and hazard is given by:

R=1-¢H

where R is the probability that a person will in the absence of competing risks, exhibit the effect of
interest, and H, the cumulative hazard, is a function of both the dose received by the person and the dose
rate. For exposure at a fixed dose rate, the relationship between dose and risk is implicit in the
reiationship between dose and hazard. The cumulative hazard functions used to predict early effects are
two-parameter Weibull functions of the form:

H =0693[D/D]" for D>T

where H is the cumulative hazard, D is the (mean absorbed) dose to the relevant organ, Dgg is the dose
at which half of the population experiences the effect, V is the shape parameter, and T is the (population)
threshold dose. The Dgg depends on dose rate.

There is consensus that early effects are threshold effects. However, for many effects the available data
are too weak to permit precise identification of population thresholds. This is particularly true for effects
such as the pulmonary syndrome, where some individuals (those with preexisting lung disease) may be
especially sensitive to radiation. One scientist who reviewed the early effects models recommended
setting population thresholds at 10 1o 20 % of the median lethal doses rather than at the values selected
by the early effects working group.

The choice of this particular form of dose-response function is somewhat arbitrary, as almost any
sigmoidal function would fit the data in the experimental region. The alternatives to, and implications
of, this choice are discussed in Section 3.1.6, Form of Dose-Response Model.

For most early effects of low-LET radiation, dose .eceived at low dose rate is much less effective than
dose received at high dose rate. This phenomenon can be accounted for by adjusting the value of the
median lethal dose used in the hazard function. The simplest adjustment is one in which twe values of
Dy are used: one appropriate for dose received at high dose rate, and another for dose received at low
dose rate. With this approach, which has been recommended by the Early Effects Working Group for
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computing the risks of early effects of low-LET radiation when there is insufficient information for
developing a fully dose-rate-dependent model, the cumulative hazard is:

D, D

DSO.b DSO,p

H = 0.693

where Dy, is the brief dose (received at high dose rate) and Dy, is the protracted dose (received at low
dose rate)*. The term involving brief dose is necessary only when the external gamma dose rate exceeds
0.06 Gy/our. Although simple, this approach may yield reiatively imprecise estimates of risk, especially
when the median lethal dose is a strong function of the dose rate.

In the evaluation of protracted dose, a fixed RBE may be used to account for the increased effectiveness
of the contributions of alpha-emitting radionuclides, i.e.,

D =D, + RBE=*D,

where Dp represents the adjusted total dose from alpha, beta and gamma-emitting radionuclides, DP By
is the protracted dose from beta- and gamma-emitting radionuclides, Dp,a is the protracted dose from
alpha-emitting radionuclides, and RBE is the relative biological effectiveness for alpha radiation for
inducing the early effects of interest. The RBEs are endpoint-specific.

Better estimates of risk are obtained by increasing the number of terms in the model. In the limit, a
continuous form of the model is reached:
N v
H - 0693 e
Dy (D)
where D is the instantaneous adjusted dose rate (low-LET dose rate plus RBE times alpha dose rate) at
time t, Dgqo(D) is the median lethal dose applicable to dose received at the adjusted dose rate D, and H
is the cumulative hazard function. This is the approach recommended by the Early Effects Working

Group for computing the risks of death from the hematopoietic and pulmonary syndromes. For these
effects, the relationship between the adjusted dose rate and median lethal dose is modeled using:

Dy, (D) = 8_+ 8,/D |
where 8 is the limiting value of the median lethal dose (Gy) for low-LET radiation, D is the

* A problem arises in applying this approach when the shape parameters (V) appropriate for brief and
protracted exposures are substantially different. An example i« pulmonary syndrome mortality, where
the shape parameter for brief exposure to gamma radiation is 12 (central estimate), and the shape
parameter for protracied exposure to alpha or beta irradiation is § (central estimate). A solution
recommended by Scott er al. (NRC, 1993) is 1o replace the brief dose term, Dy/Dgg j,, in the equation

with (D, / Dsg ) (v"/v"), where Vy, is the shape parameter appropriate for brief dose, and V. is the
parameter appropriate for protracted dose.
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instantaneous adjusted dose rate (Gy/hr), and O, is a parameter reflecting the sensitivity of the median
lethal adjusted dose to the adjusted dose rate (GyZ/ar). As noted above, the RBEs used in deriving the
adjusted dose rates are end-point specific.

To account for any differences in the shape parameters for various radiations, it is also necessary to
replace V with V.., the shape parameter appropriate for simultaneous exposure 1o alpha, beta and
gamma irradiation. V.. is evaluated using:

l g. g’ gy

= + + —

V_ v v v

mix a B Y

where g, g5, and g, represent the fractions of the total normalized dose due to alpha, beta, and gamma
irradiation, respectively, and V,, V. and V.’ are the shape parameters appropriate for these irradiations.
The fraction g, is computed as:

3 D,

& © o D”.(D)
f' -

* Dg (D)

where all terms retain their previous definitions. Similar equations are used to compute gz and gy with
RBEB - RBE.Y = ].

The next several sections of this report describe the early effects that were considered and review the data
used in parameter selection.

2.1.1 Early Mortality

The three causes of early death considered in the heaith effects models are the hematopoietic syndrome,
the pulmonary syndrome, and the gastrointestinal syndrome. The hematopoietic syndrome will be the
dominant cause of early fatalities following brief whole-body exposures 1o external gamma rays. The
typical loss of life expectancy associated with death from the hematopoietic, pulmonary, or
gastrointestinal syndrome is about 45 years.

2.1.1.1 Hematopoietic Syndrome

The effects observed after irradiation of the bone marrow result from killing blood cell precursors (stem
cells) in the marrow. if the ensuing depression in peripheral white blood cells or platelets is severe, the
individual may die from infection or hemorrhage. However, for this to happen the number of surviving
stem cells must be depressed below a critical level. Otherwise, the numbers of peripheral blood cells will
return to normal ievels, and the individual will survive.
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The median lethal dose for humans is not precisely known. Several estimates have been published,
ranging from 2.4 10 5.1 Gy to the bone marrow. Some of the higher LDgy, estimates involve cases where
significant medical treatment was administered. When these studies are excluded, the range of estimates
narrows considerably. The judgment of our Early Effects Working Group was that a central estimate of
the LDy, appropriate for individuals exposed to external irradiation at high dose rate might be 3 Gy and
that reasonable lower and upper estimates would be 2.5 and 3.5 Gy.

Because the risk of hematopoietic syndrome mortality depends upon the level of medical treatment
received, two sets of parameters are provided, one appropriate for those receiving "minimal”™ medical
treatment and one appropriate for those receiving "supportive” medical treatment. Minimal medical
treatment involves basic first aid. Supportive treatment includes hospitalization with routine reverse
isolation procedures, antibiotic therapy, blood transfusions, electrolyte repiacement, administration of
blood products, and parenteral feeding.

A substantial benefit of supportive medical treatment has been demonstrated in dogs exposed to
whole-body irradiation. Perman er al. (1962) found a 50% increase in the median lethal dose of dogs
given supportive treatment (antibiotics, biood transfusions, parenteral fluids, and forced feeding)
compared to those not treated Similar results have been reported by Vriesendorp and van Bekkum
(1984) and MacVittie er al. (1984).

A third level of medical treatment, "intensive” medical treatment involving bone marrow transplantation,
may increase the chances of survival of some of those suffering from the bone marrow syndrome. It is
common for leukemia patients, who often receive doses greater than 10 Gy in conjunction with bone
marrow transplants, to survive the effects of radiation. Bone marrow transplants were given to 13
victims of the accident at Chernobyl. The doses received by these accident victims were estimated to
range from about 5 10 15 Gy. Although the results were not encouraging—only two of the 13 survived
(Gus'kova, 1987)—the efficacy of this therapy is still unclear. There were many complicating factors
at Chernobyl, e g., the firefighters who received the transplants suffered from extensive thermal and
radiation burns and the timing of the transplants may have been inappropriate.

It is thought that there are over 100 medical centers in the U.S. capable of providing such treatment.
Unfortunately, there has never been a credible national survey of the number of beds typically available
in these facilities, the capability of these centers to handle radioactively contaminated patients, or the
willingness of the administrators of these centers to make facilities and personnel available for treatment
of radiation accident victims. The limited data available are not convincing (Anderson, 1982). Until such
data become available, we recommend that no allowance be made for the lives that might be saved by
intensive treatment efforts such as bone marrow transplantation.

Those who survive the effects of the brief initial exposure to cloudshine and groundshine may later die
due 10 the combined effects of this initial exposure and any subseguent exposure from materials that were
inhaled or ingested. The risk from the combination of brief external exposure (at high dose rate) and
protracted internal exposure (at lower dose rate) may be assessed using the approach described in the
introductory section on early effects.
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Some individuals may accumulate rather large protracted doses. Fortunately, protracted doses received
at low dose rate are not as effective in producing early effects as similar doses received at high rates.
Both Scott er al. (1988) and Morris and Jones (1989) have demonstrated the importance of dose rate in
studies of early radiation effects in mice, rats, dogs, swine, goats, and sheep. In mice and rats the

for low-LET radiation increases by a factor of between 1.5 and 2 as the dose rate is reduced from

to 107 Gy per hour. In larger mammais, dogs, swine, goats, and sheep, the LDgg increases by a factor
between 2 and 4 as the dose rate is reduced from 10 to 107 Gy per bour.

The limited human evidence on the effects of doses of low-LET radiation received st low dose rates also
suggests that these doses may be less effective than the same doses received at high dose rates. Of 23
Japanese fishermen exposed to fallout, seven were estimated to have received doses greater than 4 Gy.
All of them survived. Other anecdotal evidence is found in the experience of a Mexican family acciden-
tally exposed to irradiation from a Cobalt source. It has been estimated that all five members of the
family received doses greater than 8 Gy. One of them survived. If these doses had been received at high
dose rates, it is unlikely that anyone would have survived. Although these observations are weakly
consistent with the animal data, they should not be overinterpreted. The doses involved are not known
accurately, and the number of individuals involved is relatively small.

Scott er al. (1988) and Morris and Jones (1989) have proposed mathematical models that quantitatively
express the dependence of the median lethal dose on the dose rate of low-LET radiation. After reviewing
these models, the Working Group recommended that the LDy, (Gy) for hematopoietic syndrome mortality
be evaluated using the equations given in Table 2.3

Scott er al. (1988) noted that high-LET radiation from o-emitters is not expected to contribute
significantly to the risk of hematopoietic syndrome mortality because these contributions to marrow dose
are expected to be small in most nuclear power plant accident scenarios. Nonetheless, central, lower,
and upper estimates of RBE , (for bone marrow syndrome mortality) of 2, 1, and 3, respectively, were
recommended (NRC, 1993). In addition, Scott er o/ recommended that modified values of the shape
parameter be used to account for additional uncertainty about the combined effects of low-LET and alpha
radiation. For circumstances involving relatively large exposures to alpha radiations, the lower and upper
estimates of the shape parameter given by Scott ¢7 al. were 3 and 9, respectively,

Current nuclear power plant accident consequence codes cannot take full advantage of these models
because the codes do not provide estimates of the rates at which doses are received by various segments
of the exposed population. Section 3.1.2 briefly describes the methods used in CRAC (Ricthie) and
MACCS (NRC, 1990b) for estimating the risks of hematopoietic syndrome mortality.

2.1.1.2 Puimonary Syndrome
The lungs may be irradiated both from external sources, e.g., cloudshine and groundshine, and by

radionuclides that are inhaled. Acute radiation pneumonitis may occur following such exposures.
Symptoms of pneumonitis include shortness of breath, fever, nonproductive cough, and hypoxia.
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Table 2.3

Equations for computing the LDg, for mortality from the hematopoietic
syndrome as a function of dose rate to the bone marrow

Medical treatment®

Estimate Minimal Supportive
Central 30 + 0.07D 4.5 + 0.10/D
Lower 2.5 + 0.06/D 3.7 + 0.08/D
Upper 3.5 + 0.08/D 53 + 0.12/D

* D is the adjusted instantaneous dose rate to the bone marrow (low-LET dose
rate plus RBE times the alpha dose rate) (Gy’hr).

Because large doses are required w induce this effect, early fatalities from pulmonary injury are not
expected 10 occur as a result of uniform external whole-body irradiation. Where supportive or intensive
medical treatment of the hematopoietic syndrome is successful, pulmonary effects may become a concern.
More generally, however, these effects will be expected to occur primarily as a result of inhaling
radionuclides.

Most human data on the pulmonary effects of irradiation come from studies of patients treated with
radiation for breast, lung, and other cancers, or given large-field irradiation in conjunction with bone
marrow transplants for treatment of leukemia and aplastic anemia. Based on radiation-therapy data,
Phillips and Margolis (1972) estimated the Dy, for pulmonary pneumonitis 1o be 10.4 Gy. Van Dyk
et al. (1981) estimated the Dgy, for radiation pneumonitis in humans given single radiation treatments to
be 9.3 Gy. Phillips and Margolis did not report the typical dose rates involved, but Van Dyk er al. noted
that all patients in their study received doses at rates between 0.5 and 5 Gy per minute. Because
cytotoxic and immunosuppressive drugs, also known to cause lung damage, are frequently administered
in conjunction with radiation therapy, it is difficult to clearly interpret these studies. The Early Effects
Working Group selected 10 Gy as their central estimate of the LDg for pulmonary syndrome mortality
following brief external exposure to low-LET radiation, and chose lower and upper estimates of 8 Gy and
12 Gy.

Several estimates of the threshold dose have emerged from these clinical studies. Fryer =1 ¢l.’s 1978
study suggested a threshold of about 6 Gy. Van Dyk e al.’s reanalysis of Fryer's data indicated that if
patients with pre-existing lung disease, e.g., chronic bronchitis, emphysema, were excluded from
consideration, the ¢'inical threshold was more nearly 7.5 Gy. Keane ef al. (1981) reported that 1 of 11
patients receiving 4 Gy and 3 of 27 patients receiving between 4 and 6 Gy developed radiation
poeumonitis. The Early Effects Working Group selected § Gy as a ceatral estimate of the population
threshold for pulmonary syndrome following brief external exposure 1o low-LET radiation.

15

e T



Many factors moderate the risk ussociated with a specific dose. Several potentially significant factors are
the type of radiation, dose rate, age at exposure, and presence of pre-existing lung disease.

Doses of low-LET radiation delivered at low dose rate are much less effective for inducing radiation
pneumonitis than doses delivered at high dose rate. The clinical studies that provided the basis for the
Working Group’s estimate of a 10-Gy LDg for low-LET radiations involved dose rates in the range of
0510 S Gy per minute. In the event of a nuclear power plant accident, much of the dose from inhaled
radionuclides will be delivered at rates several orders of magnitude lower than this.

Studies of Beagle dogs exposed to various beta-emitting radionuclides at the Inhalation Toxicology
Research Institute (ITRI) have provided striking evidence of the importance of dose rate (McClellan er al.
1982). The I.Dggs observed in these experiments ranged from 94 Gy for dogs exposed 1o 0y (effective
half-life 2.6 days) 1o 540 Gy for dogs exposed to 1440¢ (effective half life 200 days). Although these
studies did not include a component in which dogs were exposed to brief external irradiation, an LDg
in such a scenario would be expected to be similar to those seen in other mammals studied, i.e., between
10 and 20 Gy (Scott e al., 1989). These studies by McClellan er al. suggest that protracted internal
exposures are between 1/10% and 1/50™ as effective as brief external exposures in producing early
occurring effects.

Using chronic radiation data from dogs and rats and data from brief exposure of humans, Scott, Filipy,
and Hahn estimated the parameters of a mode! relating the median lethal dose for pulmonary syndrome
to the dose rate {(Scott ¢ al., 1989). The Early Effects Working Group endorses this approach and
recommends that the risk be evaluated using:

LDgg, central =10 + 30/D
L.Dgg, upper = 12 + 45415
LDy, lower =8+ 15D

where LDsg is the median lethal dose (Gy), and D is the adjusted instantansous dose rate (Gy/hr) to the
lung, which reflects the contributions of both low-LET and bigh-LET radiation,

The contributivn of alpha-emitting radionuclides 10 the adjusted dose rate may be evaluated using an
RBE,, of 7 (central estimate), with lower and upper estimates of 5 and 10, respectively. These values
of RBE,, are based on a review of animal studies reported in ICRP Publication 58 (ICRP, 1991). In these
studies, which involved both chronic alpha and chronic neutron irradiation, the RBE ranged from § to
10 with beta or gamma radiation as the reference. The reference for neutrons was gamma rays, and the
reference for alpha radiation was beta radistion. The RBEs for chronic high-LET irradiation did not
appear to vary with dose.
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For pulmonary syndrome, the shape parameter also depends on the nature of the exposure. The Working
Group's central estimates of appropriate shape parameters are 12 for brief external exposure and § for
protracted internal exposure. The lower and upper estimates of the shape parameter for brief external
exposure are 9 and 14, and for protracted internal exposure they are 3 and 6. When mixed exposures
are anticipated, the Working Group recommends that a shape parameter of 7 be used, with lower and
upper estimates of 3 and 12, respectively.

As noted previously, current consequence codes for nuclear power plant accidents cannot take full
advantage of these models because the codes do not evaluate dose-rate patterns in any detail.
Section 3 1.2 briefly describes the method used in CRAC and MACCS for estimating the risks of
mortality from the pulmonary syndrome.

The effects of age at exposure and pre-existing lung disease are Jess well understood. In studies of
Beagles dogs exposed to 184¢e a strong effect of age at exposure has been demonstrated. Old dogs were
found to be twice as sensitive to radiation-induced pneumonitis as young adult dogs (McClellan er al.,
1982). The pattern of age sensitivity in humans is less clear. Early reports (Rubin and Casarett, 1968)
tended to discount the importance of age at exposure. However, recent studies of patients treated with
whole-body radiation indicate that the incidence of interstitial pneumonitis increases with age and is about
twice as large in middle-aged patients (40-60 years) as in younger patients {1 to 20 years) (Weiner ¢ al.
1986).

2.1.1.3 Gastrointestinal Syndrome

Irradiation of the abdomen may lead to the gastrointestinal syndrome. The symptoms experienced, which
may include cramps, abdominal pain, diarrhea, shock, and death, depend on the dose received. In animal
experiments, the gamma or X-ray doses required to cause death from the gastrointestinal syndrome have
been in the range of 10 to 50 Gy. These are much higher than the doses necessary to cause death due
to bone marrow syndrome.

Very few human data are available on the gastrointestinal syndrome. It is known, however, that cancer
patients given whole-body doses of 10 Gy or more in conjunction with bone marrow transplantation have
survived the effects of the gastrointestinal syndrome (Thomas ef al., 1975). Bond er al. (1965) note that
mammals tend to respond similarly following gastrointestinal irradiation and suggest that data from animal
studies may reasonably indicate the risks in humans. Sullivan er al. (1959) found that a brief external
X-ray dose of about 15 Gy was required to kill about half of the rats exposed in their experiments. Data
on rats exposed to high levels of bata-emitting radionuclides (Cross et al., 1978) have been interpreted
as suggestive of an LDgg of about 35 Gy for humans following protracted exposure.

The Early Effects Working Group recommends using these values with rather large uncertainty estimates.
Their lower and upper estimates of the LDgg for humans following brief external exposure to low-LET
irradiation are 10 and 20 Gy, respectively. The critical organ for assessing risks following brief
exposures is the small intestine. The Working Group's lower and upper estimates of the LDgq for
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humans following protracted exposure to low-LET irradiation are 25 and 50 Gy, respectively. The
critical organ for assessing the effects of protracted exposure is the colon.

The Early Effects Working Group concluded that the gastrointestinal syndrome was unlikely to be induced
by exposure to alpha particles, because the range of alpha particles is not sufficient to irradiate critical
stem cells (NRC, 1993). Therefore, no modifications of parameters or models are needed to account for
high-LET irradiation.

2.1.1.4 Summary - Early Mortality

To assess the overall risk of early mortality from dose to the bone marrow, lungs, and gastrointestinal
tract, one simply sums the cumulative hazard functions:

R=1-¢ M™% H

where Hy, is the cumulative hematopoietic (bone marrow) hazard, Hy, is the cumulative pulmonary hazard,
and H‘ is the cumulative gastrointestinal hazard.

The parameters recommended for estimating risks following brief exposure to low-LET radiation at high
dose rates are summarized in Table 2.4. The effects of protracted exposures (to either low-LET or alpha
radiation or combinations of the two) should be evaluatad using the dose-rate-dependent models described
in Section 2.1 with the parameter values for hematopoietic syndrome and pulmonary syndrome given in
Sections 2.1.1.1 and 2.1.1.2, respectively. The relationship between these dose-rate-dependent models
and the fixed-time-interval models used in most accident consequence analysis codes is discussed in
Section 3, Computational Aspects.

2.1.2 Early Morbidity

The non-lethal effects of exposure to radiation include the prodromal syndrome (nausea, fatigue
vomiting, and diarrhea), pneumonitis, hypothyroidism and radiation thyroiditis, erythema, and
transepidermal injury. In addition, exposure of the fetus/embryo may lead to a variety of effects
(microcephaly, severe mental retardation, and fetal ¢eath) depending upon the dose, dose rate, and stage
of development. Reproductive effects (e.g., permanent suppression of ovulation in females and temporary
suppression of spermatogenesis in males) are also possibie.

2.1.2.1 Prodromal Syndrome

The prodromal syndrome is a group of symptoms and signs of acute gastrointestinal and neurovascular
effects that begin to occur soon (minutes to hours) after brief irradiation at high dose rate. The
gastrointestinal symptoms include anorexia, nausea, vomiting, diarrhea, intestinal cramps, salivation, and
dehydration (Young, 1986). The neurovascular symptoms include fatigue, listlessness, apathy, sweating,
and headache.
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Models of early mortality from brief exposure to low-LET radiation®P

Table 2.4

Risk estimate
Central Lower® Upper®

Effect IDgg T v D T v g T v
Hematopoietic syndrome®

Minimal treatmert 30 1.3 6 35 2 8 2.5 | K]

Supportive treatment 45 2 6 5 3 8 4 1.5 4

Pulmonary syndrome®-’ 10 5 12 12 6 14 8 4 9

Gastrointestinal syndrome 15 R 10 20 8 10 10 8 10

® The doses referred to in this table are organ-specific absorbed doses. The units are gray (Gy). The parameters, LD, T, and V given in
this table are defined in the text of this report. In some cases, the values recommended by the working group have been rounded to avoid

conveying a false sense of precision.

€ For early effects, use of larger values for LDgy, T, and V results in the Jower estimates of risk, and vice versa.
4 As explained in the text, available human data are too weak to support clear choice of population thresholds. Analysts may wish to

explore the sensitivity of their resuits to the threshold values used.

Brief exposure parameters are appropriate for doses received at high dose rate. The values shown for hematopoietic syndrome apply to
doses received at rates =10 Gy/hr. Those for pulmonary syndrome apply to dose rates > 100 Gy/hr.

© If the exposure involves both low- _ET and alpha radiation, an adjusted dose equal to the low-LET dose plus RBE times the alpha dose,
should be used in these calculations for the pulmonary and hematopoietic syndromes. Effect-specific RBEs are given in the body of the

text.

The parameters given are thought to be appropriate for young adults. Older people and those with respiratory disease, e.g., chromic
bronchitis or emphysema, may be twice as sensitive.



At the median lethal dose, the principal symptoms of the prodromal reaction are anorexia, nausea,
vomiting, and fatigue. Diarrhea, fever, and hypotension occur primarily in victims who have received
supra-lethal doses (Langham, 1967).

Our models focus on two symptoms of the prodromal syndrome: vomiting and diarrhea. For these
endpoints, it was assumed that only low-LET radiation was important. The Early Effects Working
Group’s central estimates of the median adjusted low-LET radiation doses of 2 Gy for vomiting and 3 Gy
for diarrhea are based largely on retrospective analyses of the experiences of 2000 patients treated
therapeutically with whole-body radiation {Lushbaugh and Ricks, 1972).

2.1.2.2 Pulmonary Morbidity

Irradiation of the lungs may lead to pneumonitis and other forms of injury, which may result in reduced
lung volume, increased stiffness of the parenchymal region, non-uniform gas distribution, and reduced
alveolar-capillary gas exchange efficiency.

Our understanding of the radiation pneumonitis in humans comes primarily from studies of patients
treated with low-LET radiation either as an element of cancer therapy or in conjunction with bone
marrow transplants. In these settings, those who develop radiation pneumonitis nearly always die as a
result of the pneumonitis.

Much of our knowledge about less severe forms of pulmonary injury comes from studies of animals
experimentally exposed to radiation. In rats whose lungs were exposed to alpha- or low-energy beta-
emitting radionuclides, impairment of lung function was seen at doses % as large as those required to
induce lethal pneumonitis. However, when rats were exposed to high energy beta-emitting radionuclides,
there was little difference between the doses that produced impairment of lung function and those that led
t0 pneumonitis.

Although the data base for developing estimates of (non-fatal) pulmonary morbidity is weak, Scott er al.
(1989) suggested reducing the low-LET LDgg for pulmonary mortality by a factor of 2 to estimate
pulmonary morbidity. This would lead to a central estimate of the EDgy for pulmonary morbidity
following brief external exposure of 5 Gy, with lower and upper estimates of 4 Gy and 6 Gy,
respectively. Scolt ef al. also recommended using the shape parameters developed for pulmonary
mortality to estimate pulmonary morbidity risks.

Because the lung may receive rather large doses from chronic alpha emitters, procedures are necessary
to sstimate the risk of pulmonary morbidity in these circumstances. To account for alpha radiation dose
to the lung, the adjusted dose must be computed. In such calculations, an RBE,, of 7 should be used to
calculate central estimates of risk. For lower estimates of risk, an RBE,, of § is recommended, and for
upper estimates an RBE, of 10 is appropriate.
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To estimate risk from prolonged exposure at low dose rates, a dose-rate-dependent EDgq is
recommended. Scott er al. suggest that risks be estimated using:

EDso. centt = 5 + 15D
EDso, upper = 6 + 22.5/D
EDgo jower = 4 + 7.5D

where EDgj is the median effective dose (Gy), and D is the adjusted instantaneous dose rate (Gy/hr) 1o
the lung, which reflects the contributions of both low-LET and alpha radiation.

2.1.2.3 Hypothyroidism and Radiation Thyroeiditis

The thyroid gland is of special concern because of its ability to concentrate iodine. Some nuclear power
plant accidents may release relatively large quantities of various radioisotopes of iodine. Thus, the
potential for large doses to the thyroid exists. Effects of interest include hypothyroidism, thyroiditis,
thyroid cancers, and benign thyroid nodules.

Hypothyroidism is a metabolic state resulting from insufficient amounts of thyroid hormone for normal
physiologic function. Hypothyroidism may result in fatigue, decreased tolerance to cold, mental
sluggishness, fluid retention, muscle cramps, and a generalized Jecrease in most bodily functions, The
symptoms are readily treated with oral doses of thyroid hormone.

Based on a comparison of the incidence of hypothyroidism observed among Graves® disease patients
treated with 131 (Maxon er al., 1977) and those treated surgically (Becker ef al., 1971), the Thyroid
Effects Working Group estimated the lifetime risk of clinical hypothyroidism following 131 exposure to
be 17 x 107 per Gy. The Thyroid Effects Working Group noted that hypothyroidism is almost certainly
a threshold effect and recommended that a 10 Gy threshold be used in projections of risks of
hypothyroidism following 131 exposure.

Animal studies suggest that brief exposure to external low-LET radiation is about five times as effective
=5 1311 for induction of hypothyroidism. This ratio was used to derive an estimate of hypothyroidism
risk due to external irradiation, 85 x 104 per Gy and a threshold of 2 Gy.

Concerning the threshold, Watson (personal communication, 1987) noted that none of the clinical studies
involved 1311 doses less than 10 Gy; that 8 to 12% prevalence of hypothyroidism was typically observed
in the lowest dose groups in these studies; and that the lowest doses in such treatments are commonly 30
to 50 Gy. From these observations, he concluded that there is no experimental basis for the existence
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of a 10 Gy threshold * Therefore, we recommend that upper estimates of hypothyroidism risks be
computed using thresholds well below the Working Group's recommended values of 2 Gy for external
radiation and 10 Gy for '3!1. Further, all estimates of hypothyroidism risk generated using our models
should be regarded as indicative of the early onset of hypothyroidism.

Radiation thyroiditis is an acute condition occurring within 2 weeks of exposure to radiation and
characterized by inflammation and eventual necrosis of some or all of the cells in the thyroid gland. The
symptoms are usually mild and involve local pain and tenderness.

Mild radiation thyroiditis was noted by Beirwalters and Johnson (1956) in about 5% of patients treated
with 1311 for thyrotoxicosis. Symptoms were rare in patients who received doses less than about 200 Gy.
Acute radiation thyroiditis was observed by Maxon and his colleagues (1977) in nearly 90% of patients
given large doses of '311 1o ablate any remaining thyroid tissue following thyroidectomies. Doses in such
procedures commonly exceed 2000 Gy.

On the basis of these observations, the Thyroid Effects Working Group recommended that the risk of
thyroiditis following internal exposure to 1311 be estimated using a linear-threshold model with a threshold |
of 200 Gy and a slope of 5 x 107 cases per person-Gy. |

In the event of a nuclear power plant accident, it is unlikely that an individual would receive an external
dose sufficient to cause acute thyroiditis without receiving lethal doses to the bone marrow,
gastrointestinal tract, lungs. or central nervous system. Therefore, no model was developed for acute
radiation thyroiditis following external exposure.

R R R R R~

2.1.2.4 Skin Burns

Exposure to low-LET ionizing radiation may produce skin burns. Three levels of severity are commonly
recognized. Erythema. a reddening of the skin, is equivalent 1o a first-degree thermal burn or sunburn,
Transepidermal injury involves blistering and is equivalent 10 a second-degree burn. Although with
medical care these blisters normally heal, the new skin is usually pigmented, thin, and easily injured.
Dermal necrosis is a severe injury involving sloughing of the skin and widespread cell destruction. The
lesions resemble those caused by severe scalding and are accompanied by intense pain. Medical attention
is necessary.

The doses required to produce these effects are quite large. Individuals receiving whole-body doses large
enough 1o produce skin burns would be almost certain to die from the hematopoietic syndrome.

D S —

* Watson also pointed out that in all '] treatment groups, the prevalence of hypothyroidism increases
with time since treatment. For example, in the lowest dose group studied by Sridama ef al. (1984) the
ohserved prevalence was 12% at | year post-treatment, 33% at 6 years, 47% at 9 years, and 73% at
11 years. According to Watson, the risk functions developed by the Thyroid Effects Working Group
probably reflect the prevalence that would be expected about 1 year after an accident.
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However, skin burns might also occur in individuals who receive relatively large doses to the skin from
beta emitters. Because of their limited power to penetrate tissue, beta particles can yield large doses to
the skin without correspondingly large doses to critical organs such as the bone marrow, lungs, or
intestines. Alpha particles are of little concern, because they do not have sufficient range in tissue to
produce skin burns.

Widespread lesions of the skin were observed among the firemen involved in emergency response at
Chernobyl (Gus'kova, 1987). These burns, which were caused by a combination of intense heat and
radiation exposure, were accompanied by large radiation doses to the marrow. Despite intensive medical
attention, most of the victims died as a result of the hematopoietic syndrome. Little new information
about the human dose-response for radiation-induced burns resuited from this tragedy.

Our models focus on two symptoms-—erythema and transepidermal injury—and are based largely on
information from studies described in Archambeau’s review (1987).

Analysis of the risk of skin burns is complex. In addition to the dose received, the beta energy involved
and the area irradiated both strongly influence the likelihood and severity of burns. The parameters
recommended by the Early Effects Working Group are based on the dose to the basal cells of the skin,
i.¢., about 0.1 mm below the surface, and are appropriate for estimating the risk of skin burns when
areas of about 50 to 100 cm? (about the size of the face) have been exposed. The central estimates of
the low-LET radiation EDggs of 6 Gy for erythema and 20 Gy for transepidermal injury are derived from
Lushbaugh er al.'s 1986 analysis of the experiences of victims of 250 major radiation accidents, most
ir  Ilving exposure to sealed radioactive sources.

The influence of beta energy was demonstrated over 30 years ago by Moritz and Henriques (1952).
When pig skin—selected for study because of its similarity to human skin—was irradiated by suifur-35
(maximum energy 0.2 MeV), a surface dose of about 200 Gy was required to induce transepidermal
injury 50% of the time. In contrast, when 1Y (maximum cnergy of 1.5 MeV) was used as a radiation
source, a surface dose of only 15 Gy was required to produce the same effect. On the basis of these, and
other similar, experimental findings, Moritz and Henriguss demonstrated that the dose about 0.1 mm
below the surface is a much better ind2x of skin damage, as it accounts for differences in the penetrating
ability of various beta sources. There is a biological basis for this result—the basal cells are located
approximately 0.1 mm below the skin surface, and it is likely that skin damage is caused by injury of the
basal cells.

Coggle ef al. (1984) and Peel and Hopewell (1984) hypothesized that the dependence of the likelihood
and severity of skin damage on the area irradiated is related to the nature of repair processes in the skin,
in which repair of injured skin proceeds from the periphery of the irradiated area toward its center.
Cohen (1966) and Von Essen (1969) demonstrated that the Dgg, for skin effects is inversely proportional
to the sixth root of the area irradiated. Following this approach, the Dgg (Gy) for transepidermal injury
would be related to the area irradiated (cm?) by:

Dy, = 40/(area)
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According 10 this model, if the entire skin surface, about 2 m?, were irradiated only about 8 Gy would
be required to induce transepidermal injury among half of the exposed population. The basis for this
result is quite tenuous—the -1/6' power dependence has been demonstrated only for small circular fields
(<400 cm?) irradiated by a specific range of photon energies—but it does suggest that those individuals
with large areas of skin exposed may experience skin burns at relatively low doses.

2.1.2.5 Reproductive Effects

- The ovary, a relatively radiosensitive organ, contains germ cells. If these cells are severely damaged by
radiation, they cannot by replaced. Because the most tangible effects of loss of ovarian function would
be felt by those women intending to bear children, and because over 99% of all children are borne to
mothers younger than 40, our models focus on the effects of radiation on women in this age group.

Our analysis of the effects of radiation on ovarian function is based largely on Damewood and Grochow's
1986 review of ovarian function in patients who had received radiation therapy. No deleterious effects
on reproductive function were observed in women who received doses less than 0.6 Gy. Temporary
suppression of ovulation was observed in women with doses between 1.5 and 5 Gy. Doses greater than
8 Gy can produce permanent suppression in women under 40.

The Working Group’s central estimate of the population threshold dose of low-LET radiation required
10 cause permanent suppression of ovulation is 0.6 Gy. Their upper and lower estimaies of the threshold
are 1 Gy and 0.2 Gy, respectively. The Working Group’s central estimate of the EDg, for permanent
ovulation suppression 18 3.5 Gy with lower and upper estimates of 2.5 and 4.5 Gy.

The testes are also quite sensitive to radiation. Doses as small as 0.1 Gy have caused temporary
diminution of sperm count. Doses of at least 2 Gy are required to permanently suppress sperm count.

Recovery time is dose-dependent and, after large doses, full recovery may nor occur for several years.
Japanese fishermen who accumulated doses between 1.7 and 6.9 Gy from radioactive fallout over a
2-week period exhibited severe depression of sperm count. However, within two years of the exposure,
their sperm counts began 10 recover and eventually most of them fathered healthy children.

Based largely on studies reviewed by Damewood and Grochow (1986) of patients therapeutically treated
with radiation, the Early Effects Working Group recommends that central estimates of risks of
suppression of sperm count be modeled using a EDsg of 0.7 Gy, a population threshold of 0.3 Gy, and
a shape factor of 10. These parameter values are appropriate for predicting two-year suppression of
sperm count following brief external exposure to low-LET radiation.

The testes are unusual in that fractionated exposures may lead to greater damage and slower recovery than
a single exposure involving the same dose (Lushbaugh and Ricks, 1972).
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2.1.2.6 Effects on the Embryo and Fetus

Human evidence for death of the embryo/fetus foliowing irradiation of the pregnant mother is limited.
However, in rats and mice lethality has been observed following low-LET radiation doses as low as
0.1 Gy given on the first day of gestation. In experimental studies with animals, sensitivity to the effects
of radiation is clearly related to the developmental stage of the embryo.

Our models of embryo lethality are based on data reported by Brent ef al. (1987). The Early Effects
Working Group selected central estimates of the low-LET LDgg of 1 Gy during preimplantation (0 - 18
days postconception), 1.5 Gy during the period of growth and development (18 - 150 days), and 3 Gy
(equal o the mother’s LDgg) for the remainder of the pregnancy. The central estimates of thresholds for
these same periods are 0.1 Gy, 0.4 Gy, and 1.5 Gy respectively. Section 3.1.4 provides an approach
for estimating the risk of fetal death, accounting for the fraction of fetuses/embryos in each developmental

stage.

Irradiation of the fetus in wero may increase the risk of mental retardation. The children who were
wradiated in utero during the bombing of Hiroshima and Nagasaki have been followed carefully. Otake
er al. (1987) provide evidence of a dose-related increase in the prevalence of mental retardation among
these children. In Otake’s study, a child was considered mentally retarded if he was unable to perform
simple calculations, 1o care for himself, if he was completely unmanageable, or had been institutionalized.
Most of the children so classified had never been enrolied in school. The few who had entered school
had 1Qs below 70. It should be noted that, using these criteria, only 30 cases of mental retardation were
found among the approximately 1600 children included in the study.

On the basis of studies of Japanese A-bomb survivors irradiated in utero, it was concluded, as reported
in BEIR V, that the prevalence of radiation-induced mental retardation was highest in persons irradiated
during the 8-15 week period after conception, was less in those irradiated between 16-25 weeks after
conception, and was negligible or absent in those irradiated either before 8 weeks or later than 25 weeks
after conception. For those irradiated during the 8-15 week, post-conception period, the prevalence of
mental retardation appeared to increase with dose in a manner consistent with a linear, nonthreshoid
response. A linear exponential model was also consistent with the data. The risk at 1 Gy was estimated
10 be about 43% under the DS86 dosimetry with the linear model and 48% with the linéar-exponential
model. However, the data do not exclude a threshold in the 0.1 - 0.2 Gy region (Otake er al., 1989).
Evidence for a threshold is stronger for the 16-25-week, post-conception period than for the 8-15-week
period. The lower estimate of tne threshold is 0.21 Gy for the 16-25 week period.

The BEIR V publication also included a discussion of some of the uncertainties associated with these
estimates, including the number of cases; the appropriateness of the comparison groups; errors in the
estimates of the absorbed dose and calculated prenatal ages at exposure; variation in the severity of mental
retardation, and other confounding factors, including malnutrition and diseases.
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Brent (1986) and other embryologists have questioned the use of linear models and advocated the use of
thresholds. Neumeister and Wasser (1985) recommended continuation of pregnancy following doses as
large as 0.1 Gy.

Based on consideration of information provided in BEIR V (NAS/NRC, 1990), ICRF 60 (ICRP, 1991)
and UNSCEAR 88 (UNSCEAR, 1988), it was recommended in Addendum 1 (NRC, 1991) that the
NUREG/CR-4214 model (NRC, 1990) for mental retardation be modified 10 allow for uncertainty about
threshold dose. In Addendum 1, the Early Effects Working Group recommended that linear models be
used for central, upper and lower estimates of risk. They also recommended that the central estimates
of the risk of mental retardation incorporate thresholds—specifically 0.1 Gy for those in the 8 to 15 week
group and 0.2 Gy for those in the 16 to 25 week group. Lower estimates of risk should also incorporate
thresholds of 0.2 and 0.5 Gy for these two age groups. Upper estimates should be evaluated without
thresholds.

Analysts using this approach must be aware that even when no increment in the prevalence of mental
retardation is predicted there may still be radiation-induced reductions in the mean 1Q of the exposed
populatiens.

2.1.2.7 Summary - Early Morbidity

The parameters recommended for predicting the risks of early morbidity are summarized in Tables 2.5
through 2.7. The values given in Tables 2.5 (general morbidity) and 2.6 (in wero effects) apply to brief
external exposures to low-LET radiation. Those given in Table 2.7 are appropriate for estimating the
risks from protracted exposures to low-LET radiation. The Early Effects Working Group recommends
that exposures at dose rates of 0.06 Gy per hour or less be considered protracted exposures. For
pulmonary morbidity, if alpha-emitting radionuclides are present in addition to the protracted low-LET
radiation, an adjusted dose equal to low-LET dose plus RBE times the alpha dose should be used. The
risk from exposures at rates higher than this should be evaluated using parameters appropriate for brief
external exposure at high dose rate.

2.2 Late Sematic Effects

Estimates of cancer risks from low-LET radiations are based primarily on the findings of studies of
human ponulations exposed to ionizing radiatior. Examples of such populations include the survivors
of the atomic bombings of Hiroshima and Nagisaki, women treated with X rays for acute postpartum
mastitis, children treated by X-irradiation for rugvorm of the scalp, patients treated for ankylosing
spondylitis, women given fluoroscopic examinations o the chest, persons treate] with 1311 for Graves’
disease and other thyroid conditions, and children bor ) to women who received X-ray pelvimetry during
pregnancy.
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Table 2.5

Models of early morbidity from brief exposures to low-LET radiation®

Risk estimate
Central Lower? Upper?
Effect EDgo T v EDgg T v ED.g T v

Pulmonary morbidity 5 2.5 12 6 3 14 4 2 9
Prodromal syndrome

Vomiting 2 0.5 3 2.5 0.5 3 1.5 0.5 3

Diarrhea 3 1 R 4 | 2.5 $.5 I 2.5
Thyroiditis® . . . . - : . . .
Hypothyroidism® o) 2 . 60 2 - 60 . .
Erythema 6 3 5 7 4 6 5 2 4
Transepidermal injury 20 10 5 25 12 6 15 8 4
Reproductive effects

Ovulation suppression s 0.6 3 45 1 4 2.5 0.2 2

Suppression of sperm count 0.7 0.3 10 0.8 0.4 1 0.6 0.2 9
Cataracts 3 i 2 7 13 k) 2 05 i

* Brief exposure parameters are appropriate for dose received at high dose rate. The doses referred to in this table are organ-specific
absorbed doses, except for the prodromal syndrome. For the prodromal syndrome, the dose to the mid-line, mid-plane upper abdomen
shouid be used. The units are gray (Gy). The parameters, EDg, T, and V given in this table are defined in the text of this report. In
some cases, the values recommended by the Working Group have been rounded to avoid conveying a false sense of precision.

b For early effects, use of larger values for EDjsg, T, and V results in the Jower estimates of risk, and vice versa.

There is no evidence suggesting that radiation thyroiditis can be induced by brief external exposures.

According to the Thyroid Working Group, these parameter values are appropriate for all exposures except internal exposure to 1. The

risk is modeled using a proportional dose response curve, with a slope of 80 cases per 10,000 persons per Gy of brief external dose. See

Section 3.1.3 for value of shape factor V.

< Asexplainedinmetext,npp«e&immesofriskslmldbewmtedwi&amuholdmmmzm.
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Table 2.6

Models of early morbidity or lethality from brief exposures in ufero to low-LET radiation®

14

Risk estimate
Central Lower" Upper®
Effect Deg T v Deg T v Deg T v

Microencephaly 0.7 0.05 04 0.8 0.1 1 0.5 0.05 0.2

0-17 weeks
Severe mentai retardation

8-15 weeks 1.5 0.1 i 3 0.2 1 1 0 I

16-25 weeks 7 0.2 [ 10 0.5 i 3 0 !
Deaih of embryo or fetus

0-18 days 1 0.1 2 1.5 0.5 2.5 0.5 0 1.5

18-150 days 1.5 04 3 2 0.5 B 1 0.2 2

150-term* - - - - . - - - -

* Brief exposure parameters are appropriate for doses received at high dose rate. The doses referred to in this table are doses
absorbed by the embryo or fetus. The units are gray (Gy). The parameters, Dgy, T, and V given in this table are defined in the
text of this report. In some cases, the values recommended by the Working Group have been rounded to avoid conveying a false
sense of precision.

b For early effects, use of larger values for Dgqg, T, and V results in the lower estimates of risk, and vice versa.

© In this period the fetus and the mother are assumed to have the same radiosensitivity. Parameter values should be selected from
Table 2.1 or derived from the dose-rate-dependent models described in Section 2.1.1.1.
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Most of these populations were exposed to relatively high doses at high dose rates. Few of the studies
are complete, i.¢., many of those exposed are still alive. Thus, two key issues in interpretation of these
studies are how to extrapolate the results for use in situations involving much lower doses (and dose rates)
and how to estimate the impact of incomplete follow-up.

Even fewer human populations are available for study to estimate cancer risks for internally deposited
alpha-emitting radionuclides. The major populations that are available are persons that ingested ***Ra
in the course of their work, were injected with 224pa for therapeutic reasons, were injected with
Thorotrast for medical diagnostic purposes, or inhaled radon and its progeny while mining uranium.
Because there are many alpha-emitting radionuclides whose metabolism and dosimetry are different from
these naturally occurring radionuclides, it is necessary to supplement these human data bases with results
from life-span studies in laboratory animals. The use of data from laboratory animals requires the
additional complexity of extrapolation to human health risks.

To derive risk estimates for most cancers for low-LET radiations, the Late Somatic Effects Working
Group recommends the use of proportional models of the form:

R=[—rt—]cD
DDREF
where D is the dose (Gy), ¢ is the unit risk coefficient (cases of cancer or cancer deaths per 1000 persons

per Gy) derived from epidemiological studies at high dose and dose rate, and DDREF is the dose and
dose-rate effectiveness factor.

To derive central risk estimates for most cancers, the Late Somatic Working Group recommends that the
DDREF for low-LET radiation be chosen so that doses received at low dose and dose rate are only one-
half as effective as equivalent doses received at high rates, i.e., DDREF=2. This central estimate of the
DDREF was chosen from a range of values—2 to 10 as discussed in Addendum 1 (NRC, 1991). Many
European accident consequence calculation codes rely on low dose rates being 45% as effective as high
rates. To reflect the uncertainty in this choice, the lower risk estimates for most cancers are based on
a DDREF of 4 and their upper estimates assume that doses received at low dose rates are as effective as
doses received at high rates, i.e., DDREF=1. A DDREF greater than | should be used for all doses
received at rates less than 0.1 Gy per hour and for all total doses less than 0.2 Gy regardless of dose rate.

Two exceptions 1o this general approach are the models for breast and thyroid cancer. For thyroid
cancer, no DDREF is used. For breast cancer. no DDREF is used for the upper or central risk estimate,
but a DDREF of 4 is included in the lower bound risk estimate.

The upper and lower estimates for low-LET radiation reflect uncertainty from several sources including
a factor of two for the choice of DDREF. The uncertainty from sources other than the choice of DDREF
applies to alpha as well as low-LET radiation. In Addendum 2, this factor of two was also included, but
it was attributed to uncertainty regarding the shape of the dose-response functions and 10 uncertainty
regarding the dependence of risks on factors such as the chemical and physical form of the radionuclide
and uncertainty in RBE.
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The two approaches most commonly used for projecting the impact of incomplete followup are absolute
risk projection and relative risk projection. Both of these approaches allow for a latency period—during
which there is no radiation-induced cancer risk—and an expression period-—during which the effects of
exposure to radiation are expressed. The expression period may be of fixed length, e g., 25 years, or
the risk may be assumed to persist for the remainder of the exposed individual’s life. The key difference
between the absolute and relative risk projection models is the assumption made with respect to the pat-
tern of radiation-induced risk during the expression period. With an absolute risk projection model, the
excess risk is assumed to be constant for a specified range of ages. With a relative risk projection model,
the excess risk is assumed to be a constant fraction of the baseline age-specific risk. Because background
rates for most cancers increase strongly with age, relative risk models tend to yield projections of risk
that are higher than those derived using absolute risk models.

An important issue related to the evaluation of relative risk is whether the fractional increase in cancer
risk associated with a specific dose depends on the age at which the dose is received. Although existing
data do not clearly resolve this point, several recent analyses suggest that relative risks decrease with
increased age-at-exposure. Therefore, the Working Group's central and upper estimates of the risks for
the solid tumors are based on the assumption that relative risks depend on age at exposure. For these
cancers, the relative risks for those under 20 at the time of exposure are typically two to four times as
great as for those over 20.

Ma:y nuclear power plant accident scenarios involve the potential for exposures to alpha-emitting
radionuclides, e.g., plutonium, americium, and curium. Scott er al. (NRC, 1993) suggest that inhalation
of actinide radionuclides would be the primary mode of exposure to alpha emitters, and that the critical
targets would be the lung, liver, and skeleton. To account for the effects of combined exposure to low-
LET beta and gamma and high-LET alpha radiations, the Working Group recommends that the risks from
low-LET and alpha radiation be evaluated separately and added. Using this approach, the risk is given
by an equation of the form

Risk,, 5., = Riskg . + Risk, = KDy + KDy, + KD,

where Risk, 5 ¥ is the overall risk; Riskg | and Risk, are the low- and high-LET risks, respectively;
Dy, is the Iow LET dose received at high dose rates, Dk, is the low-LET dose received at low dose rates
and any dose less than 0.2 Gy regardless of dose rate, and D, is the alpha radiation dose. Ky and Ky,
are the risk coefficients associated with Dy; ard Dy, of lnw-LET radiation, respectively, and K,
is the risk coefficient for alpha radiation. From the equation on p. 30, K, = ¢, K;, = ¢/DDREF and
K, = (¢/DDREF)RBE). To facilitate evaluation of risk and its associated uncertainties, the above
eguation can be rewritten as

Risk, 5, = Ky, [Dy; + UDy, + RBE D,)]

where U is a factor based on collective judgement that reflects uncertainty due to the effectiveness of
low-LET radiation delivered at low dose rates and low doses delivered at any dose rate compared to that
delivered at high doses and dose rates and uncertainty from other sources for alpha radiation. U will take
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on different values for central, upper, and lower bound estimates. For some models, K;; also takes on
different values for the three estimates, reflecting uncertainty in projection over time, treatment of rge
at exposure, and transportation. An RBE of 20 is used for alpha radiation relative to low LET exposure
received at low dose rates (ICRP, 1991).

For low-LET radiation, separate models are provided for estimating the risks of leukemia, bone cancer,
breast cancer, lung cancer, gastrointestinal cancers (including cancers of the esophagus, stomach, colon,
rectum, pancreas, and liver), thyroid cancer and benign thyroid nodules, a residual category of "other”
cancers {which is intended to reflect cancers of the bladder, kidney, brain, ovary, and lymphomas), and
for both leukemias and other cancers associated with in wero exposure. For alpha radiation, models are
provided for cancers of the lung, liver and skeleton as these are the only organs likely 10 be exposed.
This site-specific approach was taken because of the non-uniformity of the organ doses that may occur
in nuclear power plant accidents.

Both incidence and mortality risks have been estimated for most cancers. Estimates of the risk of lung,
gastrointestinal, and "other” cancers were derived primarily from mortality studies. The estimates of
breast and thyroid cancer risk were based largely on incidence data. For lung, breast, gastrointestinal,
and other cancers, 1t was assumed that the relative risks of mortality and incidence were equal, i.e., the
same relative risk coefficient (percent increase per Gy) was used to compute incidence and mortality.
For thyroid cancer, mortality risks were taken to be 10% of incidence. Risk estimates for Jeukemia and
for cancers resulting from in wero exposure were derived from data collected at a time when these
cancers were virtually always fatal. In view of the recent increases in S-year survival rates for leukemia
and other childhood cancers, the estimates of mortality risks for these cancers may be somewhat high.

One situation that deserves special attention is analysis of risk associated with radionuclides inhaled from
an airhorne plume. Several radionuclides that could be released in the event of a nuclear power plant
accident have relatively long half-lives. Rather than delivering their dose immediately, these materials
will continue to decay for years after they are inhaled and deposited in the body. Their dose will be
delivered gradually. As time proceeds, the population exposed 10 the plume will age and dwindle in size.
Direct application of our basic risk models will lead to an overestimation of the radiation-induced cancer
risk faced by this population. Tables are given in Appendix B that account for the changing size and
age-structure of this population.

2.2.1 Leukemisa

The estimates of leukemia risk are based on absolute risk projection with a latency period of 2 years and
an expression period of 25 years. In fact, more of the risk will occur in the early part of the expression
period than in the later part, and some risk will occur more than 27 years after exposure. However, these
two effects tend to offset each other.



The recommended risk coefficient, 4.5 x 10 deaths per person-yr-Gy, was derived by doubling the
coefficient from the BEIR 1II analysis of the early data (1950-1971) from the Japanese atomic homb
survivors. The doubling is necessary to account for the impacts of revisions in the atomic bomb
dosimetry (a factor of 1.7) and additional follow-up of the survivors (a factor of 1.2).

A proportional dose-response model is recommended. The only difference in the central, upper, and
lower estimates is in the treatment of dose received at low dose and dose rate. For upper estimates, it
is recommended that the dose received at low dose and dose rate is assumed to be as effective as the dose
received at high dose rate. For central and lower estimates, the use of DDREF of 2 and 4, respectively,
is recommended.

The resulting models of leukemia risk are:

Rupper =97 + D)
Rlow“ =97 (Dhi + 0.25 D‘o)

where R is the lifetime population risk (deaths/1000 persons), Dy; is the dose (Gy) to the red bone
marrow received at high dose rate, and Dy is the dose to this same tissue received at low dose rate and
any dose less than 0.2 Gy regardless of dose rate.

The loss of life expectancy associated with a leukemia death is estimated to be 40 years.
2.2.2 Bone Cancer

The Working Group's estimates of bone cancer risks uses absolute risk projection with a latency period
of 2 years and an expression period of 25 years. The original low-LET risk coefficient (1.0 x 10" 3 deaths
per person-yr-Gy), based on the BEIR 11l estimate of 1 x 107 deaths per person-yr-Gy (alpha) observed
among patients given 22%Ra injections and on data described in UNSCEAR 77, was increased in the
Addendum 1 report (NRC, 1991) by a factor of 2 to make it more consistent with the value recommended
in ICRP Publication 60 (ICRP, 1991).

Subsequent to the publication of Addendum 1, Puskin ¢ al. (1992) noted problems with the derivation
of bone-cancer risk from the radium-224 data as done in ICRP 60. The value in ICRP 60 was based on
the average dose to the skeletal mass, not the dose to endosteal bone surfaces. Thus, to obtain a
corresponding mortality risk estimate for low-dose-rate, low-LET irradiation, this risk coefficient should
first be expressaed as a function of the dose to bone surfaces, rather than average dose to the skeleton,
because 224Ra mainly irradiates the surfaces, and because critical target cells are presumed to reside at
these surfaces. One first divides by 7.5 (Puskin er al., 1992) to obtain 12 4 alpha-radiation-induced, bone
sarcoma deaths per 10t person-Gy, based on dose 1o the surface of bone. The corresponding low-LET
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estimate is 0.6 bone sarcoma deaths per 10* person-Gy, based on an RBE of 20 for alpha radiation and
on dose to the surface of bone. This discrepancy was corrected in the Addendum 2 report (NRC, 1993).

A proportional dose-response model is recommended. The only difference in the central, upper, and
lower estimates for low-LET radiation is in the treatment of the dose received at low dose and low dose
rates. For upper estimates, it is recommended that the dose received at low dose rate is assumed to be
as effective as the dose received at the high dose rate. For central and lower estimates, DDREFs of 2
and 4, respectively, are recommended.

The resulting models of bone cancer risk are:

Rupper = 0.12 (Dhl + D’o + 20 Da).

Reentral = 0.12 [Dy; + 0.5 (D, + 20 D)),
Riower = 0.12 [Dy; + 0.25 (D, + 20 D)),

where R is the lifetime population risk (deaths/1000 persons) and D is the dose (Gy) to the bone.
The loss of life expectancy associated with a bone cancer is estimated 10 be 40 years.

2.2.3 Breast Cancer

The central and upper estimates of breast cancer risk are based on relative risk projection with a
(minimal; latency period of 10 years, a minimum age at induction of 30 years, and a lifetime expression
period. Both central and upper estimates reflect 4 dependence of risk on age at exposure.

The excess relative risk coefficients recommended for central estimates are—70% per Gy for women
under 20 at the time of exposure, 30% per Gy for women between 20 and 40, and 10% per Gy for those
over 40. The strong influence of age at exposure is consistent with the BEIR V model and with the study
by Miller e al. (1989) of Canadian women who were treated with fluoroscopy for tuberculosis. For
upper estimates, the recommended coefficients are 100% per Gy for women under 20, and 40% per Gy
for those older than 20. These were derived from BEIR 11l and are based on incidence data from a New
York study of women treated with x-rays for acute postpartum mastitis and from a Massachusetts study
of women given fluoroscopic examinations of the chest.

The lower estimate of breast cancer risk is based on absolute risk projection with a latency period of 10
years and a lifetime expression period. Absolute risk coefficients of 7.4 x 107 cases per woman-yr-Gy
and 2.6 x 10 deaths per woman-yr-Gy are recommended for incidence and mortality, respectively. The
incidence estimate was derived by pooling the age-specific absolute risk coefficients from BEIR 111, i.e.,
10.4 x 104 cases per woman-yr-Gy for those between 10 and 19 at the time of exposure, and 6.6 x 107
cases per vooman-yr-Gy for those over 20, weighting by the inverse variances of the estimates. The
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mortality coefficient was obtained by multiplying this estimate by the ratio of background mortality to

A proportional dose-response model is recommended. Because, for breast cancer, there is little evidence
of decreased effectiveness of dose received at a low dose rate, only in the lower estimates is there any
adjustment for dose rate. For both upper and central estimates, it is recommended that the dose received
at low doses and dose rates is assumed to be as effective as dose received at high dose rates. For lower
estimates, 8 DDREF of 4 is recommended.

The resulting estimates of breast cancer risk are:

RLW = 25 (Dhi + Dlo)
Rl,oentnl = 16 (th + Dlo)

12 (Dy, + 0.25 Dy)

Rl.lowcl

Rufupper = 8.4 Dy + Dy
RMJ()\VCI‘ = 43 (Dhl + 0.25 D|o)

where R; is the lifetime incidence risk (cases/1000 persons), Ry is the lifetime mortality risk
(deaths/1000 persons), Dy is the low-LET dose (Gy) to the breasts received at high dose rate, and Dy,
is the low-LET dose to this same tissue received at the low dose rate and any dose lfess than 0.2 Gy
regardless of dose rate. Note that these estimates apply to the enti.: sopulation. Risks to women would
be twice this large.

The loss of life expectancy associated with a radiation-induced breast cancer is estimated to be 17 years
under the assumptions used in the upper or central models, and 23 years under the assumptions used in
the lower model. The average interval between diagnosis of a case and death is estimated to be between
12 and 15 years depending upon which risk model is used.

2.2.4 Lung Cancer
The central and upper estimates of lung cancer risk are based on relative risk projection with a {minimal )

latency period of 10 years, a minimum age at induction of 40 years, and a lifetime expression period.
Both central and upper estimates reflect a dependence of risk on age al exposure.
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The excess relative risk coefficients recommended for upper estimates are, 150% per Gy for people under
20 at the time of exposure and S0% per Gy for those over 20. The estimate of 50% per Gy was obtained
by averaging the BEIR V relative risk coefficients for males (42% per Gy) and females (64% per Gy *
The use of relative risk coefficients three times as large for those under 20 as for those over 20 is
consistent with Preston and Pierce (1987). For central estimates, the recommended coefficients are 60%
per Gy for people under 20, and 30% per Gy for those older than 20. The 30% per Gy value was
derived by reducing the relative risk coefficient obtained directly from the Japanese data by a factor of
two. This choice reflects the difference between the additive and muitiplicative transport models.

The lower estimate of lung cancer risk is based on absolute risk projection with a latency period of 10
years and a lifetime expression period. Absolute risk coefficients of 2.7 x 104 cases per person-yr-Gy
and 2.5 x 107 deaths per person-yr-Gy are recommended for incidence and mortality, respectively. The
mortality coefficient is the value derived from analysis of the Japanese Life-Span Study. It has been
adjusted 1o reflect the impact of the revised A-bomb dosimetry. The incidence coefficient was obtained
by scaling this value by the ratio of background incidence to background mortality.

A proportional dose-response model 1s recommended. The central, upper, and lower estimates for
low-LET radiation differ in the treatment of the doses received as low total doses or at low dose rates.
For upper estimates, it is recommended that the dose received at the low dose rate is assumed to be as

effective as the dose received at the high dose rate. For central and lower estimates, DREFs of 2 and
4, respectively, are recommen ed.

The resulting estimates of lung cancer risk are:
Rl.uppcr 37(Dy; + D, + 20D,
Ricentrt = 17(Dy; + 0.5(Dy, + 20 D)l

R} lower = 72Dy + 025D, + 20D,

Rt upper = 33(Dy + D, +20D,)
RM.cmtm = 16Dy, + 0.5(Dy, + 20 D,)]
Rujower = 67Dy + 0.25(Dy, + 20 D]

where R; is the lifetime incideace risk (cases/1000 persons), Ry, is the lifetime mortality risk
(deaths/1000 persons), Dy, is the low-LET dose (Gy) to the lungs received at high dose rate and Dy is

* Although the preferred BEIR V model includes a decrease in risk with time since exposure, the values
reported were taken from an alternative BEIR V model without such a decrease.
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the low-LET dose to the lung received at low dose rate and any low-LET dose less than 0.2 Gy
regardless of dose rate. D, is the alpha dose to the same tissue. Note that the ratio of the coefficient
of D, to that for D, yields an RBE of 20.

The loss of life expectancy associated with a radiation-induced lung cancer is estimated to be about 15
years under the assumptions used in the central and upper models, and 18 years under the assumptions
used in the lower model. The average interval between diagnosis of a case and death is estimated to be
about 2 years regardless of which risk model is used.

As is true in any of the age-dependent models used in this report, these models for lung cancer risk apply
only to a population with a specified composition related to age at exposure and gender. These estimates
would be different for populations that were either much younger or much older than those assumed here.

2.2.5 Gastrointestinal! Cancer

The central and upper estimates of gastrointestinal cancer risk are based on relative risk projection with
a latency period of 10 years and a lifetime expression period. Both central and upper estimates reflect
a dependence of risk on age at exposure.

The excess relative risk coefficients recommended for central and upper estimates are 120% per Gy for
those younger than 20 at the time of exposure, and 40% per Gy for those older than 20. The coefficient,
120% per Gy, is quite similar to the average of the BEIR V relative risk coefficients for males and
females who were under 25 at the time of exposure. These relative risks are assumed to apply to both
incidence and mortality.

The lower estimate of gastrointestinal cancer risks is based on absolute risk projection with a 10-year
latency period and a lifetime expression period. Risk coefficients of 6.8 x 104 cases and 4.0 x 107
deaths per person-yr-Gy are recommended for incidence and mortality, respectively. The mortality
coefficient is based on the absolute risk coefficient, 3.4 x 10" deaths per person-yr-Gy (shielded kerma),
given by Shimizu ef al. (1990). It has been adjusted to permit analysis on the basis of dose o the
gastrointestinal tract, rather than shielded kerma. The incidence coefficient was obtained by scaling the
mortality coefficient by the background ratio of incidence to mortality.

A proportional dose-response model is recommended. The central, upper, and lower estimates for
jow-LET radiation differ in the treatment of the dose received at low dose and low dose rates. For upper
estimates it is recommended that the dose received at the low dose rate is assumed 10 be as effective as
the dose received at the high dose rate. For central and lower estimates, DREFs of 2 and 4, respectively,
are recommended.

The effect of a-emitters on gastrointestinal cancer is computed by assuming that 10% of GI cancers are
liver cancers, that only these are affected by alpha radiation, and that the RBE of 20 used for the lung
and bone cancers also applies here.
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The resulting estimates of gastrointestinal cancer risk are:
R} upper = S58(Dy + D, +2D,)
Rl.aenml = 58 'Dhl + 0.5 (Dlo + 2 Da)]

T v— = 23[Dy; + 0.25 Dy, + 2Dyl

Rvupper = 34Dy + Dy, +2D)
RMceatral = 34(Dy; + 05 (D), + 2D,
Rplowsr = 14[Dy; + 025 (D, + 2D,))

where R; is the lifetime incidence risk (cases/1000 persons), Ry is the lifetime mortality risk
(deaths/1000 persons), Dy, is the low-LET dose (Gy) received at the high dose rate, Dy, is the low-LET
dose to this same tissue received at a low dose rate, and any low-LET dose less than 0.2 Gy regardless
of dose rate. D, is the alpha dose received by the liver.

To calculate gastrointestinal cancer risk, it is recommended that a composite of the low-LET doses to the
esophagus, stomach, colon, and liver be used. The recommended weghted low LET dose is:

Dgi tract = 9-05 Degophagus + 030 Dygornach + 0.55 Dgion + 0.10 Dy

where the Dm are the doses (Gy) to each relevant organ. When alpha-emitting radionuclides are
included, D to the liver must also be included, adjusted by the relative effectiveness of alpha radiation.
A relative effectiveness factor of 20 is used here.

The loss of life expectancy associated with a radiation-induced gastrointestinal cancer is estimated to be
12 years under the assumptions used in the central and upper models, and 24 years under the assumptions
used in the lower model. The average interval between diagnosis of a case and death is estimated to be
between 5 and 10 years depending upon which model of risk is used.

To compute the risk of liver cancer separately, the following relationships are used.
RLW = 58 [Dm + Dlﬂ + 20 Dul
Ry centrsl = 58Dy + 05, + 20D,))

R.l.luwer = 23[Dy; +025(D,, + 20D,)]
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RM.W = 34 le + DIO + 20 Dal

RM.O&IN’I' = 34 IDh.l + 0.5 (D|o + 20 Dﬂ”
RM,'M = 1.4 'Dhl + 025 (D'o $ 20 D“)l

where R; is the lifetime incidence risk (causes/1000 persons), Ry is the lifetime mortality risk
(deaths/1000 persons), Dy; is the low-LET dose (Gy) to the liver received at high dose rate, D, is the
low-LET dose to the liver received at low dose rate, and D, is the high-LET dose to this same tissue.

2.2.6 Thyroid Cancers and Benign Thyroid Nodules

Our estimates of thyroid cancer risks are based on absolute risk projection with a latency period of §
years and a lifetime expression period. Age- and sex-specific risk coefficients are used. The bases of
these coefficients are the attributable risk of 2.5 x 10 cases per person-yr-Gy observed in persons
exposed during childhood to external irradiation, the evidence that feinales are about twice as sensitive
as males, and the observation that adult exposure carries less risk (no more than half) than childhood
exposure. A linear dose response model is recommended. Our estimates of mortality risks associated
with thyroid cancer assume that 10% of all radiation-induced thyroid cancers would be fatal. The
resulting estimates of population risk are:

R,=72D and Ry, = 07D

where R; is the lifetime incidence risk (cases/1000 persons), Ry is the lifetime mortality risk
{deaths/1000 persens), and D is the low-LET dose (Gy) to the ihyroid gland from external irradiation.

Studies of thyroid cancer following exposure to 1311 have produced largely negative results, but have not
had sufficient statistical power to conclusively demonstrate inconsistency with the results from studies of
external exposure (Laird, 1987). In reflection of this, our upper estimates assume that the risk from 13
is equal 10 the risk from external irradiation. Our central estimates assume that dose from 1311 s 1/3rd
as potent as dose from external irradiation, and our lower estimates assume that it is 1/10th as potent.

Our estimate of the risk of benign thyroid nodules is based on similar assumptions. Absolute risk
projection is used with a latency period of 10 years and a lifetime expression interval. Age- and sex-
specific absolute risk coefficients are recommended. These reflect increased sensitivity (2x) of women,
increased sensitivity of those young at exposure (2x), and are ultimarely based on the attributable risk of
9.3 x 10 benign thyroid nodules per person-yr-Gy observed among persons exposed in childhood to
external irradiation. A proportional dose response model is used. The resulting estimate of population

risk is: R' =27D

where R is the lifetime incidence risk (cases/1000 persons), and D is the dose {(Gy) 1o the thyroid gland
from external gamma irradiation. Doses from internal low-LET sources, such as 131 are thought 10 be
only 1/5th as effective as doses from brief exposure to gamma radiation from external sources.
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2.2.7 Other Cancers

There is reasonably good evidence that multiple myeloma and cancers of the bladder, kidney, and brain
may be induced by radiation. The evidence is somewhat weaker for lymphoma and cancers of the ovary.
Rather than developing site-specific risk estimation models for each of these cancers, the Working Group
developed a lumped model for "other cancers.”

The central and upper estimates of the risk of “other cancers” are based on relative risk projection with
a latency period of 10 years and a lifetime expression period. Both central and upper estimates reflect
a dependence of risk on age at exposure.

The excess relative risk coefficients recommended for central and upper estimates are, 110% per Gy for
those younger than 20 at the time of exposure and 25% per Gy for those older than 20. The coefficient,
110% per Gy, is the average of the BEIR V relative risk coefficients for males and females who were
between S and 15 at the time of exposure. The strong influence of age at exposure is consistent with the
BEIR V analysis of other cancers. These relative risks are assumed to apply to both incidence and
mortality.

The lower estimate of other cancer risks is based on absolute risk projection with a 10-year latency period
and a lifetime expression period. Risk coefficients of 6.8 x 107 cases and 3.5 x 10 deaths per
person-yr-Gy are recommended for incidence and mortality, respectively. Shimizu er al. (1990) indicate
that the sum of the absolute risk coefficients for cancers other than leukemia, breast, lung, and
gastrointestinal is 2.6 x 104 deaths per person-yr-Gy (kerma). If this is adjusted to reflect organ dose
rather than shielded karma, the result is approximately 3.5 x 10 deaths per person-yr-Gy. Our
incidence coefficient was obtained by scaling this mortality coefficient by the background ratio of
incidence to mortality.

A proportional dose-response model is recommended. The central, upper, and lower estimates differ in
the treatment of low-LET dose received at low dose rate, For upper estimates it is recommended that
the dose received at the low dose rate is assumed to be as effective as the dose received at the high dose
rate. For central and lower estimates, DREFs of 2 and 4, respectively, are recommended.

The resulting estimates of the risk of other cancers are:

R,'“m 55 (Dhl + Dlo)

T = 55(Dy + 05Dy

23 (D, + 0.25 D)

Rl.lowm




R upper B 28 (Dy; + Dyy)
Ru'mw = 28 (Dhl + 0.5 D'o)
R jower = 120y + 025Dy,

where Ry is the lifetime incidence risk (cases/1000 persons), Ry, is the lifetime mortality risk
{deaths/1000 persons), Dy, is the low-LET dose (Gy) received at the high dose rate, and Dy, is the
low-LET dose received at the low dose rate and any total low-LET dose less than 0.2 Gy regardless of
dose rate.

Selection of an appropriate measure of dose to use for calculating the risks of “other cancers” is difficult
because the composition of the group of cancers included is not known exactly and the relative
sensitivities of the organs nominally included are not known. It is recommended that a composite of the
low-LET doses to the bone marrow, kidney, urinary bladder, brain, and ovary be used. Weights
proportional to the background incidence rates of cancers associated with each of these organs could be
used to construct the composite dose. Based on the 1980 background cancer rates, the weighted dose
computed using this approach would be:

where the D

organs 4re the doses (Gy) 10 each of the relevant organs.

The loss of life expectancy associated with other cancers induced by radiation is estimated to be 13 10 14
years under the assumptions used in the central and upper models, and 25 ;ears under the assumptions
used in the lower model. The average interval between diagnosis of a case and death is estimated to be
between 8 and 12 years depending upon which model of risk is used.

2.2.8 Childhood Cancers from In Utero Exposures

The Working Group's upper estimates of childhood cancers from in utero exposures are based on the
results of the Oxford Survey of Childhood Cancer (Stewart and Kneale, 1968). The Oxford Survey,
which examined the rates of childhood cancers among children of women who had received x-ray
pelvimetry during pregnancy, found approximately 3 x 102 leukemias and 3 x 1072 other childhood
cancers per embryo per Gy. If, as is now true in the U.S_, it is assumed that there is approximately 1
viable embryo for each 100 persons in the population, then the resulting estimates of population risks are:

Ricukemia =03D
Rother childbood cancer = 03 D

where D is the low-LET dose (Gy) to the fetus, and R is the risk (childhood cancers/1000 exposed
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persons). These expressions apply to the entire exposed population rather than to the number of pregnant
women in the population.

It should be noted that no excess cancer deaths have been observed among those exposed in wtero during
the bombings of Hiroshima and Nagasaki and that this finding is inconsistent with the risks found in the
Oxford Survey (Jablon and Kato, 1970). Furthermore, a number of biases may have increased the risk
attributed to radiation in the Oxford Survey.

Our central (and lower) estimates of childhood cancers from in wero exposures are based on the
UNSCEAR (1972) estimate of 2.3 x 10°2 total childhood cancers per embryo per Gy. This estimate,
which includes both leukemia and other childhood cancers, was not modified in the subsequent
UNSCEAR reports (UNSCEAR 1977; 1986). It is about 40% as large as the value derived directly from
the Oxford Survey.

The studies upon which the risk coefficients are based have involved external irradiation of the pregnant
mother and therefore essentially uniform dose to the fetus. In the event of a nuclear power plant
accident, some of the dose to the fetus would come from external irradiation of the mother and some
would come from radionuclides inhaled or ingested by the mother. The doses to the various fetal organs
from these internal sources could be quite non-uniform. To account for this, Dr. Keith Eckerman of Oak

Ridge National Laboratory (personal communication) recommended that the following low-LET dose
estimates be used:

Disesl bone maow ™ 0.3 Dother's bone marrow, strontium
4+ 0.5 Dther's uterus, cesium
+ 0.05 Dpyother's thyroid, iodine
+ 0.5 Dpother's maximim organ dose, other radioisotopes
+ 1.0 Dpither's uterus, external sources
Diosus, other organ = 0.03 Dgyother's bone marrow, strontium
+ 0.5 Dpsiher's uterus, cosium
+ 0.05 Dyyother's thyroid, wdine
+ 0.0 Dppyither's muximum organ dose, other radioisotopes

+ 1.0 D tinr's utervs. extorssl sousces
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2.2.9 Skin Cancer

Most skin cancers are not lethal and are not expected 10 be a major contributor to the mortality resulting
from nuclear power plant accidents. However, beta-emitting radionuclides deposited on the skin can yieid
extremely high local doses and can iead to increased incidence of skin cancer.

The risk of skin cancer following a nuclear power plant accident is quite difficult to estimate. Most
studies of radiation-induced skin cancer have involved exposure to X rays. The importance of the
differences in penetrating power of beta emitters and X rays is uncertain. Exposure to ultraviolet
radiation seems to potentiate the effect; and therefore, various areas of the body may have quite different
apparent sensitivities to the effects of ionizing radiation. There are also racial differences in sensitivity,
Because most skin cancers can be successfully treated with only minor inconvenience to the patient, they
are not reported reliably in tumor registries. Available epidemiological results vary considerably and
include & number of studies with largely negative results. Existing data are not adequate to determine
the shape of the dose-response function, the latency, or the effect of age-at-exposure.

The central and upper estimates of the skin cancer risk are based on reiative risk projection with a
latency period of 10 years and a lifetime expression period. The excess relative risk coefficient of 50%
per Gy is based on an analysis by Shore (1990) that combines risk estimates from several
studies—onsidering the area of the body irradiated, and providing separate coefficients for those parts
of the body exposed to ultraviolet irradiation (face, neck and dorsal aspect of the hands and arms) and
those parts not exposed (remainder of the body). Shore’s coefficient of 58% per Gy was reduced (by
90% to account for the fact that about 90% of all skin cancers occur on parts of the body exposed to
uitraviolet irradiation.

The lower estimate of skin cancer risks is based on absolute risk projection with a 10-year latency period
and a lifetime expression period. The recommended risk coefficient of 6.7 x 104 per person-yr-Gy is the
absolute risk value given in ICRP Publication 60 for UVR-exposed skin (ICRP, 1991).

A proportional dose-response model is recommended. The central, upper, and lower estimates differ in
the treatment of dose received at low dose rate. For upper estimates, it is recommended that the dose
received at the low dose rate is assumed to be as effective as the dose received at the high dose rate. For
central and lower estimates, DREFs of 2 and 4, respectively, are recommended. Although Publication
60 did not reduce risks from protracted exposures, it indicated that such a reduction was likely (ICRP,
1991).
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The resulting estimates of the skin cancer risk are:
Rl,uppu = B9 (Dy + Dy

Ricentrt = 89Dy + 05D

lll.,m = 22 (Dm + 0.25 Dlo)

where R; is the lifetime population risk (persons with skin cancer/ 1000 persons), Dy, is the low-LET dose
(Gy) to the UVR-exposed skin received at the high dose rate, and Dy, is the low-LET dose to this same
tissue received at the low dose rate and any total dose of low-LET radiation less than 0.2 Gy regardless
of dose rate. Note that this model predicts the number of people with skin cancer, rather than the total
number of skin cancers.

The Late Somatic Effects Working Group recommends that the risk calculated be on the basis of dose
to the face because ~bout 85% of basal cell carcinomas (the predominant type resulting from ionizing
radiation exposure) occur on the head and neck and because in the event of a nuclear power plant accident
the areas of the body with the highest exposure from beta emitters would be those least protected by
clothing {such as the face). The risk of skin cancers on other parts of the body would presumably be
lower than the risk calculated in this manner.

2.2.10 Summary - Late Somatic Effects

The model« recommended for predicting the risks of cancer as a resuit of doses received in a nuclear
power plant accident are summarized in Table 2.8 (morbidity) and Table 2.9 (mortality).

2.3 Genetic Effects

A slight increase in the incidence of genetic disease would be expected to occur after a nuclear power
plant accident. The genetic risk would manifest itself both directly, i.e., as an increased incidence of
birth defects among the children of the exposed population, and indirectly, i.e., through latent mutations
that will be expressed in their grandchildren, great-grandchildren, and subsequent generations. In
addition, there would be small increases in the rates of spontaneous ahortions, primarily occurring within
the first few days of pregnancy before the fertilized ovum is implanted in the wall of the uterus.

Estimates of genetic risks are based on extrapolation from animal models. The limited human data
relevant for genetic risk assessment come from studies of the children of survivors of the atomic
bombings of Hiroshima and Nagasaki. Although they have not revealed any excess incidence of genetic
defects, these studies are not powerful enough 1o reject current theories of genetic risk.
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Table 2.8

Models of cancer morbidity®

Lifetime risk (cases/1600)
Effect Upper Centra! Lower

Breast cancer” 25 (Dy; + Dy,) 16 (Dy,; + Dy 12 (Dy; + 0.25 D)
Lung cancer 37Dy + Dy, + 20D, 17[Dy; + 0.5 (D, + 20DY] 7.2 [Dy; + 0.25 (D}, + 20 D))
Gl cancer® 58 (Dy; + Dy, + 2D, S8[Dy; + 05Dy, + 2D 23 [Dy; + 0.25 (D, + 2 DY)

Liver cancer 5.8 (Dy; + Dy, + 20D,) S8 Dy + 05y, + 20D)] 2.3 (Dy; + 0.25 Dy, + 20 D))
Thyroid cancer® 72D 72D 72D
Benign thyrowd nodules® 27D 27D 27D
Skin cancer 89 (Dy,; + Dy, 89 (D, + 0.5 D) 22 (Dy; + 0.25 D)
Other cancer! 55 (Dy; + Dy,) 55 (Dy; + 0.5Dy,) 23 (Dy; + 0.25 D)

* The doses, D, referred to in this table are organ-specific absorbed doses. The units of dose are gray (Gy). The subscripts “lo

and "hi" are used to distinguish low doses of low-LET radiation, i.e. <0.2 Gy, and doses received at low dose rates. i.e., <0.1
Gy/hr, from the dose received at the high dose rate. D, refers to the dose from a-emitters, regardless of dose rate. Refer to the
text for explanation of the organ dose gppropriate for esmnmng the risk of each specific cancer.
mmnsksapplytodxeemrepop\dam Risks for women would be twice this large.

¢ The alpha radiation component of this combined risk originates in the liver. Thenskforhveralone:sgwenon:henexllme
dchertamtymtbemymndcmmoddnsreﬂeaedmmedoseused For the central estimate, *'] is assurued to be one-third as

effectweasextetmldose For the lower estimate, ' 311 is assumed to be one-tenth as effective as external dose. For the upper
estimate, '] is assumed to be as effective as external dose.

. Inallﬂ:reeestimatesofﬂnmkofbm&gnthymndnodula 1311 is assumed to be only one-fifth as effective as external dose.

lnclwaslymphommﬂuplemydom.uﬂcumofﬂiebmn,ktdney,blm and uterus. Excludes skin and prostate cancer
and all cancers for which separate risk models have been developed.



Table 2.9

Models of cuncer mortality®

Lifetime risk (deaths/1000)
Effect Upper Central Lower

Leukemia 9.7 (Dy; + D) 9.7 (Dy; + 0.5Dy,) 9.7 (Dy,; + 0.25 D)

in uter,” 03D 0.1D 01D
Bone cancer 0.12 (Dy, + Dy, + 20D 0.12 [Dy; + 0.5 (Dy, + 20 D] 0.12 [Dy; + 0.25 (D, + 20 D]
Breast cancer® 8.4 (D, + D) 5.4 (Dy, + D) 43Dy, + 025Dy
lLung cancer 33 (Dy, + Dy, + 20 D) 16 [Dy; + 0.5 (D}, + 20 D)) 6.7 [Dy; + 0.25 (D, + 20D,)]
Gl cancerd 34 (Dy; + Dy, + 2D, 34 [Dy, + 0.5 (D, + 2 DY 14 [Dy; + 0.25 (Dy, + 2 D))

Liver cancer 314Dy + Dy, + 20D, 34Dy + 0.5 (D, + 200, 1.4 [Dy; + 0.25 (Dy, + 20 D)}
Thyroid cancer® 07D 07D 07D
Other cancer! 28 (Dy; + Dy 28 (D, + 0.5Dy,) 12 Dy, + 0.25 D)

in utero® 03D 0.1D 01D

o &6 o

The doses, D, referred to in this table are organ-specific absorbed doses. The units of dose are gray (Gy). The subscripts "lo” and "hi" are
used to distinguish low doses of low-LET radiation, i.e. <0.2 Gy and doses received at the low dose rate, i.e., <0.1 Gy/hr, from the dose
received at the high dose rate. Reser to the text for explanation of the organ dose appropriate for estimating the risk of each specific cancer.
D, refers to the dose from a-emitters, regardless of dose rate.

These risks apply to the entire population. Risks to the children exposed in utero would be 100 times this large.

These risks apply to the entire population. Risks for women would be twice this large.

The alpha radiation component of this combined risk originates in the liver. The risk for liver alone is given on the next line.

Uncertainty in the thyroid cancer model is reflected in the dose used. For the centrai estimate 1311 is assumed to be one-third as effective as
external dose. For the lower estimate 17'1 is assume” to be one-tenth as effective as external dose. For the upper estimate 131 i< assumed
10 be as effective as external dose.

Includes lymphoma, multiple myeloma, and cancers of the brain, kidney, bladder, and uterus. Excludes skin and prostate cancer and all
cancers for which separate risk models have been developed.



The responses observed in the spermatogonial cells of the mouse serve as an indicator of the effects that
would be expected to occur in spermatogonial cells of men. Unfortunately, there appears to be no
adequate mammalian model of the effects expected in the human female. The Working Group's central
and upper estimates of risk are based on the assumption that damage to oocytes and spermatogonia is
equivalent. Their lower estimates are derived on the assumption, used in many previous models, that
only spermatogonia are damaged by ionizing radiation.

The possible effects are too numerous to be considered individually. Models of major classes of genetic
disease have been developed that reflect the key differences in radiation induction, significance, and
transmission of these conditions. The three major classes of genetic disease considered in this report are
single-gene disorders, chromosome anomalies, and multifactorial diseases. In addition, the risk of
recessive genetic disease is discussed.

The Genetic Effects Working Group relied heavily on analyses provided in BEIR 1, III, IV, and V reports
of the National Academy of Sciences (NAS/NRC, 1972, 1980, 1988, 1990), as well as those described
in recent reports of the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR 1977, 1982, 1986, 1988) and the International Commission on Radiation Protection (ICRP,
i991). These basic approaches have been modified in several important respects to reflect new scientific
information and improvem s in analytic methodologies for modeling genetic risks.

When a dose is received ©  a low dose rate, the risk of genetic damage is thought 0 be proportional to
the dose received. How ver, evidence from many different experimental studies, i.e., Drosophila
oogonia mutations and T adescantia mutations, indicates that when the dose is received at a high dose
rate, the yield of muta ons expected at a specific dose is better described by a linear-guadratic
relationship. Such a resuh is consistent with radiobiological understanding of the mechanism of damage,
i.e., most radiation-induced mutations in higher organisms are tiny submicroscopic deletions, inversions,
or insertions encompassing parts of one or more genes; siagle nucleotide changes appear to be extremely
rare.

When & linear-quadratic relationship, e.g., r=(a + bDg,) cDa..', is fit to the data on specific locus
recessive mutations in the spermatogonia of mice, with dose expressed in Gy, the coefficients a and b are
found to be virtually identical. The Working Group has used this result as the basis for estimating the
risk (represented by uppercase R) of most genetic effects using models of the form:

R=(1 + Dy ) beD,

where Dy . is the gonadal low-LET dose (Gy), the product be is the risk coefficient observed at low dose
rates, and the term | + Dy . modifies the risk to account for the effects of high dose rates. When an
accident scenario involves only chronic exposure at low dose rates, the modifying term is dropped, and

the risk is computed as:
R =beD,

This simplification may also be used when the dose is received at a high dose rate as long as the total
dose involved is reasonably small. For example, at a dose of 0.5 Gy, the risk would be underestimated
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by only 50% using this simplification. For lower doses, the bias in the estimate is even smaller and is
negligible in comparison with the uncertainty in current estimates of the fundamental visk coefficients,
It should be noted that the equations given above and those given later in this section assume that the
doses received by the mother and father are equal. The modifications necessary to aliow for differences
in the maternal and paternal doses are discussed in Section 3.3.

In the evaluation of protracted dose, a fixed RBE may be used to account for the increased effectiveness
of the contribution of alpha-emitting radionuclides, i.e.,

D,=D,,,*RBE*D, ,

where D, 5 . is the protracted dose from beta- and gamma-emitting radionuclides, Dp", is the protracted
dose from alpha-emitting radionuclides, and RBE is the relative biological effectiveness of these two
classes of dose for inducing genetic effects, The RBEs are endpoint-specific. In the following analyses,
differemt values of the RBE for alpha radiation are used for different classes of biological effects. An
RBE of 2.5 is used for all mutations and 15 is the RBE used for unbalanced translocations (NRC, 1993).
Obviously, one can also obtain tne same results by evaluating the high-LET and low-LET risks separately
and adding the risks. The Genetic Effects Working Group recommended that the latter approach be used.

The models developed here permit one to estimate the fraction of children born in the first (or any
subsequent) generation following an accident that will be affected by each class of genetic disease. In
addition, they provide estimates of the total number of children in all future generations that will suffer
from genetic disease as a result of radiation exposure from an accident.

The estimates of cumulative genetic risks developed by the Working Group assume population stability,
an intergenerational interval of 30 years and a crude birth rate of about 16 births per 1000 persons per
year (500 births per 1000 persons per generation). Were the population 1w increase (decrease), the
absolute impact, i.e., number of effects, would increase (decrease) accordingly.

2.3.1 Single Gene Disorders

Single gene disorders are present in about 1% of all children. This class of diseases includes both
dominant traits, ¢ g., Huntington’s chorea, hypercholesterolemia, and achondroplastic dwarfism, and
x-linked traits, e.g., muscular dystrophy, hemophilia, and agammaglobulinemia. Some of these disorders
are apparent at birth, but others do not appear until later in life.

Genetic information is encoded within the nucleus of the cell in the form of sequences of deoxyribose
nucleic acid called genes. Each of the several thousand human genes is composed of thousands of
subunits called nucleotides. The alteration of any nucleotide may result in altered function of a gene and
to an observable mutation when contributed by the germ cell of a parent. This single gene mutation is
called dominant when it exerts an effect in the presence of a normal gene contributed by the other parent.
If an altered gene is present on the X chromosome, it wii! invariably produce an effect in boys, who have
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enly one X chromosome, but will behave as if recessive in girls, who have two X chromasomes. Single
gene disorders related to damage of the X chromosome are referred to as x-linked effects.

The Genetic Effects Working Group derived their estimates of the risks of dominant disorders from the
Selbys’ (1977) studies of the rates of specific locus recessive mutations in male mice. The experimentally
observed single locus mutation rates (37/2646 at a dose of 6 Gy) were adjusted to account for the total
number of dominant disorders (5 to 15), the fraction of these thought to produce serious diseases (1/4
1 3/4), and to adjust for the dose (1/6), dose rate (1/3) and fractionation involved (1/1.9) in the
experiments (BEIR 1II, NAS/NRC, 1980). Upper and lower estimates of 4.5 x 103 per gamete (ovum
or mature sperm) and 0.5 x 1073 (sperm only) are obtained using the upper and lower estimates of the
number of dominant disorders and the fraction of these thought to yield serious defects. The central
estimate of the induction rate of dominant disorders in humans of 1.5 x 107 3 per gamete (Ovum Or mature
sperm) per Gy may be obtained using the geometric n un of the range of values given for the number
of dominant disorders and for the fraction of these thought to be serious. Upper and central estimates
of population risk assume equal sensitivity of males and females. Lower estimates of population risk
assume that only males are sensitive. The Working Group estimated that approximately 80% of dominant
disorders are transmitted from one generation to the nexi.

Using the computational scheme outlined in Section 3.3, the final additive models of integrated risk were
derived:

R gominant, upper T 22 Dﬂ.'y + 22 Dzﬁ.'y + 55D,

= 75Dg, + 75D%  + 19D,

Rdoxmmn':n. central

Rgominant, lower = 12D, + 1.2D% . + 30D,

where R is the cumulative risk (dominant disorders/1000 exposed persons), i.e., the risk that a child with
a radiation-induced dominant disorder will be born in this or any future generation, and Dg . is the
gonadal dose (Gy) from beta- and gamma emitting radionuclides, and D, is the dose from alpha emitting
radionuclides received by a representative individual in the exposed population. An RBE of 2.5 is
implicit in the ratio of the 8, y and o risk coefficients.

The fraction of cumulative risk that will be expressed in each generation is 0.2 * 0.8%°! where k is the
generation number. Thus, 20% of the risk will be expressed in the first generation, 16% in the second,
and so forth. Under the central model an acute dose of 1 Gy of low-LET radiation would yield a first-
gene-ziion, radiation-induced risk of dominant disorders of approximately 6 defects per 1000 births or
5 defects per thousand exposed persons. The upper estimate would be three times this large, and the
lower estimate would be 1/6% this large.

The Working Group estimated that dominant disorders involve, on average, a 15-year reduction in
longevity and 25 years of life with approximately 33% impairment. Thus, the total effective loss of life
associated with such a defect is equivalent 1o about 20 years.
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The Genetic Effects Working Group derived their estimates of the risks of x-linked disorders from
estimates of the rates of specific locur mutations in male mice. The specific locus induction rate of
7.2 x 10 per Gy of low-LET radiation was adjusted to reflect the total number of x-linked diseases.
McKusick’s 1983 compendium lists 115 x-linked diseases and an almost equivalent number of genetic dis-
eases of less certain origin. In view of this, the Genetic Effects Working Group maltiplied the specific
locus mutation rate by 250. The resulting central estimate of the induction rate of x-linked disorders in
humans was 1.8 x 1073 per gamete (ovum or mature sperm) per Gy. Upper and lower estimates of 7.2
x 107 per gamete (ovum or mature sperm) and 0.7 x 10 (sperm only) reflect uncertainty about the
number of susceptible genes on the X chromosome. The upper estimate assumes that there are 1000 such
loci; the lower assumes that there are only 100. Upper and central estimates of population risk assume
equal sensitivity of the ovum and sperm. Lower estimates assume that the mutation rate is zero in the
female.

Based on these considerations, the final models of integrated risk were derived:

Ry-linked, upper = 9Dg, +9D% . +23D,
Ry linked, centrsl = 22Dg. +22D% _ + 55D,
Ry linked, lower = 0.45 DB.T + 045 DZB.., + LLID,

where R is the cumulative risk (x-linked disorders/1000 exposed persons)—i.e., the risk that a boy with
an x-linked disorder will be born in this or any future generation, Dﬂ.v is the gonadal dose (Gy) from
beta- and gamma-emitting radionuclides, and D is the dose from alpha-emitting radionuclides received
by a representative individual in the exposed population. An RBE of 2.5 is implicit in the ratio of the
B, v and a risk coefficients.

The fraction of cumulative risk that will be expressed in each generation is 0.2 * 0.8%1 where k is the
generation number. Thus 20% of the risk will be expressed in the first generation, 16% in the second,
and so forth. Under the central model an acute dose of 1 Gy of low-LET radiation would yield a first-
generation, radiation-induced risk of x-linked disorders of approximately two defects per 1000 births or
one defect per thousand exposed persons. The upper estimate would be four times this large. In deriving
the lower estimate, it is assumed that there is no damage to the oocytes. Because boys inherit their X
chromosome from their mother, the lower estimate of first generation risk is zero. In subseguent
generations boys can inherit a damaged X chromosome from their grandfathers. Thus, the lower estimate
of the cumulative risk of x-linked effects is not zero; it is 1/5™ of the central estimate.

The Working Group estimated that x-linked disorders involve, on average, a 30-year reduction in

longevity and 40 years of life with approximately 40% impairment. Thus, the total effective loss of life
associated with such a defect is equivalent to about 45 years.
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2.3.2 Chromosomal Aberrations

A specific alignment of genes, usually several hundred or more, exists on a structure known as a
chromosome. Most somatic cells in humans contain 23 pairs of chromosomes, with one member of each
pair contributed by the sperm and the other contributed by the egg.

When the process of sperm or egg cell production goes awry, it can produce germ cells with the wrong
number of chromosomes, €.g., 22 or 24 rather than the normal 23. In this case, the fertilized egg will
contain 45 or 47 chromosomes. Such a problem, referred to as aneuploidy, is so severe that in about
90% of all cases it will result in a spontaneous loss of pregnancy. In the remaining 10% of cases, a
severely affected child will be born.

Chromosomes ae also susceptible to breakage and subsequent structural rearrangement. When
rearrangements occur in germ cells they can be transmitted to the offspring of those exposed. These
structural rearrangements, referred to as translocations, normally yield chromosomes with either too little
or too much genetic information. If a child is born with a balanced transiocation, he or she normally will
not be affected by it, but may transmit it to future generations. However, those children born with
unbalanced translocations generally suffer from severe physical and mental disabilities.

The normal incidence of chromosomal aberrations, including both aneuploidy and unbalanced
translocations, is approximately 0.6% of live births. Conditions such as Down’s syndrome and both
Klinefelter and Turner anomalies are the result of aneuploidy. The spontaneous prevalence of aneuploids
among live births is about 0.5% . These defects are relatively severe—both in terms of life expectancy
(about 45 years) and level of disability (about 50%). Aneuploids normally do not have children. Thus,
these defects tend to be completely expressed in one generation,

Because human studies have been equivocal and mammalian (mice) studies have been negative, the
BEIR 11l committee did not develop a risk estimate for radiation-induced aneuploidy (NAS/NRC, 1980).
Although our Genetic Effects Working Group acknowledges that zero is a reasonable lower estimate, we
recommend that one case per 1000 births per Gy be used as a central estimate and believe that an upper
estimate of three cases per 1000 births per Gy is plausibie. The risk of aneuploidy is assumed to be
proportional to the dose received.

Unbalanced translocations, which result in extremely severe physical and mental disabilities, are naturally
present in about 0.1% of all children. Infants born with such defects have extremely short life
expectancies—typically less than a year.

It is possible to estimate the rate of induction of translocations in primary human spermatocytes directly
from experimental data. No such data exist on the rates of induction in oocytes. The upper and central
estimates developed by the Genetic Effects Working Group assume that the induction rates in males and
females are the same. The lower estimates assume that translocations may only be induced in
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spermatocytes. Vsing a linear-quadratic dose response relationship, in which the lin:car and quadratic
contribations are egual at a dose of 1 Gy of low-LET radiations, the Working Group obtained:

feranslocation induction = 13 Dﬂ.‘y + 135 Dzﬂ.?

where Dy  is the low-LET dose (Gy) to the gonads, and 1 is the rate (translocations/ 1000 spermatocyies
or oocyts) of inducing a translocation.

Not all induced translocations are transmitted. As a result of meiotic segregation, the fraction of mature
sperm carrying balanced transiocations is one-fourth this large and the fraction carrying unbalanced
translocations is one-half this large. Similarly, only one-sixteenth of induced translocations yill result
in balanced translocations in mature oocytes, and six-sixteenths will result in unbalanced translocations.
Thus, the rates of unbalanced translocations among the mature sperm and ova for low-LET radiations are:

2
Tsperm, unbalanced translocation = 1.5 Dﬂ.'y +75D 8,y

fovum, unbalanced translocstion = > Dg, +56 ng'.,

The risk that an unbalanced translocation will be present in a fertilized ovum is simply the sum of the
risks given above. Ninety percent of these fertilized ova would be inviable and would result in pregnancy
losses, primarily during the peri-implantation period, but occasionally later in the pregnancy. The
remaining 10% would be viable. Thus, the risk of bearing a child with a defect caused by an unbalanced
translocation in the first generation after ar accident may be estimated using:

Rclmd unbalanced translocation ~ IzDﬂ'r + lZDzﬁ.,' + lSD

where R is risk (affected children/1000 livebirths), and Dﬁ‘.' is the dose (Gy) to the gonads from beta-
or gamma-emitting radionuclides, and D, is the dose from alpha-emitting radionuclides received by the
child’s parents,

The dynamics of inheritance of unbalanced translocations are such that the risk in the second generation
is one-fourth of that in the first and that in each succeeding generation the risk decreases by 50%.

The cumulative risk, i.e., the risk that a child with an unbalanced translocation will be born in this or
any future generation, is found by summing the risks over all generations. Using the demographic
assumptions recommended by the Genetic Effects Working Group, i.e., 500 births per generation (30
years) per thousand population, one would obtain central estimates of:
R={12Dg, +12D%  +18D,) (1 + 1/4 + 1/8 + 1/16 + ...} {500/1000}
R=09Dg, +09D% +14D,
where R is the cumulative risk (number of affected children/1000 exposed people), Dﬂ.y is the gonadal
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dose (Gy) from beta and alpha emitters, and D, is the dose from alpha emitters received by the
population. An RBE of i3 is implicit in the ratio of the 5, y and a risk coeificients.

Upper and lower estimates are derived using this same approach, but using different estimates of the rates
of gametic damage. For upper estitaates, the Working Group recommends using gametic induction rates
five times larger for males and ten times larger for females. For lower estimates, the Working Group
recommends using a male gametic induction rate only one-fifth as large as that used in derivation of the
central estimate and assuming that the female gamete is insensitive to radiation-induced damage. Using
these assumptions, the upper estimates are seven times larger than the central estimates, and the lower
estimates are about one-eighth as large. The differences in the gametic induction rates used in the central,
upper, and lower estimates reflect differences in the gamma-ray RBE and low dose rate effectiveness
factors used to interpret the experimental data.

2.3.3 Multifactorial Diseases

Multifactorial diseases involve complex patterns of inheritance. A specific combination of mutant genes
must be present to manifest an effect. This largest class of genetic disease includes congenital
malformations (e.g.. spina bifida, cleft palate), constitutional diseases, and degenerative diseases.

Estimates of the fraction of the population with genetically related multifaciorial disease have increased
substantially. In 1980, the BEIR Ill commitree estimated that only 9% of the population would be
affected by such diseases (NAS/NRC, 1980). Ten years later, the BEIR V committee suggested that all
members of the population would, on average, suffer from an average of somewhat more than one
multifactorial disorder during their lifetimes (NAS/NRC, 1990). This enormous change reflects the view
that the bulk of cardiovascular and neoplastic disease has an inherited component (though its magnitude
is current!y unknown).

The Genetic Effects Working Group developed separate estimates of the risks of congenital anomalies and
three specific categories of irregularly inherited disease: cancers, cardiovascular disease, and “selected
other” diseases. Their estimates of the risk of congenital anomalies are based on the BEIR V estimate
that exposure of each generation of parents to an additional dose of 1 rem {equivalent to 0.1 Gy of
Jow-LET radiation) would eventually lead 1o an equilibrium risk of between 10 and 100 additional
congenital anomalies per million live births®. As their central estimate of risk, the Working Group
simply took the geometric mean of the two values given by BEIR V, i.e. 10+ 100)°-3 or 32 congenital
anomalies per million live births. In a population of 1 miilion, with a birthrate of 480,000 children per
30-year generation, this estimate corresponds to 15 additional congenital malformations due to this single

® i can be demonstrated mathematically that the equilibrium risk in a population exposed chronically to
| rem per generation is numerically identical to the cumulative risk resulting from exposure of a single
generation of parents to 1 rem.
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0.01 Gy exposure of one generation of parents. The Workiag Group adopted the BEIR V range as their
lower and upper estimates. The resuiting models are:

2 3
mem. upper = 48 Dﬂ,'y + 48D B.y + 12 Dd

2
Rmm.m = 1.5 Da'.y + 15D 8.y + 40 Dﬂ

Roongenital, lower = 0.5 Dg, + 0.5 Dza’., + 125D,

where R is the cumulative risk (number of children born with congenital malformations per 1000 exposed
people), Da‘.' is the gonadal (Gy) dose from beta- and gamma-emitting radionuclides, and D, is the dose
from alpha-emitting radionuclides received by the population. An RBE of 2.5 is implicit in the ratio of
B, v, and o risk coefficients.

The number of congenital malformations expected in the first generation was not estimated separately.
The Working Group noted that these effects were (implicitly) included in their estimate of first-generation
dominant effects.

The typical impact of a congenital malformation was assessed on the basis of information provided in
UNSCEAR which suggests that such defects involve an 8-year reduction in life expectancy and
approximately 25% impairment. In view of this, the Working Group recommended using 24 (effective)
years as an estimate of the loss of life associated with a congenital malformation.

The Genetic Effects Working Group’s central estimate of the irregularly inherited cancer risk is based
on the assumption that there are between 50 and 100 tumor suppressor genes, each of which (on average)
responds to radiation with the same sensitivity that the Selbys (1977) observed in studies involving
specific-locus mutations in male mice, i.e., its probability of being mutated by low-LET radiation is
10D + 10°D?, and that the majority of individuals who inherit a mutant tumor suppressor gene will
develop cancer as a result of the inherited mutation. The resulting model is:

9
Regncer = 19D, + 19D% . + 48D,

where R is the cumulative risk (number of cancers/1000 exposed people), Dﬁ'.y is the gonadal dose (Gy)
from beta and gamma emitters, and D, is the dose from alpha emitters received by the population. An
RBE of 2.5 is implicit in the ratio of the 8, y and a risk coefficients.

The Working Group's central estimate of the fraction of this risk that would occur in the first generation
is %, based on an assumption that 20 generations will be required to reach genetic equilibrium. Upper
and lower bound estimates of 10 and 50 generations, respectively, can be used with this central estimate
of 20 generations.
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The Working Group notes that the estimate derived in this way is consistent with values derived using
a doubling-dose approach. In their alternative calculations, they assume that the background (lifetime)
cancer risk faced by an individual is 30%; that 5-10% of such cancers have a hereditary componeat; that
the routational component of this class of hereditary cancers is high (85% or move), that the dose required
to dourie the incidence of such heritable cancers is 1 Gy, and that the time to equilibrium is between 10
ad 50 generations.

Even less is known about the genetic mechanisms underlying cardiovascular disease and other diseases.
The Genetic Effects Working Group based their central estimates of cardiovascular risks on a doubling
dose approach—assuming that the background (lifetime) cardiovascular disorder rate is 60%; that 13%
of cardiovascular diseases have a genetic component; and that a dose of 1 Gy delivered acutely would
double this risk. For chronic exposure, the doubling dose would be 0.6 Gy. Estimates of the risks of
"selected other” diseases of complex etiology were derived similarty; however, a background rate of 30%
was used. The resulting models are:

R = 38Dg, + 38D% + 95D,

cardiovascular

Reected other = 19Dy, + 19D% + 48D,

where R is the cumulative risk (number of cardiovascular disorders/1000 exposed people), Dﬁ,.’ is the
gonadal dose (Gy) from beta and gamma emitteis, and D, is the dose from alpha emitters received by
the population. To obtain estimates of first generation risks, the Working Group assumed 20 generations
would be required to reach genetic equilibrium.

2.3.4 Recessive Diseases

Recessive diseases include cystic fibrosis, phenylketonuria, and some forms of congenital blindness and
deafness. The current prevalence of such diseases is about four cases per 1000 births. The Working
Group notes that many recessive mutations are thought to be partially dominant, i.e., they are likely to
be eliminated from the population before becoming homozygous, and indicates that these effects have
been considered in their analysis of dominant effects. Although the Genetic Effects Working Group did
not provide a complete analysis of the risk of recessive effects, they did suggest doubling doses of about
0.5 Gy for acute exposure and 1 Gy for (hronic exposure® A linear-quadratic model consistent with
these values and with the Working Group's estimate of the prevalence of recessive disease not accounted
for in their dominant effects model, i.e., about two cases per 1000 births, is:

=2Dy, +2D%,

RYKICSSI e

* Jt should be noted that one member of the Genetic Effects Working Group pointed out that these
choices were "consciously conservative, and are lower than the estimates derived directly from the
experiences of the offspring of survivors of the atomic bombing of Hiroshima and Nagasaki."
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where R is the equilibrium risk (number of affected children/1000 births), and Dﬂ..' is the low-LET
gonadal dose (Gy) received.

It should be noted that recessive risks are expressed very slowly, their mean persistence is 100 times as
long as dominant effects of egaal severity. Thus, the vast majority of recessive effects are expacted to
occur long after the other genetic effects described in this report. These effects would not contribute
appreciably to the genetic risk experienced within the first five generations after an accidert.

2.3.5 Summary - Genetic Effects

Tables 2.10 and 2.11 summarize the models recommended for estimating the genetic effects resulting
from population exposures to ionizing radiation following a major accident in a nuclear power plant.
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Table 2.10

Models of genetic risks®P

Integrated risk (cases/1000)

Effect Upper Central Lower
Single gene
Dominant 2D, +22D% . +55D, 15Dz, +75D%. +19D, 12Dz, +12D%_ +30D,
X-linked 9Dg, +9D%, +23D, 22Dy, +22D% . +55D, 045Dy, +045D% + 11D,
Chromosome aberrations®
Numerical 1.5Dg ., + 38D, 05Dy, + 1.3D, 0
Structural 63Dg, +63D% . +100D, 09Dg +09D% +14D, 01Dy, +91D% +15D,

Multifactorial diseases
Congenital anomalies

48D, +48D%_ + 12D,

1505, + 1.5D%  +40D,

0.5Dg. +05D% . + 13D,

Cardiovascular? 380Dy, +380D% . + 950D, 38Dg. +38D%_ +95D, 38Dy, +38D% . +95D,

Cancer? 190 Dg + 190D%  + 480D, 19Dz, + 19D%  + 48D, 19Dy, +19D% +48D,

Selected otherd 190 D, + 190 D% + 480D, 19Dy, + 19D%  + 48D, 15Dz, +19D%  + 48D,
Losses of pregnancy®

Numerical 14D, + 870 D, 45Dg ., + 11D, 0

Structural S8Dg . + S8D%; . +870D, 8.1Dz, +8.1D% +120D, 09Dy, +09D% + 14D,

The doses, D .y and D,,. referred to in this table are the low-LET and alpha doses to the gonads expressed in Gray (Gy). The integrated
risk is the risf summed over all future generations, expressed in cases per 1000 persons exposed.

No formal model of risk of recessive disease was developed, but the Working Group provided some information suggesting the possible
magnitude of these risks (see Section 2.3 .4),

Chromosomal defects may lead to early foeial losses, early miscarriages or to children born with severe physical and mental defects. Most
early foetal losses occur as a result of failure of the fertilized egg to implant in the uterine wall.

Recognizing that our current knowledge on the inherited component of multifactorial diseases and the impact of radiation exposure on this
component is extremely limited, these estimates of possible upper and lower bounds are also extremely tenuous at this time. Factors of 10
were used for roughly estimating the upper and lower bounds of these poorly defined risks.



Table 2.11

Time distribution of genetic risks®

Time since accident (yr)

Elfect ¢-29 30-59 60-89  90-119 120-149 > 150

Single gene

Dominaint 20 16 13 10 8 33

X-linked 20 16 13 10 8 33
Chromosome aberrations

Numerical 100 - - - - -

Structural 67 17 8 4 2 2
Muitifactorial® unknown
Miscarriages

Numerical 100 - - - - -

Structural 67 17 8 - 2 2

* Entries in the body of the table give the percentage of the cumulative genetic risk (see
Table 2.10) expected in each time interval.
The timing of congenital anomalies is uncertain. Using a central estimate of 20 generations
to equilibrium, about 5% of the total impact is expected in each of the first several
generations. However, the equilibrium time could be as low as 10 generations or as high as
50 generations.
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3.0 COMPUTATIONAL ASPECTS

This section of the report covers issues related to the computer implementation and mathematical
derivation of certain of the health effects models.

3.1 Early and Continving Effects

The structure of the nuciear power plant accideni consequence code MACCS (NRC, 1990b) is based on
the health effec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>