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FOREWORD

The NuclearRegulatoryCommission(NRC)has sponsoredseveralstudiesto
identifyandquantify,throughthe use of models,the potentialhealtheffects
of accidentalreleasesof radionuclidesfromnuclearpowerplants. The
ReactorSafetyStudy(WASH-1400,AppendixVI) providedthe basisformost of
the earlierestimatesrelatedto thesehealtheffects. Subsequenteffortsby
NRC-supportedgroupsresultedin improvedhealtheffectsmodelsthatwere
publishedin reportentitled"HealthEffectsModelsforNuclearPo_erPlant
ConsequenceAnalysis",NUREG/CR-4214,1985and revisedfurtherin the 1989.
PartII of NUREG/CR-4214,Rev. I, was publishedin May 1989and PartI of
NUREG/CR-4214,Rev. I " Introduction,Integration,and Summary"was published
in January1990. The healtheffectsmodelspresentedin 1989 NUREG/CR-4214
reportweredevelopedfor exposureto low-linearenergytransfer(LET)(beta
andgamma)radiationbasedon the best scientificinformationavailableat
thattime. Sincethe 1989reportwas published,two addendato thatreport
havebeenpreparedto I) incorporateotherscientificinformationrelatedto
low-LEThealtheffectsmodelsand 2) extendthemodelsto considerthe
possiblehealthconsequencesof the additionof alpha-emittingradionuclides
to the exposuresourceterm.

The firstaddendumreport,entitled"HealthEffectsModelsforNuclearPower
PlantAccidentConsequenceAnalysis,Modificationsof ModelsResultingfrom
RecentReportson HealthEffectsof IonizingRadiation,Low LET Radiation,
PartII: ScientificBasesforHealthEffectsModels,"was publishedin 1991
as NUREG/CR-4214,Rev.I, PartII, AddendumI.

The secondaddendumreport,entitled"HealthEffectsModelsfor NuclearPower
PlantAccidentConsequenceAnalysis,Modificationof ModelsResultingfrom
Additionof Effectsof Exposureto Alpha-EmittingRadionuclides,"was
publishedin 1993as NUREG/CR-4214,Rev. 1, PartII,Addendum2.

Thisreport,whichis revisionof NUREG/CR-4214,Rev. I, PartI is directed
specificallyto incorporatingthe new informationpresentedin thesetwo
addendaas theymay impacton the modelsandthe recommendedparameters
associatedwith the healtheffectsmodels. Thoseportionsof the earlier
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Part I report that were not impacted by the two addendaare included without
revisien in this version of Part I for completeness.

NUkEG/CR-4214,Rev. 2 Part 1 is not a substitute for NRCregulations, and
compliance is not required. The approachesand/or methodsdescribed in this
NUREGare provided for information only. Publication of this report does not
necessarily constitute NRCapproval or agreementwith the information
contained herein.

DonaldA. Cool, Chief
Radiation Protection and Health

Effects Branch
Division of Regulatory Applications
Office of Nuclear Regulatory Research



ABSTRACT

This report is a revision of NUREG/CR-4214, Rev. 1, PartI (1990), Health Effects Modelsfor Nuclear
Power Plant Accident Consequence Analysis. This revision has been made to incorporatechanges to the
Health Effects Models recommendedin two addendato the NUREG/CR-4214, Rev. 1, Part II, 1989
report. The first of these addenda provided recommended changes to the health effects models for
low-LET radiationsbased on recent reports from UNSCEAR, ICRP and NAS/NRC (BEIR V). The
second addendumpresentedchanges needed to incorporatealpha-emittingradionuclidesinto the accident
exposure source term. Particularattentionwas directed to the inhalation route of exposure and alpha
irradiationof the lung, liver, bone, and bone marrow. As in the earlierversion of this report, models
are providedfor early and continuingeffects, cancers and thyroid nodules, and genetic effects.

Weibulldose-response functionsare recommendedfor evaluatingthe risks of early andcontinuinghealth
effects. Three potentially lethal early effects--the hematopoietic, pulmonary, and gastrointestinal
syndromes--are considered. In addition, models are includedfor assessingthe risks of several nonlethal
early and continuing effects--including prodromalvomiting anddiarrhea, hypothyroidism andradiation
thyroiditis, skin burns, reproductiveeffects, and pregnancylosses.

Linear and linear-quadraticmodels are recommended for estimating cancer risks. Parametersare given
for analyzing the risks of seven types of cancerin adults--leukemia, bone, lung, breast, gastrointestinal,
thyroid, and "other." The category, "other" cancers, is intendedto reflect the combined risks of multiple
myeioma, lymphoma, andcancers of the bladder, kidney, brain, ovary, uterus and cervix. Models of
childhood cancers due to in utero exposure are also developed. For most cancers, both incidenceand
mortalityare addressed. The models of cancer risk are derived largely from informationsummarized in
BEIRIII, IV andV as well as other currentreports.

Linew and linear-quadraticmodels are also recommendedfor assessing genetic risks. Five classes of
genetic disease--dominant, x-linked, aneuploidy, unbalanced translocations, and multifactorial
diseases--are considered. In addition, the impactof radiation-inducedgenetic damage on the incidence
of peri-implantationembryo losses is discussed.

The uncertaintyin modeling radiological health risks is addre_sedby includingcentral,upper, andlower
estimates of all model parameters. Data are providedthat shouldenable analysts to consider the timing
and severity of each type of health risk.
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PREFACE

In the early 1980's, the U.S. NuclearRegulatoryCommissionrecognized the need to review andrevise
the health effects models that had been used in the ReactorSafety Study. At that time, a groupof us at
Harvardwere asked to identifyexpertswho couldcontributeto the revision of health effects models and
to coordinatethe developmentof a complete suite of revised health effects0models. Two issues were of
particularinterest to the NRC. First, that an open and scrutableprocess be used to develop the new
models--i.e., identification of experts, selection of members of olzr advisory committee, model
formulationandreview. Second, that the uncertaintyin 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 radiationhealth were identifiedon 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 membersof 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 providingcentral, upper and lower estimates of radiationhealth risks
for each effect of interast.

Since the middle 1980's the original report has been revised several times to reflect advances in
knowledge about the effects of radiation. The currentrevision incorporatesnew informationabout the

health effects of alpha particles and modificationsof cancer risk assessment models necessitated by the
ongoing followup of the survivors of the atomic bombs at Hiroshimaand 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
characterizinguncertaintyis a bit outdatedanddeserves reconsideration. In the areasof air pollution risk
assessment, chemical carcinogenesis, and engineering risk assessment, there have been great advances
in formal approachesfor incorporatingexpert scientific judgment in risk analysis.

Should it become necessary for these models to be further revised, it would be desirableto incorporate
these advances throughoutthe modeldevelopmentprocess, usingrecentapproachesfor characterizingthe
degreeof uncertaintyanddisagreementamongexpertsaboutthe health risks posed by ionizing radiation.

JohnS.Evans,Sc.D.
HarvardSchoolofPublicHealth

xi
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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 modelsdeveloped for the ReactorSafety 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 to prepare improved health 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, initially 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; more 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 tw;.e.

A primary goal of the first revision was to ensure that the models for early effects of low-LET radiation
were consistent with the data on humans who had been accidentally or therapeutically exposed to
radiation. Scientists at the University of Pittsburgh, led by Dr. Niei Wald, were retained to review the



available human data; to assist in the interpretation of these revisions; and to recommend values of
populationinjurythresholds based on the humandata. 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.

Bobby 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 to 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 bombings at Hiroshima and
Nagasaki and to expand the definition of genetic effects to include consideration 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 Accident 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 (ii) to recommend
approaches to estimate risks from expc,sure 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 original report, including Dr. Scott - ITRI, Dr. Gilbert -
PNL, Dr. Abrahamson - University of Wisconsin, and Dr. Mike Bender - Brookhaven National

Laboratory. As a result of these efforts, two addenda to NUREG/CR-4214, Rev. 1, Part II (NRC, 1989)
have been published. Addendum 1 is entitled Health Effects Models for Nuclear Power Plant Accident

Consequence Analysis, Modifications of Models Resulting from Recent Reports on Health Effects of
Ionizing Radiation, Low-LET Radiation, Part II: 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-Emitting
Radionuclides, Part H: 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), especially 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 modifi_l. 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 changed 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, m_y 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 utero exposure was
modified to allow for uncertainty associated with threshold dose. For genetic effects, the treatment of

inegul_ly 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 Addendum 1 report were
directed to 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 radionuclide's. 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 I (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 i_IUREG/CR-4214report that were not impacted by the two addenda are included
without revision in this version of Part ! tbr completeness. This report assumes only rudimentary
familiarity with mathematics and little prior knowledge of biology or health physics, and is intended to
make the models available to 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 magnitude 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 nuclear 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 radiobiology.
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1.1 Treatment of Uncertainty

The health risks caused by radiation cannotbe predictedprecisely, The initialstatementof work leading
to this reportreflected an awarenessof this andsought:

... 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 shall 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 uncertaintymmodel 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 mice. 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 collective 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.



1.2 Measures of Accident Consequences

Any complete descriptionof risk involves bothprobabilityandseverity. This reportprovides models for
estimatingthe probabilitiesof moreth_ 25 effects that may be inducedby ionizing radiation. The report
also includessome informationabout the severity of each effect. For most early effects, the natureand
durationof symptoms are briefly described.

For each type of cancer, in additionto 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 indexof the
length of illness), and (2) the average 14ossof life (years/death)among those who die from the disease.

Foreach class of genetic disease, the reportprovidesestimatesof 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) includedwithin each class are described.

Some analysts may be concernedabout the distributionof radiation-inducedcancers and genetic effects
over time. Tables are providedthat illustratethe temporal aspects of these risks.

1.3 Organization of Part I

The remainderof this volume is organized in two chapters and two appendices. Chapter 2,
_, gives the mathematical forms of the models and summarizes the parameter values
recommendedfor central, lower, andupperestimatesof health risks. In most cases, the parametervalues
recommended are those presented in Part II as developed by the Working Groups, and the revisions
recommended in Addendum1 (NRC, 1991) and Addendum2 (NRC, 1993). In the few cases where

alternativevalues have been chosen, the reasonsfor departingfrom the recommendationsof the Working
Groupsare given.

Chapter 3, Comvutational Aspects, has several purposes, primarily to describe the mathematical
procedures used to obtaintile population-basedmodels of health risks needed for accident consequence
analysis and to discuss approaches for implementing the models in accident consequence analyses
computercodes. In addition, this chapterbriefly considersother topics of computationalinterest, e.g.,
the risks of early effects, ba_ed on different models OVeibull,probit andlogistic) are compared.

Appendix A includes baselJ!nedemographicand mortality data used in the calculations. Appendix B
presentsa set of tables usefial in estimating risks for a populationexposed to the plume.



2.0 MODEL DESCRIPTIONS

The health-effects model represents one of many components within the family of nuclear power plant
accident consequence models. Other models are used to describe the release and transport of
conuminants, 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
const_uence modeling. The output from the release, transport, anddosimetry 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 ore; input required by our model. Information on dose rate is also required.

The health effects model is a collection of models. The collection includes three broad classes of effects:

early and continuing effects, late somatic effects, and genetic effects. Tables 2. I 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., or,#, 7, 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 wet;ks 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 iead to
increased risks of embryo loss, fetal death, or mental 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, Off) 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 exposed 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 Institute. 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

Ill, Ill llll Ill lllllll l llll lull I I II I' i i i J : lllllll ' I l l , l _ ,,llUll ''3m' I I I l

Model developed
.................. Types of

Effect Mortality Morbidity radiation Target organ

Hematopoieticsyndrome v/ - or,8, 7 Bone marrow

Pulmonarysyndrome ",/' v' _, 8, 7 Lung

Gastrointestinalsyndrome v/ - 8, 7 Small intestines - colon

Prodromalsymptoms

Vomiting - _ 8, 7 Abdomenb

Diarrhea - V' 8, T Abdomenb

Pneumonitis - V' 8, 7 Lung

Thyroid effects

Thyroiditis " v/ 8, 7 Thyroid

Hypothyroidism - V' 8, 7 Thyroid

Skin effects

Erythema - v_ 8, 7 EPidermisc

Transepidermalinjury - v/ 8, 3' Epidermisc

Cataracts - v" 8, 3' Lens of eye

Embryo/Fetus

Microencephaly - V' 8, 3' Embryo/Fetus

Severe mental retardation - _ 8, 3' Embryo/Fetus

Death of embryo/fetus v/ - 8, 3' Embryo/Fetus
'ill ' ' I '" . '"' ' ' J"" III'" ...............

a The dose to the small intestine is used to estimate the risk from brief external exposure. The
dose to the colon is used to estimate the risk from protractedinternalexposure.

b Midline, midplaneupper abdominaldose.
c Dose to the basal cells (about 0.1 mm depth) of an area of 50 to 100 cm2.



Table 2.2

Late effects included in these health effects models

..,.i , j ,,-,-., ,,.

Model developed
................... Types of

Effect Mortality Morbidity radiation Target organ
,.i i i,.m

Somatic effects

Leukemia _/ - /_, 7 Red bone marrow

in utero V' - /_, 7 Fetus

Bone cancer V' - c_,/_, ,,i, Bone

Breast cancer v/ v/ _._, Breast

Lungcancer _ v / c_,_,_ Lung

Gastrointestinal cancera v/ v / c_,/_, 7 Lower large intestineb

Thyroid cancer v/ v/ _, 7 Thyroid

Skin cancer - _ /_, 7 EPidermisc

Other cancer _ v/ _, _, Otherd

in utero _,/ - /_, _, Fetus

Benign thyroid nodules - V' /_, 7 Thyroid
Genetic effects

Single gene

Dominant _ v/ c_,/_, _ Gonads

X-linked - v/ c_,/_, _ Gonads
Chromosome aberrations

Numerical - v/ c_,_, 7 Gonads

Structural - v/ or, _, 7 Gonads

Multifactorial - V' '._,/_, 7 Gonads

Pregnancy losse - V' c_,_, 7 Gonads
. , L, i.H. i ,ll i i ii ii _ l i., i,,,, , l i,, ,, . ,.., i ,i jJ ii

a 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 evaluationof risks from low-LET radiation. However, to evaluate
liver cancer risks from high-LET radiationonly the dose to the liver should be used.

c Dose to the basal cells (about0.1 mm depth) of an area of 50 to 100 cm2.
d A weighted combinationof the doses to the bone marrow, brain, kidney, bladder, ovary, and

uterus is recommended.

e Most of these losses will occur within the first few days of the pregnancybefore the fertilized
egg is implanted in the uterine wall.



Scientific understandingof the biological natureof early effects indicates that most are threshold effects
i.e., in any individualthe effect will not be experiencedunless a threshold dose is exceeded. Population
dose-response functions for these determiaistic (non-stochastic) effects are simply reflections of the
distributionsof individualthresholds, or tolerances, amongthe population.

The risks of early and continuing effects of low-LET irradiationhave been modeled using hazard
functions. The relationshipbetween risk andhazard is given by:

-HR=i-e

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 functionof both the dose received by the personandthe dose
rate. For exposure at a fixed dose rate, the relationship between dose and risk is implicit in the
relationshipbetween dose and hazard. The cumulativehazard functions used to predict early effects are
two-parameter Weibull functionsof the form:

H =0.693 [D/Ds0] v for D >T

where H is the cumulative hazard, D is the (mean absorbed) dose to the relevant organ, I)50 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 D50 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 to 20 % of the median lethal doses rather than at the values selected
by the early effects w6rking 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 discusseA in Section 3.1.6, Form of Dose-Response Model.

For most early effects of low-LET radiation, dose received 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 two values of
D50 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-dependentmodel, the cumulativehazardis:

[D, 5IvH= 0.693 .D-_0,b + Dso,p!

where Db is the brief dose (received at high dose rate) and Dp is the protracteddose (received at low
dose rate)a. The term involving brief dose is necessary only when the externalgammadose rateexceeds
0.06 Gy/hour. Althoughsimple, this approachmay yield relatively impreciseestimatesof risk, especially
when the median lethal dose is a strong functionof the dose rate.

In the evaluationof protracteddose, a fixed RBE may be used to accountfor the increasedeffectiveness
of the contributionsof alpha-emittingradionuclides, i.e.,

Dp = Dp, e,_. + P-_E *Dp, a

where Dp representsthe adjustedtotal dose from alpha, beta andgamma-emittingradionuclide_,Dp,0,.y
is the protracteddose from beta- and gamma-emitting radionuclides, Dp,_ is the protracteddose from
alpha-emitting radionuclides, and RBE is the relative biological effectiveness for alpha radiationfor
inducingthe early effects of interest. The RBEsare endpoint-specific.

Better estimates of risk are obtained by increasing the numberof terms in the model. In the limit, a
continuous form of the model is reached:

where D is tl3e instantaneous adjusted dose rate 0ow-LET dose rate plus RBE times alpha dos.erate) at
time t, D50(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:

D50(I5) - 0, + 0lid

where O_ is the limiting value of the median lethal dose (Gy) for low-LET radiation, D is the

a A problemarises in applying this approachwhen the shape parameters(V) appropriatefor brief and
protractedexposures are substantiallydifferent. An exampleis pulmonary syndromemortality, where
the shape parameterfor brief exposure to gamma radiationis 12 (central estimate), and the shape
parameter for protractedexposure to alpha or beta irradiationis 5 (central estimate). A solution

recommendedby Scott et al. (NRC, 1993) is to replacethe brief dose term, Db/D50,b, in the equation

with (D b / D5O,b) (Vb/VP), where Vb is the shape parameterappropriatefor brief dose, andVp is the
parameter appropriatefor protracteddose.

11



instantaneous adjusted dose rate (Gy/hr), and O1 is a parameter reflecting the sensitivity.of the median
lethal adjusted dose to the adjusted dose rate (Gy2/hr). As noted above, the RBEs used in deriving the
adjusted dose rates are end-point specific.

To account for any differences in the ;hape parameters for various radiations, it is also necessary to

replace V with Vmix, the shape parameter appropriate for simultaneous exposure to alpha, beta and
gamma irradiation. Vmix is evaluated using:

1 _ ga + g_.LP+ g_..L

V,_ V,_ V_ V._

where gw gfl' and g3,representthe fractions of the total normalized dose due to alpha, beta, and gamma
irradiation,respectively, and Va, VB, and V_,are the shape parametersappropriatefor these irradiations.
The fraction ga is computed as:

fo _ RBE_, D_
dt

Dso (15)
ga =

t 13 dt
fo D5° (I))

where all terms retain their previous definitions. Similar equations are used to compute gfl and gT' with
RBEfl - RBE7 -- 1.

The next several sections of this reportdescribe 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 health effects models are the hematopoi,_ticsyndrome,
the pulmonary syndrome, and the gastrointestinal syadrome. The hematopoietic syndrome will be the
dominant cause of early fatalities following brief whole-body exposures to 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 Hematopoletic 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, fbr 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 levels, and the individual will survive.

12



The median lethal dose for humans is not precisely known. Several estimates have been published,

rangingfrom 2.4 to 5.1 Gy to the bone marrow. Some of the higher LDs0 estimates involve caseswhere
significantmedical treatmentwas administered. When these studies are excluded, the rangeof estimates
narrowsconsiderably. The judgmentof our Early Effects WorkingGroup was that a central estimate of
theLDso appropriatefor individualsexposed to external irradiationat high dose ratemight be 3 Gy and
that reasonablelower and upperestimates wouldbe 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 appropriatefor those receiving "minimal" medical
treatmentand one appropriatefor those receiving "supportive"medical treatment. Minimal medical
treatment involves basic first aid. Supportive treatment includes hospitalizationwith routine reverse
isolationprocedures, antibiotic therapy, blood transfusions, electrolyte replacement, administrationof
blood products, andparenteralfeeding.

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

A third level of medicaltreatment, "intensive"medical treatmentinvolving bone marrowtransplantation,
may increasethe chancesof survival of some of those sufferingfrom the bone marrowsyndrome. 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 to 15 Gy. Although the re,_ultswere not encouraging--only two of the 13 survived
(Gus'kova, 1987y--the efficacy of this therapy is still unclear. There were many complicating factors
at Chernobyl, e.g., the firefighters who received the transplantssuffered from extensive thermal and
radiationburns and the timing of the transplants may have been inappropriate.I

It is thought that there are over 100 medical centers in the U.S. capableof providing such treatment.
Unfo_'0unately,there has never been a credible nationalsurvey of the numberof beds typically available
in these facilities, the capability of these centers to handle radioactively contaminated patients, or the
willingness of the administratorsof these centers to make facilities andpersonnelavailable for treatment
of radiationaccidentvictims. The limiteddataavailableare not convincing(Anderson, 1982). Until such
data become available, we recommendthat no allowance be made for the lives that might be saved by
intensivetreatmentefforts such as bone marrow transplantation.

Those who survive the effects of the brief initial exposure to cloudshine and groundshine may laterdie
due to the combinedeffects of this initialexposureandany subsequentexposurefrom materials thatwere
inhaled or ingested. The risk from the combinationof brief external exposure (at high dose rate) and
protractedinternal exposure (at lower dose rate) may be assessed using the approachdescribed in the
introductorysection on early effects.
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Some individualsmay accumulate rather large protracteddoses. Fortunately, protracteddoses received
at low dose rate are not as effective in producing early effects as similar doses received at high rates.
Both Scott et 02. (1988) and Morris and Jones (1989) have demonstrated the importanceof dose rate in

studies of early radiation effects in mice, rats, dogs, swine, goats, and sheep, in mice and rats the LDs_
for low-LET radiation increases by a factor of between 1.5 and 2 as the dose rate is reduced from 10"

tO I0 "1 Gy per hour. In larger mammals, dogs, swine, goats, and sheep, the LDs0 increases by a factor
between 2 and 4 as the dose rate is reduced from I0 to 10.2 Gy per hour.

The limitedhuman evidence on the effects of doses of low-LET radiationreceived at low dose ratesalso

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 greaterthan 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 an)vae 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 numberof individuals involved is relative,ly small.

Scott et 02. (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 WorkingGrouprecommendedthat the LDs0 (Gy) for hematopoieticsyndromemortality
be evaluated using the equations given in Table 2.3.

Scott et 02. (1988) noted that high-LET radiation from co-emitters is not expected to contribute
significantly to the risk of hematopoietic syndromemortality becausethese contributionsto marrowdose
are expected to be small in most nuclear power plant accident scenarios. Nonetheless, central, lower,

and upper estimates of RBEa (for bone marrowsyndrome mortality) of 2, 1, and 3, respectively, were
recommended (NRC, 1993). In addition, Scott et 02. recommended that wvzlified values of the shape
parameterbe used to account for additionaluncertainty about the combined effects of low-LET and alpha
radiation. For circumstances involving relativelylarge exposures to alpha radiations, the lower and upper
estimatesof the shape parameter given by Scott et al. were 3 and 9, respectively.

Currentnuclear power plant accident consequence codes cannot take full advantage of these models
because the codes do not provideestimates of the rates at which doses are received by varioussegments
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 hematopoieticsyndromemortality.

2.1.1.2 Pulmonary Syndrome

The lungs may be irradiatedboth 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 LDs0 for mortality from the hematopoietic
syndrome as a function of dose rate to the bone marrow

Medical treatmenta

Estimate Minimal Supportive'

Central 3.0 + 0.07/D 4.5 + 0.10/D

Lower 2.5 + 0.06/D 3.7 + 0.08/D

Upper 3.5 + 0.08/D 5.3 + 0.12/D

a D is the adjustedinstantaneousdose rate to the bone marrow (low-LET dose
rate plus RBE times the alphadose rate) (Gy/hr).

Because large doses are required to induce this effect, early fatalities from pulmonary injury are not
expectedto occur as a resultof uniformexternal whole-body irradiation. Where supportiveor intensive
medicaltreatmentof the hematopoieticsyndrome is successfid, pulmonaryeffects 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 D50 for pulmonary pneumonitis to be 10.4 Gy. Van Dyk
et al. (1981) estimated the D50 for radiation pneumonitis in humans given single radiationtreatments to
be 9.3 Gy. Phillips and Margolis did not report the typical dose rates involved, but Van Dyk et 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 LD50 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 et al. 's 1978
study suggested a thresholdof about6 Gy. Van Dyk et al. 's reanalysisof Fryer's data indicatedthat if
patients with pre-existing lung disease, e.g., chronic bronchitis, emphysema, were excluded from
consideration,the clinical thresholdwas more nearly 7.5 Gy. Keane et al. (1981) reportedthat 1 of I1
patients receiving 4 Gy and 3 of 27 patients receiving between 4 and 6 Gy developed radiation
pneumonitis. The Early Effects Working Group selected 5 Gy as a central estimate of the population
threshold for pulmonarysyndrome following brief external exposure to low-LET radiation.
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Many factors moderate the risk associated with a specific dose. Several potentially significant factorsare
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 LDs0 for low-LET radiations involved dose rates in the range of
0.5 to 5 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 importanceof dose rate (McClellan et al.
1982). The LDsos observed in these experiments ranged from 94 Gy for dogs exposed to 90y (effective
half-life 2.6 days) to 540 Gy for dogs exposed to 144Ce(effective half life 200 days)• Although these

studies did not include a component in which dogs were exposed to brief external irradiation, an LDs0
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 et al., 1989). These studies by McClellan et al. suggest that protracted internal
exposures are between 1/10 th and 1/50 th 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 model relating the median lethal dose for pulmonary syndrome
to the dose rate (Scott et al., 1989). The Early Effects Working Group endorses this approach and
recommends that the risk be evaluated using:

LDso, central = 10 + 30/D

LDs0, upper = 12 + 45/D

LDs0, lower = 8 + 15/D

where LDs0 is the median lethal dose (Gy), and D is the adjusted instantaneous dose rate (Gy/hr) to the
lung, which reflects the contributions of both low-LET and high-LET radiation.

The contribution of alpha-emitting radionuclides to the adjusted dose rate may be evaluated using an
RBEc,of 7 (central estimate), with lower and upper estimates of 5 and 10, respectively. These values
of RBEa 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 5 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 radiation. The RBEs for chronic high-LET irradiation did not
appear to vary with dose.
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For pulmonarysyndrome, the shape parameteralso dependson the natureof the exposure. The Working
Group's central estimates of appropriateshape parameters are 12 for brief external exposure and 5 for
protractedinternal 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 estimatesof 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 less well understood. In studies of
Beagles dogs exposed to 144Ce,a strongeffect of age atexposure has been demonstrated. Old dogs were
found to be twice as sensitive to radiation-inducedpneumonitis as young adult dogs (McClellan et al.,
1982). The patternof age sensitivity in humans is less clear. Early reports(Rubin and Casarett, 1968)
tended to discount the importanceof age at exposure. However, recent studies of patients treatedwith
whole-body radiationindicatethat the incidenceof interstitialpneumonitisincreaseswith age and is about
twice as large in middle-agedpatients00-60 years) as in youngerpatients (1 to 20 years) (Weiner et al.,
1986).

2.1.1.3 Gastrointestinal Syndrome

Irradiationof the abdomen may lead to the gastrointestinalsyndrome. The symptoms experienced, which
may includecramps, abdominalpain, diarrhea, shock, anddeath, dependon the dose received. In animal
experiments, the gamma or X-raydoses requiredto causedeath from the gastrointestinalsyndrome 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 et al., 1975). Bond et 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 et 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 beta-emitting radionuclides (Cross et al., 1978) have been interpreted
as suggestive of an LD50 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 LD50 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 LDso for

17



humans following protractedexposure to low-LET irradiationare 25 and 50 Gy, respectively. The
critical organ for assessing the effects of protractedexposure is the colon.

The Early Effects WorkingGroupconcludedthat the gastrointestinalsyndromewas unlikelyto be induced
by exposure to alpha particle,,_,because the range of alpha particles is not sufficient to irradiatecritical
stem cells (NRC, 1993). Therefore, no modificationsof parametersor models are needed to accountfor
high-LET irradiation.

2.1.I.4 Summary - Early Mortality

To assess the overall risk of early mortalityfrom dose to the bone marrow, lungs, and gastrointestinal
tract, one simply sums the cumulativehazardfunctions:

-(H b+Hi,+H.)R=l-e

whereHb is the cumul_tivehematopoietic(bonemarrow)hazard,Hpis the cumulativepulmonaryhazard,
and Hg is the cumulativegastrointestinalhazard.

The parameters recommendedfor estimating risks following brief exposure to low-LET radiationat high
dose ratesare summarized inTable 2.4. The effects of protractedexposures (to either low-LET or alpha
radiationor combinationsof the two)should be evaluated using the dose-rate-dependentmodelsdescribed
in Section 2. I with the parametervalues for hematopoieticsyndrome and pulmonarysyndromegiven in
Sections 2. I. I. 1 and2. I. 1.2, respectively. The relationshipbetween these dose-rate-dependentmodels
and the fixed-time-interval models used in most accident consequence analysis codes is discussed in
Section 3, ComputationalAspects.

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 mentalretardation,andfetal death)dependinguponthe dose, dose rate, andstage
of development. Reproductiveeffects (e.g., permanentsuppressionof ovulationin females and temporary
suppressionof spermatogenesis in males) are also possible.

2.1.2.1 Prodromal Syndrome

The prodromal syndromeis a groupof symptomsandsigns of acute gastrointestinaland neurovascular
effects that begin to occur soon (minutes to hours) after brief irradiation at high dose rate. The
gastrointestinalsymptoms includeanorexia,nausea,vomiting, diarrhea,intestinalcramps, salivation, and
dehydration(Young, 1986). The neurovascularsymptoms includefatigue, listlessness, apathy, sweating,
and headache.
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Table 2.4

Models of early mortality from brief exposure to iow-LL'l" radiation a,b

Risk estimate

Central Lower c UpperC

Effect LD50 T V LD50 T V LD50 Td V

Hematopoietic syndrome e

Minimal treatment 3.0 1.5 6 3.5 2 8 2.5 1 4

Supportive treatment 4.5 2 6 5 3 8 4 1.5 4
--

Pulmonary syndrome e,f 10 5 12 12 6 14 8 4 9

Gastrointestinal syndrome 15 8 10 20 8 10 10 8 10

a The doses referred to in this table are organ-specific absorbed doses. The units are gray (Gy). The parameters, LD50, 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 Brief exposure parameters are appropriate for doses received at high dose rate. The values shown for hematopoietic syndrome apply to
doses received at rates _ I0 Gy/hr. Those for pulmonary syndrome applyto dose rates > 100 Gy/hr.

c For early effects, use of larger values for LD50, T, and V results in the _ estimates of risk, and vice versa.

d 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 results to the threshold values used.

e If the exposure involves both low-LET 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 hematopoiefic syndromes. Effect-specific RBEs are givenin the body of the
text.

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



At the median lethal dose, the principalsymptoms of the prodromal reaction are anorexia, nausea,
vomiting, and fatigue. Diarrhea, fever, andhypotensionoccur primarily in victims who have received
supra-lethaldoses (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'scentralestimatesof the median adjustedlow-LET radiationdoses of 2 Gy for vomiting and3 Gy

for diarrhea are based largely on retrospective analyses of the experiences of 2000 patients treated
therapeuticallywith whole-body radiation(Lushbaughand Ricks, 1972).

2.1.2.2 Pulmonary Morbidity

Irradiationof the lungs may lead to pneumonitisand other forms of injury,which may result in reduced
lung volume, increased stiffness of the parenchymalregion, non-uniformgas distribution,and reduced
alveolar-capillarygas 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
marrowtransplants. 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, impairmentof lung functionwas seen at doses IA as large as those required to
inducelethal pneumonitis. However, when ratswere exposed to high energybeta-emittingradionuclides,
there was little differencebetween the doses thatproduced impairmentof lungfunctionandthose that led
to pneumonitis.

Although the data base for developing estimatesof (non-fatal)pulmonary morbidity is weak, Scott et al.
(1989) suggested reducing the low-LET LDso for pulmonary mortality by a factor of 2 to estimate

pulmonary morbidity. This would lead to a central estimate of the EDs0 for pulmonary morbidity
following brief external exposure of 5 Gy, with lower and upper estimates of 4 Gy and 6 Gy,
respectively. Scott et 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 estimate 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 RBEa of 7 should be used to
calculate central estimates of risk. For lower estimates of risk, an RBEc_of 5 is recommended, and for
upper estimates an RBEa of 10 is appropriate.
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To estimate risk from prolonged exposure at low dose rates, a dose-rate-dependent ED50 is
recommended. Scott et al. suggest that risks be estimated using:

ED50, central ffi 5 + 15/D

ED50, upper ffi 6 + 22.5/D

ED50, lower ffi 4 + 7.5/D

where ED50 is the median effective dose (Gy), and D is the adjusted instantaneous dose rate (Gy/hr) to

the lung, which reflects the contributions of both low-LET and alpha radiation.

2.1.2.3 Hypothyroidism and Radiation Thyroiditls

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, thyr_)iditis,
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 decrease in most bodily thnctions. 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 1311 (Maxon et al., 1977) and those treated surgically (Becket et al., 1971), the Thyroid

Effects Working Group estimated the lifetime risk of clinical hypothyroidism following 1311exposure to
be 17 x 10-4 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 1311exposure.

Animal studies suggest that brief exposure to external low-LET radiation is about five times as effective

as 1311 for induction of hypothyroidism. This ratio was used to derive an estimate of hypothyroidism

risk due to external irradiation, 85 x 10-4 per Gy and a thresh¢_ldof 2 Gy.

Concerning the threshold, Watson (personal communication, 1987) noted that none of the clinical studies

involved 1311doses 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



of a 10 Gy threshold,a Therefore, we recommend that upper estimates of hypothyroidism risks be
computed using thresholds well below the Working Group's recommendedvalues of 2 Gy for external
radiationand 10 Gy for 1311. Further, all estimatesof hypothyroidismrisk generatedusing our models
should be regardedas Indicativeof the early onset of hypothyroidism.

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

Mild radiationthyroiditis was noted by BeirwaltersandJohnson (1956) in about5% of pattent_treated
with 131ifor thyrotoxicosis. Symptomswere rare in patientswho receiveddoses less than about200 Gy.
Acute radiationthyroiditis was observed by Maxon and his colleagues (1977) in nearly 90% of patients
given large doses of 1311to ablateany remainingthyroid tissue following thyroidectomies. Doses in such
procedurescommonly exceed 2000 Gy.

On the.basis of these observations, the Th_,roidEffects Working Group recommended_at the risk of
thyroidltis following internalexposureto 13q be estimatedusinga linear-thresholdmodelwith a threshold
of 200 Gy and a slope of 5 x 10.4 cases per person-Gy.

In the event of a nuclear power plant accident, it is unlikely thatan individualwould receive an external
dose sufficient to cause acute thyroiditis without receiving lethal doses to the bone marrow,

gastrointestinaltract, lungs, or central nervous system. Therefore, no model was developed for acute
radiationthyroiditis following external exposure.

2.1.2.4 Skin Burns

Exposureto low-LET ionizing radiationmay produceskin burns. Three levels of severity are commonly
recognized. Erythema, a reddeningof the skin, is equivalentto a first-degreethermalburn or sunburn.
Transepidermalinjury involves blistering and is equivalent to 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 injuryinvolving sloughing of the skin andwidespreadcell destruction. The
lesions resemblethose caused by severe scalding andare accompaniedby intensepain. Medicalattention
is necessary.

The doses requiredto producethese effects are quite large. Individualsreceiving whole-bodydoses large
enough to produce skin burns would be almost certain to die from the hematopoietic syndrome.

a Watson also pointed out that in all 1311treatmentgroups, the prevalenceof hypothyroidism increases
with time since treatment. For example, in the lowest dose groupstudied by Sridamaet al. (1984) the
observed prevalencewas 12% at 1 yearpost-treatment,33 % at 6 years, 47% at 9 years, and73% at
11 years. Accordingto Watson, the risk functionsdevelopedby the Thyroid Effects WorkingGroup
probablyreflect the prevalence that would be expected about I year after an accident.
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However, skin burnsmight also occur in individualswho receive relativelylarge doses to the skin from
beta emitters. Becauseof their limited power to penetratetissue, beta particlescan yield large doses to
the skin without correspondinglylarge 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 combinationof intense heat and
radiationexposure, were accompaniedby largeradiationdoses to the marrow. Despite intensive medical
attention, most of the victims died as a resultof the hematopoietic syndrome. Little new information
about the human dose-response for radiation-inducedburnsresulted from this tragedy.

Our models focus on two symptoms---erythemaand transepidermalinjury---andare based largely on
informationfrom 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 irradiatedboth strongly influence the likelihood and severity of burns, The parameters
recommended by the Early Effects WorkingGroupare based on the dose to the basal cells of the skin,
i.e., about0.1 mm below the surface, and are appropriatefor estimating the risk of skin burns when
areas of about50 to 100 cm2 (about the size of the face) have been exposed. The centralestimates of
the low-LETradiationED50sof 6 Gy for erythemaand20 Gy for transepidermalinjuryarederived from
Lushbaughet al.'s 1986 analysis of the experiences of victims of 250 majorradiationaccidents, most
involving exposure to sealed radioactivesources.

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 irradiatedby sulfur-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 91y (maximum energy of 1.5 MeV) was used as a radiation
source, a surface dose of only 15 Gy was requiredto produce the same effect. On the basis of these, and
other similar, experimental findings, Moritz and Henriques demonstrated that the dose about 0.1 mm

below the surface is a much better indexof 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

approximately0.1 mm below the skin surface, and it is likely that skin damage is caused by injury of the
basal cells.

Coggle et al. (1984) and Peel and Hopewell (1984) hypothesized that the dependenceof the likelihood
and severityof skin damage on the areairradiatedis related to the natureof repairprocesses in the skin,
in which repair of injuredskin proceeds from the peripheryof the irradiatedarea toward its center.

Cohen (1966) andVon Essen (1969) demonstratedthat the D50 for skin effects is inversely proportional
to the sixth root of the area irradiated. Following this approach, the D50 (Gy) for transepidermalinjury
would be relatedto the area irradiated(cm2) by:

Dso'-- 40/(area) 1/6
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According to this model, if the entire skin surface, about2 m2, were irradiatedonly about8 Gy would
be requiredto induce transepidermalinjuryamong half of the exposed population. The basis for this
result is quite tenuous--the- 1/6th powerdependencehas been demonstratedonly for small circularfields
( _ 400 cm2) irradiatedby a specific rangeof photonenergies--but it does suggest that those individuals
with large areas of skin exposed may experienceskin burns at relatively low doses.

2.1.2.5 Reproductive Effects

- The ovary, a relatively radiosensitiveorgan, containsgerm cells. If these cells areseverely damagedby
radiation,they cannotby replaced. Because the most tangibleeffects of loss of ovarian function would
be felt by those women intendingto bear children, and because over 99% of all children are borne to

mothers younger than 40, our mo¢'elsfocus on the effects of radiationon women in this age group.

Ouranalysis of the effects of radiationon ovarianfunctionis basedlargelyon DamewoodandGrochow's
1986 review of ovarian functionin patientswho had received radiationtherapy. No deleteriouseffects
on reproductivefunction were observed in women who received doses less than 0.6 Gy. Temporary
suppressionof ovulationwas observed in women with doses between 1.5 and 5 Gy. Doses greaterthan
8 Gy can produce permanentsuppressionin women under40.

The Working Group's central estimateof the populationthresholddose of low-LET radiationrequired
to causepermanentsuppressionof ovulation is 0.6 Gy. Their upperandlower estimatesof the threshold

are 1 Gy and 0.2 Gy, respectively. The WorkingGroup's centralestimateof the ED5o for permanent
ovulation suppressionis 3.5 Gy with lower andupperestimatesof 2.5 and4.5 Gy.

The testes are also quite sensitive to radiation. Doses as small as 0.1 Gy have caused temporary
diminutionof sperm count. Doses of at least 2 Gy are requiredto permanentlysuppresssperm count.

Recovery time is dose-dependentand, after large doses, full recovery may nor occur for several years.
Japanese fishermen Who accumulateddoses between 1.7 and 6.9 Gy from radioactive fallout over a
2-week period exhibited severe depressionof sperm count. However, withintwo years of the exposure,
their sperm counts began to recover andeventually most of them fathered healthy children.

Based largely on studies reviewed by Damewoodand Grochow(1986) of patientstherapeuticallytreated
with radiation, the Early Effects Working Group recommends that central estimates of risks of

suppressionof sperm count be modeledusing a ED50 of 0.7 Gy, a populationthreshold of 0.3 Gy, and
a shape factor of 10. These parametervalu'es are appropriatefor predicting two-year suppressionof
sperm count following brief external exposure to low-LET radiation.

The testes areunusual in that fractionatedexposuresmay lead to greaterdamageandslower recovery than
a single exposure involving the same dose (Lushbaughand Ricks, 1972).

24



2.1.2.6 Effects on the Embryo and Fetus

Human evidence for death of the embryo/fetus following irradiationof the pregnantmother is limited.
However, in rats and mice lethality has been observed following low-LET radiationdoses as low as
0.1 Gy given on the firstday of gestation. In experimentalstudies withanimals, sensitivityto the effects
of radiationis clearly relatedto the developmental stage of the embryo.

Our models of embryo lethality are based on data reportedby Brent et al. (1987). The Early Effects
WorkingGroupselected central estimatesof the low-LET LD50of 1 Gy duringpreimplantation(0 - 18
days postconception), 1.5 Gy during the period of growth and development (18 - 150 days), and3 Gy
(equal to the mother's LD50)for the remainderof the pregnancy. The central estimatesof thresholdsfor
these same periods are 0.1 Gy, 0.4 Gy, and 1.5 Gy respectively. Section 3.1.4 provides an approach
for estimatingthe riskof fetal death, accountingfor the fractionof fetuses/embryosin each developmental
stage.

Irradiationof the fetus In utero may increase the risk of mental retardation. The children who were
irradiatedin utero during the bombing of Hiroshimaand Nagasaki have been followed carefully. Otake
et al. (1987) provide evidence of a dose-related increase in the prevalence of mental retardationamong
these children. In Otake's study, a child was considered mentally retarded if he was unable to perform
simple calculations, to,care for himself, ifhe was completely unmanageable, or had been institutionalized.
Most of the children so classified had never been enrolled in school. The few who had entered school

had IQs below 70. It should be noted that, using these criteria, only 30 cases of mental retardationwere
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 w_;ks
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, nonthreshold

response. A linear expgnential model was also consistent with the data. The risk at 1 Gy was estimatled
to be about 43 % under the DS86 dosimetry with the linear model and 48% with the lin6ar-exponential
model. However, the data do not exclude a threshold in the 0.1 - 0.2 Gy region (Otake et al., 198!9).
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 the threshold is 0.21 Gy for the 16-25 week period.

The BEIR V publication also included a discussion of some of the uncertainties associate_lwith the.se

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 men,tai
retardation, and other confounding factors, including malnutrition and diseases.
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Brent (1986) and other embryologists have questionedth_ use of linear models and advocated the use of
thresholds. Neumeister and Wasser (1985) recommended continuationof pregnancyfollowing doses as
large as 0.1 Gy.

Based on consideration of informationprovided in BEIR V (NAS/NRC, 1990), ICRP 60 (ICRP, 1991)
and UNSCEAR S8 (UNSCEAR, 1988), it was recommended in Addendum 1 (NRC, 1991) that the
NUREG/CR4214 model (NRC, 1990) for mentalretardationbe modifiedto allow for uncertainty about
threshold dose. In Addendum 1, the Early Effects Working Group recommendedthat linear models be
used for central, upper and lower estimates of risk. They also recommended that the central estimates
of the risk of mental retardationincorporatethresholds--specifically 0.1 Gy for those in the 8 to 15 week
group and 0.2 Gy for those in the 16to 25 week group. Lower estimates of riskshould 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 approachmust be aware that even when no increment in the prevalence of mental
retardationis predicted there may still be radiation-inducedreductions in the mean IQ of the exposed
populations.

2.1.2.7 Summary - Early Morbidity

The paralaeters recommended for predicting the risks of early morbidityare summarized in Tables 2.5

through 2.7. The values given in Tables 2.5 (general morbidity)and 2.6 (in utero effects) apply to brief
external exposures to low-LET radiation. Those given in Table 2.7 are appropriate for estimating the
risks from protractedexposures 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 eSposures. For
pulmonary morbidity, if alpha-emitting radionuclidesare present in addition to the protractedlow-LET
radiation, an adjusted dose equal to low-LETdose 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 Somatic Effects

Estimates of cancer risks from low-LET radiations are based primarily on the findings of situdiesof
human populations exposed to ionizing radiation. Examples of such populations include the survivors
of the atomic bombings of Hiroshima and Nagasaki, women treated with X rays for acute postpartum
mastitis, children treated by X-irradiationfor ringworm of the scalp, patients treated for ankylosing
spondylitis, women given fluoroscopic examinations of the chest, persons treate.1with 1311for Graves'
disease and other thyroid conditions, and childrenborn to women who received X-ray pelvimetryduring
pregnancy.
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Table 2.5

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

Risk estimate

Central Lower b Upper b

Effect El)s0 T V , !_50,, T V EI)_;0 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 ! 2.5 4 1 2.5 2.5 1 2.5

Thyroiditis c .........

Hypothyroidism d 60 2 - 60 2 - 60 .e _

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 3.5 0.6 3 4.5 1 4 2.5 0.2 2

Suppression of sperm count 0.7 0.3 10 0.8 0.4 11 0.6 0.2 9
Cataracts 3 1 2 7 1.5 3 2 0.5 1

a 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

should be used. The units are gray (Gy). The parameters, ED50 , 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 EDs0, T, and V results in the _ estimates of risk, and vice "--ersa.
c There is no evidence suggesting that radiation thyroiditis can be induced by brief external exposures.
d According to the Thyroid Working Group, these parameter values are appropriate for all exposures except internal exposure to 131]. 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.

e As explained in the text, upper estimates of risk should be computed with a threshold much smaller than 2 Gy.



Table 2.6

Models of early morbidity or lethality from brief exposures/n utero to low-LET radiation a

Risk estimate

Central Lower b Upper b

DSO T v ..... ........T v. T v

Microcncephaly 0.7 0.05 0.4 0.8 0.1 1 0.5 0.05 0.2

0-17 weeks

Severe mental retardation

8-15 weeks 1.5 0.1 1 3 0.2 1 1 0 1
__

16-25 weeks 7 0.2 1 10 0.5 1 3 0 1

Death of embryo or fetus
OO

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

I_-150 days 1.5 0.4 3 2 0.5 4 1 0.2 2

150-termc .........

a Brief exposure pararneter,_ 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, DS0, 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
sepse of precision.

b For early effects, use of larger values for D50, T, and V results in the lower estimates of risk, and vice versa.
c 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.



Table 2.7

Models of early morbidity from protracted exposures to iow-Ll_ radiation a

Risk estimate

Central Lower b Upper b

Effect .EDS0 T v ,  :t)i;Q T v EDQ T V

Pulmonary morbidity c 5 2.5 12 6 3 14 4 2 9

Prodromal syndrome

Vomiting 5 1.5 3 6 1.5 3 4 1.5 3
Diarrhea 6 2.5 2.5 7.5 2.5 2.5 5 2.5 2.5

Thyroiditis 1200 200 2 1200 200 2 1200 200 2

Hypothyroidism d 300 10 - 300 10 - 300 _e _ _ _

Erythema 20 6 5 30 8 6 10 4 4

Transepidermal injury 80 40 5 I00 50 6 60 30 4

Reproductive f effects .........
Cataractsg ........ .-

a Protracted exposure parameters are appropriate for doses received at low dose rate (_0.06 Gy/hr). The doses referred to in this table are
organ-specific absorbed doses. The units are gray (Gy). 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 D50, T, and V results in the lower estimates of risk, and vice versa.
c As noted in the text, the Working Group recommends using the dose-rate-dependent model to obtain model parameters. Parameter values

for EDso and T should be one-half of the values used for lethality from pulmonary injury. The shape parameter V for morbidity is assigned
the same value as for mortality. If alpha-emitting radionuclides are also present, use an adjusted dose = low-LET dose plus RBE times the
alpha-dose. To evaluate the contributions of wemitting radionuclides, a fixed RBE of 7, is recommended with upper and lower estimates of
5 and 10; respectively.

d According to the Thyroid Working Group, these parameter values are appropriate only for internal exposure to 131I. The risk is modeled
using a proportional dose response curve, with a slope of 17 cases per 10,000 persons per Gy of 1311dose.

e As explained in the text, upper estimates of risk should be computed with a threshold much smaller than 10 Gy. See Section 3.1.3 for value
of shape factor V.

f Parameters for protracted exposure were not developed.
g Limited evidence suggests that the ED5o and threshold values would be five to ten times higher for protracted dose than for brief dose.



Most of these populationswere exposed to relatively high doses at high dose rates. Few of the studies
are complete, i.e., many of those exposed are still alive. Thus, two key issues in interpretationof these
studies are how to extrapolatethe results for use insituations ir : ng much lower doses (and dose rates)
andhow to estimatethe impactof incompletefollow-up.

Even fewer human populations are available for _tudy to estimate cancer risks for internallydeposited
alpha-emittingradionuclides. The majorpopulationsthat are available are persons that ingested 226Ra
in the course of their work, were injected with 224Ra 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-emittingradionuclideswhose metabolismanddosimetry are differentfrom
these naturallyoccurringradionuclides,it is necessaryto supplementthese humandata bases with results
from life-span studies i_l laboratoryanimals. The use of data from laboratory animals requires the
additional complexity of extrapolationto humanhealth risks.

To derive risk estimates for most cancers for low-LET radiations, the Late Somatic Effects Working
Grouprecommendsthe use of proportionalmodels of the form:

DDP, EF

where D is the dose (Gy), c is the unit risk coefficient (cases of canceror cancerdeaths per I000 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 WorkingGroup recommendsthat the
DDREF for low-LET radiationbe chosenso that doses received at low dose and dose rate are only one-
half as effective as equivalentdoses received at high rates, i.e., DDREF-2. This central estimate of the

DDREF was chosen from a range of valuesm2 to 10 as discussed in Addendum1 (NRC, 1991). Many
Europeanaccidentconsequence calculationcodes 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 upperestimates 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 1 should be used for all doses

receivedat rates less than 0.1 Gy perhour and forall total doses less than 0.2 Gy regardless of dose rate.

Two exceptions to this general approachare the models for breast and thyroid cancer. For thyroid
cancer, no DDREF is used. For bre_astcancer, no DDREF is used for the upperor central risk estimate,
buta DDREF of 4 is included in the lower boundrisk estimate.

The upper and lower estimates for low-LET radiationreflectuncertaintyfrom several sources including
a factorof two for the choice of DDREF. The uncertaintyfromsources other than the choice of DDREF
appliesto alpha as well as low-LET radiation. InAddendum2, this factorof two was also included, but
it was attributed to uncertaintyregarding the shape of the dose-response functions and to uncertainty
regardingthe dependenceof risks on factorssuch as the chemical and physical form of the radionuclide
and uncertainty in RBE.
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The two approachesmost commonly used for projecting the impactof incompletefollowup are absolute
risk projectionandrelative riskprojection. Bothof these approachesallow for a latency period---during
which there is no radiation-inducedcancer risk--and an expression period--during which the effects of
exposure to radiationare expressed. The expression period may be of fixed length, e.g., 25 years, or
the risk may be assumedto persist for the remainderof the exposed individual's life. The key difference
between the absolute and relative riskprojectionmodels is the assumptionmade with respect to the pat-
tern of radiation-inducedriskduring the expressionperiod. With an absolute riskprojectionmodel, the
excess risk is assumedto be constant for a specified rangeof ages. With a relative risk projectionmodel,
the excess risk is assumed to be a constantfractionof the baseline age-specific risk. Becausebackground
rates for most cancers increase strongly with age, relative risk models tend to yield projections of risk
that are higher than those derived using absoluterisk models.

An important issue relatedto the evaluationof relative risk is whether the fractional increase in cancer

risk associatedwith a specific dose dependson 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

increasedage-at-exposure. Therefore, the WorkingGroup'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 under20 at the time of exposure are typically two to four times as
great as for those over 20.

Many nuclear power plant accident scenarios involve the potential for exposures to alpha-emitting
radionuclides, e.g., plutonium, americium, and curium. Scott et al. (NRC, 1993)suggest that inhalation
of actinide radionuclideswould be the primarymode 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-
LETbeta and gamma and high-LET alpha radiations,the WorkingGroup recommendsthat 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

Riska,_,3, = Risk_/,.r + Riska = KhiDhi + KIoDlo + KaDa

where Riska,0. v is the overall risk; Risk0. r and Riskerare the low- and high-LET risks, respectively;
Dhi is the low-LET dose received at high dose rates; Dlo is the low-LET dose received at low dose rates

and any dose less than 0.2 Gy regardless of dose rate; and Da is the alpha radiationdose. Khiand Kio
are the risk coefficients associated with Dhi and Dlo of low-LET radiation, respectively, and Kot
is the risk coefficient for alpha radiation. From the equation on p. 30, Khi = c, Klo = c/DDREF and
Ka = (c/DDREF)(RBE). To facilitate evaluation of risk and its associated uncertainties, the above
equation can be rewrittenas

Riska,_, 3, = Khi[Dhi + U(Dio + RBE Da) ]

where U is a factor based on collective judgement that reflects uncertainty due to the effectiveness of
low-LET radiationdelivered at low dose rates and low doses delivered at any dose rate comparedto 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, Khialso takes on
differentvalues for the three estimates, reflecting uncertaintyin projection over time, treatmentof age
at exposure, andtransportation. An RBE of 20 is used for alpharadiationrelative to low LET exposure
received at low dose rates (ICRP, 1991).

For low-LET radiation,separatemodels are providedfor estimatingthe risks of leukemia, bone cancer,
breastcancer, lung cancer,gastrointestinalcancers (includingcancers of the esophagus, stomach, colon,
rectum, pancreas, and liver), thyroid cancerand benign thyroid nodules, a residualcategory of "other"
cancers (which is intendedto reflect cancers of the bladder,kidney, brain, ovary, andlymphomas), and
for both leukemias andother cancers associated with in utero exposure. For alpharadiation, models are
providedfor cancers of the lung, liver and skeleton as these are the only organs likely to be exposed.
This site-specific approachwas taken becauseof the non-uniformityof the organ doses that may occur
in nuclearpower plant accidents.

Both incidence and mortalityrisks have been estimated for most cancers. Estimatesof 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 ol_ incidence data. For lung, breast, gastrointestinal,
and other cancers, it was assumed that the relative risks of mortalityand incidence were equal, i.e., the
same relative risk coefficient (percent increase per Gy) was used to compute incidence and mortality.
For thyroid cancer, mortalityrisks were takento be 10% of incidence. Risk estimates for leukemiaand
for cancers resulting from in utero exposure were derived from data collected at a time when these

cancers were virtuallyalways fatal. In view of the recentincreases in 5-year survivalratesfor leukemia
andother childhood cancers, the estimates of mortalityrisks for these cancers may be somewhat high.

One situation that deserves special attentionis analysisof risk associated with radionuclidesinhaledfrom

an airborneplume. Several radionuclides that could be released in the event of a nuclear power plant
accident have relatively long half-lives. Ratherthan deliveringtheir dose immediately, these materials
will continue to decay for years after they are inhaled anddeposited in the body. Their dose will be
deliveredgradually. As time proceeds, the populationexposed to the plume will age and dwindle in size.
Direct applicationof our basic risk models will lead to an overestimation of the radiation-inducedcancer

risk faced by this population. Tables are given in AppendixB that account for the changing size and
age-structureof this population.

2.2.1 Leukemia

The estimates of leukemiarisk are based on absoluteriskprojectionwith a latency period of 2 years and
an expression period of 25 years. In fact, more of the risk will occur in the earlypartof the expression
period than in the laterpart, andsome riskwill occur morethan 27 years afterexposure. However, these
two effects tend to offset each other.
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The recommendedrisk coefficient, 4.5 x 10-4 deaths per person-yr-Gy, was derived by doubling the
coefficient from the BEIR Ill analysis of the early data (1950-1971) from the Japanese atomic bomb
survivors. The doubling is necessary to account for the impacts of revisions in the atomic bomb
dosimetry (a factorof 1.7) and additionalfollow-up of the survivors (a factorof 1.2).

A proportional dose-response model is recommended. The only difference in the central, upper, and
lower estimates is in the treatmentof dose received at low dose anddose rate. For upper estimate,s, it
is recommendedthat the dose received at low dose anddose rateis assumedto be as effective as the dose

received at highdose rate. For centralandlower estimates, the use of DDREF of 2 and 4, respectively,
is recommended.

The resulting models of leukemiarisk are:

Rupper = 9.7 (Dhi + Dlo)

RcentraI = 9.7 (Dhi + 0.5 Dio)

Rlower = 9.7 (Dhi + 0.25 DIo)

where R is the lifetime population risk (deaths/1000 persons), Dhi is the dose (Gy) to the red bone
marrow received at high dose rate, and Dio is the dose to this same tissue received at low dose rate and
any dose less than 0.2 Gy regardlessof 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 10-5 deaths
per person-yr-Gy), based on the BEIR III estimate of I x 10-4 deaths per person-yr-Gy (alpha) observed,
among patients given 224Ra 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 et 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 expressed 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 et al., 1992) to obtain 12.4 alpha-radiation-induced, bone
sarcoma deaths per 104 person-Gy, based on dose to the surface of bone. The corresponding low-LET
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estimate is 0.6 bone sarcoma deaths per 104 person-Gy, basedon an RBE of 20 for alpha radiationand
on dose to the surfaceof bone. This discrepancywas corrected in the Addendum2 report(NRC, 1993).

A proportionaldose-response model is recommended. The only difference in the central, upper, and
lower estimatesfor low-LET radiationis in the treatmentof the dose received at low dose and low dose

rates. For upperestimates, it is recommendedthat the dose received at low dose rate is assumed to be
as effective as the dose received at the high dose rate. For centraland lower estimates, DDREFs of 2
and4, respectively, are recommended.

The resulting models of bone cancerrisk are:

Rupper = 0,12 (Dhi + Dio + 20 Da),

RcentraI = 0.12 [Dhi + 0.5 (Dio + 20 Da)],

Rlower ---0.12 [Dhi + 0.25 (Dlo -6 20 Dot)l,

where R is the lifetime populationrisk (deaths/1000 persons) and D is the dose (Gy) to the bone.
The loss of life expectancyassociated with a bone cancer is estimatedto 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) latencyperiod of 10 years, a minimumage at inductionof 30 years, and a lifetime expression
period. Both central andupperestimates reflect a dependenceof risk on age at exposure.

The excess relative risk coefficients recommended for central estimates are--70% per Gy for women
under20 at the time of exposure, 30% per Gy for women between20 and40, and 10% per Gy for those

over40. The strong influenceof age at exposureis consistentwith the BEIRV modeland with the study
by Miller et al. (1989) of Canadianwomen who were treated with fluoroscopy for tuberculosis. For
upperestimates, the recommendedcoefficients are 100% per Gy for women under20, apd 40% per Gy
for those older than 20. These were derived from BEIR 111and are based on incidencedatafrom a New

York study of women treated withx-rays for acute postpartummastitisand from a Massachusettsstudy
of women given fluoroscopic examinationsof the chest.

The lower estimate of breastcancer risk is based on absoluterisk projectionwith a latency period of 10
years and a lifetime expression period. Absolute risk coefficients of 7.4 x 10-4 cases per woman-yr-Gy
and 2.6 x 10-4deaths perwoman-yr-Gyare recommendedfor incidenceand mortality,respectively. The
incidenceestimate was derived by pooling the age-specific absoluterisk coefficients from BEIR III, i.e.,
10.4 x 10-4cases per woman-yr-Gyfor those between 10 and 19 at the time of exposure, and 6.6 x 10-4
cases per woman-yr-Gy for those over 20, weighting by the inverse variances of the estimates. The
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mortality coefficient was obtained by multiplyingthis estimate by the ratio of backgroundmortality to
backgroundincidence.

A proportionaldose-responsemodel is recommended. Because, for breastcancer, there is little evidence
of decreased effectiveness of dose received at a low dose rate, only in the lower estimates is there any
adjustmentfor dose rate. For both upperandcentralestimates, it is recommendedthat the dose received
at low doses anddose rates is assumed to be as effective as dose received at high dose rates. For lower
estimates, a DDREF of 4 is recommended.

The resulting estimatesof breast cancer risk are:

Rl,upper ffi 25 (Dhi + Dlo)

Rl,centraI ffi 16(Dhi+Dlo)

Rl,lower ffi 12(Dhi+ 0.25Dlo)

RM,upper ffi 8.4 (Dhi + Dlo)

RM,centraI -_ 5.4(DI_i+ Dlo)

RM,lower = 4.3 (Dhi + 0.25 Dlo)

whereRI isthelifetimeincidencerisk(cases/1000persons),RM isthelifetimemortalityrisk

(deaths/1000persons),Dhiisthelow-LETdose(Gy)tothebreastsreceivedathighdoserate,andDlo
isthelow-LETdosetothissametissuereceivedatthelowdoserateandanydoselessthan0.2Gy

regardlessofdoserate.Notethattheseestimatesapplytotheentirepopulation.Riskstowomen would
betwicethislarge.

The loss of life expectancy associated with a radiation-inducedbreast cancer is estimated to be 17 years
underthe 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 riskprojection 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 at exposure.
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The excess relative riskcoefficients recommendedforupperestimatesare, 150%per Gy for people under
20 at the time of exposure and 50% per Gy for those over 20, The estimate of 50% per Gy was obtained
by averaging the BEIRV relativerisk coefficients for males (42% per Gy) and females (64% per Gy).a
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 centralestimates, the recommendedcoefficients 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 multiplicativetransport 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 10.4 cases per person-yr..Gy
and 2.5 x 10-4 deaths per person-yr-Gyare recommendedfor incidenceand mort_ity, respectively. The
mortality coefficient is the value derived from analysis of the Japanese Life-Span Study. It has been
adjustedto reflect the impactof the revised A-bomb dosimetry. The incidence coefficient was obtained
by scaling this value by the ratioof background incidence to backgroundmortality.

A proportional dose-response model is recommended. The central, upper, and lower estimates for
low-LET radiation differ in the treatmentof the doses received as low total doses or at low dose rates.

For upper estimates, it is recommendedthat 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 lung cancer risk are:

Rl,upper = 37 (Dhi + Did + 20 Da)

Rl,centraI = 17 [Dhi + 0.5 (Did + 20 Da)]

Rl,lower = 7.2 [Dhi + 0.25 (Did + 20 Da)]

RM,upper = 33 (Dhi + Did + 20 Dot)

RM,centraI = 16 [Dhi + 0.5 (Did + 20 Da) ]

RM,iower = 6.7 [Dhi + 0.25 (Did + 20 Dot)]

where RI is the lifetime incidence risk (cases/1000 persons), RM is the lifetime mortality risk
(deaths/1000 persons), Dhi is the low-LET dose (Gy) to the lungs received at high dose rate and Did is

j _ _ ,, .__ ,, _

a Although the preferred BEIR V model includes a decrease in risk with time since exposure, the values
reported were taken from an alternative BEIRV model without such a decrease.
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thelow-LETdosetothelungreceivedatlowdoserateand anylow-LETdoselessthan0.2Gy

regardlessofdoserate.De isthealphadosetothesametissue.Notethattheratioofthecoefficient
of Da to that for Die yields an RBE of 20.

The loss of life expectancy associated with a radiation-Inducedlung cancer is estimated to be about 15
years under the assumptionsused in the central and upper models, and 18 years under the assumptions
used in the lower model. The average intervalbetween diagnosis of a case and death is estimated to be
about2 years regardlessof which risk model is used.

As is true in any of the age-dependentmodels used in this report, these models for lung cancer risk apply
only to a populationwith a specified compositionrelatedto age at exposure andgender. These estimates
would be differentfor populationsthatwere either muchyounger or mucholder than those assumed here.

2.2.$ Gastrointestinal Cancer

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

The excess relative risk coefficients recommended for central and upper estimatesare 120% per Gy for
those youngerthan 20 at the timeof exposure, and40% per Gy for those older than20. The coefficient,
120% per Gy, is quite similar to the average of the BEIR V relative risk coefficients for males and
females who were under25 at the time of exposure. These relative risks are assumed to apply to both
incidence and mortality.

The lower estimateof 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 10-4 cases and 4.0 x 10-4

deaths per person-yr-Gy are recommended for incidence and mortality, respectively. The mortality
coefficient is based on the absoluterisk coefficient, 3.4 x 10.4 deaths per person-yr-Gy(shielded kerma),
given by Shimizu et al. (1990). It has been adjustedto permit analysis on the basis of dose to the
gastrointestinaltract, ratherthan shielded kerma. The incidencecoefficient was obtainedby scaling the
mortality coefficient by the backgroundratio of incidence to mortality.

A proportional dose-response model is recommended. The central, upper, and lower estimates for
low-LET radiationdiffer in the treatmentof the dose received at low dose andlow 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 centraland 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:

Rl,upper _: 58 (Did + Dlo + 2 Da)

Rl,centraI =: 58 [Did + 0.5 (Dio + 2 Dot)]

Rl,lower = 23 [Did + 0.25 (131o+ 2 Da)]

RM,upper _ 34 (Did + Dio + 2 D(_)

RM,centraI --- 34 [Did + 0.5 (Dio + 2 D_)I

RM,iowe r _ 14 [Did + 0.25 (Dio + 2 Da)i

where R1 is the lifetime incidence risk (cases/1000 persons), RM is the lifetime mortality risk

(deaths/1000 persons), Did is the low-LET dose (Gy) received at the high dose rate, Dio 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. Dot 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 weighted low LET dose is:

Dgi tract - 0.05 Desophagus + 0.30 Dstornach + 0.55 Dcolon + 0.10 Dliver

where the Dorgans 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.

Ri,upper = 5.8 [Did + Dlo + 20 Dc_]

Rl,centraI = 5.8 [Did + 0.5 (Dio + 20 Dc_)]

R_,lower = 2,3 [Dhi + 0.25 (DIo + 20 Oc_)]
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RM,upper = 3.4 [Dlai + Dlo + 20 Det]

RM,centraI -- 3.4 [Dhi + 0.5 (Dlo + 20 DQ)]

RM,iower = 1.4 [Dhi + 0.25 (Dio + 20 Dot)]

where R1 is the lifetime incidence risk (causes/1000 persons), RM is the lifetime mortality risk
(deaths/1000 persons), Did is the low-LET dose (Gy) to the liver received at high dose rate, DIo is the
low-LET dose to the liver received at low dose rate, and Da is the high-LETdose 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 5
years and a lifetime expression period. Age- and sex-speclfic risk coefficients are used. The bases of
these coefficients are the attributablerisk of 2.5 x 10-4 cases per person-yr-Gy observed in persons
exposed during childhoodto external irradiation,the evidence that females are abouttwice 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 mortalityrisks associated
with thyroid cancer assume that 10% of all radiation-indu_',edthyroid cancers would be fatal. The
resulting estimates of population risk are:

RI=7.2D and Ru= 0.7D

where RI is th_ lifetime incidence risk (cases/1000 persons), RM is the lifetime mortality risk
(deaths/1000 persons), and D is the low-LET dose (Gy) to the thyroid gland from external irradiation.

Studies of thyroid cancerfollowing exposureto 1311haveproducedlargely negative results, buthave not
had sufficient statisticalpower to conclusively demonstrateinconsistencywith theresults from studies of
externalexposure (Laird, 1987). In reflection of this, our upperestim,,tes assume thatthe risk from 1311

is equal to the risk from external irradiation. Our centralestimates assume that dose from 1311 is l/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 increasedsensitivity (2x) of women,
increasedsensitivity of those young atexposure (2x), and are ultimatelybased on the attributablerisk of
9.3 x 10-4 benign thyroid nodules per person-yr-Gyobserved among persons exposed in childhood to
external irradiation. A proportionaldose responsemodel is used. The resulting estimate of population

risk is: R l _"27 D

where R! is the lifetime incidencerisk (cases/1000 persons), and D is the dose (Gy) to the thyroidgland
from externalgamma irradiation. Doses from internallow-LET sources, such as 1311,are thoughtto be

only l/5th as effective as doses from brief exposure to gammaradiationfrom external sources.
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2.2.7 Other Cancers

There is reasonablygood evidence that multiple myeloma andcancers of the bladder, kidney, and brain
may be inducedby radiation. The evidence is somewhat weakerfor lymphoma andcancers of theovary.
Rather than developingsite-specific risk estimationmodels for each of these cancers, the Working Group
developed a lumped model for "other cancers."

The centralandupperestimatesof the riskof "other cancers"arebasedon relativeriskprojectionwith
a latencyperiodof 10yearsanda lifetimeexpressionperiod. Bothcentralandupperestimatesreflect
a dependenceof riskon ageatexposure.

The excessrelativeriskcoefficientsrecommendedfor centralandupperestimatesare, 110%perGyfor
thoseyoungerthan20 at the timeof exposureand25% perGy for thoseolderthan20. The coefficient,
110%per Gy, is the averageof the BEIR V relativeriskcoefficientsfor malesandfemaleswhowere
between5 and15at the timeof expo,_ure.Thestronginfluenceof ageat exposureis consistentwith the
BEIR V analysisof othercancers.Theserelativerisksare assumedto applyto both incidenceand
mortality.

The lower estimate of other cancerrisks is based on absolute risk projectionwith a lO-year latencyperiod
and a lifetime expression period. Risk coefficients of 6.8 x 10-4 cases and 3.5 x 10.4 deaths per
person-yr-Gyare recommendedfor incidenceandmortality, respectively. Shimizu et al. (1990) indicate
that the' sum of the absolute risk coefficients for cancers other than leukemia, breast, lung, and
gastrointestinalis 2.6 x 10.4 deaths per person-yr-Gy(kerma). If this is adjustedto reflect organ dose
rather than shielded karma, the result is approximately 3.5 x 10.4 deaths per person-yr-Gy. Our
incidence coefficient was obtained by scaling this mortality coefficient by the background ratio of
incidence to mortality.

A proportionaldose-responsemodel is ,ecomr_ended. The central, upper,and lower estimates differ in
the treatment of low-LET dose received at low dose rate. For upperestimates it is recommendedthat

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 and4, respectively, are recommended.

The resultingestimatesof the risk of other cancers are:

Rl,upper = 55 (Dhi + Die)

Rl,centraI = 55 (Dhi+ 0.5Dlo)

Rl,lower = 23 (Dhi + 0.25 Die)
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RM,upper = 28 _T)hi+ Dlo)

RM,centra! - 28 (Dhi + 0.5 Dio)

RM,iower = 12 COhi+ 0.25 DIo),

where RI is the lifetime incidence risk (cases/1000 persons), RM is the lifetime mortality risk "-="
(deaths/1000 persons), Dhi is the low-LET dose (Gy) received at the high dose rate, and Dlo is the
low-LET dose received at the low dose rate andany total low-LET dose less than 0.2 Gy regardlessof
doserate.

Selection of an appropriatemeasure of dose to use forcalculating the risks of "othercancers" is difficult
because the composition of the group of ._ancer,_included is not known exactly and the relative
sensitivitiesof the organs nominally includedare no'_known. It is recommendedthat a composite of the
low-LET doses to the bone marrow, I_.idney,urinary bladder, brain, and ovary be used. Weights

proportionalto the backgroundincidence ratesof cancers associated with each of these organscould be
used to construct the composite dose. Based on the 1980 backgroundcancer rates, the weighted dose
computed using this approachwould be:

Dother = 0.06 Dbone + 0.11 Dkidney+ 0.26 Dbladder + 0.09 Dbrain + 0.48 Dovary

wherethe Dorgans are the doses (Gy) to each of the relevantorgans.

The loss of life expectancy associated with other cancers inducedby radiationis e._timatedto be 13 to 14
years underthe assumptions used in the central and uppermodels, and 25 years under the assumptions
used in the lower model. The average interval between diagnosis of a case anddeath is estimatedto be
between 8 and 12 years dependingupon 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
peivimetry during pregnancy, found approximately3 x 10"2 leukemias and 3 x 10-2 other childhood
cancers per embryo per Gy. If, as is now true in the U.S., it is assumed that there is approximately1
viable embryofor each 100 persons in the population,then the resultingestimates of populationrisks are:

Rleukemia = 0.3 D

Rotherchildhoodcancer = 0.3 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 utero 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 utero 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 OxfordSurvey.

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"

Dfetal bone marrow - 0.3 Dmother,s bone marrow, strontium

+ 0.5 Dmother,s uterus, cesium

+ 0.05 Dmother,s thyroid, iodine

+ 0.5 Dmother,s maximumorgan dose, other radioisotopes

+ 1.0 Dmother,s uterus,externalsources

Dfetus, otherorgan = 0.03 Dmother,s bone marrow, strontium

+ 0.5 Dmother,s uterus, cesium

+ 0.05 Dmother,s thyroid, iodine

+ 0.0 Dmother,s maximumorgan dose, other radioisotopes

+ 1.0 Dmother,s uterus, external sources
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2.2.9 Skin Cancer

Most skin cancers are not lethaland are not expected to be a majorcontributorto the mortality resulting
from nuclearpower plantaccidents. However, beta-emittingradionuclidesdeposited on the skincan yield
extremely high local doses and can lead to increased incidenceof skin cancer.

The risk of skin cancer following a nuclear power plant accident is quite difficult to estimate. Most
studies of radiation-inducedskin cancer have involved exposure to X rays. The importance of the
differences in penetratingpower of beta emitters and X rays is uncertain. Exposure to ultraviolet
radiationseems to potentiatethe effect; andtherefore, various areas of the body may have quitedifferent
apparentsensitivities to the effects of ionizing radiation. There are also racialdifferences in sensitivity.
Becausemost skin cancers can be successfully treatedwith only minor inconvenienceto the patient, they
are not reported reliably in tumor registries. Available epidemiological results vary considerablyand
include a numberof studies with largely negative results. Existing dataare not adequateto 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 relative 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--considering the area of the body irradiated,and providingseparatecoefficie_ts 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 (remainderof 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
ultravioletirradiation.

The lower estimate of skin cancer risks is based on absoluteriskprojectionwith a 10-yearlatency period
and a lifetime expressionperiod. The recommendedrisk coefficient of 6.7 x 10.4 per person-yr-Gyis the
absolute risk value given in I_.RPPublication60 for UVR-exposed skin (ICRP, 1991).

A proportionaldose-responsemodel is recommended. The central, upper,and lower estimatesdiffer in
the treatmentof dose received at low dose rate. For upperestimates, it is recommendedthat the dose
received atthe low dose rate is assumedto be as effective as thedose 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 protractedexposures, it indicatedthat such a reduction was likely (ICRP,
1991).
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The resulting estimatesof the skin cancer risk are:

Rl,upper - 89 (Dhi + Dlo)

Rl,centraI - 89(Did+ 0.5Dlo)

Ri,lower - 22 (Dhi + 0.25 Dio)

whereR1is the lifetime populationrisk(personswith skin cancer/1000 persons), Dhi is the low-LET dose
(Gy) to the UVR-exposed skin received at the high dose rate, and Dlo is the low-LET dose to this same
tissue received at the low dose rateand any total dose of low-LET radiationless than 0.2 Gy regardless
of dose rate. Note that this modelpredicts the numberof people with skin cancer, rather than the total
numberof skin cancers.

The Late Somatic Effects Working Grouprecommends that the risk calculated be on the basis of dose
to the face because about 85% of basal cell carcinomas (the predominanttype resulting from ionizing
radiationexposure)occuron the headandneck andbecause in the event of a nuclearpower 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 partsof the body would presumablybe
lower than the risk calculated in this manner.

2.2.10 Sununary- Late Somatic Effects

The models recommended for predicting the risks of cancer as a result of doses received in a nuclear

power plant accident are summarized in Table 2.8 (morbidity)andTable 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
birthdefects among the childrenof the exposed population, andindirectly, 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 ratesof spontaneousabortions, primarilyoccurringwithin
the first few days of pregnancybeforethe 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 HiroshimaandNagasaki. Although they have not revealed any excess incidenceof genetic
defects, these studies are not powerful enough to reject currenttheories of genetic risk.
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Table 2.8

Models of c_er morbiditya

Lifetime risk (cases/lO00)

Effect Upper Central Lower

Breastcancerb 25 (Dhi + Dlo) 16 (Dhi + Dlo) 12 (Dhi + 0.25 Dlo)

Lung cancer 37 (Dhi + Dlo + 20 Da) 17 [Dhi + 0.5 (Dlo + 20 Da)] 7.2 [Dhi + 0.25 (Dlo + 20 Da)]

GI cancerc 58 (Dhi + Dlo + 2 Da) 58 [Dhi + 0.5 (Dlo + 2 Da)] 23 [Dhi + 0.25 (Dlo + 2 Da)]

Liver cancer 5.8 (Dhi + Dlo + 20 Do) 5.8 [Dhi + 0.5 (131o+ 20 Da)] 2.3 (Dhi + 0.25 (Dlo + 20 Da)l

Thyroidcancerd 7.2 D 7.2 D 7.2 D

Benignthyroid nodulese 27 D 27 D 27 D

4_ Skin cancer 89 (Dhi + DIo) 89 (Dhi + 0.5 Dlo) 22 (Dhi + 0.25 Dlc)
tA

Othercancerf 55 (Dhi + Dlo) 55 (Dhi + 0.5 131o) 23 (Dhi + 0.25 131o)

a The doses, D, referredto in this table are organ-specific absorbeddoses. The units of dose are gray (Gy). The subscripts "1o"
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. Da refers to the dose from a-emitters, regardless of dose rate. Refer to the
text for explanationof the organ dose appropriatefor estimatingthe risk of each specific cancer.

b These risks apply to the entire population. Risks for women would be twice this large.
c ,_ne alpha radiationcomponentof this combined risk originates in the liver. The risk for liver alone is given on _henext line.
d Uncertaintyin the thyroidcancer model is reflected in the dose used. For the central estimate, 131I is assuraed to be one-thirdas

effective as external dose. For the lower estimate, 131I is assumed to be one-tenth as effective as external dose. For the upper
estimate, 131I is assumed to be as effective as externaldose.

e In all three estimates of the risk of benign thyroid nodules, 131I is assumed to be only one-fiRhas effective as externaldose.
f Includes lymphoma, multiple myeloma, and cancers of the brain, kidney, bladder, and uterus. Excludes skiu andprostate cancer

andall cancers for which separaterisk models have been developed.



Table 2.9

Models of caneer mortality t

Lifetime risk (deaths/lO00)

_ Effect Upper Cmtral Lower

Leukemia 9.7 0)hi.+ DIc) 9.7 0)hi + 0.5 Dlo) 9.7 (Dhi + 0.25 Dlo )

in utero b 0.3 D 0.1 D 0.1 D

Bone cancer 0.12 (Dhi + Dlo + 20 Da) 0.12 [Dlfi + 0.5 (Dlo 4- 20 Da)] 0.12 [Dhi 4- 0.25 (Dlo 4- 20 Dee)]

Breastcancerc 8.4 (Dhi + Dlo ) 5.4 (Dhi + Dlo ) 4.3 (Dhi + 0.25 Die)

Lung cancer 33 (Dhi + Dlo + 20 Da) 16 [Dlfi + 0.5 (Dlo + 20 Da) ] 6.7 [Dhi + 0.25 (Dlo + 20 Da) ]

GI cancer d 34 (Dhi + Dlo + 2 Dee) 34 [Dhi + 0.5 (Dlo + 2 Da) ] 14 [Dhi + 0.25 (Dlo + 2 Dce)]

Liver cancer 3.4 (Dhi + Dlo + 20 Dee) 3.4 [Dhi + 0.5 (Dlo + 20 Da) 1.4 [Dhi + 0.25 (Dlo + 20 Da) ]4_
o_ Thyroid cancere 0.7 D 0.7 D 0.7 D

Other cancer f .28 (Dhi + Dlo ) 28 (Dhi + 0.5 Dlo) 12 (Dhi + 0.25 Dlo )

in utero b 0.3 D 0.1 D 0.1 D

a The doses, D, referred to in this table are organ-specific absorbed doses. The units of dose are gray (Gy). The subscripts "1o" 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. Refer to the text for explanation of the organ dose appropriate for estimating the risk of each specific cancer.
Da refers to the dose from or-emitters, regardless of dose rate.

b These risks apply to the entire population. Risks to the children exposed in utero would be 100 times this large.
c These risks apply to the entire population. Risks for women would be twice this large.
d The alpha radiation component of this combined risk originates in the liver. The risk for liver alone is given on the next line.
e Uncertainty in the thyroid cancer model is reflected in the dose used. For the central estimate 1311 is assumed to be one-third as effective as

external dose. For the lower estimate 131I is assumed to be one-tenth as effective as external dose. For the upper estimate 1311 is assumed
to be as effective as external dose.

f 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 responsesobserved in the spermato,gonial cells of the mouse serve as an indicatorof the effects that
would be expected to occur in sperm¢ltogonialcells of men. Unfortunately, there appears to be no
adequatemammalianmodel of the effe._:tsexpected in the human female. The Working Group's central
and upper estimates of risk are based on the assumption that damage to oocytes and spermatogoniais
equivalent. Their lower estimates are derived on the assumption, used in many previous models, that
only spermatogoniaare damaged by ionizing radiation.

The possible effects aretoo numerous to be considered individually. Models of majorclasses of genetic
disease have been developed that )reflect the key differences in radiation induction, significance, and
transmissionof these conditions. "I'Vethree major classes of genetic disease considered in this reportare
single-gene disorders, chromosome anomalies, and multifactorial diseases. In addition, the risk of
recessive genetic disease is discussed.

The Genetic Effects WorkingGroup reliedheavily on analyses providedin BEIR !, 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 InternationalCommissionon RadiationProtection (1CRP,
1991). These basic approacheshave been modified in several important respectsto reflect new scientific
informationand improvements in analytic methodologies for modelinggenetic risks.

When a dose is received at _'_low dose rate, the risk of genetic damage is thought to be proportional to
the dose received. However, evidence from many different experimental studies, i.e., Drosophila
oogonia mutations and Tradescantia mutations, indicates that when the dose is received at a high dose
rate, the yield of mutations expected at a specific dose is better described by a linear-quadratic
relationship. Such a result is consistent with radiobiological understandingof the mechanism of damage,
i.e., most radiation-induced mutations in higher organismsare tiny submicroscopic deletions, inversions,
or insertions encompassing partsof one or moregenes; si,lgle nucleotide changes appear to be extremely
rare.

When a linear-quadraticrelationship, e.g., r=(a + bD_,7) cD_,7, is fit to the data on specific locus
recessive mutations in t:he spermatogoniaof 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 + DI3,_)bcDp,v

whereD_,7 isthegonadallow-LETdose(Gy),theproductbcistheriskcoefficientobservedatlowdose

rates,andthetermI + D_/,_modifiestherisktoaccountfortheeffectsofhighdoserates.When an
accidentscenarioinvolvesonlychronicexposureatlowdoserates,themodifyingtermisdropped,and
theriskiscomputedas:

R = bcDp,y

This simplification may also be used when the dose is received at a high dose rate as long as the total
dose involved is reasonablysmall. 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 comparisonwith the uncertaintyin currentestimates of the fundamentalrisk coefficients.
It should be noted that the equationsgiven above and those given later in this section assume that the
doses received by the mother and father are equal. The modifications necessary to allow for differences
in the maternalandpaternaldoses are discussed in Section 3.3.

In the evaluationof protracteddose, a fixed RBE may be used to account for the increasedeffectiveness
of the contributionof alpha-emittingradionuclides,i.e.,

= + RBE*Dp Dp,_.v Dp,,:

where Dp,0,7 is the protracteddose frombeta-and gamma-emittingradionuclides, Dp,_ is theprotracted
dose from alpha-emitting radionuclides, and RBE is the relative biological effectiveness of these two
classes of dose for inducinggenetic effects. The RBEsare endpoint-specific. In the following analyses,
differentvalues of the RBE for alpha radiationare used for different classes of biological effects. An
RBE of 2.5 is used for all mutationsand 15 is the RBE used for unbalancedtranslocations(NRC, 1993).

Obviously, one can also obtain the same resultsby evaluatingthehigh-LET andlow-LET risksseparately
andaddingthe risks. The GeneticEffects WorkingGroup recommended thatthe latterapproachbe 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 numberof children in all future generations that will suffer
from genetic disease as a result of radiationexposure from an accident.

The estimatesof cumulative genetic risks developed by the Working Group ,assume population stability,
an intergenerationalinterval 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 to increase (decrease), the
absolute impact, i.e., numberof effects, would increase (decrease) accordingly.

2.3,1 Single Gone Disorders

Single gone disorders are present in about 1% of all children. This class of diseases includes both
dominant traits, e.g., Huntington's chorea, hypercholesterolemia, and achondroplastic dwarfism, and
x-linked traits, e.g., musculardystrophy, 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 fuaction of a gone and
to an observable mutation when contributedby the germ cell of a parent. This single gone mutation is
called dominant when it exerts an effect in the presence of a normal gone contributedI_,ythe other parent.
If an alteredgone is present on the X chromosome, it will invariably produce an effect in boys, who have
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only one X chromosome, but will behave as if recessive in girls, who have two X chromosome,s. Single
gene disordersrelated tO damage of the X chromosomeare referredtO as x-linked effects.

The Genetic Effects Working Groupderived their estimates of the risks of dominantdisordersfrom the
Selbys' (1977) studies of the ratesof specific locus recessive mutationsin male mice. The experimentally
observed single locus mutationrates (37/2646 at a dose of 6 Gy) were adjusted to account for the total
numberof dominantdisorders (5 to 15), the fractionof these thought to produce serious diseases (I/4
to 3/4), and to adjust for the dose (I/6), dose rate (1/3) and fractionatloninvolved (1/1.9) in the
experiments(BEIR III',NAS/NRC, 1980). Upper and lower estimates of 4.5 x 10-3 per gamete (ovum
or maturesperm) and 0.5 x 10-3 (sperm only) are obtained using the upper and lower estimates of the
numberof dominant disorders and the fraction of these thought to yield serious defects. The central
estimateof the inductionrateof dominantdisordersin humansof 1.5 x 10-3 pergamete (ovumor mature
sperm)per Gy may be obtained using the geometric mean of the range of values given for the number
of dominant disorders andfor the fractionof these thought to be serious. Upper and central estimates
of populationrisk assume equal sensitivity of males and females. Lower estimates of populationrisk
assumethatonly males aresensitive. The WorkingGroupestimatedthatapproximately80% of dominant
disordersare transmittedfrom one generationto the next.

Using the computationalscheme outlinedin Section 3.3, the final additivemodels of integratedrisk were
derived:

= 22 D0,3, + 22 D20,3, + 55Rdominant, Dotupper

Rdominant,central = 7.5 D/_,_,+ 7.5 D2#,_, + 19 Dc_

Rdominant,lower = 1.2 D/t,_, + 1.2 D2/_,_ + 3.0 Dot

where R is the cumulativerisk (dominantdisorders/1000exposedpersons), i.e., the risk thata child with

a radiation-induceddominant disorderwill be born in this or any future generation, and D0,_ is the
gonadaldose (Gy) frombeta-and gamma emittingradionuclides,andD_ is the dose from alphaemitting
radionuclides received by a representative individual in the exposed population. An RBE of 2.5 is
implicit in the ratio of the/_, '),and c_risk coefficients.

The fractionof cumulative risk that will be expressed in each generation is 0.2 * 0.8 k'l where k is the
generationnumber. Thus, 20% of the risk will be expressedin the first generation, 16% in the second,
and so forth. Underthe centralmodel an acutedose of 1 Gy of low-LET radiationwould yield a first-
generation, radiation-inducedrisk of dominant disordersof approximately6 defects per 1000 births or
3 defects per thousand exposed persons. The upper estimate would be three times this large, andthe
lower estimatewould be 1/6th this large.

The Working Group estimated that dominantdisorders involve, on average, a 15-year reduction in
longevity and25 years of life with approximately33% impairment. Thus, the total effective loss of life
associatedwith such a detect is equivalentto about20 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 locus mutations in male mice. The specific locus inductionrate of
"/.2 x 10-6 per Gy of low-LET radiationwas adjusted to reflect the total numberof x-linked diseases.
McKusick's 1983compendiumlists 115 x-llnkeddiseases andan almost equivalentnumberof genetic dis-
eases of less certainorigin. In view of this, the Genetic Effects Working Group multiplied the specific
locus mutation rateby 250. The resultingcentralestimate of the inductionrateof x-linked disorders in
humanswas 1.8 x 10-3 per gamete (ovum or mature sperm)per Gy. Upper and lower estimates of 7,2
x I0"3per gamete (ovum or mature sperm) and 0.7 x I0"3 (sperm only) reflect uncertaintyabout the
numberof susceptiblegenes on the X chromosome. The upperestimateassumes that there are I000 such
loci; the lower assumes that there are only I00. Upper and central estimates of populationrisk assume
equal sensitivity of the ovum and sperm. Lower estimates assume that the mutationrate is zero in the
female.

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

Rx-linked,upper = 9 D0,7 + 9 D20,7 + 23 Dc_

Rx-linkod,central = 2.2 Dfl,7 + 2.2 D20,Y + 5.5 Da
t

Rx-linked, lower ffi 0.45 D/_,7 + 0.45 D20,7 + 1.1 Dot

where R is the cumulativerisk (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, D_.y is .thegonadal dose (Gy) from
beta-andgamma-emittingradionuclides,and Dc_is the dose from alpha-emntingradionuclidesreceived
by a representativeindividual in the exposed population. An RBE of 2.5 is implicit in the ratio of the
/_, _, andot risk coefficients.

The fractionof cumulativerisk that will be expressed in each generation is 0.2 * 0.8 k'l where k is the
generationnumber. 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 radiationwould yield a first-
generation,radiation-inducedrisk of x-linked disordersof approximatelytwo defects per 1000 births or
one defect per thousandexposed persons. The upperestimate wouldbe four times this large. In deriving
the lower estimate, it is assumed that there is no damage to the oocytes. Because boys inherittheir X
chromosome from their mother, the lower estimate of first generation risk is zero. In subsequent
generationsboys can inherit a damagedX chromosome fromtheir grandfathers. Thus, the lower estimate
of the cumulativerisk of x-linked effects is not zero; it is 1/5thof the central estimate.

The Working Group estimated that x-linked disorders involve, on average, a 30-year reduction in
longevity and40 years of life with approximately40% impairment. Thus, the total effective loss of life
associated with such a defect is equivalentto about45 years.
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2.3.2 Chromosomal Aberrations

A specificalignmentofgenes,usuallyseveralhundredormore,existson a structureknown asa
chromosome.Mostsomaticcellsinhumanscontaln23palrsofchromosomes,withonememberofeach

pair contributedby the sperm and the other contributedby the egg.

When the process of sperm or egg cell productiongoes awry, it can producegerm cells with the wrong

numberof chromosomes, e.g., 22 or 24 ratherthan the normal 23. In this case, the fertilized egg will
contain 45 or 47 chromosomes. Such a problem, referredto as aneupioldy, is so severe that In about
90% of all cases it will result in a spontaneousloss of pregnancy. In the remaining 10% of cases, a
severely affected child _blllbe born.

Chromosomes are also susceptible to breakage and subsequent structural rearrangement. When
rearrangementsoccur in germ cells they can be transmittedto the offspring of those exposed. These
structuralrearrangements,referredto astranslocations,normallyyield chromosomeswith either too little
or too muchgenetic information. If a child is bornwith a balancedtranslocatlon,he or she normallywill
not be affected by it, but may transmit it to fiJture generations. However, those children born with
unbalanced translocatlonsgenerally suffer from severe physical and mental disabilities.

The normal incidence of chromosomal aberrations, including both aneuploldy and unbalanced
translocations, is approximately0.6% of live births. Conditions such as Down's syndrome and both
KllnefelterandTurneranomaliesarethe resultof aneuploldy. The spontaneousprevalenceof aneuploids
among live birthsis about0.5 %. These defects are relativelysevere--both in termsof life expectancy
(about45 years) and level of disability (about50%). Aneuploids normally do not have children. Thus,
these defects tend to be completelyexpressed in one generation.

Because human studies have been equivocal and mammalian(mice) studies have been negative, the
BEIRII1committee did not develop a risk estimatefor radiation-inducedaneuploldy (NAS/NRC, 1980).
Althoughour Genetic Effects WorkingGroupacknowledgesthatzero is a reasonablelower estimate, we
recommendthat one case per 1000 births per Gy be used as a centralestimateand believe that an upper
estimate of three cases per 1000 births per Gy is plausible. The risk of aneuplotdy is assumed to be
proportionalto the dose received.

Unbalanced translocations,which result in extremelysevere physical and mentaldisabilities,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 rateof inductionof translocationsin primaryhuman spermatocytesdirectly
from experimentaldata. No such dataexist on the ratesof inductionin oocytes. The upperand central
estimates developed by the Genetic Effects WorkingGroupassume that the inductionrates in males and
females are the same. The lower estimates assume that translocations may only be induced in
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spermatocytes. Using a linear-quadraticdose response relationship, in which the linear and quadratic
contributionsare equal at a dose of i Gy of low-LET radiations,the WorkingGroup obtained:

rtranslocationinduction= 15D/_,_,+ 15D2/L.Y

whereD0,_,isthe low-LETdose(Gy) to the gonads,andr isthe rate(translocations/1000spermatocytos
or oocytes)of inducinga translocation.

Not all inducedtranslocationsaretransmitted.As a resultof meioticsegregation,thefractionof mature
spermcarryingbalancedtranslocationsis one-fourththis largeand the fractioncarryingunbalanced
translocationsisone-halfthis large. Similarly,onlyone-sixteenthof inducedtranslocationswill result
inbalancedtranslocatlonsin matureoocytes,andsix-sixteenthswill resultinunbalancedtransl'ocations.
Thus,theratesof unbalancedtranslocationsamongthematurespermandovafor low-LETradiationsare:

rsperm,unbalancedtranslocation==7,5D0,_ + 7.5D2/_,.y

rovum,unbalancedtranslocation'-5.6Dfl,.y+ 5.6D2/3.y

The riskthatanunbalancedtranslocationwillbepresentina fertilizedovum issimplythesum ofthe

risksgivenabove.Ninetypercentofthesefertilizedovawouldbeinviableandwouldresultinpregnancy
losses,primarilyduringtheperl-lmplantationperiod,butoccasionallylaterinthepregnancy.The
remainingI0% wouldbeviable.Thus,theriskofbearingachildwithadefectcausedbyanunbalanced
translocatJoninthefirstgenerationafteranaccidentmay beestimatedusing:

Rchild,unbalancedtrans!ocation= 1.2D/_,7+ 1.2D2/_,.,/+ 18Dot

whereR isrisk(affectedchildren/1000livebirths),andD_,,.risthedose(Gy)tothegonadsfrombeta-
orgamma-emittingradionuclides,andDotisthedosefromalpha-emittlngradionuclidesreceivedbythe
child'sparents.

Thedynamicsofinheritanceofunbalancedtranslocationsaresuchthattheriskinthesecondgeneration

isone-fourthofthatinthefirstandthatineachsucceedinggenerationtheriskdecreasesby50%.

The cumulativerisk,i.e.,theriskthata childwithanunbalancedtranslocationwillheborninthisor

anyfuturegeneration,isfoundby summingtherisksoverallgenerations.Usingthedemographic
assumptionsrecommendedby theGeneticEffectsWorkingGroup,i.e.,500birthspergeneration(30
years)perthousandpopulation,onewouldobtaincentralestimatesof:

R = {1.2D/_,_,+ 1.2D2/_,.r+ 18Dot}{I+ I/4+ I/8+ 1/16+ .,.}{500/I000}

R = 0.9Dfi,_+ 0.9D2#,_,+ 14Dot

whore R is the cumulative risk (number of affected childrenli000 exposed pe_ple), D/_,_,is the gonadal
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dose (Gy) from beta and alpha emitters, and Dot is the dose from alpha emitters received by the
population. An RBE of 15 is implicit in the ratio of the _, 7 and_ risk coefficients.

Upperand lower estimates arederivedusing this same approach,but using differentestimates of the rates
of gametic damage. For upper estimates, the Working Group recommendsusing gametic induction rates
five times larger for males and ten times larger for females. For lower estimates, the Working Group
recommendsusing 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-induceddamage. Using
these assumptions, the upper estimates are seven times larger than the central estimates, and the lower
estimatesare aboutone-eighth as large. The differences in the gametic induction,ates used in the central,
upper, and lower estimates reflect differences in the gamma-ray RBE and low dose rate effectiveness
factors used to interpretthe experimental data.

2.3.3 Multifactorlal Diseases

Multifactorialdiseases involve complexpatternsof inheritance. A specific combination of mutantgenes
must be present to manifest an effect. This largest class of genetic disease includ_ congenital
malformations(e.g., spina bifida, cleft palate), constitutionaldiseases, anddegenerative diseases,

Estimatesof the fraction of the populationwith genetically related multifactorialdisease have increased
substantially. In 1980, the BEIRIll committee estimated that only 9% of the population would be
affected by such diseases (NAS/NRC, 1980). Ten yearslater, the BEIR V committee suggested that all
members of the populationwould, on average, suffer from an average of somewhat more than one
multifactorialdisorderduringtheir lifetimes(NAS/NRC, 1990). This enormouschange reflectsthe view
that the bulk of cardiovascularandneoplastic disease has an inheritedcomponent (though its magnitude
is currentlyunknown).

The Genetic Effects Working Groupdeveloped separateestimates of the risks of congenital anomaliesand
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 duse of 1 rem (equivalent to 0.01 Gy of
low-LET radiation) would eventually lead to an equilibrium risk of between 10 and 100 additional
congenital anomalies per million live birthsa. 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)0.5 or 32 congenital
anomalies per million live births. In a population of I million, with a birthrate of 480,000 childrenper
30-year generation, this estimate correspondsto 15 additional congenital malformations due to this single

a It can be demonstrated mathematicallythat the equilibrium risk in a population exposed chronically to
1 rem per generation is numerically identicalto the cumulative risk resulting from exposure of a single
generation of parents to 1 rein.
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0.01 Gy exposure of one generation of parents. The Working Group adopted the BEIR V range as their
lower and upper estimates. The resulting models are:

Rcongenital, upper 4.8 D//,3, + 4.8 D2//,3, + 12 Dot

Rcongenital, central = 1.5 D/_,.y + 1.5 D2//,3, + 4.0 Dot

Rcongenital, lower = 0.5 D_3, + 0.5 D2/t,_, + 1.25 Da

where R is the cumulative risk (number of children born with congenital malformations per 1000 exposed

people), D//,3, is the gonadal (Gy) dose from beta- and gamma-emitting radionuclides, and Dc_ is the dose
from alpha-emitting radionuclides receives.l by the population. An RBE of 2.5 is implicit in the ratio of
8, 3', and c_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
10"SD + 10"SD2, 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:

Rcancer = 19 D_/,3, + 19 D2fl,_ + 48 Da

where R is the cumulative risk (number of cancers/1000 exposed people), D/_,3, is the gonad',d dose (Gy)
from beta and gamma emitters, and Da is the dose from alpha emitters received by the population. An
RBE of 2.5 is implicit in the ratio of the _, 3' and c_ risk coefficients.

The Working Group's central estimate of the fraction of this risk that would occur in the first generation

is 5%, 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 alternativecalculations, they assume that the background (lifetime)
cancer riskfaced by an individual is 30%; that 5-10% of such cancers have a hereditarycomponent; that
the mutational componentof this class of hereditarycancers is high (85% or more), that the dose required
to double the incidence of such heritablecancers is 1 Gy, and that the time to equilibrium is between 10
and 50 generations.

Even less is known about the genetic mechanisms underlying cardiovascular disease and other diseases.
The Genetic Effects Working Group based their central estimatesof 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 I Gy delivered acutely would
double this risk. For chronic exposure, the doubling dose would be 0.6 Gy. Estimates of the risks of
"selectedother"diseases of complex etiology were derived similarly;however, a backgroundrate of 30%I

!

was used. The resulting models are:

Rcardiovascular = 38 D_,7 + 38 D2/L7 + 95 Da

Rselected = 19 D//,7 + 19 D2//,3, + 48 Daother

where R is the cumulative risk (number of cardiovascular disorders/1000 exposed people), D0,3, is the
gonadal dose (Gy) from beta and gamma emitters, and Da is the dose from alpha emitters received by
the population. To obtain estimates of first generationrisks, the WorkingGroup 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 recessiw effects, they did suggest doubling doses of about
0.5 Gy for acute exposure and 1 Gy for chronic exposure,a 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 I_er1000 births, is:

Rrece.ssive= 2 D_. t + 2 D2_,V

a It 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 Hiroshimaand Nagasaki."
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whereR istheequilibriumrisk(numberofaffectedchildren/lO00births),andD_,7 isthelow-LET
gonadaldose (Gy) received_

It should be noted that recessive risks are expressed very slowly, their mean persistence is 100 times as
long as dominante_ects of equal severity. Thus, the vast majorityof recessive effects are expected to
occur long after the other genetic effects described in this report. These effects would not contribute
appreciablyto the genetic risk experienced within the first five generationsafter an accident.

2.3.S Summary- Genetic Effects

Tables 2.10 and 2. I1 summarizethe models recommended for estimating the genetic effects resulting
from populationexposures to ionizing radiationfollowing a majoraccident in a nuclear power plant.
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Table 2.10

Models of genetic risks a,b

Integrated risk (cases/lO00)

Effect Upper Central Lower

Single gene

Dominant 22 Dfl, v + 22 D2B,.t + 55 Da 7.5 DB,7 + 7.5 D2B, 7 + 19 Dot 1.2 Dfl,3, + 1.2 D2fl,. r + 3.0 Da

9 +9 +23 2.2 +2.2D½,+5.5 0.45 +0.45 +
Chromosome aberrations c

Numerical 1.5 D_,.I, + 3.8 Dcz 0.5 D_.¢ + 1.3 Da 0

Structural 6.3 DB, _ + 6.3 D2B,3, + 100 Dtx 0.9 D0,3, + 0.9 D20,_, + 14 Da 0.1 Dt3,.I,+ 0.1 D21_,.I,+ 1.5 Da

Multifactorial diseases

DB,-t Da DB,-t Da D0,-rCongenital anomalies 4.8 + 4.8 D2fl, _ + 12 1.5 + 1.5 D2B,_, + 4.0 0.5 + 0.5 D2B,_ + 1.3

Cardiovascular d 380 D_,_ + 380 D2B,3, + 950 Da 38 DB,_/.+ 38 D2_,_ + 95 Da 3.8 DB,_ + 3.8 D2B,_, + 9.5 Da

Cancerd 190 DB,.r + 190 D2B,_, + 480 Da 19 D_, 7 + 19 D2_, 7 + 48 Da 1.9 DIi,3, + 1.9 D2B,3, + 4.8 Da

Selected otherd 190 DB,7 + 190 D2B,._ + 480 Da 19 DB,7 + 19 Db, 7 + 48 Da 1.9 DB,7 + 1.9 D2B,3, + 4.8 Da
Losses of pregnancyc

Numerical 14 DB, _ + 870 Da 4.5 DB, _ + 11 Da 0

Structural 58 D_,._ + 58 D2_,_, +870 Da 8.1 D_,_ + 8.1 D2_.¢ + 120 Da 0.9 DB,7 + 0.9 D2B,3, + 14 Da

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

b 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).

c Chromosomal defects may lead to early foetal 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.

d 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 I0
were used for roughly esfunating the upper and lower bounds of these poorly defined risks.



Table 2.11

Time distribution of genetic risksa

i i i ii i i iii ii i i ii, i

Time since accident (yr)
i m,i.1|i

Effect 0-29 30-59 60-89 90-119 120-149 > 150
i, ii.dill i ,i i

Single gene

Dominant 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

Multifactorialb unknown

Miscarriages

Numerical 100 ......

Structural 67 17 8 4 2 2

a Entriesin the bod'yof the table give the percentageof the cumulativegenetic risk (see
Table 2.10) expected in each time interval.

b The timing of congenitalanomalies is uncertain. Using a central estimate of 20 generations
to equilibrium,about5% of the total impactis expected in each of the first several
generations. However, the equilibriumtime 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
derivationof certainof the health effects models.

3.1 Early and Continuing Effects

The structureof the nuclearpower plant accidentconsequencecode MACCS (NRC, 1990b) is based on
the health effects models recommendedin the first editionof NUREG/CR-4214 (NRC, 1985). The risks
of all earlyandcontinuingeffects are computed indirectlyusing two-parameterWeibullhazardfunctions.
The effect of dose rate on risk is accommodatedusing different values of the median lethal or effective
dose to computethe risk fromdose received in different time intervals following the accident,e.g., 0 to
1 day, 2 to 7 days, etc. in addition, the size of arrays and matricesused to store results are restricted,
which limits the numberof effects that can be considered.

Below, some approachesare outlined for implementingthe health effects models in MACCS. These
should be considered interim solutions. Eventually, the code should be rewritten to allow direct
implementationof the new models.

3.1.1 Hematopoietic Syndrome Risk in a Population Receiving Mixed Medical Treatment

The risk of deathfrom the hematopoieticsyndromedepends on the dose, dose rate, andlevel of medical
treatmentreceived. The modelsof hematopoieticsyndromemortalitydescribedearlierin this reportgive
the risks for two levels of medical treatment--minimal treatmentandsupportivetreatment. To compute
accident consequences using these models, one mustestimate the risks in each medical treatmentgroup
separately, thencombine theseestimates in a mannerthat reflects the anticipatedavailabilityof each class
of treatment.

The Reactor Safety Study risk estimates were basedon the assumptionthat 2500 to 5000 beds inhospitals
across the U.S. could be madeavailablefor supportivetreatmentof accident victims (NRC, 1975). Dr.
Niei Wald (personal communication, 1989), one of the authorsof the ReactorSafety Study (also called
WASH-1400), explains:

• "... in the absence of appropriatedata, we assumed thatappropriatesupportive
therapy could be given at any U.S. hospital that is approved for residency
trainingby the American Board of InternalMedicine, that 10% of thebeds could
be madeavailablewithin a few days, and that there would be time andresources
enough to transport individualsto these bedsdtiringthe latentperiodof the Acute
RadiationSyndromebefore clinical problemsemerged."
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• "Unfortunately, the current data base for this information has not improved
perceptibly. Although there are more hospitals approved today, the form in
which the data are maintained makes it more difficult to determine the real

number of beds actually available. I would, therefore, suggest that the same
(availabilityof beds) be used that was used in WASH-1400..."

Dr. Wald's comments suggest that centralestimates of hematopoieticriskshould be calculated assuming
that supportivetreatmentcould be providedto as many as several thousand exposed individualsand that
for largeraccidents some people would receive supportiveand others minimal treatment. After a large
accident, many people will need medical screening. Only some of these will need supportivetreatment.
Logistic problems in the screening process may lead to misallocation of treatment. Until such problems
havebeen studied more thoroughly, upperestimates of hematopoietic risk should probablybe calculated
assuming that all exposed individualsreceive minimal treatment, and lower estimates that all receive
supportivetreatment.

To facilitate evaluation of central estimates of risk when a mix of minimal and supportive treatments is
assumed, one can assume that the medical treatmentreceived is independentof the dose received. The
risk expected at any dose is then a simple average of the risks in the two treatment groups at that dose.
For a population in which half received minimal treatment and half received supportive treatment, the
risk would be:

Rmixed - 0.5 RminimaI + 0.5 Rsupportive,

where RminimaIand Rsupportiveare the risk functions appropriatefor minimal andsupportive treatment.

Figure3.1 shows the risks thatwould be expected insuch a population,and within each treatmentgroup,
following exposureat high dose rate. The central estimates of hematopoietic syndromemortalitymodel
parameterswere used to develop this example. The resultingpopulationdose-response curve, i.e., for
mixed medical treatment, is "lumpy" and cannot be described exactly by a unimodal, two-parameter
Weibull function. However, it can be approximatedby a Weibull function with a median lethal dose of
3.8 Gy, a shape parameter of 5, and a threshold dose of 1.5 Gy.

Figure 3.2 comparesthe estimatesof risk given by the mixed treatmentmodel, Rmixed, with those given
by the approximatingfunction. The systematic errorsin the approximation,i.e., underestimationof risk
at low dose and overestimationof risk at high dose, are small in comparisonwith the uncertaintiesin the
underlying model parameters and with the errors introduced by assuming the medical treatment is
randomly distributed.

Ideallyone would use a model that reflected a more nearlyoptimal allocation of medical treatment. The
errorintroducedby the assumptionof randomallocation of treatment is highly variable and depends on
the distributionof doses received by the exposed population. In some cases, the numberof lives that
could be saved by more efficient allocation of treatmentmay be underestimatedby as muchas 50%.
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Figure3.1 Risks of mortality from the hematopoietic syndrome for minimal, supportive, and mixed
treatments: central estimates for exposureat a high dose rate•
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Figure 3.2 Comparison of the mixed-treatment model and an approximating function for estimating
mortality risks from the hematopoietic syndrome: central estimates for exposure at high dose
rate.



3.1.2 Accounting for the Influence of Dose Rate in Accident Consequence Calculations

The risk of early mortalityis influencedbothbythetotaldosereceivedandbytherateatwhichthe dose
is received.Dosereceivedat low doserateis lesseffectivethandosereceivedat highrate.

CRAC (Ritchie, 1983),theaccidentconsequencecalculationcodedevelopedin supportof theReactor
SafetyStudy,accountedfor theinfluenceof doseratebytheuseof dose-rateeffectivenessfactors. For
example,inthecalculationof hematopoieticsyndromemortalityrisks,a syntheticdoseestimatewasused:

D = Dexternal+ Dintemal,day0-1

+ 1/2 Dinternal' day 2-14 + 1/4 Dinternal' day 15-30

whereDextemaI is _e dose from cloudshine andgroundshine,andthe DintemaIterms accountfor the dose
received in each of three time periodsfrom radionuclidesthat were inhaledandretainedwithin the body.
MACCS, the computer code developed to replace CRAC, uses this same approach(NRC, 1990b).

The dose-rate-dependentmodelsdevelopedby Scottet al. (1988, 1989)andendorsedby the EarlyEffects
Working Group allow one to express the median lethaldose, LD50 (Gy), as a function of adjusteddose
rate, D (Gy/hr):

LDso = O.+ Ol/l_

where e_ is the limiting value of the median lethal dose at high dose rate, and O l is a parameter
reflecting the sensitivity of the median lethal dose to the dose rate. The values of Ooo and O1
recommended by the Working Group for estimating hematopoietic syndrome mortality risks in
populationsreceiving minimal medical treatmentare:

O_ e I
Estimate (Gy) (Gy2/hr)

Central 3.0 0.07

Lower 2.5 0.06

Upper 3.5 0.08

Figure3.3 shows the relationshipsbetweendose rateandmedian lethaldose thatare obtainedusing these
values for OooandO l anda shapeparametervalue of 6. Note that the median lethal dose reaches twice
its limiting value at dose rates of about 0.03 Gy/hr and tour times its limiting value at dose ratesjust
below 0.01 Gy/hr. For dose received at rates above l Gy/hr, the exact dose rate is less important,
because in this range the median lethal dose is within 20% of its limitingvalue.
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Figure3.3 Dependenceof median lethal doseon adjusteddose rate: mo_ from the P_matopoietic
syndrome.



Both CRAC and MACCS use a fixed-time Intervalapproach for computing the risks of pulmonary
syndrome. An adjustedlung dose, D, is derived using dose-rateeffectiveness factors:

D - Dextmud + Dinwnud' 0-I day + 1/16 Dinternal' 2-14days

+ 1/37 Dinmmal' 15-200days + 1/92 Dinhsmal,201-365days

whwe Dex_rml and the four Di.usmaI terms have the same general interpretationas in the models for
hematopoietlc syndrome. These particulardose-rate effec_tlvenessfactors are based on a preliminary
reanalysis of theorigihal NUREG/CR-4214 pulmonarysyndrome models (Scott et al., 1989). They are
differentfrom the values given in the original reportand from those used in early versions of MACCS.

The dose-rate-dependentmodels for pulmonarysyndromemortality, described in Section 2.1.1.2 of this

report, have the same form as the models for hematopoieticsyndromemortality. The values of Gee and
O1 recommended by the Working Group for estimating pulmonary syndrome mortality risks in
populationsof healthy young adults are:

e® e l

Estimate (Gy) (Gy2/hr)
-- i ii iiiiiii - .-- iii __

Central 10 30

Lower 8 15

Upper 12 45
-- " r i i IIH i

Shape parameter values of 5, 12, and 7 are recommendedby the Working Groupfor calculations of
internal, external, and mixed (internaland external) pulmonaryexposures.

Figure 3.4 shows the relationshipbetween pulmonarysyndrome risk, effective half-life, and initial dose
rate for inhaled radionuclides. Two isoquantsof risk, 1% and99%, are shown for radionuclides with
half-lives between 1 and 1000 days and for amountsinhaledthatwould result in initialdose ratesbetween
0. I and I Gy/hr. The isoquants were identifiedby evaluating:

R= 1 -e -H

H = 0.693 ......... dt
0.+ 01/I

for several levels of initial dose rate, Do, and effective half-life, tl/2. The Working Group's central
estimates of Ooo and e I were used. The numbersshown along the curves are the estimates of risk
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obtainedfor these same patterns of dose rate with the fixed time intervalapproach. LDso values of
160 Gy (0 to 14 days), 370 Oy (15 to 200 days), and 920 Oy (201 to 365 days) and a shape parameter
value of 5 were used in the calculations.

For radlonuclideswith half-lives between I0 and I00 days, the agreementbetween the two approaches
is reasonable. Outsideof this region some bias is evident. The fixed time intervalapproachappearsto
underestimaterisks for radionuclideswith half-lives shorterthan I0 days and to overestimate risk for
radlonuclldewith half-lives longer than I00 days. Factors other than radloioglcal decay influencethe
actual patternsof dose to the lungfrom inhaled radlonuclldes. Biological clearance mechanisms, e.g.,

absorption, mucocilllary transport, and clearance by pulmonary macrophages, are also potentially
significant. Moreaccuratecomparisons of the dose-rate-dependentand fixed time intervalmodels would
account for these factors. The two examples that follow consider both biological clearance and
radlological decay.

Figure 3.5 shows several estimates of pulmonary syndrome mortality risk from inhaled 106Ru, a
relatively insoluble radionuclide(clearance class Y), with a radiological half-life of 366 days.a Three
of the values shown are the central, lower, and upper estimates of risk derived using the
dose-rate-dependentmodel. The other two are based on fixed time intervalmodels. The first fixed-

interval model, labeled "internal"in Figure 3.5, uses a shapeparametervalue of 5 and a first-dayLDso
of 160 Gy. The second fixed-interval model, labeled "internalandexternal" in Figure3.5, uses a shape
parametervalue of 7; on the assumption that external sources such as cloudshineand groundshinewill

lead to high dose rates on the first day, it uses a first-day LDs0 of I0 Gy. For 106Ru,both fixed time
interval models overestimaterisk.

Figure 3.6 presents the resultsof a imilar analysisof pulmonarysyndromemortality risks from inhaled
1311,a relativelysoluble radionuclide (clearance class D), with a radiologicalhalf-life of 8 days.b For
1311,the two alternativefixed-dose-rateapproachesgive quitedifferentresults. The calculationswhich
assume high dose rates on the first day significantlyoverestimaterisks, while those which consideronly
inhaled radionuclidessignificantlyunderestimaterisk.

a The calculations upon which Figure 3.5 is based assume that 40% of the 106Ru is cleared from the
lung with an effective half-life on the orderof i day and that the remainder is clearedwith an effective
half-life on the orderof 250 days. These values were derived from an analysis of the dose conversion
factors used in the MACCS code (NRC, 1990b).

b The calculations upon which Figure 3.6 is based assume that 99.5% of the 1311 is cleared from the
lung with an effective half-life on the orderof I day and that the remainder has an effective half-life
in the lung that approaches its radioactive half-life (8 days). These values were derived from an
analysis of the dose conversion factors used in the MACCS code (NRC, 1990b).
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Figure 3.5 Example of the risk of mortality from the pulmonary syndrome after an acute inhalation
exposure to 106Ru.
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3.1,3 Hypothyroidism

The Thyroid Effects WorkingGroup recommendedthat the risk of hypothyroidism, following internal
exposure to 1311,be estimated using a linear-thresholdmodel with a threshold of I0 Gy anda slope of
17 x 10-4 cases per person-Gy. MACCS is set up to compute the risks of all early effects using
two-parameter Weibull hazard functions. Weibull function parametersthat approximate the linear
dose-response model recommended by the Working Group are a median effective dose of 300 Gy, a
threshold of I0 Gy_anda shape factorof 1.3. As Figure3.7 illustrates,the approximationis quite good
at low dose and is acceptable at high dose. The bias due to the approximationis always less than 20%.

Following all otherexposures,the ThyroidEffects WorkingGrouprecommendedusing a linear-threshold
model with a threshold of 2 Gy and a slope of 85 x 10-4 cases per person-Gy. Similarly, this
dose-response model can be approximatedby a hazardfunctionwith a median effective dose of 60 Gy,
a threshold of 2 Gy, and a shape factor of 1.3.

3.1.4 Fetal Deaths

To compute the total numberof fetal deaths expected after an accident, it is necessary to account for the
risks in all three developmental age groups. These age-specific risk estimates may be combined, using
weights correspondingto the fractionof fetuses in each developmentalgroup, to derive a dose-response
model for a representativefetus:

Rtypicaifetus= (18/280)R0-18days + (132/280)R18,150days + (130/280)R150days-term,

where the hazardfunctions associatedwith risk functions R0.1S days,R18-150days, and Rl50.term are
given, respectively, by:

H0-18days = 0.693 [D/I] 2 for D > 0.I Gy

Hls.15Odays = 0.693 [D/I.5] 3 for D > 0.4 Gy
!

Hl50days.term = 0.693 [D/3]6 for D > 1.5 Gy.

Figure 3.8 shows the risk faced by a representativefetus tbr doses between 0 to 5 Gy. Also shown in
the figure is an approximatingfunction, based on a Weibull hazardfunction with a median lethal dose
of 2 Gy, a thresholdof 0. I Gy, and a shapeparameterof 2.3 The approximationis simple and appears
to be quite good.

It shouldbe noted that the weights used above to derive the risk to a representativefetus are proportional
to the lengths of the three developmental periods. It would be preferableto use weights based on the
actual distributionof developmentalages in the population.
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3.1.5 Mental Retardation

The risk of mental retardationamong those exposed in utero is a strong functionof the gestational age
at the time of exposure. The Early Effects WorkingGroup provided dose-response functions for two
gestational age groups--8 to 15 weeks, and 16 to 25 weeks. Their central estimates of the hazard
functions are:

H8-15weeks = 0.693[D/1.5] for D > 0.1

H16-25 weeks -- 0.693[D/7.0] for D > 0.2

where D is the fetal dose (Gy). There is no evidence that those exposed within 7 weeks of conception
or at gestational ages greaterthan 25 weeks are at increasedrisk of mentalretardation.

To estimatethe numberof childrenexpected to be bornmentallyretardedasa resultof radiationexposure
following a nuclearpower plantaccident, it is necessaryto accountfor the differences in risk among the
gestational age groups.. The age-specific risk estimates may be combined, using weights corresponding
to the fraction of fetuses in each developmental group, to derive a dose-response model for a
representativefetus:

_Rtypicalfetus - (56/280)R8-15weeks + (70/280)R16-25weeks,

where R8.15 weeks and R 16-25weeksare the age-specific risk estimates.
i

Figure 3.9 illustrates the risk of mental retardationwithin these two developmental age groups and
indicates the risk that would be faced by a representativefetus. Because less than half of all fetuses are

at risk, the risk to a representativefetus never reaches 1.0. For manyvalues of dose, it is less thanthe
risk within either developmentalage group. As shown in Figure 3.10, the dose-responsefunction for a
representativefetus is well approximatedby the expression:

Rtypicalfetus = 0.4[l-exp[-O.693(D/2.5)]] for D > 0._ Gy,

whereD is the dose to the fetus (Gy).

The models given above estimatethe risk of mentalretardationamong those who survive the effects of
in utero exposure to radiation. The risk that a fetus will survive the effects of in utero exposure and be
born with mental retardation,is the productof two terms--the probabilityof survival and the risk of
mentalretardationamongsurvivors. As Figure 3.11 illustrates,the risk is maximized for doses between
1 and2.5 Gy dependingon the gestationalage of_e fetus atthe time of exposure. For a representative

fetus, the risk is maximized at about I Gy. Accident consequencecalculationswhich do not account for
fetal death are likely to overestimate the risk of mentalretardation.
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3,1.6 Form of Dose-ResPonse Model

The risk of early effects could be modeledusing almost any sigmoidal function, e.g., the Weibull, ,.he
probit, or the logistic function. Our Early Effects WorkingGroupselected the two-parameterWeibull,
but the probitor logistic also would have been satisfactory. The probit model is:

R = a) f_D exp {-1/2 [(x-D)/o] 2} dx

where # is the dose ,_._which 50% incidence is expected, i.e., the D50, a is a measureof the _hapeof
the dose-response function; D is the dose of interest;and x is a dummy argument. Small values of
reflect low degrees of heterogeneityamong the populationand therefore steep doso-responsefunctions.
The logistic model is:

1R-
1 + e - -OD

where 17is a location parameter, relatedto backgroundincidence, and O is a shape parameter. Large
values of O indicatehomogeneity of responseand steep dose-responsefunctions. In the logistic model
the median lethal (or effective) dose is -_/O.

With appropriateparameters, all three models yield essentially identicalestimates of risk in the region
of experimental data, i.e., 0.1 < R < 0.9. Outsideof this region, they may diverge considerably. This
point is illustratedin Figures 3.12 and 3.13a. Figure 3.12 shows the Early Effects Working Group's
central estimate of hematopoieticsyndrome mortality risk, for individualsreceiving minimal medical
treatment,and correspondingprobit and logistic models. In general, the agreement between the three
models is quitegood.

At low doses, there is some divergence. For example, at the recommendedpopulationthresholddose
of 1.5 Gy, the Weibull predicts a risk of 0.9% while the probit and logistic models give estimates of
0.7% and 1.4%, respectively. In principle, theso differences, which are small in absoluteterms---could
lead to significant differences in estimated risks for accident scenarios that expose large numbers of
people to relatively low doses. However, as Figure 3.13 illustrates,these differences are inconsequential

in comparisonwith the fundamentaluncertaintiesin estimatingrisks of early effects.
i

3.2 Late Somatic Effects

For nuclear power plant consequence analysis, it is necessary to estimate the fraction of an exposed
population that would be expected to develop (or die from) cancer as a resultof a specific set of doses.
The absolute and relative risk models permit one to estimate the risk, as a function of time since
exposure, for an individual (i.e., a representative member of an age-sex cohort). Characteristicsof the

a In both figures, risks are shown below the thresholddoses recommendedby the Early Effects Working
Group.

77



1- i ._?_,.._.._ -

0.8-

0.6-

WEIBULL
m_

.._ n" PROBrr
0.4-

LOGIStiC

0.2.-

0 I I I I
0 1.5 3 4.5 6

DOSE (Gy)

Figure 3.12 Comparison of Weibull, probit, and logistic models for estimating hematopoietic syndrome
mortality in individualsreceiving minimal medicaltreatment.



1

0.8 ._
7

4

J0.6
V .1
i

'_ 0.4 .'1
-i

.?
WBBULL (UPPER)

.'/ ..... PROBIT0.2 .,, --- LOGISTIC
i ) WEIBULL (LOWER)

_,-

0 "_'"

0 1 3 4.5 6

DOSE (Gy)

Figure 3.13 Model uncertainty in perspective--probit and logistic central estimates contrasted with upper
and lower Weibull models for mortality from the hematopoietic syndrome in individuals

receiving minimal medical treatment.



individual, such as gender, race, and age at exposure, influence the predicted risk. To obtain estimates
of population risk, one must use demographic data and models in conjunction with models of individual

i risk.

The two most importantdemographicfactors for the predictionof cancer risks are the age structure and
age-specific mortality rates in the population of interest.

The risk in a population is found by averaging the risks faced by the various age groups. The fraction
of a populationthat would be expected to die 7"years after receiving a dose D is:

R(I:,D) = _ fk Sk(*) rk(l:,D)
k

where k is an index of age at exposure, fk is the fraction of the population in K_ekth age at exposure
group, Sk0")is the fraction of the kth age at exposure group that will survive all other causes of death for
I"years, and rk(l",d)is the risk that will be experienced by individuals in the kth age at exposure group
7"years after receiving a dose D.a In our analysis, the values of fk have been taken from the 1980 U.S.
Census of Population (BOC, 1983) and the values of Sk(r) have been taken from the 1979-81 Decennial
Life Tables of the Un'ited States (NCHS, 1985). The data used in our calculations are reproduced in
Appendix A.

The functionsrk0",D)are derived from the models of individual riskdescribed in the body of this report.
Absolute risk projectionmodels have been used to predict risks of several cancers including leukemia,
bone cancer, and thyroid cancer. The parametersof an absolute risk projectionmodel are the latency

period, I, the plateau (or expression)period, p, and the absoluterisk coefficient, ra. The risk coefficient
indicatesthe absoluteincreasein riskexpectedin each year duringthe expressionperiodfollowing a 1 Gy
dose. Relative risk projection models have been used to derive several of our risk estimates including
the central estimates of breast cancer, lung cancer, gastrointestinalcancer, and other cancers. The
parametersof a relative risk projectionmodel are the latency period, I, the plateau period, p, andthe

relative risk coefficient, rr. The relative risk coefficient indicates the increase in risk, expressed as
a percentageor fractionof the spontaneousage-specific risk, expected duringeach yearof the expression
period following a 1 Gy dose. The backgroundrates of cancer mortality used in our calculations are
taken fromthe 1978 VitalStatisticsof the United States (NCHS, 1981). The backgroundincidencerates
are from NCI Monograph57 (NCI, 1981) ¢xceFt fbr the values for skin cancerwhich came from Scotto
et al. (1974, 1983) and Fears and Scotto (1982). These baseline cancer rates are provided in
AppendixA.

a Theoreticallythis approach--which does not adjustthe survival probabilities,Sk0-),to reflectradiation-
induced deaths--could lead to overestimation of risk at high dose. However, in most accident
scenarios the most cancer deaths are predicted to result from the exposure of large populations to
relatively low doses. Therefore, as a practical matter, the bias introduced by this simplification is
expected to be negligible.
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To estimate the fraction of an exposed population that will eventually develop (or die from)
radiation-inducedcancer following a dose, D, it is necessaryto evaluate:

R(D) = _ R(I:,D)

This approach is the one used to obtain the estimates of cancer risk described in the section on late
somatic effects,

One situationthat deservesspecial attentionis analysisof riskassociatedwithradionuclldesinhaled from

an airborneplume. Several radionuclide_,that could be released in the event of a nuclear power plant
accidenthave relatively long half-lives. Ratherthan delivering their dose immediately, these materials
will continue to decay for several years after they are inhaled andwill deliver dose gradually. As time
proceeds, the populationof individualswho were alive at the time of the accident will age. Gradually
the see of the exposed populationwith dwindle. Direct applicationof the basic risk models, which
assume a stable age structure, would lead to overestimationof the risks faced by this population.

The modifications necessary to account for these factors are relatively simple. The fraction of the
populationexposed to the plumeexpectedto survive all other cause,s of death for t years afterthe accident
is:

F(t) = _ fk-t Sk-t (t)
k

where fk-tis the fraciionof the populationin the k-tth age group at the timeof the accident, Sk.t(t)is the
fractionof the k-tth age group expectedto be alive t years after the accident, and fk-t = 0 when k < t.
Based on 1980 U.S. vital statistics and census data, it appearsthat approximately85% of the exposed
populationwouldsurvive 20 years; 65% wouldsurvive40 years;40% wouldsurvive 60 years; andabout
15% would survive 80 years.

The changing age structureof the surviving populationmay be evaluated using:

fk (t) = f(k-0 S0,-t) (t)/F(t).

The risks among the survivors are then computed by substitutionof fk(t) for fk in the equations given
above for R(T,D) and R(D). (The results of these calculations are presented in tabular form in
AppendixB.)

Figure 3.14 illustratesthe results. Two sets of values are plotted--one for leukemia and another for

gastrointestinal cancer (lower estimate), These bound the results for all other cancers. The impact of
time is somewhat greaterfor gastrointestinalcancer(absolute riskprojection--lifetime expression period)
than for leukemia (absolute risk projection--25-year expression period). However, the most striking
featureof the graph is the similarity in the time dependence of risk for most cancers.
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Figure 3.14 Risk among those inhaling radionuclides as a _nction of time at which dose is received.



The degree of overestimation that would occur if risk was calculated without these modifications would
depend on the half-life of the radionuclide of interest. The bias would be greatest for radionuclides with
long half-lives. It is worth noting, however, that in the limiting case, i.e., infinite half-life, the maximum
possible bias would be a factor of 3. For many radionuclides and cancer types, the effect would be
smaller than this.

3.3 Genetic Effects

One key factor influencing the number of genetic defects observed is the birth rate. In 1980 in the United
States, there were some 3.6 million births in a population of approximately 226 million. A second
important demographic factor is the characteristic intergenerational interval. In 1980 in the United States,
the mean age of a mother was about 26 years (BOC, 1983). Figure 3.15 shows the distribution of births
by age of the mother.

To estimate the number of children born with genetic defects in the first generation after the accident,
the total number of births expected is multiplied by the risk that a child will suffer from genetic disease.
In a stable population the number of children born each generation is approximately the product of the
birthrate, the intergenerational interval, and the size of the population. In the first generation, the risk
that a child will suffer from genetic disease is a function of the doses received by his parents. Using the
1980 U.S. birthrate and an intergenerationai interval of 30 years, the number of genetic defects in the
first generation would be:

N t=0.5 Pr(D)

where P is the population size, and r(D) is the function relating the child's risk to his parents' dosesa.
In a stable population the number of children born with radiation-induced genetic defects in the second,
third, or kth generation would be:

N2=N t T

N3 = N2 T = N t T 2

Nk=Nt=_l T=Nk_ 2T 2=...=N l T k-1

where T is the intergenerational transmission rate, i.e., the fraction of ger,etic damage transmitted from
one generation to the next. Under these assumptions, the integrated risk, i.e., the number of children
born in the first and all subsequent generations with genetic defects, is given by:

N = 2_kN k = N1 _k Tk-l = [I/(1-T)] N I.

a The 0.5 in this equation represents a rounding of the 480,000 births per million population per 30 year
in the generational interval.
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This relatively simple approach is directly applicablefor estimating the cumulative risk of genetic effects
with simple patterns of transmission in stable populations. Some modifications are necessary to allow
for more complex patterns of inheri_:anceor tbr change in the population size.

For example, in the analysis of x-linked effects, it is necessary to divide the birthrate by two to account
for the fact that such effects occur only in boys. Similarly, when computing the cumulative impact of
unbalanced translocations, one must allow for the dynamics of transmission and expression of these
defects, i.e., the second generation e_:periencesonly one-fourth of the risk faced by the first generation,
but in each succeeding generations, the risk diminishes by 50%.

J

If the population is expected to grow or dwindle, additional modifications are necessary. With a constant
growth rate, G (fractional change per generation), the cumulative impact of genetic disease may be
estimated using:

N = N t _k (GT) k-1 - [1/(1 - GT)] N1.

Note that as long as the product, GT, is less than I the series will converge.

Figure 3..16 shows the growth of the population of the United States since 1800. Although the average
rate of growth over the 200 year period has been 2.8% per year, the growth rate since 1900 has been
more moderate, i.e., about 1.4% per year. Most of the increase has been due to a natural increase of
births over deaths. Only 50 million of the over 200 million increase in population since 1800 was due
to immigration. Currently, the immigration component of population growth is only about 0.2% per
year.

To apply this model of genetic impact, it is necessary to derive the function r(Do, Dr) from the gametic
induction rates given by the Genetic Effects Working Group. For most effects, the fraction of children
in the first generation who will be affected is found using:

r(Do, Dr) - rm(Do) = rp (Dr)

where rm(Do) is the maternal gametic induction function computed on the basis of the dose to the ovary,

and rp(Dt) is the paternal gametic induction function based on the dose to the testis. There are some
exceptions. For example, in the analysis of first generation x-linked effects, the paternal gametic damage
is irrelevant because the boys who are at risk inherit their X chromosome from their mothers.

In the event of an accident at a nuclear power plant, there could be a wide distribution of gonadal doses
among the pool of prospective parents. If all of the individual doses were received at low dose rate, or
if they were all below 0.5 Gy, then it would be appropriate to compute the genetic risk on the basis of
the average maternal and paternal doses. Otherwise, it would be necessary to evaluate the general
linear-quadratic gametic damage functions separately tbr each dose group and to combine these using
weights based on the fraction of the population in each dose group.
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Genetic risks are commonly expressed ",_xone of three ways. Sometimes the risk is expressed in terms
of its impact on the prevalence of genetic effects among the children born in a specific generation after
an accident, i.e., number ot children with defects per 1000 children born in the kth generation.
Alternatively, an estimate of prevalence may be combined with an estimate of the birthrate to derive an
estimate of the number of children born with genetic defects in a population of a certain size during a

specific time interval, e.g., number of children born with genetic defects per year (or per generation) per
million persons exposed. Finally, it is possible to express the risk in terms of its cumulative impact, i.e.,
the number of children that will be born with genetic defects in all future generations as a result of the
exposure caused by the accident. Typically cumulative risk estimates are expressed in terms of the
number of genetic effects per million persons exposed.
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APPENDIX A

Base-Line Demographic and Mortality Data
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Table A.I

Population of the U.S. (1000's) - by single years of agea

Age Both Male Female Age Both Male Female
.....0 3534 1806....1727 ' 25 41i6 2053....2_

i 3270 1674 1595 6 3978 1979 1999

2 3224 1648 1576 7 3932 1952 1980

3 3179 1626 1554 S 3709 1840 1869

4 3142 1608 1534 9 3787 1881 1905

5 3163 1618 1544 30 3727 1847 1880

6 3109 1589 1520 1 3608 178i 1826

7 3273 1673 1600 2 3712 1833 1879

8 3395 1736 1659 3 3654 1805 1849

9 3760 1923 1837 4 2861 1411 1449

10 3717 1902 1815 35 2902 1430 1472

1 3581 1829 1752 6 2929 1439 1490

2 3519 1796 1723 7 2983 1465 1518

3 3(>43 1857 1787 8 2599 1273 1326

4 3783 1933 1850 9 2553 1254 1298

15 4060 2070 1990 40 2468 1209 1259
6 4181 2135 2046 1 2376 1164 1212

7 4224 2160 2064 2 2326 1139 1186

8 4252 2153 2098 3 2237 1092 1145

9 4452 2237 2215 4 2263 1104 1159

20 4387 2200 2187 45 2242 1094 1148

1 4286 2145 2141 6 2139 1040 1099

2 4284 2145 2139 7 2223 1077 1146

3 4200 2097 2103 8 2164 1052 1112

4 4162 2077 2085 9 2321 1125 1196

(concluded on next page)
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Table A.I (Concluded)

Population of the U.S. (1000's) - by single years of age a

Age Both Male Female Age Both Male Female,,, ,,,,,,,,, -- .... - , ,

50 2,347 1134 1213 75 1111 443 668
1 2295 1106 1189 6 1029 406 623

2 2363 1137 1226 7 952 367 585

3 2337 1119 1218 8 829 315 514

4 2368 1125 1243 9 873 318 555

55 2390 1130 1260 80 723 261 462

6 2330 1102 1227 1 640 224 416

7 2313 1092 1221 2 567 197 370
t

8 2330 1100 1231 3 528 179 349

9 2252 1058 1194 4 477 158 319

60 2161 1010 1151 85 413 135 278

1 2074 964 1110 6 351 112 239

2 2008 931 !077 7 307 96 211

3 1931 889 1042 8 236 72 164

4 1913 876 1037 9 214 63 151

65 1905 863 1042 90-4 557 159 398

6 1814 814 1000

7 1764 784 979 95-9 131 35 96

8 1679 740 939

9 1621 702 920 > 100 32 lO 22

70 1517 653 863

1 1440 612 828

2 1371 577 794

3 1262 521 741

4 1208 490 718

a Source - Bureau of the Census (1983): General Population Characte_stlcs, United Sta_s
Summary, 1980 Census of Popula_on. Data are from Table 41.
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Table A.2

Life tablea,b

..... Both sexes " Maies ...... Females ""

Number Life Number Life Number Life

Age alive expectancy alive expectancy alive expectancy-- , ,,,,,,, ,,,,,,,, -- ,,,

0 I00,000 73.9 I00,000 70.1 I00,000 77.6

1 98,740 73.8 98,607 70.1 98,880 77.5

2 98,648 72.9 98,508 69.2 98,796 76.6

3 98,584 71.9 98,436 68.2 98,740 75.6

4 98,535 71.0 98,379 67.3 98,699 74.6

5 98,495 70.0 98,333 66.3 98,666 73.7

6 98,459 69.0 98,291 65.3 98,636 72.7

7 98,426 68.1 98,252 64.4 98,609 71.7

8 98,396 67.1 98,217 63.4 98,585 70.7

9 98,370 66.1 98,186 62.4 98,563 69.7

10 98,347 65.1 98,160 61.4 98,544 68.8

l 98,328 64.1 98,139 60.4 98,527 67.8

2 98,309 63.1 98,119 59.4 98,509 66.8
i

3 98,285 62.1 98,090 58.5 98,489 65.8

4 98,248 61.2 98,043 57.5 98,464 64.8

15 98,196 60.2 97,972 56.5 98,432 63.8

6 98,129 59.2 97,878 55.6 98,392 62.9

7 98,047 58.3 97,762 54.6 98,346 61.9
8 97,953 57.3 97,628 53.7 98,294 60.9

9 97,851 56.4 97,479 52.8 98,240 60.0

20 97,741 55.5 97,316 51.9 98,184 59.0

1 97,623 54.5 97,141 51.0 98,127 58.0

2 97,499 53.6 96,952 50.1 98,068 57.1

3 97,370 52.7 96,756 49.2 98,007 56.1

4 97,240 51.7 96,557 48.3 97,946 55.1

(continued on next page)
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Table A.2 (Continued)

Life table a,b

..... _

Both sexes Females

Number Life Number Life Number Life

Age alive expectancy alive expectancy alive expectancy

25 97,110 50.8 96,361 47.4 97,883 54.2

6 96,982 49.9 96,169 46.5 97,820 53.2

7 96,856 48.9 95,980 45.6 97,755 52.2

8 96,730 48.0 95,795 44.6 97,689 51.3

9 96,604 47. I 95,612 43.7 97,621 50.3

30 96,477 46.1 95,430 42.8 97,551 49.3

1 96,350 45.2 95,247 41.9 97,477 48.4

2 96,220 44.2 95,066 41.0 97,400 47.4

3 96,088 43.3 94,882 40.1 97,319 46.5

4 95,951 42.4 94,695 39.1 97,233 45.5

35 95,808 41.4 94,501 38.2 97,140 44.5

6 95,655 40.5 94,297 3.7.3 97,039 43.6

7 95,492 39.6 94,081 36.4 96,928 42.6

8 95,317 38.6 93,852 35.5 96,807 41.7

9 95,129 37.7 93,607 34.6 96,675 40.7

40 94,926 36.8 93,345 33.6 96,531 39.8

1 94,706 35.9 93,062 32.7 96,374 38.9

2 94,465 35.0 92,754 31.9 96,200 37.9

3 94,201 34.1 92,417 31.0 96,009 37.0

4 93,913 33.2 92,049 30.1 95,799 36.1

45 93,599 32.3 91,649 29.2 95,570 35.2

6 93,256 31.4 91,213 28.4 95,230 34.3

7 92,882 30.5 90,737 27.5 95,047 33.4

8 92,472 29.7 90,214 26.7 94,748 32.5

9 92,021 26.8 89,639 25.8 94,419 31.6

(continued on next page)
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Table A.2 (Continued)

Life table a,b

Both sexes Females

Number Life Number Life Number Life

Age alive expectancy alive expectancy alive expectancy
, ,,, ,, , ,,, , , , ,,,m,, -- -- m ,,,,, ,, ,,, ,,, ,

50 91,526 27.9 89,007 25.0 94,060 30.7

1 90,986 27.1 88,317 24.2 93,669 29.8

2 90,402 26.3 87,570 23.4 93,245 29.0

3 89,771 25.5 86,761 22.6 92,788 28.1

4 89,087 24.7 85,885 21.8 92,294 27.2

55 88,348 23.9 84,936 21.1 91,760 26.4

6 87,551 23.1 83,912 20.3 91,185 25.6

7 86,695 22.3 82,813 19.6 90,567 24.7

8 85,776 21.5 81,634 18.8 89,903 23.9

9 84,789 20.8 80,370 18.2 89,187 23.1

60 83,726 20.0 79,012 17.5 88,414 22.3

1 82,581 19.3 77,553 16.8 87,577 21.5

2 81,348 18.6 75,990 16.1 86,670 20.7

3 80,024 17.9 74,317 15.5 85,691 20.0

4 78,609 17.2 72,535 14.8 84,641 19.2

65 77,107 16.5 70,646 14.2 83,520 18.4

6 75,520 15.9 68,656 13.6 82,328 17.7

7 73,846 15.2 66,566 13.0 81,061 17.0

8 72,082 14.6 64,377 12.5 79,712 16.3

9 70,218 13.9 62,083 11.9 78,269 15.5

70 68,248 13.3 59,681 11.4 76,720 14.8

1 66,165 12.7 57,171 10.8 75,055 14.2

2 63,972 12.1 54,557 10.3 73,273 13.5

3 61,673 11.6 51,856 9.8 71,368 12.8

4 59,279 I l.O 49,088 9.4 69,340 12.2

(concluded on next page)
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Table A.2 (Concluded)

Life table a,b

Both sexes Females

Number Life Number Life Number Life

Age alive expectancy alive expectancy alive expectancy

75 56,799 10.5 46,272 8.9 67,186 11.6

6 54,239 10.0 43,419 8.5 64,910 11.0

7 51,599 9.4 40,533 8.0 62,506 10.4

8 48,878 8.9 37,626 7.6 59,960 9.8

9 46,071 8.5 34,714 7.2 57,253 9.2

80 43,180 8.0 31,810 6.8 54,372 8.7

1 40,208 7.5 28,925 6.4 51,315 8.2

2 37,172 7.1 26,074 6.1 48,098 7.7

3 34,095 6.7 23,282 5.8 44,744 7.2

4 31,012 6.3 20,586 5.4 41,289 6.8

85 27,96'0 6.0 18,020 5.1 37,772 6.4

6 24,961 5.6 15,602 4.9 34,218 6.0

7 22,038 5.3 13,343 4.6 30,657 5.6

8 19,235 5.0 11,268 4.3 27,156 5.3

9 16,598 4.7 9,395 4.1 23,782 5.0

90 14,154 4.4 7,732 3.9 20,578 4.7

1 11,908 4.2 6,275 3.7 17,561 4.4

2 9,863 3.9 5,012 3.5 14,747 4.1

3 8,032 3.7 3,932 3.3 12,172 3.9

4 6,424 3.5 3,025 3.1 9,871 3.7

95 5,043 3.3 2,279 3.0 7,862 3.5

6 3,884 3.2 1,683 2.9 6,147 3.3

7 2,939 3.1 1,222 2.8 4_719 3.2

8 2,185 2.9 871 2.7 3,560 3.0

9 1,598 2.8 612 2.6 2,641 2.9

a Source- National Center for Health Statistics (1985): U.S. Decennial Life Tables for 1979-1981,
Volume 1, Number 1, United States Life Tables. Data are from Tables 1, 2, and 3.

b The entries in the body of the table are the number of survivors expected in a hypothetical
cohort of 100,900 and the remaining life expectancy (yr) at each single year of age.
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Table A.3

Cancer mortality rates (deaths/100,000 per year)

Mortality rate a

Breast b Lung Gastrointestinal All c Other d

Age cancer cancer cancer cancers cancersi,

0-4 -- -- 0.2 3.1 2.9

5-9 -- -- 0.1 3.2 2.1

10-14 -- _ 0.1 1.8 1 7

15-19 -- -- 0.2 2.9 2.7

20-24 0.2 0.I 0.4 4.5 3.9

25-29 1.2 0.3 1.0 7.8 5.9

30-34 5.6 1.3 2.4 14.7 8.2

35-39 11.7 4.8 5.2 28.3 12.3

40-44 22.9 15.I I1.8 62.3 23.6

45-49 41.4 36.2 25.0 124.I 41.6

50-54 60.1 70.6 48.1 219.5 69.5

55-59 75.9 1I0.2 79. I 333. I 103.9
I

60-64 91.4 166.4 133.1 505.6 157.1

65-69 89.9 201.3 184.8 633.4 196.8

70-74 I!0.7 238.2 266.8 829.6 260.0

75-79 128.4 245.0 376.3 1041.1 340.8

80-84 139.9 218.3 467.4 1171.4 394.4

85-89 157.2 147.1 513.3 1178.5 408.6

a Source - 1978 Vital Statistics of the United States, (NCHS, 1981).
b These are the rates among women.
c Excluding leukemia and cancers of the bone, skin, thyroid and prostate.
d All cancers minus cancers of the breast, lung and gastrointestinal tract.
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Table A.4

Cancer incidence rates (new cases/100,000 per year)

Incidence rate a

Breast b Lung Gastrointestinal All c Other d
Age cancer cancer cancer cancers cancers

0-4 _ _ 0.7 10.2 9.5

5-9 m m 0.2 5.8 5.6

10-14 m 0.1 0.3 6.5 6.1

15-19 0.2 0.2 0.5 l1.5 I0.7

20-24 l.l 0.2 1.3 20.4 18.3

25-29 8.3 0.7 2.4 33.2 25.9

30-34 26.7 2.3 5.5 55.4 34.I

35-39 57.2 7.I 11.9 93.5 45.3

40-44 106.2 20.4 24.9 170.4 70.6

45-49 173.8 47.7 50.2 300.6 113.7

50-54 195.9 79.8 89.4 457.3 187.2

i 55-59 228.9 130.2 155.5 682.1 277.6

60-64 251.2 185.6 240.5 910.5 351.8

65-69 282.9 235.5 351.2 1163.4 420.1

70-74 302.0 258.5 475.2 1399.4 489.6

75-79 338.0 255.9 617.9 1646.9 564.4

80-84 350.0 211.4 708.9 1733.3 586.2

85-89 376.3 166.0 795.6 1831.0 611.3

a Source- Cancer Incidence and Mortality in the U.S., 1973-7, (NCI,
1981).

b These are the rates among women.

c Excluding leukemia and cancers of the bone, skin, thyroid and
prostate.

d All cancers minus cancers of the breast, lung and gastrointestinal
tract.
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Table A.5

Skin cancer rates per 1000 person-years a

Ages Males Females

0-4 0.2 0.2

5-9 0.3 0.3

10-14 0.5 0.5

15-19 0.9 2.1

20-24 7.1 6.5

25-29 20.9 22.5

30-34 41.9 40.0

35-39 92.3 70.2

40-44 177.5 122.I

45-49 286.0 194.5

50-54 421.8 258.3

55-59 600.2 334.9

60-64 786.7 402.0

65-69 1079.7 492.0

70-74 1286.1 634.5

75-79 1636.5 812.0

80-84 1889.7 907.2

85+ 1773.2 955.6

a Based on Scotto et al. (1974,1983) and Fears and Scotto
(1982).
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APPENDIX B - PART I

Cancer Mortality Models for Those Exposed to the Plume

The tables that follow give estimates of risk for the population exposed to radionuclides inhaled from an
airborne plume. The need for these tables and the methods used to develop the numbers in them are
described in Section 3.2. The two columns at the left of each table indicate the risk associated with a

1 G_,'dose received in each of ten 10-year time intervals after the accident. Each interval involves an
exposure to low-LET radiation at a constant dose rate of 0.1 Gy/yr for 10 years. Because these doses
are assumed to be:delivered at low dose rates, the risk values reflect only the linear terms of the dose
response models described in the text and summarized in Table 2.7 and 2.8. The numbers in the body
of the table indicate the percentage of this risk expressed in each time interval. Minus (-) indicates < 1
percent. Plus (+) i_dicates a time period prior to receipt of dose and _erefore contains no risk. The
inclusion of some alpha-emitting radionuclides in the source term would change the risks for some organs
or tissues as described in the text.

For some cancers, the same assumptions about latency, plateau and risk projecI_ionare used in the central,
lower and upper models. For these cancers, i.e., let&emia, bone, thyroid, skin., and all cancers due to
in utero exposure, the dynamics of population risk do not depend or, which model is used. Therefo_re,
the only tables provided for these cancers are those for the central e!;timatesof risk.
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Table B-I. 1

Leukemia mortality - central estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 4.9xi0 '3 15 40 37 8 ....

10-19 4.6X10 "3 4- 15 40 37 8 ....

20-29 4.3x10 "3 + + 15 41 37 7 - -

30-39 3.8x 10-3 + + + 16 42 35 7 - -

40-49 3.0x !0-3 + + + + 17 43 34 6 - -

50-59 2.1 x 10-3 + + + + + 19 45 32 4 -

60-69 1.2x10 3 + + + + + + 23 51 24 2

70-79 3.7X 10-4 + + + + + + + 36 55 9

80-89 4.2x 10-5 + + + + + + + + 63 37

90-99 < 10-6 + + + + + + + + + 100

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy. Multiply central estimate of the
lifetime risk by 2 to obtain upper estimate; divide central estimate by 2 to obtain lower estimate.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.2

Bone cancer mortality - central estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 6.0x10 "5 15 40 37 8 ......

10-19 5.4x10 "5 + 15 40 37 8 .....

20-29 5.2x 10-5 + + 15 41 37 7 ....

30-39 4.5x 10"5 + + + 16 42 35 7 - - -

40-49 3.7x10 "5 + + + + 17 43 34 6 - -

50-59 2.6x10 "5 + + + + + 19 45 32 4 -

60-69 1.4x10 "5 + + + + + + 23 51 24 2

70-79 4.5x 10-6 + + + + + + + 36 55 9

80-89 < 10-6 + + + + + + + + 63 37

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy. Multiply central estimate of the
lifetime risk by 2 to obtain upper estimate; divide central estimate by 2 to obtain lower estimate.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.3

Breast cancer mortality - central estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 5.4x10"3 - 6 13 16 19 18 16 9 3 -

10-19 4.7xi0"3 + - 8 19 20 21 18 Il 3 -

20-29 3.9x10 "3 + + - 12 24 26 21 13 4 -

30-39 2.9x10 "3 + + + - 17 33 28 17 5 -

40-49 1.9x 10-3 + + + + - 25 41 27 7 -

50-59 9.4x10 "4 + + + + + - 38 48 14 -

60-69 3.0x10 "4 + + + + + + - 62 37 1

70-79 3.3x10 "5 + + + + + + + - 92 8

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy. These risk estimates apply to the
entire population. Risks for women would be twice as large.

b Years after accident that exposure occurs (in lO-yr intervals).
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Table B-I.4

Lung cancer morta!ity - central estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 7.8x10 "3 - 5 10 15 18 22 18 10 2

10-19 7.0x10 3 + - 6 16 21 23 21 11 2

20-29 6.0x10 3 + + - I0 24 27 23 13 3

30-39 4.6x10 3 + + + - 16 34 30 17 3

40-49 3.0x 10-3 + + + + - 26 44 25 5 -

50-59 1.5x10 "3 + + + + + - 43 48 9 -

60-69 3.9x 10-4 + + + + + + - 70 29 1

70-79 3. Ix 10-5 + + + + + + + - 93 7

80-89 < 10-6 + + + + + + + + - 100

90-99 + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over file 10-yr exposure interval is therefore I Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.5

Gastrointestinal cancer mortality - central estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 1.7x10 "2 - 4 9 11 16 20 20 15 5 -

10-19 1.6x10 "2 + - 5 12 18 21 23 16 5 -

20-29 1.4x10 "2 + + 8 19 24 25 18 6 -

30-39 1.1xl0 "2 + + + - 12 28 31 22 7 -

40-49 7.9x 10-3 + + + + - 20 40 31 9 -

50-59 4.4x10 "3 + + + + + - 34 50 16 -

60-69 1.5x10 "3 + + + + + + - 61 38 1

70-79 1.8x 10-4 + + + + + + + 92 8

80-89 1.3x10 "6 + + + + + + + + 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr fi_r 10 years. Total dose to
an individual over the 10-yr exposure interval is theretbre 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.6

Thyroid cancer mortality - central estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 7.0x10 "4 2 13 15 15 15 14 13 8 4 1

10-19 5.9x10 r4 + 3 15 18 17 17 14 11 4 1

20-29 4.9x10 "4 + + 3 19 21 20 18 12 6 1

30-39 3.7x10 "4 + + + 4 24 25 22 16 8 1

40-49 2.6x10 "4 + + + + 5 3l 30 22 10 2

50-59 1.6x10 "4 + + + + + 7 41 34 16 2

60-69 7.3xi0 "5 + + + + + + 23 51 24 2

70-79 2,0x10 "5 + + + + + + + 20 68 12

80-89 1.6x10 "6 + + + + + + + + 43 ' 57

c_3-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr e_osure interval is therefore 1 Gy, Upper and lower estimates of
lifetime risk differ only in the treatment of internal sources such as 1311. See Section 2.2.6.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.7

Other cancer mortality -central estimate a,b

Life-time Time since accident (yr)
Time to risk

dose(yr) c @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 1.4xlO "2 5 9 14 17 19 19 13 4 -

10-19 1.3x10 "2 + - 6 14 19 21 22 14 4 -

20-29 l.lxl0 "2 + + - 9 21 25 24 16 5 -

30-39 8.7x10 "3 + + + - 14 30 30 20 6 -

40-49 6.0x10 "3 + + + + - 22 41 29 8 -

50-59 3.2x 10.3 + + + + + - 36 50 14 -

60-69 I. Ix l0"3 + + + + + + - 62 37 l

70-79 1.2xlO "4 + + + + + + + - 92 8

80-89 < 10-6 + + + + + + + + + 100

90-99 - + + + + + + + + + -

a 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.

b Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for l0 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

c Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.8

Leukemia in utero mortality - central estimate a

Life-tlme Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 1.2x 10-4 46 53 1 ......

lO-19 1.2xlO-4 + 46 53 l .....

20-29 l.OxlO "4 + + 46 53 l .....

30-39 2.4x10 "5 + + + 46 53 l ....

40-49 < 10 -6 + + + + 46 53 1 - - -

50-59 - + + + + + .....

60-69 - + + + + + + ....

70-79 - + + + + + + + - - -

80-89 - + + + + + + + + - -

90-99 - + + + + + + + + + -
,,,,,.. -- iiii,,i,i i ill

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy. Multiply central estimates of the
lifetime risk by 10/4 to obtain upper estimates. Lower estimates are identical to central estimates.
These risks apply to the entire population. Risks to the children exposed in utera would be 100
times larger.

b Years after accident that exposure occurs (in lO-yr intervals).
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Table B-I.9

Other cancer in utero mortality - central estimatea

Lirti'mo ------Timesince accident (yr)
Time to risk - _--------

dose(yr) b @lGy _ 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 1.2xlO"4 46 53 I .......

10-19 1.2xlO"4 + 46 53 I ......

20-29 l.OxlO"4 + + 46 53 I .....

30-39 2.4xi'0"5 + + + 46 53 I ....

40--49 < 10-6 + + + + 46 53 I - - -

50-59 - + + + + + .....

60-69 - + + + + + + ....

70-79 - + + + + + + + - - -

80-89 - + + + + + + + + - -

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore I Gy. Multiply central estimates of the
lifet.imerisk by 10/4 to obtain upper estimates. Lower estimates are identical to central estimates.
"IV,ese risks apply to the entire population. Risks to the children exposed in utero would be 100
times larger.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I. 10

Breast cancer mortality - lower estimate a

Life-time Time ;ince accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 l.lxlO "3 - 8 17 19 17 14 12 9 3 1

I0-19 9.2xi0 "4 + - II 22 20 !8 14 I0 4 I

20-29 7.2x10 "4 + + - 15 25 23 18 12 6 1

30-39 5. Ix 10-4 + + + - 18 31 25 17 8 1

40-49 3.3x10-4 + + + + - 24 36 26 12 2

50-59 1.8x 10-4 + + + + + - 32 44 21 3

60-69 7. I x10-5 + + + + + + - 48 45 7

70-79 1.4x 10"5 + + + + ._ + + - 74 26

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr tbr 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore I Gy. These risk estimates apply to the
entire population. Risks for women would be twice as large.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.I I

i 0Lung cancer mortalnty - lower estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 3(b39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 1.7xlO "3 - 6 14 18 18 17 13 9 4 1

i0-19 1.5xlO -3 + 9 20 21 19 15 11 4 I

20-29 1.2xlO "3 + + 13 26 23 19 12 6 1

30-39 8.8x 10-4 + + + - 18 31 25 17 8 I

40-49 5.7x 10-4 + + + + - 24 36 26 12 2

50-59 3. I x 10-4 + + + + + - 32 44 21 3

60-69 1.2x 10-4 + + + + + + - 48 45 7

70-79 2.4x If. '_ + + + + + + + - 74 26

80-89 < 10-6 + + + + + + + + - 1O0

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr fi_r 10 years. Total dose to
an individual over the 10-yr exposure interval is therefi_re 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-1.12

Gastrointestinal cancer mortality - lower estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 3.4x10 "3 - 10 19 17 17 14 11 8 3 1

10-19 2.7xl0 "3 + - 12 22 20 17 14 10 4 I

20-29 2. Ix 10"3 + + - 15 25 23 18 12 6 1

30-39 1.5x10 "3 + + + - 18 31 25 17 8 1

40-49 9.7x10-4 + + + + - 24 36 26 12 2

50-59 5.3x10 "4 + + + + + - 32 44 21 3

60-69 2. Ix 10-4 + + + + + + - 48 45 7

70-79 4.2x 10-5 + + + + + + + - 74 26

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.13

Other cancer mortality - lower estimate a,b

Life-time Time since accident (yr)
Time to risk

dose(yr) c @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 3.0x10 "3 - 10 19 17 17 14 11 8 3 1

10-19 2.4xi0 "3 + - 12 22 20 17 14 10 4 1

20-29 1.9xlO "3 + + - 15 25 23 18 12 6 1

30-39 1.3xlO "3 + + + 18 31 25 17 8 1

40-49 8.6x 10.4 + + + + - 24 36 26 12 2

50-59 4.6x 10 -4 + + + + + - 32 44 21 3
l

60-69 1.8x 10 -4 + + + + + + - 48 45 'l

70-79 3.7x 10-5 + + + + + + + - 74 26

80-89 I. 5x 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

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

b Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

c Years after accident that exposure occurs (in 10-yr intervals).
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Table B-l.14

Breast cancer mortality - upper estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 8.4x10 "3 - 5 13 15 19 19 16 10 3 -

10-19 7.4x10 "3 + - 8 17 21 22 18 11 3 -

20-29 6.2x10 "3 + + - 11 25 25 22 13 4 -

30-39 4.7x10 "3 + + + - 17 33 28 17 5

40-49 3.0x 10-3 + + + + 25 41 27 7

50-59 l.Sx10 "3 + + + + + 38 48 14

60-69 4.8x 10-4 + + + + + + - 62 37 l

70-79 5.3x 10"5 + + + + + + + - 92 8

$0-89 < 10-6 + + + + + + + + i00

90-99 - + + + + + + + + +

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore I Gy. These risks apply to the entire
population. Risks for women would be twice as large.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I.15

Lung cancer mortality - upper estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 3.3x10 2 - 5 10 15 18 22 18 10 2 -

10-19 3.0x10 "2 + - 6 16 21 23 21 11 2 -

20-29 2.5x10 "2 + + - 10 24 27 23 13 3 -

30-39 2.0x10 "2 + + + - 16 34 30 17 3 -

40-49 1.3x 10"2 + + + + - 26 44 25 5 -

50-59 6.2x10 "3 + + + + + - 43 48 9 -

60-69 i.Tx10 3 + + + + + + - 70 29 1

70-79 1.3x 10-5 + + + + + + + - 93 7

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for I0 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-I. 16

Gastrointestinal cancer mortality - upper estimate a

Life.time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99,,,

0-9 3.4x10 "2 4 9 11 16 20 20 15 5 -

10-19 3.1x10 "2 + - 5 12 18 21 23 16 5 -

20-29 2.7x10 "2 + + - 8 19 24 25 18 6 -

30-39 2.2x10 "2 + + + - 12 28 31 22 7 -

40-49 I. 6x 10.2 + + + + - 20 40 31 9 -

50-59 8.8x10 "3 + + + + + - 34 50 16 -

60-69 3.0xl0 "3 + + + + + + - 61 38 l

70-79 3.5x 10.4 + + + + + + + - 92 8

80-89 2.6x10 6 + + + + + + + + - I00

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-1.17

Other cancer mortality - upper estimate a,b

i i , , iJ ,,H,,

Life-time Time since accident (yr)
Time to risk ......

' dose(yr) c @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 2.8x10 "2 - 5 9 14 17 19 19 13 4 -

10-19 2.5x10 "2 + - 6 14 19 21 22 14 4 -

20-29 2. Ix 10"2 + + - 9 21 25 24 16 5 -

30-39 1.7xlO "2 + + + - 14 30 30 20 6 -

40-49 1.2x 10-2 + + + + - 22 41 29 8 -

50-59 6.4xi0 "3 + + + + + - 36 50 14 -

60-69 2. Ix 10-3 + + + + + + - 62 37 1

70-79 2.3x 10-4 + + + + + + + - 92 8

80-89 1.7x10 "6 + + + + + + + + - 100

90-99 - + + + + '+ + + + + -

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

b Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

¢ Years after accident that exposure occurs (in 10-yr intervals).
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APPENDIX B - Part II

Cancer Morbidity Models for Those Exposed to the Plume
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Table B-Ii.I

Breast cancer morbidity - central estimatea

--- ill i, llll i i ii ii ...........

Life-time Time since accident (yr)
Time to risk ................... -- - '.... --

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99iii i i i iiii _ i i i iii i i i i i _ i iiii] i1|1111i iii -- _

0-9 1.6x10"2 - 7 15 18 18 17 15 8 2 -

10-19 1.4x10"2 + - 10 20 21 20 17 9 3 -

20-29 l.lxl0 "2 + + - 14 25 25 21 12 3 -

30-39 7.9x10 "3 + + + - 19 33 27 17 4 -

40-49 5.0xlO"3 + + + + - 27 41 25 7 -

50-59 2.4x10"3 + + + + + - 40 47 13 -

60-69 7.3x10"4 + + + + + + - 64 35 l

70-79 7.8x10 "5 + + + + + + + - 92 8

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

-a Riskestimates apply to exposure at a constantdose rate of 01i Gy}yr tbr 10 years. Total dose to
an individualover the 10-yr exposure interval is therefore 1 Gy. These risk estimates apply to the
entire population. Risk for women would be twice as large.

b Years after accident that exposure occurs (in 10-yrintervals).
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Table B-II.2

Lung cancer morbidity - central estimate a

Life-time Time since accident (yr)
Time to risk ........... ..........

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99
,, i fill ifl,,i, ,, ,.J. -- -- , i ,,,, i _ , LI

0-9 8.7xi0"3 - 5 I0 15 20 21 18 9 2 -

lO-19 7.8xi0"3 + - 7 16 21 23 20 11 2 -

20-29 6.6xi0"3 + + - II 24 27 23 13 2 -

30-39 5.1x10 "3 + + + - 17 34 30 16 3 -

40-49 3.3xi0"3 + + + + - 27 45 23 5 -

50-59 1.5x10 "3 + + + + + - 44 47 9 -

60-69 4.1 x 10.4 + + + + + + - 70 29 1

70-79 3.4x10 "5 + + + + + + + - 93 7

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -
.,, - , ,,,,,,,

a Risk estimates apply to exposure at a constant dose rate of 0. I Gy/yr-for i0 years, Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-ll.3

Gastrointestinal cancer morbidity - central estimate a

i i L llr III 1 i ll, lll,l I,, _--- - I : J -: "- II [ I"I[ -- : --

Life-tlme Tlme sinceaccldent(yr)
Time to risk -:-: ...................................... - ...........

dose (yr)b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99
,,lll Ill ..... ...... _-- _ I I lllllll I '" r l -- iI , II I ]'lll' lllll'l -- __ -- : .....

0-9 2.9x10 "2 - 4 9 12 17 20 20 14 4

10-19 2.6xl0 "2 + - 5 13 18 22 22 16 4 -

20-29 2.3x10 "2 + + - 8 20 25 25 17 5 -

30-39 1.8x10"2 + + + - 13 29 31 21 6 -

40-49 1.3x10"2 + + + + - 21 41 30 8 -

50-59 7.0x10 "3 + + + + + - 36 49 15 -

60-69 2.3x10 "3 + + + + + + - 62 37 I

70-79 2.6x10"4 + + + + + + + - 92 8

80-89 l.gx10 "6 + + + + + + + + + 100

90-99 - + + + + + + + + + -

'a Risk estimat_ apply to exposure at a constantdose rateof 0.1 Gyiyr (or 10 years. Total dose to
an individualover the 10-yr exposure interval is therefore 1 Gy,

b Years after accidentthat exposure occurs (in 10-yr intervals).
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Table B-II.4

Thyroid cancer morbidity - central estimatea

i ii ii i i i ii iii i j fl i , • _ i,ii L i

Life-time Time since accident (yr)
Time to risk - _- ,.......... - ..................... - .....

dose(yr) b @lGy 0-9 10-19 20-29 30.39 40-49 S0.S9 60-69 70-79 8O89 9O-99
-- -- ill -- |IIIUII IIIIII I II I II III -- . I I IIIllll IIII III IIIIlll . _-- j IIIIII I

0-9 7.2x10 "3 2 13 15 15 15 14 13 8 4 1

10-19 5.9x10 "3 + 3 15 18 17 17 14 11 4 1

20-29 4.9x10 "3 + + 3 19 21 20 18 12 6 1

30-39 3.7x10 "3 + + + 4 24 25 22 16 8 1

40-49 2.6x10 "3 + + + + 5 31 30 22 10 2

50-59 1.6x10"3 + + + + + 7 41 34 16 2

60-69 7.3x10 "4 + + + + + + 23 51 24 2

70-79 2.0x10 "4 + + + + + + + 20 68 12

80-89 1.6xlO"5 + + + + + + + + 43 57

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constantdose rate of 0.1 Gy/yr for 10 years. Total dose to
an individualover the 10-yr exposure interval is therefore 1(33,_. Upper and lower estimates of
lifetime risk differ only in treatmentof internalsources such as I3II. See Section 2.2.6.

b Years after accidentthat exposureoccurs (in 10-yr intervals).
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Table B-II.5

Skin cancer morbidity - central estimate a

,,,,,,,, , _ ,, .............. ,, -- ,,, ,, ,, -- ,,,,

- Life-time ...... Time slnce accident (yr)
Time to risk ...... - - ..........

dose(yr) b @iGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99__ _ ,,,,,,, _ , ,! ,L ........

0-9 4.4x10 "2 - 5 10 14 18 19 i9 12 3 -

10-19 4,0xlO "2 + - 6 16 19 22 20 13 4 -

20-29 3.4x10 "2 + + - 10 22 25 23 16 4 -

30-39 2.7x10 "2 + + + - 15 31 29 20 5 -

40-49 1.8xlO''2 + + + + - 23 41 28 8 -

50-59 9.4xi0"3 + + + + + - 37 49 14 -

60-69 3.0xlO"3 + + + + + + - 63 36 I

70-79 3.2x10 "4 + + + + + + + - 92 8

80-89 2.3xi0 6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy. Multiplication of central
estimates of lifetime risk by 2 gives upper estimate; division by 2 gives lower estimates,

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-II.6

Other cancer morbidity - central estimate a'b

Llfe-iime Time since accident (yr)
Time to risk ..............................

dose(yr) c @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 2.8x10 "2 - 5 12 15 18 19 18 10 3 -

10-19 2.4x10 "2 + - 7 16 21 22 19 12 3 -

20-29 2. Ix 10.2 + + - 11 23 26 22 14 4 -

30-39 1.6x10 "2 + + + 16 32 29 18 5 -

40-49 1.0x 10 .2 + + + + - 25 42 26 7 -

50-59 5.3x10 3 + + + + + - 39 48 13 -

60-.69 1.6x10 "3 + + + + + + - 64 35 1

70-79 1.7x10 4 + + + + + + + - 92 8

80-89 1.3x10 "6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a 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.

b Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore ! Gy.

c Years after accident that exposure occurs (in 10-yr intervals).
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Table B-II.7

Benign thyroid nodule morbidity - central estimate a

IAfe-fime Time since accident (yr)
Time m risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 2.7x10 "2 - 9 16 16 16 16 13 9 4 1

10-19 2.2xl0 "2 + - I1 19 19 18 16 11 5 1

20-29 1.7xlO "2 + + - 13 24 22 20 14 6 1

30-39 1.3xlO "2 + + + - 17 29 26 18 9 1

40-49 8.9x 10.3 + + + + 23 36 27 12 2

50-59 4.9xi0"3 + + + + + - 32 44 21 3

60-69 2.0x10-3 + + + + + + - 48 45 7

70-79 3.9x 10.4 + + + + + + + - 74 26

80-89 1.6x 10"5 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore I Gy. Upper and lower estimatesof
lifetime risk differ only in the treatmentof internal sourcessuchas 131i. SeeSection2.2.6.

b Years after accidentthat exposureoccurs(in 10-yr intervals).
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Table B-ll.8

Breast cancer morbidity - lower estimate a

IAfe-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 4049 50-59 60-69 70-79 80-89 90-99

0-9 3.1x10 "3 - 8 17 19 17 14 12 9 3 1

10-19 2.6x10 "3 + - 11 22 20 18 14 10 4 I

20-29 2.0x10 "3 + + - 15 25 23 18 12 6 1

30-39 1.4x10 "3 + + + - 18 31 25 17 8 1

40-49 9.2x10 4 + + + + - 24 36 26 12 2

50-59 5.0x10 "4 + + + + + - 32 44 21 3

60-69 2.0x10 "4 + + + + + + - 48 45 7

70-79 4.0x i0-5 + + + + + + + - 74 26

80-89 < 10.6 + + + + + • + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of O.1 Gy/yr for 10 years. Total dose to
an individual over the IO-yr exposure interval is therefore 1 Gy. These risk estimates apply to the
entire population. Risks for women would be twice as large.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-II.9

Lung cancer morbidity - lower estimte a

Life-time Time since accident (yr)
Time to risk

dose0'r) b @lGy 0-9 10-19 20-29 30-39 4049 50-59 60-69 70-79 80-89 90-99

0-9 l.Sx10 "3 - 6 14 18 18 17 13 9 4 1

10-19 1.6x10"3 + - 9 20 21 19 15 11 4 1

20-29 1.3x10"3 + + - 13 26 23 19 12 6 1

30-39 9.3x10 "4 + + + - 18 31 25 17 8 1

40-49 6.0x10 "4 + + + + - 24 36 26 12 2

50-59 3.3x10 "4 + + + + + - 32 44 21 3

60-69 1.3x10"4 + + + + + + - 48 45 7

70-79 2.6x 10-5 + + + + + + + - 74 26

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constantdose rate of 0.1 Gy/yr for 10 years. Total dose to
an individualover the 10-yr exposure interval is therefore 1 Gy.

b Years after accidentthat exposureoccurs (in 10-yrintervals).
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Table B-ll.10

Gastrointestinal cancer morbidity - lower estimate a

i ,11 i i i llll ,i. i i

Life-time Time since accident (yr)
Time to risk .......

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 5.7x10 "3 - 10 19 17 17 14 II 8 3 1

10-19 4.6x10 "3 + - 12 22 20 17 14 10 4 1

20-29 3.5x10 "3 + + - 15 25 23 18 12 6 1

30-39 2.5xi0 "3 + + + - 18 31 25 17 8 1

40-49 1.6xlO "3 + + + + - 24 36 26 12 2

50-59 8.9x10 "4 + + + + + - 32 44 21 3

60-69 3.5x10 "4 + + + + + + - 48 45 7

70-79 7. Ix 10-5 + + + + + + + - 74 26

80-89 2.8x10 "6 + + 4. + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0. l Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore l Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-II.I 1

Other cancer morbidity - lower estimate a,b

Life-time Time since accident (yr)
Time to risk

dose(yr) c @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 5.7x10 "3 - 10 19 17 17 14 11 8 3 1

10-19 4.6x10 "3 + - 12 22 20 17 14 10 4 1

20-29 3.6x10 "3 + + - 15 25 23 18 12 6 l

30-39 2.5x10 "3 + + + - 18 31 25 17 8 1

40-49 1.6xlO "3 + + + + - 24 36 26 12 2

50-59 8.9x 10.4 + + + + + - 32 44 21 3

60-69 3.5x 10.4 + + + + + + - 48 45 7

70-79 7. I x10-5 + + + + + + + - 74 26

80-89 < 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a 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.

b Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

c Years after accident that exposure occurs (in 10-yr intervals).
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Table B-II.12

Breast cancer morbidity - upper estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 2.5x10"2 - 6 14 17 19 18 15 9 2 -

I0-19 2.1xlO"2 + - 9 19 22 20 17 I0 3 -

20-29 1.7xlO2 + + - 13 26 25 21 12 3 -

30-39 1.3xlO 2 + + + - 19 33 27 17 4 -

40-49 8.0x 103 + + + + - 27 41 25 7 -

50-59 3.9x 10"3 + + + + + - 40 47 13 -
I

60-69 1.2x10 -3 + + + + + + - 64 35 1

70-79 1.3x 10.4 + + + + + + + - 92 8

80-89 9.4x 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + +

a Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy. These risk estimates apply to the
entire population. Risks for women would be twice as large.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-II.13

Lung cancer morbidity - upper estimate a

Life-time Time since accident (yr)
Time to risk

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 3.7xi0"2 - 5 I0 15 20 21 18 9 2 -

I0-19 3.3xi0"2 + - 7 16 21 23 20 II 2 -

20-29 2.8xi0"2 + + - lI 24 27 23 13 2 -

30-39 2.2xi0"2 + + + - 17 34 30 16 3 -

40-49 1.4x10.2 + + + + - 27 45 23 5

50-59 6.6xI0"3 + + + + + - 44 47 9 -

60-69 1.7x10 "3 + + + + + + - 70 29 1

70-79 1.5xl0 "4 + + + + + + + - 93 7

80-89 1.0xl0 "6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0. l Gy/yr for 10 years. Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-ll.14

Gastrointestinal cancer morbidity - upper estimate a

Life-time Time since accident (yr)
Time to risk .........

dose(yr) b @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99

0-9 5.8x10 "2 - 4 9 12 17 20 20 14 4

10-19 5.2x10 "2 + - 5 13 18 22 22 16 4 -

20-29 4.6x10 "2 + + 8 20 25 25 17 5 -

30-39 3.6x10 "2 + + + 13 29 31 21 6 -

40-49 2,6x 10"2 + + + + - 21 41 30 8 -

50-59 1.4xlO "2 + + + + + - 36 49 15 -

60-69 4.6x 103 + + + + + + - 62 37 1

70-79 5.2x10 "4 + + + + + + + - 92 8

80-89 3.8x 10-6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a Risk estimates apply to exposure at a constant dose rate of 0,1 Gy/yr for 10 years, Total dose to
an individual over the 10-yr exposure interval is therefore 1 Gy.

b Years after accident that exposure occurs (in 10-yr intervals).
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Table B-ll. I5

Other cancer morbidity - upper estimate a,b

" Life-time ' '
Time since accident (yr)

Time to risk - '......

dose(yr) c @lGy 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99,,,, i. ,,,,,, ,, , ,, , , ,,,,,,, , , ,,,,,, , ,, f __ i,,,,

0.9 5.5x10 "2 - 5 12 15 18 19 i8 10 3 -

10-19 4.8x10 "2 + - 7 16 21 22 19 12 3 -

20-29 4.2x10 "2 + + - 11 23 26 22 14 4

30-39 3.2x10 .2 + + + - 16 32 29 18 5

40-49 2.0x 10-2 + + + + - 25 42 26 7

50-59 1. Ix10-2 + + + + + - 39 48 13

60-69 3.2x10 "3 + + + + + + - 64 35 l

70-79 3.4x10 "4 + + + + + + + - 92 8

80-89 2.6x10 6 + + + + + + + + - 100

90-99 - + + + + + + + + + -

a 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.
b Risk estimates apply to exposure at a constant dose rate of 0.1 Gy/yr for 10 years. Total dose to

an individual over the 10-yr exposure interval is therefore 1 Gy.
c Years after accident that exposure occurs (in 10-yr intervals).
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