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ESTIMATINGTHE RISKS OF CANCER MORTALITYAND GENETIC DEFECTS
RESULTING FROM EXPOSURESTO LOU LEVELS OF IONIZINGRADIATION

by

Thomas E. Buhl and Wayne R. Hansen

ABSTRACT

Estimatorsfor calculatingthe risk of cancer and genetic
disorders induced by exposure to ionizing radiationhave been
recommendedby the U.S. NationalAcademy of Sciences Committee
on the BiologicalEffects of IonizingRadiations,the U.N.
ScientificCommitteeon the Effects of Atomic Radiation,and
the InternationalCommitteeon RadiologicalProtection. These
groups have also consideredthe risks of somatic effects other
than cancer. The U.S. NationalCouncil on RadiationProtec-
tion and Measurementshas discussedrisk estimate procedures
for radiation-inducedhealth effects.

The recommendationsof these nationaland international
advisory committeesare summarizedand compared in this re-
port. Based on this review, two proceduresfor risk
estimationare presented for use in radiologicalassessments
performedby the U.S. Departmentof Energy under the National
EnvironmentalPolicy Act of 1969 (NEPA). In the first
procedure,age- and sex-averagedrisk estimatorscalculated
with U.S. average demographicstatisticswould be used with
estimates of radiationdose to calculate the projectedrisk of
cancer and genetic disordersthat would result from the
operation being reviewed under NEPA. If more site-specific
risk estimatorsare needed, and the demographicinformationis
available,a second procedureis described that would involve
direct calculationof the risk estimatorsusing recommended
risk-ratefactors. The computer program REPCAL has been
written to perform this calculationand is describedin
this report.

We have briefly discussedsomatic effects other than
cancer, such as developmentaleffects resultingfrom
irradiationin utero and nonstochasticeffects that may occur

1



in the dose ranges consideredin NEPA documents. No risk
estimationproceduresare given in this report for these
effects because none have been recommendedby any of the
nationaland internationalcommitteesreviewed here.

m

.

I. INTRODUCTION

A. Scope of This Report

Under the National EnvironmentalPolicy Act of 1969 (NEPA),the Depart-
ment of Energy (DOE) identifiesand assesses environmentalimpacts from its
proposedmajor actions. An importantconsiderationin assessmentsof DOE
programs involvingthe use of ionizingradiationis the potentialeffect on
public health.

In this report we will presenta method that estimatesimpactson health
from projectedradiationdoses from a particularprogram or facility.This
method will allow the DOE decisionmaker to determinewhether a program has a
negligibleor a significantassociatedhealth risk, and it providesa
numericalestimate of the risk. In some NEPA documents,severalalternatives
involvinga proposedaction are analyzed. Expressingthe results of the
radiologicalanalysis of each alternativein terms of health effects would
help to clarify differencesamong the alternatives,which may facilitate
decision making.

These estimationproceduresare proposed so that DOE health risk
estimation can be standardizedin NEPA documents. Radiationimpacts from
differentproposedactions can be comparedmore clearly because one element
of variability--useof differentrisk calculationsmethods--willhave been
eliminated.

Me have used in this report only the recommendationsof well-recognized
national or internationaladvisory committees. No attempt was made to derive
independentrisk evaluations.

B. The NEPA ImplementationProcess: A Brief Description

The NEPA establisheda nationalpolicy for the environment. It also
provided for a Council on EnvironmentalQuality (CEQ),whose functionwas to

-i

set up regulationsgoverningpolicy implementation.
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The purpose and content of DOE-associatedNEPA documentationare govern-
ed by the CEQ NEPA Regulations (Councilon EnvironmentalQuality 1978), DOE
NEPA Guidelines (USDOE 1980b), the DOE EnvironmentalComplianceGuide (USDOE
1981a), DOE order 5440.lB (USDOE 1982a), and various NEPA-directedExecutive
Orders. Three basic levels of documentationare included in the DOE NEPA-
review process: the Action DescriptionMemorandum (ADM), the Environmental
Assessment (EA), and the EnvironmentalImpact Statement (EIS). The ADM is
prepared for each proposed action not exempted under the DOE Guideline. The
ADM identifiespotentialareas of environmentalconcern. If a finding of no
significantimpact is made in the ADM, the DOE preparesa memorandum to this
effect as a file record. No further NEPA documentationis necessary. If it
is found that the proposed action has a potential for significantimpact, an
environmentalimpact statement (EIS)must be prepared.

If, based on the informationin the ADM, DOE is uncertainwhether the
proposed action will result in significantimpact, an EA may be required.
The EA containsa more complete analysis of environmentalimpacts than that
in the ADM and includes considerationof alternativecourses of action.
Based on the informationin the EA, the DOE decides if the proposed action
results in no significantimpact or if an EIS is necessary.

The EIS treats environmentalimpacts more completely than either the ADM
or the EA. Although recent CEQ regulationsemphasize a concise EIS (150 or
fewer pages of text), the analysis underlyingthe document is extensive and
detailed. All significantimpacts must be considered,alternativesto a
proposed action must be fully analyzed,and the impacts from each alterna-
tive must be evaluated.

Under the NEPA review process, then, an EIS is prepared only if either
the ADM or the EA indicates that the proposed action may have significant
impact. Preparingan EIS is a complex procedure involvinga scoping stage
(with participationof affected federal, state, and local agencies and other
affected parties), publicationof a draft EIS, a period for comment by the
public and by other governmentagencies,and publicationof a final EIS
culminatingin a minimum 30-day public review period. The DOE’s final deci-
sion regarding the proposed action and its alternativesis publishedas a
Record of Decision. That final document states the rationale for the chosen
course of action, including the environmentalissues, and it identifies
necessarymitigating measures.

c. Use of Health Effects Estimates in NEPA Documents

In view of the wide range of detail required for NEPA documents,two
alternate methods of estimating health effects are presented in this report.
The first method is simple and direct. Risk factors given in this report are
used to predict the lifetime risk of dying of cancer and the risk of genetic

3



disorder in offspringin all subsequentgenerationsas a result of exposure m
to ionizing radiation. These factors are average values calculatedusing the
age and sex distributionof the U.S. population,the U.S. life tables, U.S.
cancer mortality rates, and U.S. age-specificbirth rates.

In situations where the characteristicsof the populationdiffer
significantlyfrom the average U.S. population,a somewhatmore complex
method using the specificcharacteristicsof the local populationmay be used
if these data are available. For this situationa second method of health
risk estimationis presented. Risk-ratecoefficientsare recommendedthat
can be used with local demographicand health statisticsto calculatesite-
specific lifetime risk factors. A computer programwas written to perform
these calculationsand is listed in Appendix B of the report.

D. Contents of the Report

Section II presents terminologyand calculationalmodels that are
discussed in the report. Section 111 reviews the work that was consideredin
developingrecommendationsfor lifetimerisk factors and risk-rate
coefficients. The lifetimerisk factors and the genetic risk factors from
the U.S. NationalAcademy of Sciences Committeeon the BiologicalEffects of
IonizingRadiations (the BEIR Committee),the United NationalScientific
Committee on the Effects of Atomic Radiation (UNSCEAR),and the International
Commission on RadiologicalProtection (ICRP)were reviewed,as well as a risk
calculationmethod proposedby the National Council on RadiationProtection
and Measurements (NCRP). Tumorigenicand mutagenicrisk factors from these
organizationswere compiled in a common form so that they could be compared.

In Section IV risk factors and risk-ratecoefficientsare recommended
for use in DOE NEPA docunents. The calculationalmethodologiesfor
estimating cancer risk and genetic risk are describedin that section.

The final section,Section V, summarizesthe recommendationsmade in the
report.

II. CONSIDERATIONSIN CALCULATINGRADIATIONRISKS FOR NEPA DOCUMENTS

A. Typical Doses Consideredin NEPA Documents

Doses from operationof DOE facilitiesare limitedby DOE radiation
standards found in DOE Order 5480.1 (USDOE1980a). Annual doses to any
member of the public are not to exceed 500 mrem to the whole body, gonads, or
bone marrow, and 1500 mrem to any other organ. Annual doses to a suitable
sample of the exposed populationare limited to one-thirdof these limits.
In addition to the dose limits, DOE policy requires that actual doses be kept
to as small a fractionof the annual dose limits as is reasonablyachievable
(this is referred to as the ALARA policy).
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When a dose assessmentfor a NEPA document is performed,some accident
scenariosmay involve considerationof doses larger than these dose
standards. Dose criteria used to evaluate the suitabilityof facility siting
are given in DOE Order 6430, which is now (October1983) availableonly in
draft form. For a one-time credible accident, the criteriawould be 25 rem
to the whole body, 300 rem to the thyroid,300 rem to the bone surface, and
75 rem to the remainingorgans. These criteria apply to the maximum exposed
individuallocated either at the site boundary or onsite at the nearest
separate facility (USDOE1981b). Dose estimates for possibleaccidents for a
proposed DOE operationmay range up to these dose criteria.

These accident dose criteria are used as reference values for evaluating
the suitabilityof facility siting. They apply only to accidents. The
criteria do not imply the acceptabilityof doses at these levels, but they
provide guidance for siting purposes.

B. Health Effects Resulting from RadiationExposure

Radiation-inducedhealth effects can be somatic,which occur in the
individualreceiving the radiationexposure, or genetic,which occur in his
or her offspring. Early somatic effects, which can follow the exposure by
minutes to weeks, result from high doses of ionizing radiationat high dose
rates. These levels are usually not encounteredin NEPA documentsand are
not discussed in this report. Late somatic effects,which usually occur
years after the exposure, can be either stochastic,where the probabilityof
injury depends on the dose received,or nonstochastic,where the severity of
the effect depends on the dose.

The principal stochasticeffect resulting from radiationexposure is
inductionof cancer. In Section IV, a method of estimatingthe cancer risks
due to radiation is presented.

Other somatic effects include teratogeniceffects (whichare stochastic)
and nonstochasticeffects. Teratogeniceffects may occur as the result of
in utero irradiationof the fetus. These effects include microcephaly,
growth impairment,and mental retardation. Nonstochasticeffects can range
in severity from very mild effects detectableonly by sensitive biological
testing to severe effects that can be life threatening. As will be discussed
later in this report, at the dose levels resultingfrom routine facility
operations that are assessed in NEPA documents,neither widespread
teratogeniceffects nor nonstochasticeffects are expected to occur. In
contrast to routine operations,analysis of some accident scenariosmay
involve considerationof doses in ranges where teratogeniceffects and
nonstochasticeffects are not precluded. However, even these relatively
higher accident doses are at the extreme low end of the range of doses where
teratogeniceffects and nonstochasticeffects may occur, so that the
importanceof these effects is expected to be minimal.

5



Genetic effects resultingfrom radiationexposure are stochastic. These *
effects appear as a result of gene mutations or chromosomalaberrations. A
method for estimating the risk of genetic disorder in the first generation
and in all subsequentgenerationsdue to radiationexposure is discussedin
Section IV.

c. Terminology

In the discussionof risk calculations,several terms are used in this
report with specificmeanings. These terms are defined in this section.

● The risk factor is the lifetimerisk of radiation-inducedcancer
mortality per unit of absorbed dose. The risk factors have been averaged
over the age and sex distributionof the populationreceivingthe radiation
exposure. The unit is rad-l.

Sometimesa risk factor for genetic risk is given. In these cases, the
risk factor is the risk of genetic disorder in livebornoffspring in the
first generationor in all subsequentgenerationsper unit of absorbed dose.
In this case the absorbed dose is the gamete dose, defined below. This risk
factor is also expressed in rad-l. The context in which the term appears
will clarify whether a somatic or genetic risk factor, or both, are
discussed.

o The risk-rate factor is the risk of cancer mortality resulting from
the radiationexposure per year per unit absorbed dose. The factor is
expressed in rad-l year-l and is used in calculatingthe lifetime risk factor
for cancer mortality describedabove.

● The latent period is the time between the radiationexposure and the
appearanceof the health effect.

● The expression period or~lateau period is the time of an increased
relativelyuniform risk of cancer mortality resulting from exposure to
radiation.

o The relative biologicaleffectiveness(RBE) is the ratio of the
absorbed dose of a reference radiation (such as 250 kVp x-rays) needed to
produce a given biologicaleffect to the absorbed dose-of a particular
radiation type (such as alpha or neutron) needed to produce the identical
biologicaleffect.

e The quality factor is the quantity used for radiationprotection
purposes that multipliesthe absorbed dose so that radiationof different
linear energy transfer (LET) can be expressed in a common term taking into
account the different LET-dependentbiologicaleffectivenessof each
radiationtype.

6



e!
a The geneticallysignificantdose is the gonadal dose from all sources

of exposure that, if receivedby every member of the population,would be
expected to produce the same total genetic effect on the populationas the
sum of the individualdoses actually received.

● The gamete dose is the dose accumulatedby gametes before conception
by the populationat risk. The procedureused in BEIR 111 for calculating
the gamete dose is described in Section IV.H.

D. CalculationalAssumptionsUsed in EstimatingRadiationRisks

Risk estimates,publishedby the national and internationaladvisory
groups reviewed in Section III, are based on the results of epidemiological
studies. Use of these estimatesentails several assumptions. These
assumptionsconcern the shape of the dose-responserelationship,the method
for estimating the risk for times longer than the period spanned in the
epidemiologicalstudy, the comparabilitybetween the studied populationand
the populationthat is the immediateconcern in the NEPA dose assessment,the
value of the RBE used to relate risk from low-LET radiation to risk from
high-LET radiation,and the variabilityof demographicstatisticsused in
estimating risk factors.

1. Ttie Dose-ResponseModel. Epidemiologicalstudies of the effects of
radiationexposure typicallyare designed to observe the incidenceor
mortality rate of a health effect such as cancer in exposed and control (non-
exposed) human populations. Because of the statisticalnature of the
appearanceof these health effects, the highest quality data will usually be
obtained from those populationsectors receiving the largest radiationdose.
At the low-dose levels of most interest in NEPA-relateddocuments,the risk
per unit dose is low, usually resulting in so few health effects that any
increasedeffects are difficult or impossibleto observe by epidemiological
techniques. Alternatively,the sample size theoreticallymay be increasedto
improve statisticalpower. This is limited, however, by the size of the
exposed population. For example, Land and Pierce estimate that a sample size
of tens of millions of individualswould be needed to measure the
carcinogeniceffect of 1 rad of whole body radiation if our current estimates
of the risk are accepted (Land 1983).

Consequently,the risk of health effects at doses below 5 to 10 rads has
never been conclusivelyobserved. The BEIR Committee in its 1980 report
states that it is uncertain “as to whether a total dose of, say, 1 rad would
have any effect at all” (BEIR III 1980, p. 139), and “it is by no means clear
whether dose rates of gamma or x radiationof about 100 mrads/yr are in anY
way detrimentalto exposed people; any somatic effects would be masked by
environmentalor other factors that produce the same types of health effects
as does ionizing radiation.” (BEIR III 1980, p. 139).

7
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Because health effects are difficult to observewhen subjectswere only *
exposed at low doses, health risks potentiallycaused by low levels of
ionizing radiationare estimated by extrapolatingrisks observedat high
doses to the low-dose region. A mathematicalrelationshipgiving risk in
terms of dose is used to perform the extrapolation. None of the mathematical
models commonly used contain a thresholddose of radiation,below which the
radiationwould be expected to have no adverse effect on health. Until the
1980 BEIR report was published,the most commonly used model assumed a linear
nonthresholdrelationshipbetween the dose D and the responseE,

E=aD+EO ,

where “a” is the risk per unit dose, and E. is the number of health effects
in the absence of any dose. In its 1980 report, the BEIR Committee
consideredtwo additionalnonthresholddose-responsemodels for inductionof
cancer by low-LET radiation:the linear-quadraticmodel, in which the
response is a sum of a linear and a quadratic term,

E =aD+bD2+E o’

and the quadraticmodel, in which the response is a quadratic function of the
dose,

E =bDz+Eo ,

where b is a constant.

In summary, epidemiologicalstudies provide estimates of increasedrisk
of cancer inductionat relativelyhigh doses where this risk can be more
easily observed. In order to obtain estimates of risks at low doses,
assumptionsare made about the shape of the dose-responsecurve, and the
high-doserisks are extrapolatedto the low-dose region.

The question of the slope of the dose response curve and the magnitude
of the risk factors may be affected by recent work by Loewe and Mendelssohn
(1981) revising the dosimetryof the Japaneseatomic bomb survivors. The
possible effects this work may have on estimatingthe risk of radiation-
induced cancer are discussed in Section IV.J.

We have elected to recommendthe linear no-thresholddose-responsemodel P
for all radiation types, including low-LET radiation (see Section IV.B).
Until the uncertaintynoted above in the Japanese atomic bomb survivor .
epidemiologicaldata is resolved, the more conservativelinear model is the
most appropriatefor long-termprojectionssuch as made in environmental
documents. We do include a correctionto the recommendedrisk estimate for
low doses of low-LET radiation.



. The nationaland internationalorganizationswhose recommendationsare
reviewed in Section III were unanimous in consideringthat linear extrapola-
tion of risk from low-LET radiationexposure (from the high-dosehigh-dose-
rate regions to low-dose low-dose-rateregions) tends to overestimatethe
cancer risk. As noted above, the BEIR Committee proposed using a linear-
quadraticdose-responsemodel to estimate total cancer risk induced by low-
LET radiation. The Committee stated that the quadratic and linear model
estimateswould bracket the radiationrisk, which would be more accurately
representedby the intermediateestimates from the linear-quadraticmodel.
For example, the linear-quadraticmodel produces estimates of total cancer
approximately2.4 times lower at a continuousexposure of 1 rad/year than
would be those for the linear model (BEIR III 1980, p. 146). The NCRP
developed a Dose Rate EffectivenessFactor (DREF) that would lower the
linearlyextrapolatedestimate of total cancer risk resultingfrom low-LET
radiationby a factor of 2 to 10 for low-dose low-dose-rateexposures (NCRP
1980). UNSCEAR lowered its risk estimate for total cancer induction from
250 x 1O-~/rad of low-LET radiation to 100 x 10-6/rad of low-LET radiation
for low-doseexposures (UNSCEAR1977). The leukemia risk was similarly
reduced. The UNSCEAR Committee notes that such a value is derived
essentiallyfrom mortalitiesinduced at doses in excess of 100 rad and thus
the value appropriatefor much lower dose values, and especially for
environmentalexposures to radiation,may well be substantiallyless. The
ICRP also warns that risk estimatesderived from data involvingpopulations
exposed at high doses and high-doserates could overestimatethe risk at low
doses and low-dose rates, and they consider these possible overestimatesin
choosing the risk factors used in their report (ICRP 1977a).

For the choice of models to estimate the risk of genetic disorders,the
situation is somewhat different. Only very limited evidence of genetic
damage from radiation has been observed in human populations. Risk estimates
have been obtained principallyfrom laboratorywork with several animal
species, particularlywith mice. These risk estimateswere then used with
assumptionsabout the dose-responserelationshipto estimate the risk of
genetic disorders from radiationat low doses. A linear dose-responsemodel
has been used consistentlyby BEIR, UNSCEAR, and ICRP to estimate genetic
risk.

2. Projectionof Cancer Risk Beyond the Period of Follow-Up. The
majority of the epidemiologicalstudies have not yet followed the individuals

- in their study populationsthrough their entire lifetimes. When the BEIR 111
report was being written, the data from Japanese atomic bomb survivor study--

k one of the most important studies for estimatingradiation risks--encompassed
only 30 years of observation. For some types of cancer, namely leukemia and
bone cancer, no elevated cancer incidencehad been observed for several
years. This was interpretedas the risk returning to zero in about 25-30
years. An estimate of the total lifetime risk of incurring one of these
cancers could be calculatedstraightforwardly. For many other cancers,



however, cancer incidenceand mortality had remainedelevated above levels .

found in the control populations. In order to calculate the total lifetime
risk of having one of these cancers as a result of radiationexposure, the
future risk had to be estimated. The risk was assumed to follow either the
absolute risk projectionmodel or the relative risk projectionmodel.

Risk projectionusing the absolute risk model assumes that absolute
risk, which is the differencebetween the risk of the exposed populationand
that of the control population,remained constant throughoutthe expression
period. Risk projectionwith the relative risk model, in contrast,assumes
that the ratio of the risk of the exposed populationto the control
population,as measured during the observationperiod,was a constant
throughoutthe remainingexpressionperiod.

Determiningwhich projectionmodel is preferablemay depend on the type
of cancer being considered. For example, the BEIR Committee has noted that
lung and breast cancer inductionmay be underestimatedby the absolute risk
model (BEIR 111 1980). However, for many cancers, data are insufficientto
indicatewhich projectionmodel is more appropriate.

3. ComparabilityBetween Populations. The major use of risk estimators
in NEPA documentswould be to estimate the health impacts of the proposed
facility or activity on the surroundingpopulation.‘This population,
which has its own age and sex distribution,would usually be similar to the
U.S. population. Even so, populationsforming the basis of most
epidemiologicalstudies usually differ from the U.S. populationin several
ways. For example, uranium miner populationshave been studied for the
effects of radon decay products in inducing lung cancer. This populationis
composed mainly of males of working age. Exposures occurredwhile the miners
were working in dusty undergroundmine atmospheres.
found to be more widely prevalentamong these groups
populationas a whole. Thus, there is a question as
cancer risks in this populationrepresentthose of a
group.

Cigarette smokingwas
than in the U.S.
to what degree the lung
more typical population

Similar considerationsapply to other groups used in epidemiological
studies. The Japanese atomic bomb survivors formed a populationgroup in
which males of military age were largely absent, and in which spontaneous
incidencerates of many cancers, such as breast cancer or digestivetract
cancers, differed significantlyfrom those of the U.S. population. Many
epidemiologicalstudies concernedgroups that received radiationas a
treatmentfor a specific disease. To what extent the pre-existingdisease
contributed to elevated cancer rates in many cases is not known.

The BEIR 111 Committee partiallyaddressed this issue in its relative
risk estimate of the number of cancer deaths from a hypotheticalradiation
exposure in a populationgroup similar to the U.S. population. The Committee
used absolute risk-ratecoefficientsderived from the epidemiologicalstudy
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of these previouslyexposed populationsto calculate relative risk-rate
factors. The expected number of cancer deaths tcalculatedwith the absolute
risk-rate factors) resulting from radiationexposure that would occur between
10 and 30 years after the exposurewas divided by the number of spontaneous
cancer deaths during the same time period. (The period of 30 years after the
exposurewas used because this was the follow-up period for the atomic bomb
survivor study, on which the absolute risk-rate factors were based.) Because
the risk estimate was for the U.S. population,the spontaneouscancer
mortality rate for the U.S. populationwas used in the relative risk
calculation. The calculatedratio was used as the relative risk-ratefactor.
The number of cancer deaths, then, in the first 30 years after exposure was
calculatedusing the absolute risk-ratefactors from the exposed population
(the atomic bomb survivors),but the projectionwas based on the
characteristicsof the populationfor whom the risk was calculated. The
question remains as to the applicabilityof the absolute risk-rate factors to
populationsother than those that were studied.

4. NumericalValue of the RBE. The RBE should be used in converting
risk factors for low-LET radiationto those for high-LET radiation. There is
no reason why the RBE should be exactly equal to the quality factor. How-
ever, at the dose ranges consideredin this report, there are very few
measurementsof the RBE. The quality factor is frequentlyused as the RBE,
and this practice has been followed in this study. Following the ICRP (ICRp
1977a),we have used a quality factor of 20 for alpha radiation. An
exception is the RBE for lung cancer, for which a range of values of 8 to 15
was explicitly given in BEIR III report, whose recommendationswere used in
estimating the risk of radiation-inducedlung cancer (see Section IV.F.7).
We have also used a maximum value of 10 for the RBE for neutron radiation.

5. Stability of DemographicData. Age- and sex-averagedrisk factors
are calculatedusing demographicdata describingthe exposed populationat a
particular time. These data are the populationdistributionby age and sex,
the probabilityof dying during a particularage interval,cancer mortality
rates by age and sex (if the relative risk of cancer is to be calculated),
and age-specificbirth rates (for estimating the risk of genetic disorders in
offspring).

The estimation of the risk factors assumes that the demographicdata
used in the calculationare relativelyconstant in time. While this may
be true generally,it may not be a particularlygood assumption for several
parameters. Examples would include increasinglung cancer rates and falling
birth rates. Interpretationof estimates of radiation-inducedhealth risks
should be made with these uncertaintiesin mind.

11



111. RISK ESTIMATIONPROCEDURESOF NATIONALAND INTERNATIONALADVISORY
GROUPS

A. Risks of Radiation-InducedCancer and Genetic Disorders

.

.

1. U.S. National Academy of Sciences Committee on the Biological
Effects of IonizingRadiations (BEIRCommittee)

a. The BEIR I Report. In 1972 the BEIR Committee publishedtheir
review of the evidence for effects on human health caused by exposure to low
levels of ionizing radiation (BEIR I 1972). Because the recommendationsof
this report have been supersededby the 1980 BEIR report (BEIR III 1980), the
BEIR I report will only be briefly discussed here.

Both somatic and genetic effects were consideredin the BEIR I report.
The linear dose-responsemodel was used for both carcinogenicand mutagenic
effects. The principal somatic effect was inductionof cancer, but other
effects such as the formationof cataractsand impairmentof fertilitywere
also included.

The BEIR I report publishedboth absolute and relative risk-rate
coefficientsfor the major cancers induced by radiation. If these rates are
used with the estimates of latent period and plateau period given in BEIR I
for each cancer type, the total lifetime risk can be calculatedthat is due
to a radiationexposure at any age. The estimate of the annual number of
cancer deaths in the United States resultingfrom continuousexposure to 0.1
rem/year is included in the report (BEIR I 1972, pp. 172-173)and illustrates
the calculationprocedure.

Four methods of assessing genetic risks were used in BEIR I: comparison
with natural backgroundradiation, a doubling dose method, a method based on
an estimate of the mutationalcomponent in congenitalanomaliesand
constitutionaldiseases,and a method based on the role of mutations in
overall ill health. The BEIR Committee indicated that the above list is in
the order of decreasingconfidence.

Estimates of genetic disorderswere based on a risk relative to the
spontaneousmutation rate of 0.005 to 0.05 per rem, or a doubling dose
ranging from 20 to 200 rem. Dominant, chromosomal,and recessivegenetic
disorderswould eventuallyincrease in proportionto the mutation rate;
Diseases of complex etiologywere assumed to have a mutational component

n

between 5% and 50% of the incidencerate. Based on these factors, the BEIR
Committeeestimated that the equilibriumrisk factor for genetic disorder in “
offspring ranged between 300 and 7500 x 10-6 for 5 rem per generation.

b. The BEIR III Report. The BEIR Committee in the BEIR III report
published in 1980 reviewed its 1972 report and updated its risk estimates
based on the most recent epidemiologicalresults.

12



Although most featuresof the BEIR I were retained, several significant
proceduralchanges were made in BEIR III. The most significantchange in
BEIR III was the recommendationthat the linear-quadraticdose-responsemodel
be used to calculate cancer risks from exposure to low-LET radiation. The
linear and quadratic dose-responsemodels were also presented,and the BEIR
Committee concluded that risk estimates using these two models represent
upper and lower bounds, respectively,for the risk, which was best repre-
sented by the linear-quadraticmodel. The linear dose-responsemodel contin-
ued to be used by the BEIR Committee for calculatingcancer risk from high-
LET radiationand for calculatingthe risk of genetic disorders for both
high- and low-LET radiation.

These recommendationsof the BEIR Committeewere based on radiobiologi-
cal considerations. Because of statisticalconsiderationsnoted earlier,
epidemiolog{calstudies are relativelyinsensitiveto the shape of the dose-
response model in the low-dose region, the areas where the greatest differ-
ence between these models would be expected. The use of one model rather
than another has not been decided through epidemiologicaldata, but independ-
ently through radiobiologicalresearch,which has formed the basis of under-
standing how radiation interactswith human tissue.

Unfortunately,risk-ratecoefficientsfor low-LET radiation used in the
linear-quadraticmodel were supplied by the BEIR Committee only for combined
leukemiaand bone cancer, and for all other cancers combined. Only linear
risk-rate factors were provided for each cancer type singly.

The BEIR III report used a 3-year latent period and a 24-year expression
period for leukemiaand bone cancer. Risks from other cancers were calcula-
ted using a 10-year latent period and an expression period extending for the
full lifetime. For in utero exposures, the latent period was taken to be——
0 year, and the expressionperiod was 12 years for hematopoietictumors and
10 years for solid tumors. Most of these values for latent period and
expression period representonly small changes from values in the BEIR I
report. One notable exception is that BEIR III no longer uses a 30-year
expressionperiod in addition to the lifetimeexpression period for solid
cancers as did BEIR I; it only considersa lifetime expression period.

One final proceduraldifferencebetween BEIR I and BEIR III concerns the
calculationof relative risk. In BEIR III explicit relative risk-rate fac-
tors usually are not given as they were in the earlier report. A relative
risk calculationwas performed using the absolute risk-rate factors for all
cancers except leukemia and bone cancer; this will be described in Section
IV.C. In addition, for this calculation, relative risks to individualsin
the O- to 9-year age group were found to be unreliable,and the relative
risks for the 10- to 19-year age group were substitutedfor them in BEIR
III.

13



More generally,the BEIR Committeetended to give age-specificabsolute
risk-ratecoefficientsrather than relative risk-ratecoefficients(breast
cancer was an exception in that both were given). The BEIR Somatic Effects
Subcommitteestated:

.

“Review of the current data has led the present Subcommitteeto conclude
that the relative-riskmodel does not apply generally,but is applicableto
the effect of age on cancer incidencefor many sites at which cancer is in-
duced by radiation. Thus, age at exposure and at cancer developmenthas
emerged as a major determinantof cancer risk from radiation. For this
reason, this subject is also consideredin some detail; both project
models have been used.” (BEIR III 1980, p. 150)

In giving the lower and upper bounds of the risk estimates from
quadratic and linear models, respectively,as well as the central va”
the risk estimate from the linear-quadraticmodel, the BEIR 111 Convn
provided a measure of the uncertaintyof these risk projections. At
exposure of 10 rads, the estimatesmade with the linearmodel were 2.2 times
larger than were those made with the linear-quadraticmodel. The linear-
quadraticestimateswere eight times larger than were the quadratic
estimates. And finally, the estimatesmade with the relative risk projection
model were three times larger than those made with the absoluterisk
projectionmodel for all three dose-responsefunctions (BEIR III 1980, Table
v-2, p. 145).

on

the
ue of
ttee
a single

Estimatesof the risk of genetic disorders in BEIR 111 were calculated
using two methods, the indirectrelative-mutation-riskmethod (for equili-
brium effects) and a new direct method (for first-generationeffects). The
relativemutation risk of genetic disorder was revised to 0.004-0.02per rem,
corresponding.toa doubling dose of 50 to 250 rem. This method was used for
all genetic disordersexcept chromosomalaberrations. The BEIR Committee
estimatedthe equilibriumrate of chromosomalaberrationsfrom the direct
method; the expected number of these aberrationswas low and did not
appreciablyaffect the estimate of all genetic disorders at equilibrium. The
BEIR III report follows BEIR I in using 5% to 50% for the mutational
component in irregularlyinheriteddisorders.

Using the indirectmethod, the BEIR Committeeestimatedthe total number
of genetic disorders at equilibriumfrom an exposure of 1 rem of low-LET
radiationper generationto range from 60 to 1100 per million liveborn
offspring. This estimate includes a reductionby a factor of 3 to account
for the lesser effectivenessof low-dose-ratelow-LET radiationto produce
genetic effects (BEIR III 1980, p. 128). This dose-rate effect has not been
observed for high-LET radiation,so that the risk of genetic disorder at
equilibriumfrom 1 rem of high-LET radiation per generationwould be 180-3300
per million livebornoffspring.
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A direct method, based on new data giving the incidenceof radiation-
induced skeletalabnormalitiesin mice, allows estimationof first generation
genetic disorders in man that are due to gene mutations. The risk of
chromosomalaberrationsfrom radiationexposure,which the BEIR Committee
felt would be dominatedby reciprocaltranslocations,was derived from human
and marmoset data. For an exposure of 1 rem, 5 to 65 serious disordersand
irregularlyinheriteddisorders,and O to 10 disordersfrom chromosomal
aberrationsper million livebornoffspringwould be expected in the first
generation from an exposure of 1 rem. This risk factor took into account the
sensitivityof oocytes to radiation,which was estimated to be from O to 0.44
of that of spermatogoniafor mature and maturing oocytes, and negligiblefor
resting oocytes (BEIR III 1980, p. 118).

As noted above, correctionsfor dose-rateeffects from low-LET radiation
were applied in the BEIR III report in the calculationof the risk of genetic
disorders. They considereda dose-ratecorrectionfor cancer inductionby
low-LET radiation but it was not adopted. As stated by the BEIR III
Committee, “most members of the Committee conclude that it is not now
possible to assign a numerical value to any dose-rate factor by which risk
estimates obtained in populationsexposed to low-LET radiationat relatively
high dose rates can be corrected to apply to exposures at low dose rates”
(BEIR III 1980, P. 191). The Committee noted that the linear-quadraticmodel
includes some correctionfor dose rate because the coefficientof the
quadratic term depends on dose fractionation.

For high-LET radiation,the Committee did not apply any reduction for
dose rate. Because of the reduced effectivenessof body repair mechanisms
for high-LET radiation,they recommendedthe use of the linear dose-response
model for both genetic and tumorigeniceffects.

2. United Nations ScientificCommittee on the Effects of Atomic
Radiation (UNSCEARCommittee)

a. The 1977 UNSCEAR Report. UNSCEAR publisheda comprehensivereport
in 1977 entitled Sources and Effects of IonizingRadiation,which included a
discussionof the health effects of low-level ionizing radiationexposure.
The report reviewed recent work in radiation-inducedcarcinogenesis,genetic
disorders,and developmentaldisorders from in utero exposure. Both——
tumorigenicand mutagenic effects were calculatedwith a linear dose-response,
model.

UNSCEAR published total lifetime risk of cancer mortality (or incidence)
resulting from exposure to ionizing radiation. Risk factorswere given per
unit of absorbed dose (in rads), so that identificationof the type of
radiation--whetherhigh or low LET--shouldaccompany the risk estimate to
make it meaningful.
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UNSCEAR explicitlyreduced its estimate of total lifetimecancer risk .

per rad of low-LET radiationfrom 250 to 300 x 10-6/radat moderatelyhigh
doses (100 to several hundred rads) to 100 x 10-6/radat low doses (dosesof .
a few rads) (UNSCEAR1977, p. 414, paragraph318). Risk factors for
leukemia, from which the above total cancer risks were estimated,were
observed to fall from 50 x 10-6/radat moderatelyhigh doses to 20 x 10-6/rad
at low doses.

Dose-rateeffects, in addition to the dose magnitudeeffects discussed
above, also were considered (for example, see UNSCEAR 1977, p. 413, paragraph
310 and p. 512, paragraph646). Low-LET radiationdeliveredat low dose
rates would be expected to result in a lower risk of cancer inductionper
rad, but UNSCEAR indicatedthat it would be impossibleto quantify this
effect for tumorogenesis(UNSCEAR1977, p. 598, paragraph183). A dose-rate
reductionfactor of 3 for low-dose-ratelow-doseeffects was includedin the
calculationof risk of mutagenesisfrom low-LET radiation (UNSCEAR1977, p.
508, paragraph611).

The risk of genetic disorderswas estimatedusing a direct method based
on research on skeletalabnormalitiesin mice exposed to radiation (work also
used in the BEIR III report that appeared later) and an indirectmethod using
a doubling dose of 100 rads. The UNSCEAR report and the BEIR III report are
in good agreement in estimatingthe risk of genetic disorder. UNSCEAR
estimates that low-dose-rateirradiationat the rate of 1 rad per generation
would result in 63 genetic disordersper million livebornoffspringin the
first generation (comparedwith 5 to 75 per million in BEIR III) and 185
genetic disordersper million livebornoffspringat equilibrium(compared
with 60 to 1100 per million in BEIR III).

b. The 1982 UNSCEAR Report. UNSCEAR issued its report Ionizing
Radiation:Sources and BiologicalEffects in 1982. The report

1.

2.

3.

did not revise any risk factors for radiation-inducedcancer from
its 1977 report. UNSCEAR indicatedthat it is now reviewingmodels
of tumor induction,but that it is postponingpublicationof its
findings until questionsconcerningthe dosimetryof the atomic bomb
survivorsare settled (UNSCEAR1982, p. 11, paragraph52). (See
Section IV.J. of this report for a short discussionof the effects
the review of this dosirnetrymay have.)

reviewed the evidence for nonstochasticrisks from radiation
exposure. Nonstochasticrisks are discussedin Section 111.B.2.

reviewed recent data on the risk of radiation-inducedgenetic
disorders. The Committeeconcludedthat no substantialchanges in
previous estimatesof genetic risks were necessary.
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As in the 1977 UNSCEAR report, the risk of genetic disorderwas
calculatedusing a direct method (risks for first generationonly) and an
indirectmethod (risksfor first generationand for equilibrium). The direct
method included the estimate that was used in the 197? UNSCEAR report based
on skeletalmalformationsin”the mouse, and also included an estimate based
on radiation-induceddominant cataractmutations in male mice. The
sensitivityof oocytes to radiation,which had been consideredlow in the
1977 report and not included in the risk estimates,was quantifiedin the
1982 report. The oocytes were estimated to have from O to 0.44 times the
sensitivityof spermatogoniao The UNSCEAR Committee estimated that the risk
of genetic disorder in the first generationfrom dominant mutations induced
by low-LET radiationat low-dose rates would be 10 to 20 x 1O-~/rad for males
and O to 0.9 x 1O-ti/radfor females. The genetic risk from structural
chromosomaldamage was estimated using human, marmoset, and rhesus monkey
data. The estimate of 0.30 to 10 x 1O-G/rad (low LET) for males was similar
to the estimates of 2 to 10 x 1O-G/rad (low LET) for males in the 1977
UNSCEAR report. The estimate in the 1982 report of O to 3 x 1O-~/rad (low
LET) for females agrees with the statement in the 1977 report that the risk
of structuralchromosomedamage in females was low.

Using the direct method, the UNSCEAR Committeeestimated that the total
risk of genetic disorder in the first generationwould be 10.3 to 30 x
lo-6/rad for males and O to 12 x 1(1-6/radfor females. These risk factors
apply to irradiationby low-LET radiationat low-dose rates.

The indirect method calculationin the UNSCEAR 1982 report used a
doubling dose of 100 rads (low LET) to estimate the risk of radiation-induced
genetic disorders in the first generationafter exposure and at equilibrium.
The equilibriumestimate is 149 per million liveborn offspringat a dose of 1
rad (low LET) per generation. This is only a slight change in the previous
estimate of 185 x 1O-G/rad in UNSCEAR 1977.

The risk of genetic disorder in offspring in the first generationusing
the indirectmethod was estimated to be 21.9 x 1O-~/rad. This slight
reduction from the estimate of 63 x 1O-~/radmade in the UNSCEAR 1977 report
was based primarily on more recent informationthat was available for the
1982 report. This estimate, as well as the estimates for first-generation
effects made with the direct method, is in agreementwith the BEIR III
estimate of 5 to 75 x 1O-~/rad.

3. InternationalCommissionon RadiologicalProtection (ICRP)

In ICRP Publication26, Recommendationsof the InternationalCommission
on RadiologicalProtection (ICRP 1977a), the ICRP presenteda method for
regulatingradiationdoses to radiationworkers and the public based on
limiting risks of somatic and hereditaryeffects. The dose-limitation
procedurewas designed to prevent nonstochasticeffects (those for which the
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severity of the effect varies with the dose) and limit stochasticeffects
(those for which the probabilityof the effect occurring,rather than its

.

severity,depends on dose). The linear dose-responsemodel for both
tumorigenicand mutagenic risks was used in this dose-limitationprocedure.

.

In developingits recommendationsfor dose limits, the ICRP presented
risk estimates for both cancer mortalityand genetic disorder resultingfrom
exposure to ionizing radiation. These estimateswere chosen for radiation
protectionpurposes and consideredto be conservativeby the ICRP. The risk
factors for cancer mortalityare estimatesof lifetime risks per unit dose of
sufficientaccuracy to be applied regardlessof age or sex (ICRP 1977a, p.
9).

The ICRP in Publication27, Problems Involved in Developingan Index of
Harm (ICRP 1977b) further discussesrisk calculationusing these risk
factors. The risk of
for females and O for
Publication26). The
total lifetimecancer
females. The average

breast cancer mortality is taken to be 50 x 10-6/rem
males (the average, 25 x 10-6/rem,*is given in ICRP
ICRP sums the various organ risk factors to calculatea
risk of 100 x 1O-~/rem for males and 150 x 10-6/remfor
would then be 125 x 1O-~/rem. This sex-averagedrisk

is reduced to 100 x-lO-~/remwhen the risk is averaged over the age; of the
working population,because in exposed older workers, the cancer expression
period is necessarilyshortenedby deaths from other causes.

The ICRP site-specificcancer risk factors quoted in this report are not
age-averaged,but instead, they representthe risk when the “full expression
period” is available. We infer this from the use of these risk factors in
ICRP Publication27 (ICRP 1977b). However, age averaging reduced the total
cancer risk factor by only 20%, and a similar reductionwould occur if age
averagingwere used for the site-specificcancer risk factors. Because of
the uncertaintiesinherent in these risk factors, the ICRP factors are
sufficientlyclose to the age-averagedfactors to compare with risk factors
recommendedby other advisory groups (see Sec. 111.C).

To calculate internal exposure, the ICRP uses the 50-year dose commit-
ment in its system for limitationof dose received by intake of radioactive
material during a year. The 50-year dose commitmentto an organ is the total
dose that an organ receives from radionuclideintake during the 50 years
following that intake. The total 50-year dose is thus charged against the
year that the intake occurred,even though some fraction of that dose may not -
be incurred for years after that intake. Multiplicationof that organ

*Really as 2.5 x lo-s/sievert. The ICRP presents its risk factors in terms
.

of dose equivalent (unitsof Sievert or rem) rather than absorbed dose (units
of greys or rads) as other advisory bodies have done. To
mendations of the ICRP with those of the other groups, we
values to rad values using a quality factor of 20.
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dose by the organ’sweighting factor,which is the proportionof the
stochasticrisk to that organ to the total risk when the whole body is
irradiateduniformly,gives a weighted effective dose. Risk of stochastic
effects from this effective dose can then be compared directlywith the risk
from uniform whole-body radiation.

Use of the 50-year dose commitmentto calculate stochasticrisk is
compatiblewith the ICRP’S risk factors. Because their risk factors are not
age dependent,the age at which the dose is received does not affect the risk
calculation. It is obvious, however, that exposures to older individualsmay
never result in a 50-year dose because their life
less than 50 years.

The ICRP consideredreductionsin risk owing
dose rates in deriving its risk factors. Many of
on data taken at high doses and high-doserates.

expectanciescan be much

to both low doses and low-
the risk factors were based
For these factors, the ICRP

states, “it is likely that the frequency of effects per unit dose will be
lower followingexposure to low doses or to doses deliveredat low-dose
rates, and it may be appropriate,therefore,to reduce these estimates by a
factor to allow for the probable differencein risk. The risk factors...have
thereforebeen chosen as far as possible to apply in practice for the
purposes of radiationprotection.” (ICRP 1977a, p. 7).

Risks of serious genetic disorder given by the ICRP are 100 x 10-6 per
rem (geneticallysignificantdose) in the first two generationsand an amount
of the same magnitude in later generations (ICRP 1977a, p. 10). The total
risk to all subsequentgenerationswas taken to be 200 x 10-6 per rem.

The ICRP also used a risk factor for genetic disorder of 80 x 1O-b/rem
in all subsequentgenerations (40 x 10-6/rem for the first two generations)
(ICRP 1977a, p. 12). This risk factor has been adjusted for the contribution
that a uniform dose to a typical populationwould make to the genetically
significantdose (ICRP 1977b); this is the genetic risk in an exposed
populationin terms of the gonadal dose to that populationrather than the
geneticallysignificantdose.

For the purposes of comparisonwith estimates of risk of genetic
disorder taken from the BEIR and UNSCEAR reports, the first risk factor, 200
x 1O-~/rem, is appropriate,and ‘willbe discussedwith risk factors from
other advisory bodies in Section 111.C.

4. National Council on Radiation Protectionand Measurements (NCRP)

The NCRP, in its Report No. 64, Influenceof Dose and Its Distribution
in Time on Dose-ResponseRelationshipsfor Low-LET Radiations (NCRP 1980),
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extensivelyreviewed the influencesof dose magnitudeand dose rate on .
carcinogenicand genetic effects in man. Radiationeffects on a wide variety
of biologicalsystems, includingsimple cells, plants, animals, and finally
humans were consideredby the NCRP.

.

The NCRP noted that linear extrapolationof cancer risk from low-LET
radiationexposure based on data for populationsexposed at high doses and
high-doserates could lead to overestimationof risk at low doses and low-
dose rates because the effect of biologicalrepair mechanismswould not be
taken into account. A Dose-RateEffectivenessFactor (DREF)was developedto
correct overestimatesof total cancer risk and risk of genetic disorder
resultingfrom exposure to low-LET radiationat doses of 20 rads or less and
dose rates of 5 radslyearor less. For this dose magnitude and dose-rate
range, the NCRP estimated that the linear hypothesiswould overestimatethe
total number of tumors or genetic disorders in man by a factor of 2 to 10.
The NCRP avoided giving DREFs for individualorgans, or a single value for
the DREF for all tumors, because of our present limited understandingof
tumor formationand the widely different tumor responses to radiation in
experimentalanimals.

Risk factors for selected cancers in humanswere reviewed by the NCRP,
but no specific factors were recommendedfor calculatingthe risk from
radiationexposure. Similarly,latent periods and plateau periodswere
discussed,but no values were recommendedfor risk calculationfor specific
cancers. Instead, the report focused on correlatingdose magnitudeand dose-
rate effects observed in a wide variety of biologicalsystems so that the
effects on man for exposure to ionizing radiationat low doses, or at high
doses but at low-dose rates could be assessed,and the validity of the linear
dose-responsemodel for low-LET radiationcould be examined.

B. Risks of Somatic Effects Other Than Cancer

1. Effects from Irradiationin Utero. In utero radiationexposure has
been related to an increasedrisk of death of the conceptusand embryo and of
teratogeniceffects in animal experiments,and in some cases, in human
populations (suchas the atomic bomb survivors). The developmentaleffects
include morphologicalchanges (especiallymicrocephalyfor humans),
functionaldisabilities(suchas mental retardation),and growth impairment.
These effects have been principallyobserved in populationsexposed at high-
radiationdoses, although some effects have also been reported at doses as
low as a few rads to the embryo.

.

Although these effects have been documented,the dose-response
.

relationshiphas not been well defined. None of the organizations(with the
exception of the ICRP) whose work is reviewed in this report have developeda
method of quantitativelyrelating the risk of teratogeniceffects to the
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radiationdose. Many questionsremain, such as the biologicaleffectiveness
of high-LET radiationrelative to low-LET radiation.

In its 1977 report, the UNSCEAR Committee stated that, for somatic
effects other than cancer, “data applicable to man can only be derived from
human epidemiologicalstudies. These studies are, however, not availableat
present, at least on the scale requiredand at the low doses of interest.
The Committeebelieves that this point should be particularlyemphasized so
as to discouragenumericalextrapolationsnot sufficientlyjustifiedby
present knowledge.” (UNSCEAR1977, p. 707) Data obtained from animal
experimentswas qualitativelyuseful, but should not be used to establish a
quantitativedose-effectrelationshipfor man because of “(a) the great
specificityof the malformationsinduced at comparablestages in different
species and even among different strains of the same species; (b) the species
difference in the duration of the foetal period “ (c) the extremely.00,
variable form of the dose-effectrelationshipsin different species.”
(UNSCEAR1977, p. 707)

.

The UNSCEAR Committee did report an incidence rate for man of mental
retardationassociatedwith microcephalyof 10-3/radwhen irradiation
occurred during the period of major organogenesis(9 to 60 days post
conception). This incidencerate was measured at doses greater than 50 rads
to the fetus, and the Committeewarned against extrapolatingthis rate to the
lower dose region (UNSCEAR1977, p. 682).

In studies of individualsexposed in utero at Hiroshimaand Nagasaki,
microcephalywas observed at doses as low as 10 to 19 rad (kerma)at
Hiroshima,but only at qoses above 150 rad (kerma)at Nagasaki. The
differencewas presumablydue to the larger neutron component to the dose at
Hiroshima,although this conclusionmay be altered by the resent
reexaminationof the dosimetryat Hiroshimaand Nagasaki (UNSCEAR1977, p.
682) (see Section IV.J). No dose-responserelationshipwas given in the
UNSCEAR report based on this data.

The BEIR Committee felt that, for some teratogeniceffects where cell-
killing effects could be directly measured, such as oocyte killing, “there do
not appear to be any clear thresholddoses under some conditions.For
morphologicmalformations,however,a generalizedstraight-lineextrapolation
from the results of acute irradiationat high or moderate doses is probably
not valid. Because it is unlikely that any perceived developmental
abnormalityresults from damage to a single target, there are probably
thresholddoses for all such abnormalities.” (BEIR III 1980, p. 489. ) The
BEIR III report states that, at total exposures less than 1 R deliveredat
exposure rates of 0.01 R/reinor less, widespread teratogeniceffects would
not occur, even though some effects involving single cells could occur (BEIR
III 1980, p. 492). The report also states that natural and manmade
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background radiation is so low that it is not believed to be a factor in the
natural occurrenceof teratogeniceffects (BEIR III 1980, p. 487).

.

.
The report in which the ICRP systematicallypresented its risk factors,

ICRP Publication26, discussed teratogeniceffects (ICRP 1977a, p. 13,
paragraph 65) but presentedno risk factors for those effects. In contrast
to BEIR III and UNSCEAR, the ICRP has used a linear dose-responsemodel in
developingan index of harm to estimate effects from in utero irradiationin
ICRP Publication 27 (ICRP 1977b). Risk factors for these effects were
estimated to be 8 x 1O-s/rem for intrauterinedeath for exposuresbefore
implantationof the conceptuson the uterinewall and 5 x 1O-q/rem for
malformationfrom exposures occurringduring major organogenesis.

2. NonstochasticEffects. Nonstochasticeffects were briefly discussed
in BEIR I, BEIR III, the 1977 UNSCEAR report, and in ICRP Publication26.
The most thorough treatmentwas found in the 1982 UNSCEAR report. No
organizationwhose work is reviewed here has proposeda risk calculation
procedure for nonstochasticeffects in humans.

Nonstochasticeffects in general exhibit an effective dose threshold.
For doses below this threshold,no nonstochasticeffects are expected to
occur. In reviewing the reports describedabove, we have found that dose
thresholdsare generallywell above the range of doses describedin Section
11.A that would be encounteredin NEPA documents.

According to the ICRP, nonstochasticeffects are not expected to occur
over a lifetime at annual doses below 5 rem for all tissues (ICRP 1977a, p.
25, paragraph 126 and ICRP 1980).

The BEIR III report consideredthe effects of radiationexposure on the
impairmentof fertility,formationof cataracts,and aging. Doses less than
400 rads (1ow-LETradiation)to spermatogonialstem cells were not expected
to cause permanent sterilityin males. Doses to the ovary in the range of
300 to 400 rads (1ow-LETradiation)may cause some impairmentof fertilityin
females, but the effect is somewhat dependenton age (BEIR III 1980, p. 499).
Data on cataract formationwere reported to be sigmoid in shape, with dose
thresholds in the range of 20 to 450 rads (1ow-LETradiation) (BEIR 111 1980,
p. 500), but only above a dose thresholdof 200 rads do vision-impairing
cataracts begin to appear. With regard to aging, the BEIR Commitee concluded
that “there is no firm evidence that exposure to ionizing radiationcauses
prematureaging in man or that the associated increasedincidenceof
carcinogenesisis due to a general accelerationof aging.” (BEIR III 1980,
p. 505)

The 1982 UNSCEAR report reviewed in some detail the evidence for
nonstochasticeffects induced by radiation. The tissues having the lowest
thresholdsfor inductionof nonstochasticeffects were the reproductive
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organs, where acute doses as low as 10 rads (1ow-LETradiation)could cause
temporary sterility in males (permanentsterility in males would not occur
until acute doses exceeded 200 to 600 rads, and in females until doses
exceeded 300 rads), and blood and blood-formingcells, where acute doses as
low as 50 to 100 rads may cause some loss of lymphocytesand stem cells from
the bone marrow and circulatingblood. The UNSCEAR report discusses
nonstochasticeffects for many organs, includinglung, skin, urinary tract,
gastrointestinalsystem, and eye (UNSCEAR1982, pp. 625-626).

c. Comparisonof Risk Factors

Two different approacheswere taken by the organizationsreviewed here
in presentingtheir risk estimatesfor cancer. Both UNSCEAR and the ICRP
published age- and sex-averagedrisk factors, giving the incrementallifetime
risk to an individualof dying from a radiation-inducedcancer either per
unit absorbed dose (UNSCEAR)or per unit dose equivalent (ICRP).The BEIR
Committees,in contrast,tended to publish an age- and sex-specificrisk
rate, giving the annual risk of dying from cancer in terms of age of exposure
and elapsed time since the exposure.

The first approachhas the advantageof simplicitybecause the
cumulative organ dose to a population in an assessmentarea leads directly to
the estimated number of health effects resultingfrom that dose by
multiplying the cumulativeorgan dose by the risk factor for that organ.
However, if the population-at-riskdiffered significantlyfrom the population
over which the risk factors had been averaged,the estimate of health effects
using an age- and sex-averagedrisk factor is unlikely to be representative.
For example, if the populationconsistedof male radiationworkers of age 25,
the risk factor for total cancers from whole-body low-LET radiation is 40%
higher than the age- and sex-averagedrisk factor. [However,the
uncertaintiesalready associatedwith risk estimates are probablymuch larger
than this (see Section III .A. lb)].

This difficulty is remedied by using the second approach,which employs
risk-rate coefficientsfor each sex and age group. The enhanced flexibility
in this approach,however, is offset by an increasedcomplexity. Input data
required to perform this calculationof health effects include the population
distributionby age and sex, life tables for each sex, and, if a relative
risk projectionmodel is used, cancer mortality rates by age and sex.

In order to compare the risk estimates from BEIR III with those from
UNSCEAR and the ICRP, we calculated age- and sex-averagedlifetimerisk
factors from the BEIR III risk-rate factors when lifetime risk factors were
not given. The risk factors recommendedby these three groups are listed in
Table I for the most importantorgans of concern. In obtaining the BEIR
III lifetimerisk factors, we used a life table calculationbased on the 1980
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TABLEI

TUMORIGENICAND MUTAGENICRISK FACTORSRECOMMENDEDBY NATIONALAND INTERNATIONAL
ORGANIZATIONSFOR RADIATIONEXPOSUREAT LW OOSES

Age- and Sex-AveragedLifetimeRiskof CancerMortality(CancerDeaths/10bPerson-rad)
Low-LETRadiation High-LETRadiation

BEIR IIIBEIR IIIa
Absolute Relative

UNSCEAR ICRP Risk Risk

All cancers 100 100 167 501 (Linear)
(whole-bodyradiation) (75-175) -- 77 226 (Linear-

Bonec
Lung
Breast
Liver
Thyroid
Leukemia
(redmarrowdose)

aThe linearmodelwas

Quadratic)
-- 10 28 (Quadratic)

2-5 5 ~.4d

25-50 20 100
Z.f Zcjf 36f

10-15 <109 15
5-15 5 26
15-25 20 55
-- -- 23

-- -- 3

usedin makingtheseriskestimates,unless

270
23
56
170

(Linear)
(Linear-
Quadratic)
(Quadratic)

otherwiseindicated.

UNSCEAR

--
--

--

20-50
200-450
--

100
--

50-55h
--

--

ICRPb

-.
--

--

100
400
500
<200
100
400
--

--

Absolute Relative
Risk Risk

-- -.
-- --

-- --

27d

800-1500e 2200-4000e
--
300 .-
-- --
-- --
-- --

-- --

bA qualityfactorof 20 has beenassumed.
coosecalculatedto the bonesurface.
dThe BEIR 111 reportlistsa dose-squaredexponentialfunctionand a linearfunctionto exPress the dose-res~onse relation for bone cancers.

Only the linearfunctionis givenhere.
eThe RBE of alpharadiationfor lungcanceris 8-15.
‘The breastcancerriskforwomenhas been reducedby 50% for the 9eneralPopulation.
gThe ICRprisk for ljvercancerwas calculatedfromthe risk factorfor the “othercancersncategory(ICRp1977a),
hcalculatedfromThorotrastPatients.
iThefirstW. e5tjmte5(lrj.3-30)’x1O-band (o-12) x 1O-bwere obtainedusingthe directmethod. The thirdestimatewas obtainedusingthe
doublingdosemethod. The quotedrisk factorsare takenfromUNSCEAR(1982),which supersedesUNSCEAR(1977).
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1. b

Firstgeneration

TABLE I (cent)

Riskof GeneticDisorderper 106 LivebornOffspringper rad
Low-LETRadiation High-LETRadiation

UNSCEAR ICRP BEIR IIIa UNSCEAR ICRPb BEIR III

10.3-30(males! -- 5-75 -- -- 300-4500
0-12 (females)i
21.9 (malesand females)f

Firsttw generations -- 100 --

-Equilibria 149 200 60-1100

--

--

2000 --

4000 3600-66000

aThe linear~del was used in makingtheseriskestimates,unlessotherwiseindicated.
bA qualityfactorof 20 has been assumed.
c~se calculatedto the bone surface.
dThe 6E~R *11 report lists a dose-squaredexponential function and a linear function to express the dose-response relation fOr bone CWICW’S.

Onlythe linearfunctionis givenhere.
eThe RBE of alpha radiation fOr lung canCeris 8-15.
fThe breastcancerriskfor womenhas beenreducedby 50% fOr the 9eneralpopulation.
gThe ICRpriskfor ljvercancerwas calculatedfrom the riskfactorfor the “othercancers”category(ICRP1977a).
hcalculatedfromThorotrastpatients.
iThefirsttwo estimates(10.3-30)x lo-band(0-12)x 10-bwereobtainedusingthedirectmethod. The thirdestimatewas obtainedusingthe
doublingdosemethod. The quotedrisk factorsare takenfrom UNSCEAR(1982),whichsupersedesUNSCEAR(1977).



U.S. populationdistributionby age and sex (U.S. Bureau of the Census 1982)
.

and the U.S. decennial life tables (USNCHS 1975).

The BEIR III lifetime risk factors were calculatedassuminga linear
dose-responsecurve for high-LET radiation,and a linear, linear-quadratic,
or quadraticdose-responsecurve for low-LET radiation. This correspondsto
the procedure used in the BEIR III report in which the three models were used
to present a range of risk estimates. We note that, because the linear-
quadraticand quadraticmodels are not linear in dose for low-LET radiation,
the risk factors for these two models in Table I are average values per rad
and not estimates of risk at 1 rad of dose (BEIR III 1980, p. 212).

Because the report of the BEIR III Committee supersedesprevious
reports, lifetimerisk coefficientswere not derived for the i3EIRI report.

The reports reviewed here give the risk of genetic disorder per million
“livebornoffspring for either the first or first two generationsand for the
equilibriumsituation (equilibriumcorrespondsto the case of a number of
succeedinggenerations,each receivingthe same additionalradiationexposure
to the point where the rate of eliminationof mutant genes balances the rate
of increase of mutant genes). The BEIR III report points out that the risk
of genetic disorder at equilibriumin a single generationis numerically
equal to the risk of genetic disorder in all succeedinggenerationsdue to a
radiationexposure in a single generation (BEIR 111 1980, p. 128). Accord-
ingly, the equilibriumestimate has been used in Table I to give the number
of !

pub’
The
for
two

enetic disorders in all succeedinggenerations.

As seen in Table I, the lifetimerisk factors for low-LET radiation
ished by the BEIR Committee,UNSCEAR, and ICRP are in fair agreement.
BEIR III estimate of all cancer fatalities per rad of exposure is larger
the linear model than the estimates of UNSCEAR and ICRP; however, those
organizationsdeliberatelytailored”theirrisk factors for use at low

doses, whereas BEIR 111 did not. A more fair comparisonwould be between the
BEIR 111 estimate using the linear-quadraticmodel [(77-228)x 1O-~/rad]and
the UNSCEAR and ICRP risk factors having a range of (75-175)x 1O-G/rad,for
which there is good agreement (BEIR III 1980, p. 212, Table V-25). (The same
considerationapplies also to the lifetime risk factor for leukemia.)

Using risk-rate factors from Appendix A of BEIR 111, we calculatedthe
BEIR III thyroid risk factor to be about twice as large as the UNSCEAR factor
and five times as large as the ICRP factor. This discrepancymay be due to a
differencein changing from an incidenceto mortality risk. UNSCEAR gives a
lifetime thyroid cancer incidencerisk factor of 100 and 300 x lo-~/rad
(UNSCEAR1977, P. 385, paragraph 150). A 3% fatalityrisk per 25 years was
then used to calculate the lifetimethyroid cancer mortality risk of (5-15)x
1O-~/rad. The BEIR III thyroid cancer risk factor was calculatedusing a
mortality-to-incidenceratio of 0.19 for thyroid cancer (the average of the
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male and female values) given in Table V-15 (BEIR III 1980). This ratio
would yield a mortality risk factor approximately3 times larger than that
used in UNSCEAR. Lowering the BEIR III risk factor of 25 x 10-6/radby a
factor of 3 to 8 x 10-6/radwould place it in the range estimatedby
UNSCEAR.

The risk factor for lung cancer from low-LET radiationis also higher in
BEIR III than in either UNSCEAR or ICRP. The BEIR III estimate was
calculated for an entire lifetimeusing the age-specificrisk rate
coefficientsfrom Appendix A of BEIR III. The UNSCEAR estimatewas based on
a 40-year followup period for the uranium miner study and a 27- to 29-year
followup period for the Japaneseatomic bomb survivor study. Although the
basis of the ICRP risk factor was not discussed,the ICRP did indicate that
its risk factors were chosen to apply for radiationprotection,which may
mean they were chosen for the doses and dose rates typicallyfound in
operationalradiationexposure.

Many of these commentsalso apply to the high-LET radiationrisk
factors. The risk of liver cancer mortality is 3 times higher in BEIR III
than in UNSCEAR; no explanationis offered for this difference,because these
risk factor values were taken directly from each report. The BEIR III
Committee indicated that previousestimatesof liver cancer risk made by
several individualauthors were three or four times too low for several
reasons, includingthese authors’ not consideringfuture risk to surviving
patients (BEIR III 1980, p. 375). The Committee did not indicatewhether its
revisionswould also apply to the UNSCEAR risk factor for liver cancer.

IV. RISK ESTIMATIONMETHODOLOGYFOR USE IN U.S. DEPARTMENTOF ENERGY NEPA
DOCUMENTS

A. Recommendationsfor CalculatingRisk of Cancer and Genetic Disorder from
Radiation Exposure

Recommendationsfor risk estimationmethodologyand for risk factor
values based on the review of the literaturepresentedin Chapter 111 are
discussed in this section. These recommendationsare intended to apply to
NEPA-relateddocuments publishedby the U.S. Departmentof Energy.

The reports reviewed in Section III to some degree present competing
estimates of risk (is it better to use a risk factor from one report instead
of from another report?). However, in a larger sense each subsequentreport
representsa cumulative (ratherthan competing)effort that includes the
results of previous reports. The authors of the more recent reports have
benefitted from reviewing the earlier reports and had availableboth the data
on which the earlier reports were based and also data publishedsince the
appearanceof those earlier reports. The later reports,because they
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incorporatea larger epidemiologicaland experimentaldata base than the .
earlier ones, were used as the basis for the recommendationspresented here.

The BEIR III report was relied on heavily in making these recommenda-
tions. Several extensionsof the BEIR III report were developedso that the
risk calculationalmethodologycould be applied in a wide variety of circum-
stances. These extensionswere consistentwith the approach found in BEIR
III.

As noted in Section 11.C.1., the BEIR Committeeexpressed considerable
uncertaintyover just what the health effects at low doses (1 rad or less) of
radiationare, or even if there are any at all (see, for example, p. 193,
BEIR III 1980). Typical doses discussed in NEPA documentsare generallyin
this low-dose range. In spite of these uncertainties,proceduresfor
estimating health effects at low doses are given here because of the need to
directly relate dose estimates to their impact on health so that the
potential effects of proposed DOE activitiescan be presented more clearly
and concretely to decision makers. This approach agrees with that of the
BEIR Committee. In the BEIR I report, the BEIR Committee stated that “such
(risk)estimates...are fraughtwith uncertainty. However, they are needed
as a basis for logical decisionmaking and may serve to stimulatethe gaining
of data for assessmentof comparativehazards from technologicaloptions and
development,at the same time promotingbetter public understandingof the
issues.” (BEIR I 1972,,p. 7.) Similarly, in BEIR III, “The Committee
recognizes that the scientific basis for making such estimates (for cancer
risk from low dose, low-LET radiation)is inadequate,but it also recognizes
that policy decisionscannot be reached or regulatoryauthority exercised
without someone’s taking a position on the probable cancer risk associated
with such radiation.” (BEIR III 1980, P. 177. )

Under NEPA, radiationexposures to members of the public, which would
occur as a result of a proposed federal action, are evaluated. This
evaluationmay also include doses to personnel,such as office workers, whose
tasks are not connectedwith the exposure-producingactivity. To estimate
the health risks resulting from these exposures,either a simple or a more
detailed approach may be taken, depending on the populationexposed.

1. First Method. If the exposed populationis similar to the 1980 U.S.
population in that it has a similar life table and age distribution,and
similar (if relative risk is used) cancer mortality rates, or if this demo- .
graphic data is not available for the exposed population,*then age- and sex-
averaged lifetimecancer risk factors (Table IIa) calculated for the U.S. .

*use of risk factors averaged by age and sex over the U.S. populationwould
lead to differencesof up to a factor of 2 to 3 for the exposed populations
with more extreme age and sex distributions. The uncertaintiesassociated
with risk estimation (see Sec. 111.A.l.b.) may make a more detailed risk
calculationunnecessary.
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TABLE IIa

RISKFACTORS(RISK/ABSORBEODOSE)RECOMMENDEDFOR USE IN DOE NEPA OOCUMENTS
(If a population-specificcalculation is deemed unnecessary)

A. Age-and Sex-Averaged Lifetime Riska of Cancer Mortality per rad

.

.

Cancer T pe/Organ
{Receiv ng Dose

All cancers/whole-body
radiation

Bone cancer/bone surface
Lung cancer/lung
Breast cancer/breast
Liver cancer/liver
Thyroid cancer/thyroid
Leukemia/red marrow

Prenatal Exposure

Risk Factor (x 10-6/rad)
Low-LET Radiation gh-LET Radiation
Absolute Relative Absolute Relative
Risk Risk Risk Risk

~6b ~ ~d 270b 1700C 5300C
27d

100 “ 270 loooe 2700e
36 23 720 460
15 300 1100
26 1% 520 3400

46d 920d

Hematopoietic tumors/fetus 2BOf 2800f
Solid tumors/fetus 260f 2600f

8. Risk of Genetic Disorder in Offspring per rad

Risk Factor (x 10-6/rad)
Effects Occurring In Dose Type Lo~ a latlon lgh-LET Radiation

First Generation Gamete 5- 75 300- 4500
All generations subsequent Gamete 60-1100 3600-66000

to exposure
First generation Gonadal 2- 349 130- 20009
All generations subsequent Gonadal 25- 500g 1500-300009

to exposure

asome factors may differ slightly from those given in Table I because of a
different population age distribution.

bxf the dose is greater than or equal to 20 rads from a sin91e exPosure, or
delivered at a rate greater than or equal to 5 rads/year, these risks should
be multiplied by two to become 170 x 10-6/rad (absolute risk) and 530 x 10-6
(relative risk).

cThe factor of two reduction for low-dose, low-dose-rate IOW-LET radiation
was deleted for high-LET radiation. An R8E of 10 was used here in calculating
the risk from high-LET radiation, because whole body high-LET radiation would
normally involve neutron radiation. If the quality factor of the neutron
radiation is known, this should be used as the R8E instead of 10.

dNo risk projection is necessary for either leukemia or bone cancer. ‘oth
absolute and relative risk calculations give the same result.

eThe risk factor for lung cancer due to exposure to environmental levels of
radon and its decay products is taken to be 100 x 10-6/WLM (see Section

fT\\”F~i~\”factors for prenatal exposure obviously are not age-averaged. An
RBE of 10 was used in calculating the risk from high-LET radiation, since
high-LET irradiation of the fetus would normally involve neutron radiation.
If the quality factor of the neutron radiation is known, this should be used
as the R8E instead of 10. Because the cancer expression periods are short
(10-12 years), the absolute and relative risk models give the same result.

gThese risk factors assume that the exposed population has the same age-
specific birth rate as the US population (USNCHS 1982) and the same age and
sex distribution as the 1981 US population (US Bureau of the Census 1982).
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populationcan be used. This would be a simple and straightforward approach, .

involvingonly multiplicationof the absorbed dose by the absolute and
relative lifetimecancer risk factors to obtain the lower and upper
estimates,respectively,for the incrementallifetime risk of dying of cancer

.

as a result of the exposure.

We recommend that the lifetimerisk of cancer incidencealso be given.
This is obtained from the cancer mortality risk calculatedhere by using the
conversionfactors given in Section IV.G.

The risk of genetic disorder in the first generationand in all
subsequentgenerationscan be estimated in the same manner. The number of
genetic disordersper million livebornoffspringper rad of exposure is
presented in Table IIa. This risk factor is expressed in terms of the gamete
dose. If the populationexposed to the radiation is expected to have the
same number of offspringas would the typical U.S. population,then the risk
factor of genetic disorder in terms of gonadal dose, also presentedin Table
IIa, may be used directly.

The risk factors in Table IIb were calculated from those in Table IIa
for use with dose equivalent (in rem) instead of absorbed dose (in rads). A
quality factor of 20 was used to make this calculationfor all risk factors
except for whole-body radiation. Because whole-body high-LETradiation
normallywould result from neutron exposure,we used a quality factor of 10
for whole-body exposure.

Risk factors for all cancers from whole-body low-LET radiationexposure
and the risk factors for genetic disorders for low-LET radiationinclude
reductionsby factors of 2 and 3, respectively,for applicationat low dose
rates. These reductionsare not appropriatefor the factors for high-LET
radiation,which are given separatelyin the table.

Lastly, the RBE for lung cancer from alpha radiationwas stated to range
from 8 to 15 by the BEIR 111 Committee. A value of 10 is used in this report
to obtain the high-LET lung cancer risk factor in Table IIa. If a quality
factor of 20 is used in a NEPA dose assessment to calculate lung dose, the
appropriaterisk factor is 50 x 1O-~/rem.

2. Second Method. If the exposed populationis significantlydifferent
from the U.S. population (for example, a group of males of ages 25 to 30 .
years), the age- and sex-averagedrisk factors for cancer given above may not
be appropriate. A more detailed risk calculationmay be preferable,using
age- and sex-specificrisk rates if the required demographicinformationfor

.

the exposed populationis available. This calculationcan be performedwith
the computer code REPCAL (&iskEstimation Program for Calculatingthe risk of
radiation-inducedcancers),which is descr~bedin Appe~x A and listed in
Appendix B. The code requires site-specificpopulationdistributionby age
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and sex, the proportiondying from all causes in each age interval for each
sex, as well as other input data includingmortality rates for each cancer of
interest (if relative risk is to be used) and dose distributionby year. The
required input data are discussedin Appendix A. A sample calculationis
presented in Appendix C.

This computer code utilizes the same risk-ratefactors used to
calculate the lifetime risk factors in Tables IIa and IIb. Except for the
risk factors for bone and liver,which were explicitlygiven in BEIR III,
these risk factors are a special case of the applicationof the code to a
populationhaving the same characteristicsas the U.S. population.

The algorithmsused in the code are discussed in Section IV.D.

As can be seen in Table IIa, the dose for use with the risk factors is
-theabsorbed dose (in rads). Similarly,absorbed dose is used as input to
the computer program REPCAL. Absorbed dose, instead of dose equivalent,is
used in these calculationsto avoid confusion concerningquality factors.
[For conveniencein Table IIb we have converted the risk factors for use with
dose equivalent (in reins)assuming a quality factor of 20.]

In the rest of this section,we will discuss assumptionsand specific
features of the risk factors and the risk calculationalprocedure.

B. Dose-ResponseModel for Low-LET’and High-LET Radiation

The linear hypothesiswas used to calculate the lifetime risk of cancer
mortality and the risk of genetic disorder in offspring for both low-LET and
high-LET radiation. This agrees with the procedure used in BEIR III, except
for the case of cancer risk from low-LET radiation.

Chapter V of the BEIR III report states that the linear-quadraticmodel
provides the most realisticestimate of the risk of cancer mortality from
low-LET radiation (BEIR III 1980). The BEIR Committeewas sufficiently
uncertainas to the appropriatemodel that they discussed three models, with
the purely linear model and purely quadraticmodel providing upper and lower
bounds on the estimates made with the linear-quadraticmodel.

Consequentlyin Chapter V of BEIR III, parameters for all three models
are provided for two groups of cancers: (1) leukemia and bone cancer, and (2)
all other cancers taken together. The BEIR Committee did not feel that there
was sufficientdata to present parametersfor the linear-quadraticmodel for
specific cancers. Cancers are discussed individuallyin Appendix A of BEIR
III, but only risk factors for the linear model are given. It is, therefore,
not possible to calculate the cancer risk using the linear-quadraticmodel
with BEIR III parameters for each cancer type, because these parametershave
only been published for two special cases.
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TABLE IIb

RISKFACTORS(RISK/DOSEEQUIVALENT)RECOMMENDEDFOR USE
ASSUMING A QUALITY FACTOR OF 20

(If a population-specificcalculation is deerm?d

A. Age-and Sex-Averaged Lifetime Risk of Cancer Flortality

IN DOE NEPA DOCUMENTS

unnecessary)

per rem

Risk Factor (x 10-6/rem)
Cancer Type/Organ Absolute Risk Relative Risk
Receiving Oose

All cancers/whole-body 86
radiation 170

8one cancer/bone surface
Lung cancer/lung 100

50
Breast cancer/breast 36
Liver cancerlliver 15
Thyroid cancer/thyroid 26
Leukemia/red marrow

Prenatal Exposure

Hematopoietic tumors/fetus
Solid tumors/fetus

(1ow-LET)a 270 (low-LET)a
(high-LET)b 530 (high-LET)b

1.4C
(1ow-LET) 270 (low-LET)
(high-LET)d 130 (high-LET)d

23
56
170

46C

280e
260e

B. Risk of Genetic Disorder in Offspring per rem

Risk Factor (x 10-6/reIIt)
Effects Occurring In Dose Type Low-~ a latlon

First Generation Gamete 5- 75 15- 225
All generations subsequent Gamete 60-1100 180-3300

to exposure
First generation Gonadal 2- 34f 6- IOOf
All generations subsequent Gonadal 25- 500f

to exposure
75-1500f

aIf the dose is greaterthanorequal to 20 rads from a sin91e exposure, or
delivered at a rate greater than or equal to 5 rads/year, these risks should
be multiplied by two.

bThe factor of two reduction for low-dose low-dose-rate 1ow-LET radiation was
deleted for high-LET radiation. A quality factor of 10 was used here In
calculating the risk from high-LET radiation, because whole-body high-LET
radiation would normally involve neutron radiation.

CNo risk projection iS necessary for either leukemia or bone cancer. Both
absolute and relative risk calculations give the same result.

dThe risk factor for lung cancer due to exposure to environmental leVe15 of
radon and its decay products is taken to be 100 x 10-6/WLM (see Section
IV.F.7).

eThe risk factors for prenatal exposure obviously are not age-averaged. An
RBE of 10 was used in calculating the risk from high-LET radiation, since
high-LET irradiation of the fetus would normally fnvolve neutron radiation.
If the quality factor of the neutron radiation is known, this should be used
as the RBE instead of 10. Because the cancer expression periods are short
(10-12 years), the absolute and relative risk models give the same result.

fThese risk factors assume that the exposed POpUlatiOrihas the same a9e-
specific birth rate as the US population (USNCHS 1982), and the same age and
sex distribution as the 1981 population (US Bureau of the Census 1982).

.
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On the other hand, linear risk-ratefactors are availableby cancer
site in BEIR III, Appendix A. Therefore, risk factors based on the linear
model can be calculatedusing the BEIR III recommended risk-rate factors from
Appendix A.

Several issues were consideredin choosing the linear model for
carcinogenicrisk from low-LET radiation. BEIR III notes that, for breast
cancer, the dose-responsecurve does”not require a quadratic term, but is
well fit by the linear model. In contrast, the dose-responsecurve for
leukemiaat Nagasaki appears to have positive curvature,indicatingthe need
for a quadratic term for leukemia.

An additionalcomplicationis that the dosimetryat Hiroshimaand
Nagasaki is now being revised. Although changes in the estimates of low-LET
doses may not be significant,the high-LET neutron doses are expected to be
reduced significantly. Several authors have indicated that this will allow
the data from Hiroshimaand Nagasaki to be combined (Loewe 1981). Whether
the leukemiadose-responsecurve will continue to show positive curvature
(especiallyif the Nagasaki data are pooled with the statisticallystronger
data at Hiroshima),or whether the breast cancer dose-responsecurve will
continue to be linear, remains uncertain.

These considerationshave led us to recommend that the linear model be
used to estimate the risk of cancers induced by low-LET radiation. The
linear hypothesiswill probably overestimatethe risk of most cancers, but it
will be realistic in estimating the risk of breast cancer. The linear model
will provide a conservativeestimate of the cancer risk from low-LET
radiation,which is appropriatein view of the uncertaintiesin the dosimetry
for the Japanese survivors.

In order to reduce the overestimatein the case of total cancer risk
from low-LETwhole-body radiation,a DREF, as defined by the NCRP, of two is
being recommended. This is a conservativevalue for the value of the DREF
because it is the smallest reductionfactor of the range of 2 to 10
recommendedby the NCRP. In accordancewith the recommendationsof the NCRP,
this DREF would be applied only to the total cancer risk for a single low-LET
whole-body radiationdose less than 20 rads, or any low-LET whole-body dose
deliveredat a dose rate of less than 5 rad/year. The risk factors for all
cancers from low-LET radiation in Table IIa, 86 x lil-6/rad and 270 x
1O-b/rad, have already been divided by this DREF and are for USe for IOW-

dose low-dose-rateradiation. If the dose or dose rate exceeds the values
given above, these risk factors should be doubled.
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c. Absolute Risk vs Relative Risk in EstimatingIncrementalProbabilityof .
Cancer Mortality

Absolute risk rate factors are given in Chapter V and AppendixA to
Chapter V of BEIR III. Most of these factors are age-specificand many are
sex-specific. The factors used to calculate radiation-inducedcancer risks
that are recommendedfor use in NEPA-relateddocumentsare presentedin Table
111. Values from BEIR 111 for the latent period and expressionperiod of
each cancer type are also given.

As noted earlier, the BEIR 111 report does not present relative risk-
rate factors as the BEIR I report did. Instead,relative risk is calculated
using the absolute risk-rate factors.* For example, for all cancers except
leukemia and bone that result from a single exposure to 10 rads of low-LET
radiation in a cohort of 100 000 persons of a given age, the relative risk
was estimated by the followingprocedure:

1. Calculatingthe number Nrad of fatal cancers (otherthan bone
cancer and leukemia)resulting from the radiationexposure that would occur
in the cohort during the first 30 years followingthe exposure. The absolute
risk-rate factors and a 10-year latent period were used in the calculation.

2. Estimating the number Nspon of fatal cancers (otherthan
bone cancer and leukemia)occurring spontaneously(that is, not induced by
radiation)in the cohort from publishedcancer mortality rates from the IOth
to the 30th year following the exposure.

3. Calculatinga relative risk-ratefactor R by dividing the number of
radiation-inducedcancer fatalitiesby the number of spontaneouscancer
fatalities,R = Nrad/Nspon.

4. Using this relative risk rate to calculate the expected number of
cancers from the 30th year after exposure to the end of the lifetime of the
cohort.

5. Adding the number of radiation-inducedcancer fatalitiesoccurring
during the first 30 years after the exposure (found in No. 1 above) to the
number of fatalitiesoccurringafter the first 30 years (found in No. 4), to
give the total number of cancer fatalities.

6. For this particularexample, BEIR III also used age averaging. This
simply involved calculatingthe number of cancer fatalitiesassuming 100 000

*we have relied to a great extent on the draft paper presented bY ~lr. Robert

Alexander (1982)and on conversationswith Dr. Charles Land for a descrip-
tion of the procedureused by the BEIR Committee to calculaterelative risk.
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persons in the cohort were each of age O year, then doing a second calcula-
tion assumingthat all persons were of age 1 year, then anothercalculation
assuming age 2 years, and so on up to age 109 years. The number of cancers
calculatedfor each age was then multipliedby the fraction of the total
populationthat each age group represented,and the resultingnumbers were
then added.

As a result of this procedure,for a given cancer type each age of expo-
sure will have a differentrisk-ratefactor. Partly, this is because the
absoluterisk-rate factors change to some extent with age, but mainly it is
because the number of spontaneousfatal cancers generally is not the same for
different ages.

Cancer risk estimatesmade with the relative risk projectionmodel are
typically several times larger than those made with the absoluterisk projec-
tion model. This differencehas been offset somewhat in BEIR 111 by using
age-specificabsoluterisk-ratefactors, which allows adjustmentof risk
rates upward or downward for ages of high or low spontaneouscancer mortal-
ity. As a result, the absolute and relative risk projectionmodel results
have been brought into closer agreementfor some cancer types.

D. Calculationof the Risk of Cancer Mortality

We describe in this section the procedurethat was used to calculatethe
incrementalrisk of dying of cancer as a result of exposure to radiation. In
developingthis procedure, we relied heavily on the work of Cook, Bunger, and
Barrick (Cook 1978, Bunger 1981), who had used a life table approachto
calculatingrisks of mortality from the increasedrisks of cancer as well as
from other hazards. A slightlymodified version of their procedurewas used
by the BEIR Committee (BEIR 111 1980, p. 193). The computer program REPCAL,
on which many of the risk estimates in this report are based, uses a similar
life table calculationas well as risk-ratefactors taken from the BEIR III
report.

The advantageof a life table approach is that risk estimates are auto-
matically correctedfor competingcauses of death. The life table method
used by Cook, Bunger, and Barrick was an adaptationof a method used by the
National Center for Health Statistics (NCHS).* In this method, a hypotheti-
cal cohort of 100 000 individuals,all of the same age, is followedthrough-
out its lifetime. The cohort is assumed to have the same age-specificmorta-
lity rates as found in a subject populationfrom observationsover a short
time period.

*The NCHS describestwo types of life tables~ a generation life table and a
current life table. The life table describedhere correspondsto a current
life table.
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The proportionof individualsqx reaching a particularage x that will
die before reaching age x + 1 is calculatedusing the mortality rate for that
age. This proportion is multipliedby the number of individualsIX
reaching age ~ to give the expected number of deaths dY in the cohort at

.

.

that age,
individua”

which is then subtractedfrom g to give the’’numberof
is surv ving to the next age gro p X+l, or

!?X+l= !?x - 2XCIX

- dx.
= 2X

The life table can be modified easily to include the risk of cancer
mortality resultingfrom radiationexposure. The radiationcancer mortality
risk Rrad,x9 which is estimatedfor the midpoint of an age interval,
“needsto be modified to be compatiblewith q , which is estimatedfor
individualsbeginningthe age interval. Coo~ et al. describe hoq this can be
done by calculatinga referencemortality rate R

——
from qx,ref,x

qx
R
ref,x =

x

and calculatinga new value q’ for q that includesboth the natural

mortality risk and the radiat~on-ass~ciated cancer mortality risk

R R

q; = -II- .
ref,x rad,Y

+ R T + ~.o + 0.5 (R + R 79‘ref, x rad,x ref,x rad,x

= ‘~ef,x

Multiplyingby gx g

X+l,

d q’=
x x ‘x

= dref,x

+q’ rad,x “

ves the total number of individualsdying from x to

= ‘;ef,x 2X
+q’

rad,xgx

+d rad,x “
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The first term (dref,x) 9ives the number in the group survivingto age
x that will die from natural causes during age x; the second term
(drad,x) $liVeS the number dying from radiation-inducedcancer during
that age. The total number of deaths due to radiation-inducedcancer
occurring in the cohort is given by summing drad,x over all the a9es x.

The computer code REPCAL is written so that the life table calculation
is performedat each age from ages O through 109 years. The expected number
of cancer fatalitiesfrom radiation-inducedcancer is calculatedfor 100 000
individualsexposed at age O year, followed by a calculationfor 100 000
individualsexposed at age 1 year, and so on to age 109 years. The expected
number of radiation-inducedcancer deaths in a populationof a given age
distributionis found by multiplyingthe number of cancer deaths calculated
for each age cohort by the fraction of the populationthat is in that age
group and summing the resultingage-weightedcancer mortality estimates.

REPCAL calculatesthe risk of cancer to a cohort of individualsall of
the same age for each age up to 109 years for both acute and continuous
exposure. Different doses may be entered for each year of exposure to
account for a varying radiationenvironmentand for increaseddose from
internal emitters from continuousradionuclideintake.

In contrast to the calculationabove for a cohort of individualsall of
the same age, the expected number of radiation-inducedcancer fatalitiesin
an actual populationof individualsof differenta= is calculatedonly for
acute exposures,or for exposures lasting less than 1 year, and not for
continuousexposure over more than 1 year. The dose to an organ may be over
many years, as in the case of the dose to bone resultitigfrom the inhalation
of a radionuclidewith a long effective half-lifein bone. The dose supplied
as input to the program is then the annual dose from this radionuclide. But
the actual time of exposure to the radionuclide,the time during which the
radionuclideis being inhaled,must be 1 year or less. This is because the
program treats the populationas static and does not take into account new
individualsbeing born into the population,immigration,or emigration
(pleasesee Appendix A for a discussionof REPCAL).

The radiationrisk rates Rrad,
T
used in the risk calculationare

based on the BEIR 111 report. Abso ute risk rates are taken directly from
that report and are listed in Table III. Relative risk rates are calculated
from the absolute risk rates as describedin Section IV.B. Relative risk .
rates based primarilyon the atomic bomb survivor data are estimated using a
30-year period after the initial exposure to calculate the number of
radiation-inducedand spontaneouslyoccurringcancers.

.
However, for many

cancer sites such as the lung, the risk rates were determinedfrom data other
than that of the atomic bomb survivors. In those cases we used the time
interval that correspondedto the follow-uptime of the principal
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A

epidemiologicalsurveys on which the risk rates were based. The time
intervalused in the relative risk calculationis shown in Table III for each
cancer site.

The recommendedlifetime risk factors listed in Tables IIa or IIb have
been calculatedusing this method and the demographicstatisticsof the
referenceU.S. population. Exceptionsare the lifetime risk factors for bone
and liver cancer, which, since they were given explicitly in BEIR III, were
taken directly from that report.

The reference life table values used in this calculation,which were
supplied by NCHS for 1970 (the last year for which life tables that are
complete to age 109 years are available) (USNCHS1975), are given in Table
IV. The populationage- and sex-distributionfor 1981 used in obtaining the
age- and sex-averagedlifetime risk factors are in Table V. This
distributionwas taken from a report by the U.S. Bureau of the Census (1982).
Age-specificcancer mortality rates used to calculate relative risk factors
are in Table VI. Mortality rates for lung cancer, breast cancer, liver
cancer, and thyroid cancer were calculatedfrom the data publishedby the
U.S. National Cancer Institute’sSurveillance,Epidemiology,and End Results
(SEER)Program (USNCI 1981). The age-specificmortality rates for all
cancers except leukemiaand bone cancer were taken from Alexander (1982),who
had obtained these rates from Dr. Charles Land of the National Cancer
Institute.

REPCAL contains the risk-ratecoefficientsshown in Table III. The U.S.
populationage distribution(1980 census) and 1969-1971 life table values for
qx are contained in the program in DATA statements. Options are provided
as input statementsfor the user to select the type of risk projectionmodel
and the desired dose magnitude and time distribution. The user may also
choose to supply his own populationage distributionand qx value for the
area surroundingthe proposed facility.

E. Specificationof Dose for Use in the Risk Calculation

The risk factors and risk-ratefactors recommendedin Table IIa
expressed in terms of risk or risk rate per absorbed dose in rads. Doses
used to calculate the risk should consequentlybe absorbed dose in rads.
(For convenience,risk factors in terms of risk-per-doseequivalentare
presentedin Table IIb, so that dose in reinscan be used with these
factors.)

The dose to bone should be calculatedas the dose to the endosteal
tissues, rather than as the dose to the entire skeleton (p. 414, BEIR III
1980). This pnocedure is in accordancewith the practice of the BEIR
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TABLE VI

AGE- AND SEX-SPECIFICCANCER MORTALITY RATES
(rate per 100 000)

Lung Cancer Thyroid Cancer Liver Cancer Breast Cancer

Ax- Males Females Males Females Males - - “-- - -

<59
5-14

10-19
15-24
20-29
25-34
30-39
35-44
40-49
45-54
50-59
55-64
60-69
65-74
70-79
75-84
80-
85+

-- 0.0537
0.0457 0.0237
-- --

0.0812 0.0621
0.0893 0.0883
0.267 0.242
1.70 1.11
5.72 3.39

18.2 10.3
47.4 20.1
85.5 30.8

144.9 51.5
232.5 64.7
324.8 74.1
403.2 71.3
455.4 73.6
402.8 69.4
323.5 74.8

-- --

-- --

-- --

-- --

-- 0.0221
-- --
-- 0.0293

0.0364 0.105
0.114 0.146
0.325 0.414
0.499 0.372
0.414 0.779
1.01 1.47
1.54 2.05
2.07 3.51
3.21 4.38
3.80 5.07
4.99 5.51

0.258
0.0457
0.0613
0.0406
0.201
0.219
0.209
0.510
0.760
1.95
3.10
6.46

10.4
14.1
18.2
21.9
24.0
24.2

Females Males

0.107
0.0711
0.0424
0.0207
0.177
0.0970
0.205
0.420
0.475
0.760
1.49
2.22
4.56
5.25
8.82

10.1
14.5
16.5

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

0.177
1.41
6.01

13.3
22.9
42.6
61.3
77.7
91.0

102.2
110.0
128.2
143.2
180.9

Committee as well as the ICRP (ICRP 1977a, p. 10) and UNSCEAR (UNSCEAR1977,
. p. 400).

Following the ICRP, we recommendthat the lung dose from all radio-
nuclides but radon (whichis discussedbelow) be mass-averagedover the
trachea, bronchi, pulmonary region, and pulmonarylymph nodes (ICRP 1977a,
p. 11). The BEIR 111 report based its lung risk estimate largely on studies
of undergroundminers, Japaneseatomic bomb survivors,and British
spondylitics. The question of the treatmentof the relativelylarge doses
received by the pulmonarylymph nodes after inhalationof insolubleradio-
aerosolswas not an issue in these studies and was not discussedin the BEIR
III report. In the absence of specific recommendationconcerningthe
pulmonary lymph nodes, we have elected to follow the ICRP procedure.

.

.

The risk factors from Tables IIa or IIb should be multiplied by the 50-
year dose commitmentto give the total lifetime risk. Since these risk
factors have been averaged over age, the age at which the dose is received
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. would not affect the risk calculation. Caution should be exercisedin
interpretingthis risk, since the life expectancyof an older individualmay
prevent his receivingthe full 50-year dose. Similarly,competingrisks of,
mortality for an older individualthat would be accounted for in a life table
calculationmay significantlyreduce the risk of mortality from a radiation-
induced cancer.

Doses for the more detailed risk calculationprocedureusing the
computer program REPCAL can be treated in a more realisticmanner. The dose
can be entered into the program on a year-by-yearbasis up to age 109. The
temporal distributionof the dose used in the calculationcan then more
closely resemble the actual distributionof the dose in time.

F. Discussionof Risk-RateFactors

1. All Cancers. The risk-ratefactors (Table III) were taken directly
from Table V-17 (p. 204) and Table V-20 (p. 207) of the BEIR 111 report.
These factors are used with the linear model to calculatecancer mortality
risks. The linear-quadraticand quadraticmodels were discussedby the BEIR
Committee. Until the uncertaintyin the dosimetryfor the Japaneseatomic
bomb survivors (see Section IV.J)--onwhich much of the work in BEIR III has
been based--canbe resolved,we recommendthe more conservativelinear model
for use in estimatingrisks for NEPA documents.

2. Bone Cancer. The risk rate of 0.05 x 10-6 sarcoma/year/person-rad
for low-LET radiationis taken directly from Table A-27 (p. 417) of BEIR III.
To use this risk-rate factor, the absorbed dose should be calculatedto the
endosteal cells.

The BEIR Committeealso discusseduse of a dose-responsecurve in which
the incidencerisk rate dependedon both the square of the dose and an
exponentialcontainingthe dose. Evidence for the shape of the dose-response
curve for alpha radiationwas reviewedby the Committee,which reported that
out of eleven studies (of both human and animal populations),the shape was
linear in seven studies, concave upward in three studies,and concave
downward in one study. The Committeeconcluded that the shape of the dose-
response curve was uncertain,although it was difficultto exclude a linear
component to the alpha-radiationdose responseat low doses.

In order to simplify the calculationof the bone cancer risk factor,
only the risk-rate factor for the linear model is given in Table III. This
factor is based principallyon the studies of the effects of radium-224in
humans. If the dose-squaredexponentialfactor were used, the risk estimated
to result from low-levelradiationwould be considerablyless than the risk
predictedby this linear risk-ratefactor. Thus, because the true dose-
response relation is uncertain, we recommend the factor giving the more
conservativeestimate.
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3. Breast Cancer. Four differentsets of risk-ratefactorswere given
in BEIR III: absolute risk with and without cell killing,and relative risk
with and without cell killing (BEIR 111 1980, p. 283). The linear dose-
responsemodel was used with all four sets of factors. The factors provide a
range of lifetimerisk estimates for breast cancer. These factors are
incidencerisk rates. To obtain mortality risk rates, each incidencerisk
rate was multipliedby 0.39 (obtainedfrom BEIR III 1980, p. 200, Table V-
15). The resultingmortality risk-ratefactors are listed in Table III.

The BEIR Committee indicatedthat the greatest uncertaintyconcernedthe
risk due to exposuresafter menopause. At doses lower than 1 rad, those
risks were said to range from O (if the risk models did not apply at low
doses) to about twice the risk estimatedby the relative risk model with cell
killing.

The relative risk-ratefactorswere given explicitly for brf?dst. cancer,
in contrast to other site-specificcancers discussedin BEIR III. The
lifetimerisk factorswere estimated for this special case by using the
quoted relative risk-rate factors directly,rather than by calculatingthem
from the proceduredescribedin Section IV.C.

4. Liver Cancer. The recommendedlifetime risk factors (Tables IIa and
IIb) and risk-rate factors (Table 111) were taken directly from the BEIR III
report (BEIR 111 1980, pp. 279-280). These factorswere based principallyon
the experiencewith Thorotrastpatients. The BEIR Committee indicatedthat a
linear dose-responserelationshipwas reasonablefor alpha-particle
radiation,but that for low-LET radiation,the observed relationshiphas been
concave upward. Use of the liver cancer lifetime risk factor and risk-rate
factor in Tables IIa or IIb and Table III would then lead to an overestimate
of the true risk for low-LET radiation. Because no method of correctingthis
overestimatewas given by the Committee,the factorswere taken directly from
BEIR III.

5. Thyroid Cancer. Thyroid cancer incidencerisk-rate factors were
given in Table V-14 of BEIR 111 (BEIR 111 1980, p. 198). Mortality risk-rate
factorswere not explicitlygiven in BEIR III (BEIR III 1980, p. 303).

The risk-ratefactor for thyroid cancer in males and the factor for
thyroid cancer in females have been multipliedby 0.18 and 0.20, respec-
tively, to convert the risks from incidenceof thyroid cancer to those of
mortality from thyroid cancer. The conversionfactors of 0.18 and 0.20 were
taken from Table V-15 of BEIR III (BEIR 111 1980, p. 200). The resulting
risk-rate factors for mortality from thyroid cancer are given in Table III.

The BEIR report discussed
cancer
radiat”
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treated with iodine-131 for hyperthyroidismdoes not demonstratethe
carcinogeniceffect seen with external radiation.” (BEIR 111 1980, p. 301).
However, in giving the risk-rate factors the BEIR report did not distinguish
between external radiationand internal radiation from 1311. Consequently,
the factors given in BEIR III should be used with both external and internal
radiation.

6. Leukemia. Table V-17 of BEIR III (p. 203) gives age- and sex-
specific risk-rate factors for leukemiaand bone cancer induced by low-LET
radiationfor use in the linear model. Age-specificrisk coefficientsfor
leukemia alone for use in the linear model are not given in BEIR III. Using
the risk rate for bone cancer of 0.05 x 1O-~/yr/person-radfor 1ow-LET
radiation,we calculate that bone cancer is never more than 5% of the total
and is usually approximately2%. This small contributionof bone cancer to
the total leukemia and bone cancers is small compared with the uncertainties
in the risk-ratefactors. Therefore,we have used the Table V-17 risk-rate
factors to calculate the risks of leukemia (ignoringthe small contribution
from bone cancer) from exposure to low-LET radiation.

7. Lung Cancer. The lung cancer risk-rate factors were taken from the
table given on p. 327 of BEIR III. These factors are somewhat different from
other factors in BEIR 111 in that they apply to the age when the cancer is
diagnosed,rather than the age at exposure. They also are expressed in the
BEIR 111 report in terms of dose equivalent instead of the more usual (for
BEIR III) absorbed dose.

The age-specificrisk coefficientsincreasewith age at diagnosis. As a
result, the absolute lifetime risk factor resembles the relative lifetime
risk factor, because for the relative risk calculationthe lung cancer risk
increasesas the spontaneouslung cancer rate increaseswith age.

For Tables I, II, and III, the lung cancer risk must be presented in
units of (absorbeddose)-l. The BEIR III report quotes a range of RBE values
for alpha radiationof 8 to 15. The BEIR 111 report gives a conversionof 1
WLM* = 0.4-0.8 rad of alpha radiation,which has a central value of 1 WLFl=
0.6 rad. The report also gives 1 WLM = 6 rem for alpha radiation. This
would indicate that the RBE would be approximately10, which is in the range
of 8 to 15 quoted above. In view of the uncertaintiesin arriving at the
value of the RBE, an RBE = 10 was felt to be reasonable,and was used to
convert the BEIR 111 risk-rate factors to units of (absorbeddose)-l for
alpha radiation (see Section IV.F.8 below).

*A working level (WL) is any combinationof short-livedradon decay product
concentrationsin one liter of air that will result in the ultimate emission
of 1.3 x 105 MeV of potentialalpha energy. A working level month (HLM) is
exposure to 1 WL for 1 working month (170 h).
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Risk of lung cancer resultingfrom exposure to environmentallevels of .
radon and radon decay products is treated as a special case. This risk was
consideredby Evans (1981)who concluded that the lifetime risk of mortality
from lung cancer was at most 100 x 10-6/WLM.

.
We recommendas a conservative

procedure that the maximum value of 100 x 1O-~/WLM be used in evaluating
environmentalradon and radon decay product exposures. Since no risk-rate
factor was given by Evans et al., a life table calculationis not possible.
However, the relativelylarge uncertaintiesalready associatedwith these
risk estimates suggest that the uncertaintiesresultingfrom not performinga
life table calculationwould not be significant.

8. Risk Factors for High-LET Radiation. Lifetime risk factors from
exposure to high-LET radiationcan be estimated by first calculatingthe
correspondinglifetimerisk factor for low-LET radiationand then multiplying
this number by the RBE. Following the recommendationsof the ICRP (ICRP
1977a),we recommend that a quality factor (which is assumed to equal an RBE
for this report) of 20 be used to make this modificationfor high-LET
radiation. As discussedabove (see Section IV.F.7),an RBE of 10 was used
for lung cancer.

Recommendedvalues of RBE to use for obtaining high-LET risk factors are
given in Table VII.

TABLE VII

RBE VALUE TO USE FOROBTAININGLIFETIMERISKS
FROMHIGH-LET Radiation

RBEfor Alpha Particles,
Multiple-Charged

Cancer Type/OrganExposed Particles

All cancers/totalbody
Bone cancer/bonesurface 20
Breast cancer/breast
Liver cancer/liver
Thyroid cancer/thyroid
Leukemia/redmarrow
Lung cancer/lung

20
20
20
20
10

CiFor ~eutrfjfls,the ‘BE
quality factor given in

is assumed to equal the energy-dependentvalue for
USOOE (1980a).
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G. Relating Cancer Incidenceto Cancer Mortality

For some types of cancer, cancer mortalitymay not provide a complete
picture of the-impactof the radiationexposure. Relativelyhigh survival
rates fbr some cancers, such as thyroid cancer or breast cancer, would reduce
the mortality rates, yet even cancers that are cured would still represent an
adverse health impact on the population. As a result, it is recommendedthat
both cancer incidence and mortality be reported in NEPA documents.

Several methods of calculatingcancer incidencewere reviewed by the
BEIR III Committee. The Committeeconcludedthat the most reliable approach
to estimating incidenceof radiation-inducedcancers was to first estimate
the mortality risk for a given cancer type and then multiply this risk by the
ratio of the spontaneouscancer incidencerate to cancer mortality rate for
that cancer type. This method was only used by the BEIR Committeeto
estimate the risk of incidenceof all cancers other than leukemia and bone
cancer taken together. However, the method is recommendedhere for use with
individualcancer sites.

Table VIII lists values of the mortality-to-incidenceratio for seven
different cancer types. The values for all sites except leukemia and bone
cancer were taken from Table V-15 of the BEIR III report. The recommended
values for leukemia and bone cancer were inferredto be equal to one from the
BEIR III report, which treated incidenceof and mortality from these two
cancers equivalently(see, for example,Table V-16, p. 203, BEIR III 1980).

H. Risk of Genetic Disorders in Offspring

The risk factors for radiation-inducedgenetic disorders in offspring
are presented in Tables IIa and IIb. As noted earlier, the risk factor taken
from BEIR III refers to the gamete dose. Usually the gonadal dose is

TABLE VIII

RATIOS OF THE LIFETIME RISK OF CANCER MORTALITYTO THE
LIFETIME RISK OF CANCER INCIDENCE

Cancer Type Males Females

All cancers except leukemia
and bone cancer 0.65 0.50

Bone 1.00 1.00
Breast -- 0.39
Liver 1.00 1.00
Thyroid 0.18 0.20
Leukemia 1.00 1.00
Lung 0.83 0.75
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calculatedin dose
dose. This can be
number of children
(USNCHS 1982).

assessments, so this dose needs to be convertedto gamete
done using tables publishedby NCHS giving the average

.

that an individualis expected to have after a given age .

The BEIR III procedure for calculatinggamete dose from gonadal dose is
to divide the population,by sex, into 5-year age intervals (a finer division
is not necessarybecause the NCHS tables are provided only for 5-year age
intervals). The number of each sex in each age interval is then multiplied
by the number of children that individualsof each sex in that age interval
are expected to have from that age onward. This number,which is the number
of gametes that will be passed to the succeedinggenerationby this group of
individuals,is multipliedby the gonadal dcse for each age group. This dose
is corrected for the relative sensitivitiesof spermatogoniaand immature
oocytes by multiplyingall doses calculatedfor males by 0.82 and doses
calculatedfor females by 0.18 (BEIR 111 1980, p. 127). The final step is to
add the doses that have been calculatedfor both sexes and all age groups to
give the total gamete dose.

This gamete dose is appropriatefor use with the risk factors for
genetic disorders given in Tables IIa and IIb. For convenience,the
conversionfrom gonadal dose to gamete dose was calculatedfor a population
having the same age-specificbirth-ratedistributionas given in the NCHS
tables. The resulting risk factor, expressed in terms of gonadal dose, is
also given in Tables IIa and IIb. If the exposed populationhas an age-
specific birth-ratedistributionsimilar to that in the NCHS tables, this
factor may be used directlywith the gonadal dose calculatedfor that
population. However, if the populationis markedly different,for example,
all males 25 to 35 years of age, the gamete dose would have to be calculated
from the gonadal dose using the data specific to that population,if
available.

We recommend that the risk of serious genetic disordersresultingfrom a
radiationexposure in both the first generationand in all subsequent
generationsbe given in the radiologicalassessment for a NEPA document.
Risk factors from which these risks are calculatedare given in Tables IIa or
IIb in terms of both gamete dose and gonadal dose.

As noted in Section 111.C., the risk of radiation-inducedgenetic
disorders in all subsequentgenerationsfrom a dose D to a single generation .
is numericallyequal to the genetic risk in a single generationproducedby
exposing several generationsto a dose D per generationuntil equilibriumhas
been reached (BEIR 111 1980, p. 128). Thus the BEIR III equilibriumgenetic
risk factor is quoted in Tables IIa and IIb to give the total risk of genetic
disorders in all subsequentgenerations.

The risk factors for genetic disorders from exposure to high-LET
radiation are obtained by multiplyingthose for low-LET radiationby 3 to
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remove the reductionfor dose-rateeffect made for low-LET radiation (Section
111.A.1)and by 20 to adjust for the relative biologicaleffectiveness.

I. Risk of Somatic Effects Other Than Cancer

1. Effects from Irradiationin Utero, We have elected to use the BEIR
III treatment of teratogeniceffects rather than the treatment presented in
ICRP Publication27. Both approacheswere described in Section 111.B.1. The
BEIR III approach was intended as a realistic assessmentof the risk of
radiation-inducedeffects from irradiationin utero. The ICRP developed its
approach in order to includethese effects into an index of harm. This
procedurewould not necessarilygive the best assessmentof the risk of these
effects.

For NEPA-relateddocuments,doses from any routine operationsthat may
.be consideredare well within the dose range in which, accordingto the BEIR
Committee,there would be no widespreadteratogeniceffects. Doses to the
public from operations at DOE facilities are limited to 500 mrem/year to
whole body, gonads, and bone marrow, and 1500 mrem/year to other organs (US
DOE 1980a). Under the DOE regulationsof keeping doses to as low a level as
reasonablyachievable(ALARA),actual doses from DOE operations are
considerablylower than these dose limits, usually only a small fraction not
only of the dose standardsbut also of backgroundradiation (see, for
example, US DOE 1982b).

Estimateddoses resultingfrom proposed DOE routine operationsbeing
evaluated under NEPA would be subject to the same standards. Normally,the
DOE dose limits would have to be exceeded before the embryo would receive a
dose correspondingto 1-R exposure at an exposure rate greater than 0.01
R/rein,the level below which no widespreadeffects inducedby in utero
irradiationare expected to appear (BEIR III 1980, p. 492). The ALARA policy
would further limit actual doses to levels far below that correspondingto
the 1-R level. In addition,the dose resultingfrom a particularfacility’s
operations is generally distributedover the entire year. The dose received
by the embryo during a critical developmentstage, which is usually during
the first trimester of pregnancy,would be proportionatelyless than the
annual dose. Consequently,teratogeniceffects would be minimal given the
range of doses from routine operationsdiscussed in NEPA documents.

In Section I.D., we noted that assessmentin a NEPA document of impacts
from a one-time accidentmay involve considerationof doses above the DOE
annual dose limits. These doses could exceed the dose threshold values for
teratogeniceffects. For these cases, some discussionof these effects in
the assessmentwould be n~cessary. However, in publicationsof the national
and internationaladvisorybodies reviewed in this report, no recommendations
have been made for any dose-responsemodel for these effects, so no procedure
to quantify these effects is given here. [The ICRP has proposed a model to
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use in developingan index of harm, but not for use with their other risk
factors (see Section 111. B.l). ]

.
2. NonstochasticEffects. We recommendusing the 1982 UNSCEAR report in

evaluatingthe occurrenceof nonstochasticeffects in an exposed population.
This report presentsa comprehensivereview of these effects on an organ-by-
organ basis.

Routine doses, which are limited by the DOE standardsdiscussedabove,
from operationsof facilitiesreviewed in NEPA documentsare well below the
dose thresholdsat which nonstochasticeffects may begin to occur. Doses
calculatedfor some accident scenariosmay slightly exceed the lowest of the”
thresholds. In particular,the UNSCEAR Committee reports temporarysterility
in males at doses as low as 10 rads. While these effects may not be signifi-
cant, they should be discussedfor the sake of completenessusing information
presented in the 1982 UNSCEAR report (UNSCEAR1982).

J. Effect of Current Research on Risk AssessmentProcedures

Most of the risk factors and risk rate coefficientsrecommendedin this
report are the result of ongoing epidemiologicalstudies. As more data
become availablewith time, estimatesof these factors will improve so that
there will be a need to continuallyupdate the factors given here.

The recalculationof the doses at Hiroshima and Nagasaki could result
in a significantrevision of the risk factors. This recalculationhas
resulted in larger gamma-dosevalues at Hiroshimaand slightly lower gamma-
dose values at Nagasaki,and lower neutron doses calculatedfor both cities.
Preliminaryresults suggest the new dosimetrymay show that the neutron
component at both citieswas not significant,and the data from both cities
may be combined to yield pooled estimates of risk and risk-ratefactors
(Loewe 1981). However, although the free-in-airdoses have been recalcu-
lated, the impact on the epidemiologicalresults of the atomic bomb survivor
study cannot be entirely gauged until several issues have been resolved. In
a recentyeview of the atomic bomb survivor dosimetry,Kerr (1982)concluded
that these epidemiologicalresults should be consideredtentativeuntil organ
dose factors, house-shieldingfactors,and the energy yield and neutron
output of the weapons are revised.

Future epidemiologicalsurveys and the revised dose estimates at
Hiroshima and Nagasakiwould give improved estimates of the risk and risk-
rate factors. In addition,with improved statisticalaccuracy, the shape of
the dose-responsecurve may become better defined. This would improve risk
estimationby more clearly identifyingmodels that correlateclosely with the
epidemiologicaldata.
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v. SUMMARY

Factors are recommendedthat give the risk of genetic disordersin
offspringand lifetime risk of cancer mortality averaged over a population
with the age and sex distributionof the U.S. population. These
recommendationsare for populationsof similar demographiccompositionwhere
a detailed risk calculationwould not be necessary. This could apply to
ADMs, EAs, and even EISS. These recommendedrisk factors are listed in
Tables IIa or IIb.

If demographicdata are available,the mutagenic risk and lifetime
tumorigenicrisk may be calculatedindividuallyfor situationswhere the
populationis significantlydifferent from the,U.S. population. Recommended
risk-rate factors and genetic risk factors are provided for the cancer
mortalityand genetic disorder calculations,respectively. These factors are
given in Table III. A computer program was written that calculateslifetime
risk of mortality from radiation-inducedcancer by use of site-specific
demographicand populationhealth data. A program listing, descriptionof
the required input data, and a sample problem are given in the appendixes.
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. APPENDIX A

. THE COMPUTER PROGRAM REPCAL

I. GENERAL INFORMATION

The computer code REPCAL has been written in FORTRAN IV. It currently
runs on a Control Data 7600 computer. A simple problem, such as the
calculationof the relative risk coefficientsfor total cancer (running
NORGAN = 2, KORGAN = 22,23) will use approximately14 seconds CPU time and
100 000 octal words of memory. The CDC 7600 has a 60-bit word size; if the
program is to be run on another type of computer, some considerationmay have
to be given to using double precisionvariables to reach comparable
precision. A listing of the program is provided in Appendix B.

II. INPUT REQUIREMENTS

The structureof the input file is describedbelow in Table A-I. Input
variablesand parametersappearing in this input file are defined in Table
A-II.

TABLE A-I

STRUCTUREOF INPUTFILE

Parameter

Title
IFLAG(I),I=1,4
IWRITE(I),I=1,4
[( TQx[I,JI, I=w20L J=1,21*
[ (AGEDISII,Jl, 1=1, 120),J=1,2]*
NUM(I),I=1,2
NORGAN
KORGAN,LET,MODEL,NFOLLW

NORGAN [(CAN5Y[I,J],I=1,28)J=1,2]
● TIMES NINV

TIME(I),DOSINV(I),I=l,NINV
* NTABLE

NYEAR(I),I=l,NTABLE

Number of Cards

i
1
1
48
40
1

1
1
8
1

NINV
1
1

Format

10A8
411
411
5F12.9
6F1O.O
2F1O.O
15
415
7F1O.4
15
2F1O.2
13
1415

*Array included in the input deck only if the correspondingvalue of
IFLAG=l.
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TABLE A-II

DEFINITIONOF INPUTPARAMETERS

Variable

Title
IFLAG(I)

TQX(I,J)

AGEDIS(I,J)

KORGAN

Definition

Any descriptivetitle up to 80 charactersin length.
Parameter indicatingwhich set of input data should

be used by the program for 1=1 and 2. IFLAG=Omeans
use the input data given in DATA statementsin
SUBROUTINESTART. IFLAG=lmeans use data sets supplied
by the user.

1=1 proportiondying in each age interval for
reference life table

1=2 populationage distribution
Proportiondying in each age interval i[from age i=

-1 (prenatal)to age i=109] for males (j=l) and
females (j=2).

Populationdistributionby age [from age i=-1
(prenatal) to age i=109] and sex [for males (j=l)
and females (j=2)]. The entries for AGEDISdo not
have to be normalized;the program adds up to
entries for both males and females and normalizes
AGEDISautomatically.

The number identifyingthe organ at risk.

KORGAN Organ/CancerType KORGAN organ/CancerType

1
2
3
4
5
6

7

8

9

10

Breast 15
Thyroid 16 Bone
Lung 17
Leukemia 18

19
20 Hematopoieticcancer

from prenatal
exposure

21 Solid cancer from
prenatalexposure

.

22 All cancers except
leukemiaand bone .
cancer, linear model

23 Leukemia and bone
cancer, linear model

24

Liver
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TABLE A-II (cent)

Variable Definition

KORGAN (cent) KORGAN Organ/CancerType KORGAN Organ/CancerType

11 25 Leukemia risk from
BEIR I

12 26 All cancers except
leukemiaand bone
cancer, linear-
quadraticmodel

13 27 Leukemiaand bone
cancer, linear-
quadraticmodel

14 28

LET

MODEL

NFOLLW

NINV
CAN5Y( 1,J )

Radiationtype, low linear-energy-transfer(LET=l)or
high linear-energy-transfer(LET=2).

Risk projectionnodel, absolute risk model (MODEL=l)or
relative risk model (MODEL=2).

Number of years for which there has been adequate
epidemiologicalfollowup. Used to calculatethe
relative risk-ratecoefficients.

Number of dose intervals.
Cancer mortality rates in 5-year intervalsfor age

intervalsi=l (O-4years) up to i=22 (105-109
years) for males (j=l) and females (j=2). This
array must be supplied for all relative risk
calculations. Units are deaths per million
individuals.

XNUN(l) Number of males (j=l) and females (j=2) in population
receivingthe dose.

NORGAN Number of organs for which cancer risk is calculated.
TIME(I) Number of years in dose interval i.
DOSINV(I) Dose in rads received in dose intervali.
NTABLE Number of ages for which life tables are to be printed.
NYEAR(I) Starting age for the printing of life table i.

A listing of the input file for the first example problem discussedin
Appendix C is presented in Table A-III. This problem calculatesthe total
risk of dying of cancer as a result of 10 rads of whole body, low-LET
radiation (a calculationalso performedin BEIR III, p. 204 and p. 207). We
have used the linear dose-responsemodel and a relativerisk projectionmodel
for all cancers except leukemiaand bone.
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INPUT FILES FOR
CANCER DEATHS

1 single dose
2 1110
3 1110
4
5
6
7
a
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

0.000000000
.000640000
.000410000
.000840000
.001980000
.002280000
.002030000
.002520000
.003699000
.005680000
.008870000
.014000000
.021580000
.032000000
.046650000
.067030000
.096880000
. 136630000
196810000

:265460000
.320170000
.356060000
.379220000

0.000000000
0.000000000

.000510000

.000280000

.000400000

.000710000

.000790000

.000960000

.001400000

.002150000

.003250000

.004840000

.007120000

.010350000

.015380000

.024070000

.038930000

.064320000

. 102750000

. 160060000
231860000

:289490000
.327680000
.352690000

0.000000000
0.00000

.01452

.01448

.01440

.01422

.01405

.01385

.01357

.01311

.01235

.01115

.00943

.00721

TABLE A-III

A SAMPLE PROBLEM: CALCULATINGTHE TOTAL NUMBER OF
INDUCEDBY A DOSE OF 10 Rads OF LOW-LET RADIATION

of 10 rads using relative risk (except for leukemia,’bone)

.022450000 .001330000

.000580000 .000540000

.000360000 .000350000

.001140000 .001420000

.002!20000 .002260000

.002170000 .002060000

.002100000 .002180000

.002680000 .002880000

.004010000 .004350000

.006230000 .oo68ioooo

.009690000 .010590000

.015340000 .016760000

.023390000 .025320000
-034630000 .0374GOOO0
.049910000 .053440000
.072640000 .078560000
. 103670000 . 111250000
. 147300000 . 159790000
208390000 .221220000

:279620000 .290900000
.328570000 .336330000
361570000 .366610000

0:000000000 0.000000000
0.00Q0OOOOO0.000000000

.017460000 .001160000

.000430000 .000380000

.000260000 .000250000

.000490000 .000580000

.000720000 .000730000

.000810000 .000830000

.001020000 .001100000

.001520000 .001650000

.002330000 .002510000

.003540000 .003840000

.005230000 .005650000

.007680000 .008290000

.011130000 .012000000

.016780000 .018320000

.026320000 .028790000

.043250000 .047900000

.070970000 .078340000

. 112820000 . 124620000

. 172640000 . 187180000
245840000 .258540000

:298360000 .306590000
.333610000 .339040000

0.000000000 0.000000000
0.000000000 0.000000000

.000940000

.000510000

.000420000

.001670000

.002350000

.001990000

.002280000

.003120000

.004730000

.007440000

.011610000

.018270000

.027380000

.040440000

.057400000

.084620000

. 119290000

. 172810000

.235120000

.301350000

.343470000

.371210000

.000780000

.000460000

.000590000

.001850000

.002350000

.001980000

.002390000

.003390000

.005180000

.008120000

.0i275CWO0

.019870000

.029600000

.043500000

.061930000

.090700000

. 127700000

. 185210000

.250230000

.311110000

.350Q40000

.375400000
0.000000000 0.000000000
0.000000000 0.000000000

.000770000 .000600000

.000340000 .000310000

.000270000 .000330000

.000660000 .000690000

.000750000 .000770000

.000860000 .000900000

.001190000 .001290000

.001800000 .001970000

.002730000 .002970000

.004160000 .004490000

.006110000 .006600000

.008940000 .009620000

.012980000 .o14iloooo

.020040000 .021950000

.031650000 .035030000

.052950000 .058400000

.086120000 .094190000

. 136850000 148590000

.202430000 :217500000

.269800000 .279960000

.314200000 .321220000

.344010000 .348550000
0.000000000 0.000000000
0.000000000 0.000000000

.01463 .01457 .01455 .01454 ,01453

.o145t .01451 .01450 .01449 .01449

.01448

.01438

.01419

.01402

.01381

.01351

.01301

.01218

.01090

.00909

.00681

.01447

.01435

.01416

.01399

.01377

.01344

.01290

.01201

.01064

.00873

.00641

.01446

.01432

.01413

.01396

.01373

.01337

.01277

.01182

.01036

.00838

.00599

.01445

.01429

.01410

.01392

.01368

.01329

.01265

..01161

.01006

.00799

.00558

.01443
,01426
,01407
,01389
,01363
,01320
.01251
.01139
.00975
,00760
,00516

.

.

.

.
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TABLE A-III (cOnt)

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

U
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111

.00474

.00244

.00086

.00017

.00002

.00000
0.00000
0.00000

.01312

.01309

.01306

.01300

.01294

.01285

.01269

.01245

.01206

.01147

.01059

.00925

.00726

.00464

.00208

.00054

.00008

.00001
0.00000

1000000.
2

22 1
33.87205
260.7323
10481.97
14115.99
26.55585
355.5241
6190.020
10608.92

2
1.0

110.0
23 1

2
1.0

110.0
2

0 10

.00432

.00212

.00068

.00012

.00001

.00000
0.00000

.01320

.01311

.01309

.01305

.01299

.01293

.01283

.01266

.01239

.01197

.01134

.01040

.00897

.00686

.00418

.00173

.00040

.00005

.00001
0.000oo

1000000.

2 30
28.82773
570.3040
13112.09

21.89922
732.9593
8392.462

10.0
0.0

f 30

10.0
0.0

.00392

.00182

.00054

.00009

.00001

.00000
0.00000

.01316

.01311

.01309

.01304

.01299

.01291

.01280

.01263

.01234

.01189

.01121

.01020

.00867

.00644

.00373

.00142

.00030

.00004

.00000
0.00000

24.16823
1229.845
13112.09

18.58769
1328.616
8392.462

.00352

.00154

.00041

.00006

.00001
0.00000
0.00000

.01314

.01310

.01308

.01304

.01297

.01290

.01278

.01259

.01227

.01179

.01107

.00999

.00835

.00600

.00329

.00115

.00021

.00002
0.00000
0.00000

40.09863
2237.891
14145.99

28.64152
2046.024
10608.92

.00315

.00129

.00031

.00004

.00000
0.00000
0.00000

.01313

.01310

.01308

.ot303

.01296

.01288

.01275

.01254

.01221

.01169

.01092

.00976

.00800

.00555

.00286

.00091

.00015

.00002
0.00000
0.00000

61.77780
3669.446
14115.99

39.20196
2973.764
10608.92

.00278

.00106

.00023

.00003

.00000
0.00000
0.00000

.01313

.01310

.01307

.01301

.01295

.01287

.01273

.01250

.01214

.01158

.01076

.00951

.00764

.00510

.00246

.00070

.00011

.00001
0.00000
0.00000

90.26943 140.0339
5817.599 8173.591
14115.99 14115.99

80.95097 170.5309
3954.441 4858.459
10608.92 10608.92
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In line 2of the example, IFLAG(1)= land IFLAG(2)=10 This signals .
the program to look for the arrays TQX and AGEDIS in the input file. From
line 3, IWRITE(1)= 1 and IWRITE(2)= 1, signifyingthat these arrays should -
be printed. TQX appears as lines 4-51, and AGEDIS as lines 52-91, in the
Input File.

Line 92 tells the program that there are one million males and one
million females in the populationat risk. These individualsare distributed
in age according to the proportionsgiven in AGEDIS.

Line 93 indicatesthat two cancer types are being consideredin this
calculation. These are all cancers except leukemiaand bone cancer (K = 22)
and leukemiaand bone cancer (K = 23). Lines 94 and 106 identify these two
cancer types and indicate that the risks are to be calculatedfor low-LET
radiation (LET = 1) using the relative risk model (MODEL= 2) for K = 22 and
the absolute risk model (MODEL= 1) for K = 23. Age- and sex-specificcancer
mortality rates for K = 22 are in lines 95-102.

For K = 22, two dose intervalsare.to be considered (line 103). They
are a l-year dose of 10 rads (line 104) and a 110-yeardose of O rad (line
105). Similar dose distributionin time is indicatedfor K = 23 in lines
107, 108, and 109.

Two life tables are to be printed (line 110), for beginningages O and
10 (line 111).

III. INTERPRETATIONOF CALCULATEDRESULTS

The computer program REPCAL estimatesthe lifetimerisk of radiation-
induced cancer mortalityby sex for each age of exposure up to age 109. This
is the lifetime risk that a hypotheticalcohort of individualsall of the
same age would incur if they all simultaneouslyreceived the stated radiation
dose.

The program also calculatesthe total number of fatal cancers for all
age groups for each sex in a given populationresultingfrom exposure to
ionizing radiation. Dividing this estimate by the number of individualsin
each populationgives the age-averagedlifetime risk of cancer mortalityfor
males and for females. Taking the weighted average by sex of these two risks
will then give the age- and sex-averagedlifetime risk of cancer mortality. .

Caution should be exercisedin interpretingthe age-averagedrisk
calculatedby REPCAL. This risk estimate should only apply to l-year

.

exposures. For external radiationthe l-year exposure also correspondsto a
l-year dose. For internalradiation,the l-year exposure to radioactive
material could result in doses occurringbeyond 1 year. For example,
inhalationof a radioactivematerial of class Y lung volubilitywould result
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“

in a lung dose for severalyears after inhalation. These doses are properly
accounted for by entering the dose for each year in DOSINV(I). But the
exposure time during which the materialwas inhaled should not exceed 1 year.

The reason for this limitationis that the changing age structureof the
populationat risk may invalidatethe age-averagingprocedure. It is assumed
that changes in the populationfor periods shorter than a year would not be
significant. For longer periods, the populationwould be aging and new
members would be born. Immigrationand emigrationcould also change the age
distribution. These populationdynamics are not taken into account in the
program. Consequently,the period when the individualreceives the external
radiationor is exposed to radioactivematerial is limited to 1 year for the
calculationof the age-averagedrisk.

This limitationapplies only to the age-averagedrisk. The lifetime
-riskto a cohort of individualsall of the same age can be estimated for
exposure periods larger than 1 year. This is the age-specificrisk,
estimated for each age from birth to the age of 109. It is in contrast to
the age-averagedrisk, which is the age-weightedaverage of these age-
specific risks. See the two sample problems in Appendix C for an
illustration.
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APPENDIX B

LISTINGOF THE COMPUTER PROGRAM REPCAL

.

.
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program repeal (input,output, tape50= input, tape55=Output)
real latent, lat(7,27)
dimension surviv( 120,2),radxr( i20,2), tqxprm( 120,2) ,

> drisk( 120).rskpop( 120,2 ), totmor(27),plt(7 .27),rsk(7.27).
> ageint(7),drad(27 ),hleff( 120,27),radrsk(27 )
d{mension dtot(120),dref( 120) .tx( 120),ex(120).tlx( 120)
dimension dplat(120),dl at( 120), dhaz( 120)
common/acom/ xrad(120), xnat( 120) ,r( 120,27)
common/wind/iage( 120)
common/sea/rskrad, latent,plteau, nfol 1w(27)
common/indata/agedi s(120,2),tqx( i20,2),canrte( 120,2,27).

> alet(2), amodel(2), aname(27), gender(2 ), let(30),korgan(30) ,
> mc.del(30), xnum(2),dose( 120,27).n0r9an
common/1iftab/ntable, nage(27 ),nyear( 120)
data itable/O/
data (gender(i), i=l,2)/8hmale ,8hfemale /
data (ageint( i), i=l,7)/8h <O ,8h O - 9 ,8h10 - 19 ,8h20 - 34

> ,8h35 - 49 ,8h50 - 65 ,8h >65 /
data (aname( i), i=l,27)/8hbreast ,8hthyroid ,8hlung ,8hleukemla

>, 8hesophag ,
>8hstomach ,8hintestin,8hl iver ,8hpancreas,8hpharynx ,8hsal glnd,
>8hparathy’r,8hur in org,8hovary ,8huterus ,8hbone ,8hsinuess ,
>8hbrain ,8hsk{n ,8hiu-hema ,8tliu-sol id,8hother ,8hleu/bone,
>8hlvmDhoma.8hbei r i .8hother ,8hleu/bone/

950

350

240
805

call ‘start”
do 950 i=l,120
iage(i)=i-2
continue
do 502 ngendr=l,2
write(55,360)
write(55,305)
write(55,350) gender(ngendr)
format(lhO.t34, “calculation of cancer r
write(55,305)
do 805 iexps=l, lll
do 240 k=l,27
hleff(iexps, k)=O.O
totmor(k)=O.O
continue
continue

sks for ‘,a8, mpopuation”)

c calculate the risk rate factors for the relative risk model
do 770 iorg=l,norgan
k=korgan(iorg)
if (model (iorg).eq.1) go to 770
if (iexps.ne.1) go to 1000
if (k.ne.20.and.k.ne .21) go to 770
call relfac( iorg,k,ngendr )
go to 770

1000 continue
call relfac( iorg,k,ngendr )

770 continue
c loop over iexps, the age when the radiation exposure begins

cdb

201

do 800 fexps=l, 111
if (iexps.ge.4) stop
rskcon=O.O
surviv( iexps, ngendr)=lOOOOO.
do 210 j=iexps, lll
jage=j-2
radtot=O.O
do 201 iorg=l,norgan
k=korgan(iorg)
radrsk(k)=O.O
continue
do 220 iorg=l,norgan
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k=korgan(iorg)
if (iexps. ne. l.and.k. eq.20) go to 220
ff (iexps.ne. l.and.k.eq. 21) ga to 220
if (model (iorg).eq.2 ) go to 701

~---- ------ ----- -------- ----- ----- ----- ------- ------ ------- ------- -------- -----
c
c start calculations for the absolute risk model
~.
c-------- ----- ------ ---------— ------- ------ ---------- -------------- ------------

do 200 i=fexps,j
if (iexps.eq. l.and.k.eq. 20) go to 1020
if (iexps. eq. l.and.k.eq .21) go to 1020
if (iexps.eq.1) go to 200

1020 continue
Idjust=i-iexps+l
call getrsk(rc, iage(i ),jage, k,let(iorg) ,model( iorg),ngendr,

> dose(idjust,k))
radrsk(k)=radrsk( k)+dose( idjust,k)*rc
radtot=radtot+dose( idjust,k)*rc

200 continue
go to 220

701 continue
c-------- ---- ---------- ---------------- ------ ----- --------- ---------- -----------
c
c start calculations for the relative risk model
c
c------------------- -- ------- ------------ ------------ ------ ------ ----------- ----

1030

760

850

do 725 i=iexps.j
if (iexps.eq. l.and.k.eq. 20) go to 1030
if (iexps.eq. l.and.k.eq. 21) go to t030
if ({exps.eq.1) go to 725
continue
idjust=i-texps+l
if (k.ne.1) go to 760
riske6=r(i ,k)*canrte(j ,ngendr,k)*dose( idjust,k)
if (i. le.9) latent=20.O
if (i .ge.lO.and. i.le. 14) latent=20.O
if (i .ge.15.and. i.le. 19) latent=15.O
if (i.ge.20) latent=10.O
delta=j-f
if (delta. lt. latent) riske6=0.O
if (delta.eq. lateht) riske6=riske6/2.O
go to 735
continue
jdif=j-i
If(jdif. lt.nfollw( iorg)) go to 730
if (jdif.eq.nfol lw(iorg) ) go to 850
riske6=r(i ;k)*canrte(j ~nge;dr ,k)*dose(idjust,k)
go to 735
continue
call getrsk(rc, iage( i), jage,k, let(iorg) ,model( iorg),ngendr,

> dose( idiust.k))
riske&=(&.&&( idjust, k)*rc/2.0)+( r( i ,k)*canrte(j ,ngendr,k)

>ggd;ge$jgjust, k)/2 .o)

730 continue
call getrsk(rc, iage( i),jage,k, let( iorg),model(iorg) ,ngendr,

> dose({djust,k))
riske6=dose( idjust ,k)*rc

735 continue
radrsk(k)=radrsk(k)+r iske6
radtot=radtot+ri ske6

725 continue
220 continue
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c--------------- ---------------------------------- -----
c
c use the calculated risks to generate a new 1
c
c-------------- ---------------- ------------------------

----- ----- ------ ----- ---

fe

---
able

---—----- ----- ----- -

230

905

agemor=tqx(j ,ngendr)/( 1.O-O.5*tqx(j ,ngendr))
tqxprm(j ,ngendr)=agemor/( l.0+0.5* (agemor+radtot ))
dref(j )=tqxprm( j,ngendr)*surviv( j ,ngendr)
dtot(j )=dref(j )
do 230 iorg=l,norgan
k=koraan( iora)
radxr~j ,ngen~r)=radrsk(k )/( l.0+0.5*(agemor+radtot ))
drad(k)=radxr(j ,ngendr)*surviv(j ,ngendr)
dtot(j)=dtot( j)+drad(k)
hleff(iexps,k)=hl eff (iexps.k)+drad(k)
contintie
jl=j+l
surviv(j I,ngendr)=surviv(j ,ngendr)-dtot(j )
tlx(j)=( surviv(jl,ngendr )+surviv(j, ngendr))/2.
format(/t33,27(n- ‘),

>/!( age “. t15, “tqx” ,t26, “lx” , t36, ‘tdx”,t45, “drad’’,t55.
> “dref’’, t65,ntlx”, t75, mtxn,t85. ’’ex” )

902 format( lx,2i4,f10.8,f 10.0, 3f10.3,2f10.0. f10. 2)
cdb jage=j-2 cdb
cdb jagel=jage+l cdb
cdb write(55,91 1)jage,jagel ,tqxprm(j ,ngendr),surviv(j ,ngendr) ,dtot(j ) ,cdb
cdb > dref(j ),drad(22),drad(23 ),agemor, radtot,radrsk( 22),radrsk(23) cdb
c 911 format( lx,2i4,f10.8 ,f10.0,4f 10.3,4( lx, ell.3)) cdb

210 continue
c---------------- ----------------------------------- ----------------------

c
c print out the life tables if requested. . .
c
c-------------- -------------------------------- ---------------------

do 650 itable=l,ntable
if (iage(iexps) .ne.nyear( itable)) go to 650
if (Itable.gt.1) write(55,360)
write(55,900)iage( iexps),gender(ngendr )

900 format( lhO, “life table calculation”.//tlO, ‘starting age’’, t4O,
> //tlO, ’’popular ion’’,t4O, a8,//)

901

652

write(55;901 )(aname(korgan( iorg)), iorg=l,norgan)
format(tlO, “cancer tYPeSm.(t40.a8,//))
write(55,905)
tx(lll)=tlx(lll)
do 652 l=iexps, l10
1inv=lll-1
1invl=l inv+l
tx(l inv)=tlx(l inv)+tx(l invl)
ex(l inv)=tx(l inv)/surviv(l inv,ngendr)
continue
do 654 j=iexps, 111
dradt=dtot(j )-dref( j)
jage=j-2
jagel=jage+l
write(55,902)jage ,jagel ,tqxprm~

> dradt,dref(j), tlx( j),tx(j),exl
654
650
800

235

continue
continue
continue
do 810 iexps=l, lll
do 235 iorg=l,norgan
k=korgan(iorg)
hleff(iexps, k)=hleff( iexps,k)/
continue

---- --

3,

j,ngendr), surviv(j ,ngendr),dtot(j),
j)

00000.

...
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810 cont~nue
305 format(//lx, l2O( “-’’),//)

do 250 iorg=l,norgan
k=korgan(iorg)
write(55,360)

360 format(lhl)
write(55,305)
write(55, 361)aname( k),gender(ngendr)

361 format( Ix, ”cancer type’’, t2O,a8,//lx, ‘populationw, t20,a8 )
write(55,340)(( iage(iexps),hleff( {exps.k) , iexps=j , 112, t4),j=l..i4)

340 format(//lhO, ’’lifetime risk to {ndividual from exposure by age”,
> //8(” age 1tfetime’’),/8(” group risk “ ),
> 14(/8( lx, i4,1x,elo. 4)))

do 815 iexps=l, lll
hleff(lexps,k)=hleff( iexps, k)*agedis(iexps ,ngendr)*xnum(ngendr)
totmor(k )=totmor(k)+hl eff(iexps,k)

815 continue
write(55,306)gender(ngendr ),alet(let(iorg))

306 format(//lx, “number of health effects in “,a8. npopulation u
>Udistributed by age (“,a4, ’’let radiation)”)
write(55,307)

307 format(/lx.8(” age health’’),/8(” group effects”))
write(55, 330)((iage( i),hleff(i,k), i=j. l12,14),j=l, 14)

330 format(~4(lx,/8( i5.e10.3)))
write(55,308)

308 format(ti12.9(n–”))
write(55, 320)gender(ngendr ),totmor(k)

320 format( lx,/t53, ”total number of health effects to the “,a8.
>Up0pulati0n*,e12 .4)

write(55,305)
250 continue
502 continue

end
subroutine start
dimension time(120) .dosinv( 120)
common/indata/agedi s(120,2), tqx( 120,2), canrte(i20,2,27),

999., 953.,
63i., 587.,
244., 204.,

0 -, 0
0 ., o::
o 0

734:: 1636::

); iwrite(4), title

20),j=l,2)/
1645., 1654., 1598.
1808. ,1854., 1916.
2153.,2139.,2080.
i799.. 1914..1418.
146. ;llO1. ;1097.
i16. ,1110.,1112.,

8),d

1631
2039
2066
1436
1079
1118.

914.. 872.. 848.. 834.

snam(2

, 1595.
,2i3~.
,2013.
.i426.
,1050.
,1094.,
. 793..

> alet(2),amodel r2),aname(27 ),gender(2), let(30), korgan(30) ,
> model(30), xnum(2),dose( 120.27),norgan

common/l iftab/ntable, nage(27),nyear( 120)
common/sea/rskrad, latent .Dlteau.nfol 1w(27
dimension pop(2), iflag(~
dimension can5y(28,2)
data ((agedis(i, j),i=l,

> 0 . ,1839.,1815.,1713.
>i722. , 1903. . 1903. , 1852.
>2134., 2235.,2208.,2178.
>i866. . i898. , 1852. , 18i2.
>1304..1259. ,’ 219..1170.
>i1351. ,lo97., 122. ,1102.,
>1074. , 1045. ,
> 7i5., 679.,
> 292., 287.,
> 0 . . 0 -,
> 0 ., 0 .,
> 0
> 0: :175:::
>1645., 1817., 1820., 1774., 1732. ; 1778. ; 1839. ; 1962. ;2048. ;2077. ;
>2090 . .2i97. ,2176. .2155.,2144.. 2145. ,2090.,2077..2030.. 1989.,
>1886. , 1929. , i884. , 1850. , 1839. , 1962. , 1460. , 1480., 1474., 1554. ,
>1352., 1308. ,1268..1220.,1197.,1153. ,1152. ,1134., 1109. ,1129.,
>1118. , i174. , 1206. , 1191. , 12i3. , 1215. . 1226. , 1242. , 1225. , 12i3. ,
>1220. ,1194.,1149.,1105.,1070.,1035 . ,1023.,1024., 992., 965.,
> 929., 899., 853., 811., 778., 727., 694., 650., 605., 564.,
> 502., 510.. 451.. 392., 347., 320. ,1656., 0., 0., 0.,

549.: 499.; 463.; 421.; 379.;
174., 155., 706.. 0., 0..
0 .? o 0 0 0
0 ., o:: o:: o:: o::
o ‘0., o., 0., 0.,

572:: 1579..1530..1558. ,~524..

,ipr(4)

1659.,
2i43.,
1971..
1502. ;
065.,
075.,
757.,
341.,

:::
o -,
0

585::

.
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> 0.. 0.,
> ::: o., 0.O
> 0 0 0
data’ ialeti~ ), i=~:2
data (amodel (i), i=l
data (disnam(i J,i=l
data (tqx(i, l), i=l,

> 0.00000,

0 0 O.e o., 0., 0..
o:: o:: o.. 0.. 0., 0.,

0., 0., 0.,
/~AiOw ?4hhig%’
2)/8habsolute,8hrel ative/
2)/8hprogram ,8huser /
20)/
02245,

> .00064, .00058,
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
data

>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>

.00041; .00036,

.00084, .00114,

.00198, .00212,

.00228, .00217.

.00203. .00210.

.00252, .00268,

.00369, .00401,

.00568. .00623,

.00887, .00969,

.01400, .01534,

.02158, .02339,

.03200, .03463,

.04665, .04991,

.06703, .07264,

.09688, .10367.

.13663, .14730,

.19681, .20839,

.26546, .27962,

.32017, .32857.

.35606, .36157.

.37922, 0.00000,
0.000oo. 0.00000,
(tclx(i,2),i=l,f20)/
0.00000,

.00051,

.00028,

.00040,

.00071,

.00079,

.00096,

.00140,

.00215,

.00325.

.00484,

.00712,

.01035,

.01538,

.02407.

.03893,

.06432.

.10275,

.16006.

.23186,

.28949,

.32768,

.35269,
0.OOOooo

.01746.

.00043,

.00026,

.00049.

.00072,

.00081,

.00102,

.00152,

.00233,

.00354.

.00523,

.00768,

.01113,

.01678,

.02632,

.04325,

.07097,

.11282,

.i7264,

.24584,

.29836,

.33361,
0.000oo,
0.00000,

.00133,

.00054,

.00035,

.00142,

.00226.

.00206,

.00218.

.00288,

.00435,

.00681,

.01059,

.01676,

.02532,

.03746,

.05344,

.07856,

.11125,

.15979,

.22122,

.29090.

.33633,

.36661,
0.00000,
0.00000,

.00116,

.00038,

.00025,

.00058,

.00073,

.00083.

.00110,

.00165.

.00251,

.00384,

.00565,

.00829,

.01200,

.01832,

.02879.

.04790,

.07834,

.12462,

.18718,

.25854,

.30659,

.33904,
0.00000,
0.00000,

.00094.

.00051,

.00042,

.00167,

.00235,

.00199,

.00228.

.00312,

.00473,

.00744,

.01161,

.01827,

.02738,

.04044.

.05740,

.08462,

.11929,

.17281,

.23512,

.30135,

.34347,

.37121,
0.00000.
0.00000.

.00077.

.00034,

.00027,

.00066,

.00075,

.00086,

.00119,

.00180,

.00273,

.00416,

.00611,

.00894,

.01298.

.02004.

.03165.

.05295,

.08612,

.13685,

.20243,

.26980,

.31420,
34401,

.0:00000,
0.00000,

data (((canrte( i,j.k), i=l .120), j=l,2),k=l ,27)/
> 6480*0.O/

data (pop(i), i=l,2)/ 0.0,0.0/
read(50,9)(title( i), i=l,8)
write(55,9)(title( 1), i=l.8)

9 format(10a8)
c
c set up of the input deck;

o..
0.,
0./

.00078,

.00046,

.00059,

.00185,

.00235,

.00198.

.00239,

.00339,

.00518,

.00812,

.01275,

.01987,

.02960,

.04350,

.06193,

.09070,

.12770,

.18521,

.25023,

.31111,

.35004,

.37540.
0.00000,
0.00000/

.00060,

.00031,

.00033,

.00069,

.00077,

.00090,

.00129,

.00197,

.00297,

.00449,

.00660,

.00962,

.01411,

.02195,

.03503,

.05840,

.09419.

.14859,

.21750,

.27996,

.32122.

.34855,
0.00000,
0.00000/
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number of cards parameter format

1 i flag 4i
iwrite

(4:)
4i

tqx 5f12.9
(40) agedis 6f10.O

1 xnum Zflo.o
1 norgan
1

i5
korgan, let,model ,nfollw 4i5
xnum Zflo.o

(:) can5y 7flo.4
1 nfnv i5

ninv time,dosinv 2flo.2
1 ntable
1

i3
nyear 14i5

the array iflag is used to insert user-supplied data to the arrayr
tqx and aged is. if iflag.ne.1, default values based
on united states national average statistics will be used. the index
i for iflag corresponds to

tqx (proportion dying in each age interval) for i=l
agedis (populatfan age distribution) for i=2

read(50, IO)(iflag(i ), i=l,4)
10 format(4il)

if iwrite(i)=l, the array corresponding to the value of i
(defined above) will be printed. if iwrite(i).ne.1, no printout
will be provided.

read(50, 10)( iwrite( i), i=l,4)
if(iflaq(l).ne. 1) qo to 20
read(50~15)((tqx( i~j), i=l, 120),j=l ,2)

20 if(fwrite(l). eq.1) write(55, 1i5)((tqx( i,j), i=l,120),j=l,2)
15 format(5f12.9)

115 format(/t5, ’’proport ion dying in each age interval”,
> //t5, ’’male’’12(t5,5, IOfll.9/),//t5, ’’female~./ 12(t5.10fil.9/))

if (iflag(2).ne.1) go to 30
read(50, 16)((agedls( i,j), i=l,120),j=l,2)

30 if (iwrite(2).eq. 1) write(55, 116)((agedis( i,j), i=l,120),j=l ,2)
16 format(6f10.0)

116 format(//t5, ’’age distribution by sex”,
> //t5, ’’malen./12(t5, IOfll.5/),//t5, “female’’,/l2(t5, IOfll.5/))
do 3 i=l,2
do 4 j=l,120
pop(i)=pop( i)+agedis( j,i)

4 continue
3 cont{nue

do 1 i=l,2
do 2 j=l, 120
agedis(j, i)=agedis(j, i)/pop(i)

2 continue
1 continue

if (iwrite(2).eq. l ) write(55,600)(pop( i), i=l,2)
600 format(/t 15, ’’popular ion totals used to normalize age distribution

>tables’’,/t4O, “males”, t55,f10.2,/t40, “females’’, t55,flO. 2)
read in input information, where

dose is the dose in rads,
let = 1 for low let radiation

=2 for high let radiation
korgan = cancer type (see subroutine getrsk for listing

of cancer types)
model = 1 for absolute r{sk model

2 for relative risk model
xnum(l) = number of males in population at risk

.

.



c xnum(2) = number of females in population at risk
L

write(55,402)
402 format (//120( ’’-”),//// i20(0-fl).//)

read(50,501 )(xnum( i ), i=l ,2)
501 format(2f10.0)

read(50,602) norgan
write(55,25)

25 format( lx,/t5, “health effects calculated for. . . “)
write(55.502) norgan

502 format(lx,/t15, “number of target organs’’,t55, i2/)
do 606 iorg=l,norgan
read(50,19) korgan(iorg), let( iorg),model (iorg),nfol lw(iorg)

19 format(4i5)
write(55,22) iorg,alet(let(iorg )) .aname(korgan( iorg) ),

> amodel(model( iorg))
22 format(/l lx, i5,”. )“,t20,”let’’, t55,a4,/t2O, ‘cancer type’’,t55,a8,

> /t20. “risk model “,t55,a8/)

17

702
701
700
750

602

603

605

604

35

21
40

if (model (iorg).ne.2) go to 750
read(50, 17)((can5y( {,j), i=l,28),j=l ,2)
format(7f10.4)
do 700 j=l,2
canrte( 1,j ,korgan( iorg))=O.O
do 701 i=l,22
kl=5~( i-1)+2
k2=5*i+l
do 702 k=kl,k2
canrte(k,j ,korgan( iorg))=can5y( i ,j )*0.000001
continue
continue
continue
continue
read(50,602)ninv
format(i5)
read(50,603)(time( i ),dosinv( i ). i=l ,ninv)
format(2f10.2)
nstart=l
do 604 i=l,ninv
ntime=time( i )
nstop=nstart+nt ime- 1
do 605 ij=nstart,nstop
dose( ij ,korgan( iorg))=dos{nv( i)
continue
nstart=nstart+nt ime
continue
write(55,35)
format( lx,t20, “dose by time interval :“)
write(55,2i )(dosinv( i ) , time( i ) . i=l ,ninv)
format( lx,t55,f8.5, ” rads for “,f5. 1,” years”)
if (model(lorg).eq.2 .and. iwrite(3).eq. 1) write(55. 117)

> ((canrte( i,j,korgan( i0r9)), i=l,120).J= 1.2)
117 format(/t5, ’’cancer mortal ity rates”,

> //t5, “male” ,/12(t5, 10fll.8/),//t5, “female’’./l2(t5, IOfll .8/))
cdb write(55,610)(i ,korgan( iorg),dose( i,korgan(iorg)), i=l, 120)
cd610 format(/lx, “listing of dose’’//, l2O(2i5,f4O.4/ ))

606 continue
do 5 i=l,4
ipr( i )=iflag(i)+l

5 continue
write(55,400)

400 format(/t5, “summary of population characteristics. . . “./)
write(55,401 )xnum( l), xnum(2).disnam( ipr( I)),disnam( ipr(2))

401 format(/t 15, ”number of persons in population:”./t4O. “males’’.t55.
>f8.0,/t40, “females”, t55,f8.0,/t15, ‘population table: ”,t45, “suppl ie

cdb
cdb

*
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c
c

c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c

>d by:” ,/t30, ”life table’’, t55,aI3./t3O. “age distribut ion”,t55.a8)
read the number of life tables to be printed and the beginning age for each table.
a maximumof 25 life tables can be printed.

read(50,601) ntable
601 format(i3)

read(50.608)(nyear( Iyear). iyear=l.ntable)
608 format(14i5)

return
end
subroutine getrsk(rc. l,j ,k.let,m.n,dose)
real latent
common/sea/rskrad, latent,pl teau.nfoll w(27)

this subroutine calculates the risk rate at age “j” for cancer type “k”
due to exDosure at aae “i” to low let radiation (1=1) or hiah let radiation
(1=2), for the absol;te risk model
for males (n=l) or females (n=2).

k cancer type

1 breast
2 thyroid
3 lung
4 leukemia
5 esophagus

6 stomach
7 intestine

and rectum
8 1iver

(m=l) Or relative-risk m~del (m=2),
the cancer types are

k cancer type

13 urinary organs
14 ovary
15 uterus and cervix uteri
16 bone
17 paranasal sinuses

and mastoid air cel 1s
18 brain
19 skin

20 hematopoietlc cancer from
prenatal exposure

9 pancreas 21 sol id tumors from
prenatal exposure

10 pharynx. hypo- 22 all cancers except
pharnx, larynx and bone cancer, 1

11 sal ivary glands 23 leukemia and bone,
12 parathyroid 24 lymphoma

other risk coefficients presented for convenience. . .

25 leukemia risk from beir f
26 all cancers except leukemia and bone cancer.

lq-1 ‘model
27 leukemia and bone cancer. la-l model

rskrad=O.O
if (k.eq.1) go to 1
if (k.eq.2) go to 2
if (k.eq.3) go to 3
If (k.eq. 16) go to 16
if (k.ea.8) ao to 8
if (k.eq.20)-go
if (k.eq.21) go
if (k.eq.23) go
{f (k.eq.22) go
if (k.eq.25) go
if (k.eq.26) go
if (k.eq.27) go
rc=O.O
return

1 continue
breast cancer. . .
only uses the model

eukemia
1 model
-1 mode

to 20
to 21
to 23
to 22
to 25
to 26
to 27

.

(P.283. beir iii)
for linear risk with no cell kil’

model with cell killing, just substitute the appropr
rskrad from page 283 of beir iii. all risk rate fac’
multiplied by 0.39 (table v-15. beir iii)to give the

ing. to use the
ate values of
ors have been
mortal ity risk rate,
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if (let.ne.1) write(55,902) let
902 format( lx, “value for let incorrect”, i5)

if (let.ne.1) stop
if (n.eq.1) rskrad=O.O
if (n.eq. i) go to iOO
if (m.eq.2) go to 101
if (i. le.9) rskrad=O.O
lf (i .ge.lO.and. i.le. 19) rskrad=4.1e-06
if (i.ge.20) rskrad=2.6e-06
if (i. le.9) latent=20.O
if (i .ge.lO.and. i.le. 14) latent=20.O
if (i .ge.15.and. i.le. 19) latent=15.O
if (i.ge.20) latent=10.O
plteau=200.O
go to 100

101 continue
c this section supplles the relative risk coefficients given in beir iii
c (P. 283) directly to subroutine relfac

if (1. le.9) rskrad=O.O
if (i .ge.lO.and. i. le.19) rskrad=O.4e-02
if (i.ge.20) rskrad=0.16e-02
rc=rskrad
return

2 continue
c thyroid cancer. . . (pp. 303-304, beir iii)

if (let.ne.1) write(55,902) let
if (let.ne.1) stop
if (n.eq.1) rskrad=O.4e-06
if (n.eq.2) rskrad=l.2e-06
latent=10.O
plteau=200.O
go to ioo

3 continue
c lung cancer. . . (p. 327, beir iii)
C cancer risk is referenced to the age at diagnosis, here taken to be j.

if (j. lt.35) rskrad=O.O
if (j .ge.35.and. j.le.49 ) rskrad=l.5e-06

c

c

c

if (j .ge.50.and. J.le.65 ) rskrad=3.Oe-06
if (j.gt.65) rskrad=7.Oe-06
plteau=200.O
if (i. lt.i5) latent=25.O
if (i .ge.15.and. i.le.34 ) latent=17.5
if (i.ge.35) latent=10.O
go to 100

20 continue
hematopoietic cancers from intrauterine exposure(p.452, beir iii)

latent=O.O
plteau=12.O
if (i.ne. -1) rskrad=O.O
if (1.ne. -1) go to 100
if (let.eq. i) rskrad=25.0e-06
if (let.eq.2) rskrad=500.0e-06
go to 100

21 continue
solid cancers from intrauterine exposure (p.452, beir iii)

latent=O.O
plteau=iO.O
if (i.ne. -l) rskrad=O.O
if (i.ne.- 1) go to 100
if (let.eq.1) rskrad=28.Oe-06
if (let.eq.2) rskrad=560.oe-06
go to 100

16 continue
bone cancer. . . (p, 417, beir iii)
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if (let.eq.1) rskrad=0.05e-06
if (let.eq.2) rskrad=l.Oe-06
latent=4.O
plteau=27.O
go to 100

8 cont{nue
c liver cancer. . . (pp.379-380.beir iii)

if (let.eq.1) rskrad=O.7e-06
if (let.eq.2) rskrad=13.0e-06
latent=10.O
plteau=200.O
go to 100

27 continue
c calculate the combined risk from leukemia and bone cancer using
c the linear-quadratic model (low let radiation and absolute risk model
c only. )

if (let.ne.1) write(55,900) let
900 format(/lx, “the linear-quadratic model has been called for non-low

> let radiation. “./lX,” let = “,i5,” program stopped.”)
if (let.ne.1) stop

cdb if (m.ne.1) write(55,901) m
cd901 format(/lx, “the leukemia/bone cancer risk model has been called fo
cdb >r non-absolute risk. n,lx. ”model = “.{5, “program stopped.”)
cdb if (m.ne.1) stop

latent=3.O
plteau=24.O
if(n.eq,2) go to 600
if (i. le.9) a=l.829
{f (i. le.9) b=O.01575
if (i .ge.lO.and. i.le. 19) a=O.7855
if (i .ge.lO.and. i.le. 19) b=O.006766
if (i .ge.20.and. i.le.34 ) a=i .1380
if ({ .ge.2”0.and. i.le.34 ) b=O.009798
if (i .ge.35.and. i.le.49 ) a=0,8511
if (i .ge.35.and. i.le.49 ) b=O.007331
if (i.ge.50) a=l.937
if (i.ge.50) b=O.01669
if (dose. 1t.1.1) b=O.O
rskrad=a*dose + b*(dose**2)
if (dose. lt.O.000000001) rskrad=O.O
if (dose. lt.O.000000001 ) go to 215
rskrad=rskrad/dose

215 continue
rskrad=rskrad* l.Oe-06
go to 100

600 continue
if (i. le.9) a=l.i69
if (i. le.9) b=O.01007
if (i .ge.lO.and. t.le. 19) a=O.5067
if (i .ge.lO.and. i. le.19) b=O.004364
if (i .ge.20.and. i.le.34) a=O.7301
if (i .ge.20.and. i.le.34 ) b=O.0062S9
if (i .ge.35.and. i.le.49) a=O.5483
if (1 .ge.35.and. i.le.49) b=O.004723
if (i.ge.50) a=l.238
if (f.ge.50) b=O.01047
if (dose. 1t.1.1) b=O.O
rskrad=a*dose + b*(dose**2)
if (dose. lt.O.000000001 ) rskrad=O.O
if (dose. lt.O.000000001 ) go to 210
rskrad=rskrad/dose

210 continue
rskrad=rskrad*l .Oe-06
go to 100

.

.
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26 continue
c calculate the risk of all cancers except leukemia and bone cancer
c us{ng the linear-quadratic model. low let radiation only.

latent=10.
plteau=200.
if (n.eq.2) go to 601
if (i. le.9) a=O.89720
if (i. le.9) b=O.007728
if (i .ge. IO.and. i.le. 19) a=O.6095
if (i .ge.lO.and. i.le. 19) b=O.005250
if (i .ge.20.and. ~.le.34 ) a=l.774
if (i .ge.20.and. i.le.34 ) b=O.01528
if (i .ge.35.and. i.le .49) a=2.278
if (i .ge.35.and. i.le.49 ) b=O.01962
if (i.ge.50) a=3.446
if (i.ge.50) b=O.02968
if (dose. 1t.1.1) b=O.O
rskrad=a?dose + b*(dose**2)
if (dose. lt.O.OOOOOOOOl ) rskrad=O.O
if (dose. lt.O.OOOOOOOOl ) go to 205
rskrad=rskrad/dose

205 continue
rskrad=rskrad.1 .Oe-06
go to 100

601 continue
if (i. le.9) a=l .1690
if (i. le.9) b=O.01007
if (i .ge.lO.and. l.le. 19) a=O.7940
if (i .ge.lO.and. i.le. i9) b=O.006839
if (i .ge.20.and. i.le.34) a=2.311
if (i .ge.20.and. i.le.34 ) b=O.01990
if (i .ge.35.and. i.le.49 ) a=2.968
if (i .ge.35.and. i.le.49) b=O.02556
if (i.ge.50) a=4.489
if (i.ge.50) b=O.03867
if (dose. lt. 1.1) b=O.O’
rskrad=a*dose + b=(dose**2)
If (dose. lt.O.OOOOOOOOl ) rskrad=O.O
if (dose. lt.O.OOOOOOOOl ) go to 200
rskrad=rskrad/dose

200 continue
rskrad=rskrad*l .Oe-06
go to 100

25 continue
c this section gives the leukemia risk as calculated from be{r i. it is
c used for comparing program results with those of other authors.

latent=2.O
plteau=25.O
if (i.ge. 10) rskrad=l.Oe-06
if (i. le.9) rskrad=2.0e-06
go to 100

22 cont~nue .
c calculate the risk of all cancers except leukemia and bone cancer
c using the 1inear model . IOW let radiation only. (beir iii, P. 207)

latent=10.O
plteau=200.O
if (n.eq.2) go to 605
if (i. le.9) a=l .92000
if (i .ge.lO.and. i.le. 19) a=l .4570
if (i .ge.20.and. i.le.34 ) a=4.327
if (t .ge.35. and. l.le.49 ) a=5.291
if (i.ge.50) a=8.808
rskrad=a
rskrad=rskrad*i .Oe-06
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go to 100
60!5continue

if (i. le.9) a=2.57600
if (i .ge.lO.and. {.le. 19) a=l .9550
if (i.ge.20.and. i.le.34) a=5.807
if (i .ge.35.and. i.le.49 ) a=7.102
if (i.ge.50) a=ll.823
rskrad=a
rskrad=rskrad*l .Oe-06
go to 100

23 cont~nue
c calculate the risk of leukemia and bone cancer
c using the linear model. low let radiation only. (beir iii, p. 204)

latent=3.O
plteau=24.O
if (n.eq.2) go to 606
if (i. le.9) a=3.97700
ff (i .ge.lO.and. i.le. 19) a=l.8490
if (i .ge.20.and. i.le.34) a=2.596
if (i .ge.35.and. i.le. 49) a=l.921
if (i.ge.50) a=4.319
rskrad=a
rskrad=rskrad*l .Oe-06
go to 100

606 continue
if (i. le.9) a=2.54200
if (i .ge.lO.and. l.le. 19) a=l. f920
if (i .ge.20.and. i.le.34) a=l.666
If (i .ge.35.and. i.le.49 ) a=l.237
tf (i.ge.50) a=2.7600
rskrad=a
rskrad=rskrad*l .Oe-06
go to 100

100 contfnue
delta=j-f
if (delta. lt. latent) rc=O.O
if (delta.eq. latent) rc=rskrad/2.O
we have to fake this for intrauterine exposures since
no fatal cancers are expected to occur before bfrth. . .
if (k.eq.20.and.del ta. eq. latent) rc=O.O
if (k.eq.21.and.del ta.eq. latent) rc=O.O
if (delta.gt. latent) rc=rskrad
span=latent + plteau
If (delta.eq.span) rc=rskrad/2.O
if (delta.gt.span) rc=O.O
return
end
subroutine relfac( iorg.k.ngendr )
real latent
common/sea/rskrad, latent,plteau, nfol 1w(27)
common/acom/xrad( 120).xnat(120),r( 120,27)
common/wind/iage( 120)
common/indata/agedi s(120,2).tqx( 120,2),canrte( 120,2,27),

> alet(2),amodel (2) ,aname(27),gender(2 ), let(30),korgan(30) ,
> model(30) ,xnum(2) ,dose(120. 27),norgan .

c do initial calculations for the relative risk model
c first generate the relative risk factors as a function of age.
c

calculate
xrad(i),the number of cancer deaths in the fraction of the expression per~od

c that has been observed following
c exposure to “dose” rads of radiation at age 1. then calculate xnat( f), the number
c of cancer deaths in the nfollw(iorg) years between i+latent
c and i+nfollw({org) years from natural causes.
c the risk factor r(i) is the ratio of these two numbers, i.e., r(i)=xrad(i)/xnat( i).

do 710 i=l,lll

.

.
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xrad( i)=O.O
xnat( i )=0.0
r(i ,k)=O.O

710 continue
dosx=l.O

c treat breast cancer as a special case since tne re’
c are explicitly given in beir iii (P.283).

if (k.eq.1) go to 100
do 700 i=l,lll
i30=i+nfollw(iorg)
if (i30.gt. 111) i30=tll
do 705 j=i.i30
iaae=i-2

ative risk factors

;ail ~etrsk(rc, iage( i), jage,k, let(iorg) ,model( iorg),ngendr,
> dosx)

idif=j-i
if(idif. lt. latent) go to 705
if (idif.eq. latent) go to 500
if (idif.eq. nfollw(iorg) ) go to 500
xrad( i )=xrad( i )+rc*dosx
xnat(i )=xnat(i)+canrte(j ,ngendr,k)
go to 705

500 continue
xrad( i )=xrad( i)+(rc*dosx)/2.O

)/xnat(i) -

for aqes O-9 next are set eaual to the averaae
0-19 Ibeir fii, p.195)

21

xnat(i)=xnat( i)+canrte( j,ngendr, k)/2.O
705 continue

if (i.ge. 101) go to 772
if(xnat( i).1t.1.Oe-09) write(55,771 )i,xnat( i),xrad(i)

771 format(/lx, “<heck value of xnat”, i5,2f20. 10)
if (xnat( i).’ t.O.00001) CIOto 772
r( i ,k)=xrad(

772 continue
700 continue

c the risk factors
c risk factor for

riskave=O.O
do 773 ij=12
riskave=riskave+r( ij ,k)

773 continue
riskave=riskave/10.
do 774 Ij=l,ll
r( ij ,k)=riskave

774 continue
write(55,942)gender(ngendr ),anamel k),( age(i), r(i,k),xrad( i),

> xnat(i), i=i, 120)
942 format(/lx, “risk factors for relative risk model, ‘,

> a8, “Population’’,/tlO, “for exposure to “,a8,/U age “,
risk xrad xnat”,/

~ ~20(i5,3f20.8/))
return

100 continue
do 110 i=l,lll
jage=200.
dosx=l.O
call getrsk(rc, iage(i),jage, k, let(iorg),modeI( iorg),

> ngendr,dosx)
r(i .k)=rc

110 continue
end
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APPENDIX C

SAMPLE PROBLEMSAND COMPARISONOF REPCAL RISK ESTIMATES
WITH THOSE OF BEIR III

The program REPCAL was used to calculate risk estimates for several dose

scenarios that were also presented.in the BEIR III report. The REPCAL input
and output files for two of these scenariosare presented here. These two
scenariosare

o the calculationof the total number of cancer mortalitiesfrom a
single exposure of 10 rads using the relative risk model for all
cancers except leukemiaand bone cancer, and

e the calculationof the total number of cancer mortalitiesfrom
continuousexposure from birth to 1 rad/year using the absolute risk
model for all cancers except leukemiaand bone cancer.

The linear no-thresholdmodel was used for both calculations. Me
followed the BEIR III Committee in using age averaging in the first
calculationand in estimating the cancer mortality risk in a cohort of
individualsall of the same age in the second calculation.

The input file for the first calculationhas been presented in Table A-
111. The U.S. age distributionused by the BEIR Committee has been taken
from Alexander (1982). The REPCAL output file is shown in Table C-I. The
calculated number of cancer deaths (and the line in the output file where
this average is found) for a populationof 1 000 000 males is

3910 cancers other than leukemiaand bone cancer (line 450), and
535 leukemiaand bone cancer (line508),

and for a populationof 1 000 000 females

4560 cancers other than leukemiaand bone cancer (line 821), and
and 363 leukemiaand bone cancer (line 879).

The input file for the second calculationis given in Table C-II, and
the output file in Table C-III. For this problem the lifetime risk of cancer P
mortality for a l-rad/yearexposure from birth is calculated. These risks
are the entries for age O in the table labeled “lifetimerisks to individuals .
from exposure by age” in the output file. The risks expressed as cancer
deaths per million individualsand the lines in the output file on which
these risks are found are for males
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. 6126 cancers other than leukemiaand bone cancer (line 380), and
3587 leukemiaand bone cancer (line 438),

.
and for females,

10 920 cancers other than leukemiaand bone cancer (line 751), and
2706 leukemia and bone cancer (line 809).

The other entries in these tables in the output file are the lifetimerisks
of cancer mortality for the other age cohorts. As noted earlier, the age-
averaged risk factors given here (lines416, 474, 787, and 845) should not be
used if age-averagedrisk factors involveexposure times greater than 1 year,
because populationdynamics have not been accounted for in the program.

In addition to these two calculations,two other calculationswere
performed using REPCAL that were also presented in BEIR III. The results of
these calculationsare in Table C-IV for comparisonwith the BEIR III
results. As can be seen in the table, the two sets of calculationsare in
good agreementand are well within the uncertaintyassociatedwith these
estimates.

.

●
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u
m TABLE C-I

OUTPUT FILE FOR THE FIRST SAMPLE PROBLEM

1 sIngla dose of 10 rads us I ng re I at Ive r I Sk ( ●xcept~or Ieukefnla
2
3
4
5
6
7
8
9

10
11
12
f3
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
5s
59
60
61
62
63
64

proportion dytng In each age $nterval

ma 1●

0.0000000Cx3 .022450000 .001330000 .000940000 .000780000 .000640000 .000580000
.000410000 .000360000 .000350000 .000420000 ,000580000 .000840000 .001140000
.001980000 .002 !20000 O02260C@3 .002350000 .002350000 .0022 WXX30 .002170000
.002030000 M12 100000 .002 !80000 .002280000 .002390000 .002520000 . O026SOOOQ

.000540000

.001420003

.002060000

.002880000

.000510000 .000460000

.001670000 .00 !850000

.001990000 oo19mooo

.003 izoooo .003390000
.003690000 .004010003 .004350000 .004730000 .005 1800+30 .005680000 .006230000
.008870000 CM39G90000 .010590000 .0 f 1610000 .012750000 .014000000 .0!5340000
.02 15W2000 .023390000 . 02532CKX30 027380WCI .029600000 .032000000 . 034630M0
.046650000 .049910000 .05344CXXM .057400000 .061930000 .067030000 .072640M0
.096880000 103670000 .ff!250000 . 119290000 . 127700000 . 136630000 . 147300f300
. 19681 OC43O .208390000 .2212200CX3 . 235120000 .250230000 .265460000 .279620000

.006810000 .007440000 .008120000

.016760000 .018270000 .019870000

.037460000 .040440000 .043500000

.078560000 .084620000 .09070f3000
159790000 . !72810000 . 185210000

:290WW30 .301350000 .3!! 110000
.320!70000 .328570000 .336330000 .343470000 .35004COO0 .356060000 .361570000 .3666fOOO0
.3792200000.000COOQ OOO.OOOOOOOOOO.

.3712100013 .375400000
OOoooOOooo.oooOOooooo.oooooOOooo.ooooooOOOO. ooOooOOooo.000~ Oo.000ceooco

female
o.oOOoooooo

.000280000

.OOO71OOOO

.000960CW

.0021501X0

.004840000

.010350000

.02407COO0

.064320000

.0!7460000 .OO~ 160000 .000770000
.0Q0270000
.000750000
.001190000
.002730000
.006110000
.012980000

.000600000 .000510000 .000430000 .000380000

.0003300C0 .000400Gf30 .00049COCQ .000580000

.000770000 .000790000 .Ooatoooo .000830000

.001290000 .001400000 .001520000 .001650000

.002970000 .003250000 .003540000 .003840000

.006600000 .007120000 .0076w3000 .008290000

.014110000 .015380000 .016780000 .018320W30

.oeo340000 .0003!Oooo

.000660000 .000690000

.000860000 .00090f3000

.oofimooOo .001970000

.0041601X0 .004490000

.008940000 .00962000Q

.020040000 .021950300

,0002600M .000250000
.000720000 .000730f300
.OO1O2OOOO .Oollooooo
.002330000 .002510000
.005230000 .005650000
.oll130c00 .012000000
:026320CQ0 .02879000b .031650000 .035030000 .038930000 .043250000 .047900M0
.070970000 .078340000 .086f2CN300 .094~90000 . 102750000 .lf2820C00 . 124620000

!60060000 .17264- . 187f80000 .202430000 .217500000 .231860000 .245840000 .258540000
:289490Mx3 .298360000 .306590000 .314200000 .321220000 .327680000 .333610000 .339040000 .3440!0000 .348550000
.3526900c00.@MMOOOM.COOOOOOWO. OoooooOOOo.~.~.ooOOOoooGQ4~~.ooOOOooocx2.~

.052950000 .056400000
!36050000 . 148590000

.269SOOUX3 .279960GQ0

age dlstrlbutton by sex

male
O.00000

.01449

.01435

.01451

.01443

.ot4t3

.0138!

.01320

.01182

.00909

.00516

.oot54

.00012
0.00ooo
0.00ooo

.01451

.01440

.01410

.o~377

.01311

.01161

.00673

.00474

.00129

.00009
0.00000
0.00ooo

.01450

.01438

.01407

.01373

.01463

.01449

.01432

.01457

.01448

.01429

.01399

.01357

.01265

.01064

.00721

.00315

.00054

.00002
o.000cx3

.01316

.01309

.01303

.01291

.01269

.01221

.01121

.00925

.00555

.00142

.00006

.01455

.01448

.01426

.01396

.0!351

.01251

.01036

.00681

.00278

.0004t

.00001
0.000oo

.01314

.01309

.01301

.01290

.01266

.01214

.01107

.00897

.00510

.00115

.00005

.01454

.01447

.0~422

.01392

.01344

.01235

.01453

.0i446

.01419

.01389

.01337

.01218

.00975

.00599

.00212

.00023

.00001
O.owoo

.ot313

.01308

.01299

.01287

.01259

.01197

.01076

.00835

.00418

.00070

.00002

.01452

.01445

.0t4t6

.01385

.01329

.01201

.00943

.00558

.00!82

.00017
o.of3000
o.00ooo

.0!312

.01308

.01299

.01285

.01254
,01189
.01059
.00800
.00373
.00054
.00002

.01405

.01368

.0!290

.01115

.00799

.01402

.01363
.01277

.01301

.01139

.00838.01080
.00760
.00352
.00068
.00003

0.00000

.01006

.00641

.00244

.00031

.Oooo1
O.OWOO

.00432

.00106

.00006
0.00ooo
0.00ooo

.00392

.00086

.WO04
o.00ooo

femala
.01310o.oc8300

.01310

.01304

.0!294

.0t275

.01234

.01147

.00976

.01320

.01310
.01313
.01309
.01300

.01311

.01307

.01297

.0{311

.01306

.01296

.01280

.0!245

.01169

.01305

.01295

.01278

.01239

.01158

.00999

.00686

.CX3246

.01304

.01293

.01273

.01227

.01134

.00951

.01288

.01263

.0!206

.01283

.01250

.ot179
.01092
.00867
.00464
.00081
.oom4

.01040

.00764

.00329

.01020

.00726

.00286.00644
.00206
.00015

.00600

.00173

.Ooolt
.06040
.00cM31

.00030
,Oooo1

.00021

.Oooo1

1 * #
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65
66
67
68
69
70
71
72

73 ----
74
75
76

77 ------
ii
79
Bo
81
82
83
84
85
86
87
88
89
90
9!
92
93
94
95
96
97
98
99

100
lot
102
103
104
105
106
fo7
10B
109
110
Ill
112
113
1 t4
1 !5
116
117
118
119
120
121
122
123
124

0,

---

oofxK3 0.00000 0.00000 0.00000

population totals used to normal{ze
males
females

TABLE C-I (cent)

----- ------ ------- ------ ------ ------- ---

0.00000 0.000oo 0.00000 O.oowo

age distr~button tables
1.00
1.00

---- ------ ----- ----- ------ ----- . . . . . . . . . . -

------------- ------- ----------------- ------- ------ ------- ------- ------- -------- .-----

health effects calculated for. . .

number of target organs

1.)let
c6ncer type
rtsk model

dose by tfme

cancer mortal Ity rates

ma 1-

fnterva 1 :

...- .-
0.0000OMO

.00002883

.00004010

.00009027

.00026073

.00122985

.00366945

.00817359

.0131 t 209

.01411599

.00003387

.00002417

.00006176

.00014003

. OC+357030

.00223789

.0058 !760

.0 !048 197

.0t3!1209

.01411599

.oom3387
,000024!7
.00006178
.00014003
.00057030
.00223789
.00581760
.01048197
.0!311209
.014!!599

.00003387

.000024!7

.00006178

.00014003

.00057030

.00223789

.0058!760

.01048197

.01311209

.01411599

2

low
other
relatlve

!0.00000 rads for 1.0 years
0.00000 rads for ffO.O years

.00003387

.00002417

.00006178

.00014m3

.00057030

.00223789

.00581760

.01048197

.01311209

.01411599

.00003387 .00002883

.00002417 .00004010

.00006178 .00009027

.00014003 .00026073

.00057030 .00122965

.00223789 .00366945

.00581760 .00817359

.01048197 .o131t209

.013!1209 .01411599

.ot41t599 .ot41f599
.oi4ff599 .o141f599 .0141(s99 .01411599 .of4f1599 .ot411599 .o141t599
.01411599 0.000oOOOo o.of3000000 0.00000000 0.000oOOOo o.000f20f300 0.000ooooo

female
0.00000000 .00002656 .00002656 .00002656 .00002656 .00002656 .00002190

.00002190 .0000!859 .0000!859 .00001859 .00001859 .00001859 .00002864

.00002864 .00003920 .00003920 .00003920 .00003920 .000+33920 .00008095

.00008095 .00017053 .000!7053 .00017053 .000!7053 .00017053 .00035552

.00035552 .00073296 .00073296 .00073296

.00132862 .00204602
.00073296 .0+2073296

.00204602
.00!32862

.00204602 .00204602 .00204602
.00297376 .00395444 .00395444 .00395444

.00297376

.00485846 .00619002
.00395444 .00395444 .00465846

.00619002 .00619002
.00839246

.00619002 .00619002 .00839246
.00839246 .00839246 .00839246

.O1O6OB92
.00839246 .00839246 .0!060892

.01060892 .01060892 .01060892 .0t060692 .01060892
.01060892 .01060892

.01060892

.000000000 .00000000 o.oomoo o.0000Oooo o:%%%% 0%%%%
.0t060892 .01060892 .01060892

.01060892 0

.00002883

.00004010

.00009027

.00026073

.00122985

.00366945

.00817359

.01311209

.01411599

.0!41!599

.of4ff599

. ,

V.uwuu U.uuu””

------ ------ ...--. ------ -.

----- ------ -------- ------ -

.0CCX32883 .00002883

.000040!0 .000040!0

.00009027 .00009027

.00026073 .00026073

.00122965 .00t22985

.00366945 .00366945

.00817359 .00817359

.01311209 .0131 !209

.01411599 .014!1599

.01411599 .01411599

.01411599 .of4ff599
0:00000000 o.0000OOo 0 O:oooooooo

.00002190 .00002190 .00002!90

.00002864 .00002864 .00002864

.00008095 .00008095 .00008095

.00035552 .00035552 .00035552

.00132862 .CX3132862 .00132862

.00297376 .00297376 .00297376

.00485846 .00485846 .00485846

.00839246 .00839246 :00839246

.O1O6OLI92 .01050892 .0!060892

.01060892 .01060892 .01060892

.01060892 .01060892 .01060892
0.00000000 0.000+20000 O.00000000
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125
126
127
f26
129
130
131
132
133

2. )

TABLE C-I (cent)

let
cancer type
risk model

dose by time Interval :

1Ow
1eulbone
?.bso 1u t ●

10.00000 rads for 1.0 year’s
0.00000 rads for 110.0 years

134 summary of population characteristics. .
135
136
137 number of parsons $n population:
13s males
139

1000ooo.
females 1000OOO.

140 population table:
141

SUPP1 led by:
I Ife table user

142 age distrtbutlon user

1 #



TABLE C-I (cent)

, .

143
144
!45
!46 -------------------------------------- -- ------------------------------------ ---- --------------------------
147
148

149 calculation of cancer risks for male population
150
151
!52 -------------------- ‘-------------------- ‘ -----------------
153
154

155 I{fe table Calculation
156
157
!58
159
160
16t
162
!63
164
165
!66
167
16.9
169
170
171
172
173
174
175
176
177
!76
179
180
181
!82
!83
184
fe.5
186
t87
188
!89
190
191
192
193
194
195
196
197
198
!99
200
201
202
203
204

starting 6ge

population

cancer types

1
2
3
4
5
6
7
6
9

10
11
12
!3
14
15
16
17
18
!9
20
21
22
23
24
25
26
27
26
29
30
31
32
33

3
4
5
6
7
8
9

10
tl
!2
13
14
!5
16
17

6ge tqx
o 1 .02245000

2 .00133000
.00094000
.00077999
.M063999
.00057999
.00053999
.00050999
.00045999
.00040999
.00035999
.00034999
.0004!999
.00058998

18
f9
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

.00083998

.00113997

.00141996

.00166995

.00184995

.00197994

.00211994

.00225993

.00234993

.00234993

.00227993

.00216994

.00205994

.00198996

.oof97998

.00202998

.00209999

.00217999

.00227999

.00238999

lx
100000.
97755.
97625.
97533.
97455.
97389.
97329.
97272.
97219.
97170.
97126.
97087.
97047.
97000.
96938.
96850,
96734.
96591.
96424.
96240.
96044.
95835.
95612.
95362.
95152.
94930.
94716.
94518.
94326.
94137.
93944.
93746.
9354!.
93327.

0

male

other

leu/bone

.-.. ------- ----- ----- ----- .
tcix

2245 000
130.0!4
91.767
78.014
66.245
60.356
56.426
53.475
46.585
43.703
39.759
39.703
46.480
62.947
87.139

116.!14
143.059
166.994
184.060
f96.2t9
209.265
222.225
230.314
229.759
222.546
211.563
200.693
!91.777
188,572
192.902
198.546
205.089
213.995
223,771

araa
O.000
0.000
0.000
!.939
3.874
3.872
3.f170
3.867
3.865
3.864
4.794
5.724
5.721
5.718
5.7!4
5.706
5.700
5.691
5.68f
5.669
5.658
5.645
5.631
5.6!6
5.605
5.592
5.580
3.690
1.809
1.B06
1.264

.724

.723
,721

. —.
arer

2245.000
!30.014
91.767
76.075
62.370
56.404
52.556
49.608
44.720
39.839
34.965
33.979
40.759
57.229
8f.425

f!O.406
137.359
16!,303
178,360
!90.550
203.607
216.580
224.683
224.141
2!6.94f
205.992
195, 114
188.086
186.763
191.097
197.282
204.365
2!3.272
223.050

-------- --------- --------- --------- --------- --

tlx
9887s.
97690.
97579.
97494.
97422.

.97359.
97300.
97245.
97194.
9714s.
97!07.
97067.
97024.
96969.
96894.
96792.
96663.
96508.
96332.
96142.
95939.
95724.
95497.
95267.
95041.
94824.
946!8.
94422.
94231.
94041.
93645.
93643.
93434.
932!5.

tx
666655!.
6569673.
649!983.
6394404.
6296910.
6199488.
6102129.
6004829.
5907583.
5810389.
57f324f.
5616134.
5519067.
5422043.
5325074.
5228181.
513!388.
5034725.
4938218.
4841866.
4745743.
4649804.
455408f.
4458583.
43633!6.
4266275.
4173451.
4070833.
39B44tt!
3690180.
3796139.
3702294.
3608651.
3515217.

ex
66.89
67.41
66.50
65.56
64.61
63,66
62.70
6!.73
60.77
59.80
58.82
57.85
56.87
55.90
54.93
53.98
53.05
52.12
5f.2t
50.31
49.4f
48.52
47.63
46.74
45.66
44.96
44.06
43.15
42.24
41.32
40.41
39.49
38.56
37.67

----- ------ -

---- ----- ---
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TABLE C-I (cent)

456
457
45a
459 ------------------- -------------------- -------------------- -------------------- --------------------- --------------------
460
46t
462” cancer type leu/bOne
463
464 pc.pulatfon male
465
466

467 llfet{me risk to fndlvfdual from exposure by age
466
469 age ltfettme age Itfettme age Ilfetfme age Ifetlme age lffettma age 1 tfetlme age llfetime aga 1 ffetlme
470 group risk group risk group risk group rtsk group r!sk
471 -! o.

group risk group
!3 .43ffe-03 27 .5900e-03 4 .3894e-03 55 .6346e-03 69 .3298e-03

risk arOuD risk
97
98
99

100
10I
!02
to3
104
105
106

.28tOe-04

.26f2e-04

.2430e-04

.22569-04

.2082e-04

. f893e-04

. t672e-O.t

.13901?-04
too2e-04

:435313-05

83
84
85
86
87
88
B9
90
91
92
93
94
95
96

. l!70e-03
1005e-03

:9063e-04
.816Ae-04
.7358e-04
.6634e-04
.5978e-04
.5377e-04
.4e3!e-04
.4347e-04
.392ee-04
.3575e-04
.3280e-04
.3030e-04

472 0
473 1
474 2
475 3
476 4
477 5
478 6
479 7
480 8
481 9
4132 !0
<83 11

.9203e-03

.9402e-03

.9402e-03

.9397e-03

.9391e-03

.9382e-03

.9372e-03

.936!e-03

.9349e-03

.9336e-03

.4335e-03

.4327e-03

14
15
16
!7
18
f9
20
2!
22

.4303e-03

.4296e-03

.4269e-03

.4283e-03

.4278e-03

.4273e-03

.59890-03

.598fe-03

.5973e-03

.5963e-03

.5951e-133

.5937e-03

.5920e-03

28 .5877e-03 42 .3838e-03 56
29 .5650e-03 43

.6f32e-03 70 .3099e-03
.377ee-03 57 .5914e-03 71 .2905e-03

30 .5821e-03 44 .3716e-03 58 .5694e-03 72 .271Ge-03
3! .5789e-03
32 .5753e-03
33 .57!4e-03
34 .567!e-03
35 .4!63e-03
36 .4125e-03
37 .4085e-03
3s 4042e-03
39 3996e-03
40 :3946e-03

45
46
47
48
49
50
51
52
53
54

.3650e-03

.358fe-03

.3509e-03

.3433e-03
3354e-03

:7355e-03
.7164e-03
.6967e-03
.6764e-03
.6557e-03

59
60
61
62
63
64
65
66
67
68

.5477e-03

.5249e-03

.5025e-03

.4Booe-03

.4577e-03

.4355e-03

.4!361?-03

.3920e-03

.370ae-03

.3501e-03

73
74
75
76
77
76
79
80
61
82

.2533e-03

.2358e-03

.2t9!e-03

.2032e-03

. 188!e-03

. 1737e-03

. 1599e-03
!468e-03

: 1342e-03
. 1223e-03

23
24
25
26

107 0.
108 0.
109 0.
1!0 o.464 12 .4319e-03

485
466
487 number of health
488

populntfon distributed by age (low let radlatton)effects In male

health age health469 age health age health age health age henlth age health nge health age
490 group effects group effects group effects group effects gr0ur3 effects group effects group effects group effects
491
492
493
494
495
496
497
498
499
500
sol

-f
o
1
2
3
4
5
6
7
6
9

fo
!!
12

0.
. t35e+02
. f37e+02

137e+02

13
14
!5
16
17
18
19
20
21
22
23
24
25
26

.624e+O!

.622e+01

.621e+Ot

.619e+Ot

.617e+01

.615e+01

.613e+O!

.858e+ol
E55e+O\

:e52e+ol
.848e+Of
.844e+01
.841e+O!
.e37e+ol

27 .832e+01
.827e+O!
.822e+01
.6t6e+ot
.Eloe+ol
.803e+of

4!
42
43
44
45
46
47
48
49
50
5f
52
53
54

.528e+O!

.518e+of

.Soae+ot

.497e&ol

.485e+01

.473e+0~

.460e+Of

.447e*01

.433e+ol

.939P+04

.906e*01

.872e+Of

.835e+0t

.799e+Ot

55
56
57
56
59
60
6!
62
63
64
65
66
67
68

.762e+O!

.7251?+01

.6R7e+O!

.649e+O!

.6!OP+01

.572e+O!

.535e+O!

.4979+0!

.4601s+OI

.425e+01

.3qoe+ol

.356e+01

.3Y4e40t

.293e+Of

69 .263e+01
.236e+O!
.209e+01
. 185e+of

f62e+O!
14fe+of
t22e+Ol
105P+OI

.8Slte+00

.750P+O0

.627e+O0

.517e+00

.4231?+O0

.340e+O0

83
84
85
86
87
8a
69
90
9f
92
93
94
95
9G

.27te+o0
213e+O0

: !65e+O0
126e+O0

:949e-O!
.703e-Ot
.514e-Ot
.366e-Of
.26!e-01

176e-Of
127e-Of

:822e-02
.558F-02
.364e-02

97 .253e-02
98 . 157e-02
99 .972e-03

!00 .677e-03
lot .416e-03
!02 . f89e-03
!03 167e-03
104 . !39e-03
105 0.
$06 0.
107 0.
f08 O.
109 0.
flo o.

28
29

70
71
72
73
74
75
76
77
78
79
80
8!
82

30
31
32
33
34
35

f37e+02
: f36e+02
. t36e+02
. !36e+02
. !36e+02

.795e+ot

.788e+Of

.577e+01
!36e+02
135e+02

:628e+Ot
.627e+01
.625e+O!

36
37
38
39
40

.570e+01

.563e+Of

.555e+ol

.547e+01

.538e+Of

502
503
504
505
506
507
508
509

total number of health effects to the male population .5346e+03

510
5fl
5!2
513
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TABLE C-I (cent)

769
770
77 t
772
-/73
774
775
776
777
778
779

7s0
781
782
783
784
785
186
787
788
789
790
791
792
793
794
795
796
797
796
799
800
801
802
803
804
805
806
807
808
809
810
all
812
8!3
814
8 t5
816
817
818
619
820
821
822
823
824
825
826

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

cancer type other

Popu 1at ion femal e

.

ltfet ime risk to Individual from exposure by age

aae 11 f et i me aae 1 \ fet 1me aae Ilfetfme aae Ii fetlme age I 1fet i me age Ilfetlme age lifetime age 1 ifetlme
gr&p risk gr&p

-1 0. 13
0 .9323e-02 14

rtsk gr&p
.1017e-01 27
.9068e-02 28
.7873e-02 29
.6734e-02 30
.5883e-02 31
.5224e-02 32
.4698e-02 33
.1232e-01 34
.t086e-01 35
.97t5e-02 36
.8766e-02 37
.8019e-02 38
.7256e-02 39
.6529e-02 40

rfsk gr&p
.5934e-02 41
.5436e-02 42
.5015e-02 43
.4612e-02 44
.4231e-02 45

3906e-02 46
:3626e-02 47
.3383e-02 48
.3856e-02 49
.3594e-02 50
.3363e-02 51
.3157e-02 52
.2973e-02 53
.2790e-02 54

r{sk gr&Jp risk grap
.2611e-02 55 .1820e-02
.2451e-02 56 .1704e-02
.2306e-02 57 .1594e-02
.2174e-02 58 1491e-02
.2036e-02 59 I1393e-02

risk griiup
69 .6097e-03
70 .6485e-03
71 .4905e-03
72 .4360e-03
73 .3651e-03

rtsl
83
84
85
66
87
68
89
90
9!
92
93

[ griip
.7519e-04
.6t43e-04
.4995e-04
.4052e-04
3288e-04
;2672e-04
.2174e-04
.1771e-04
144Ge-04

risk
97 .3672e-05
98 2526e-05
99 .9913e-06

100 0.
lot o.
102 0.
!03 o.
!04 o.
105 0.
106 0.
107 0.
!06 O.
109 0.
*to o.

i .9476e-02 15
2 .9476e-02 16
3 .9475e-02 17
4 .9470e-02 18
5 .9459e-02 19
6 .9442e-02 20
7 .9424e-02 21
8 .9406e-02 22
9 .9387e-02 23

10 . 1602e-Of 24
!1 !344e-01 25
!2 l158e-Of 26

1899e-02 60 .t300e-02
u!775e-02 6t . i21fe-02
.1663e-02 62 .1125e-02

74 3379e-03
75 .2945e-03
76 . 2548e-03
77 .2189e-03.1561e-02 63 1042e-02

.2444e-02 64 :9626e-03

.2305e-02 65 .6861e-03
?8 1667e-03
79 . 1560e-03
80 . 1327e-03
81 li06e-03
82 ;9t48e-04

tt85e-04
.9734e-05
.7989e-05.2175e-02 66 .6125e-03 94

.2053e-02 67 74!9e-03

.t937e-02 68 ;6742e-03
95 .6497e-05
96 .5!59e-05

number of healttl effects tn female population distributed by age (low let radiatton)

age health age health age health age health age health age health age
group effects group effects group effects group ●ffects group effects group effects group

health age
effects group

health
effects

I 18e-02
530e-03

99 149e-03

-1 0.
0 .123e+03

13
14
15
16
17
18
19
20
21
22
23
24
25
26

. 133e+03

. f19e+03

.lo3e+03

.680e+02

.768e+02

27
28
29
30
31
32
33
34
35
36
37
38
39
40

.-

.769e+02

.704e+02

.649e+02

.596e+02

.546e+02

.504e+02
.467e+02
.435e+02
.495e+02
.461e+02
.430e+02
.404e+02
.379e+02
.355e+02

4t
42
43
44
45
46
47
48
49
50
51
52
53
54

----

.331e+02

.3!Oe+02

.291e+02

.274e.02

.256e+02

.237e+02

.221e+02

.206e+02

. 193e+02

.300e+02

.281e+02

.264e+02

.248e+02

.232e+02

55
56
57
58
59
60
61
62
63
64
65
66
67
66

.2t6e+02

.201e+02

. 186e+02
173e+02

; 160e+02
.147e+02
, f36e+02

i25e+02
I 1 14e+02
. 104e402
.938e+ol
.845e+Of
.757e+01
.674e+01

69
70
7!.

.595e+of

.522e+Ot

.454e+ol

.391e+01

.334e+01

.282e+O!

.236e+Of
195e+01

I 159e+0f
. 128e+Ol
. 102e+Of
.796e+O0
.614e+O0
.467e+O0

83
84
85
86
67
86
89
90
91
92
93
94
95
96

349e+O0
.257e+O0
.186e+oo
. t33e+oo

940e-ol
;657e-01
.452e-01
.306e-01
.205e-01

136e-01
.886e-02
.559e-02

97
98

1. 125e+03
2. f25e+03
3. 124e+03
4. t24e+03
5. 124e+03
6. 124e+03
7. 124e+03
8. 123e+03
9. !23e+03

to . 210e+03
11 . t76e+03
12 , !52e+03

72
73

100 0.
101 0.
102 0.
103 0.
104 0.
!05 o.
106 0.
$07 0.
f08 O.
109 0.
110 0.

.662e+02

.613e+02

.!61e+03

74
75
76

142e+03
.126e+03
. !!4e+03
. 104e+03
.943e+02
.847e+02

77
76
79
80
81
82

351e-02
:206e-02

total number of health effects to the female

---- ----- ------- ------ ------ ----- . . . . . ----- ----- ----- ----- . . . . . ----- -

population .4560e+04

----- ----. - ----- . . . . . .---- ------- ------ . .
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TABLE C-II.

.

&

.

INPUT FILE FOR THE SECOND SAMPLE PROBLEM: CALCULATIONOF THE

TOTAL NUMBER OF CANCER DEATHS INDUCED BY CONTINUOUSEXPOSURE

OF 1 Rad/Year OF LOW-LET RADIATION

c a lo t c r f 1 r u a r
; 1100
3 1100
4 0.000000000 .022450000 .001330000 .000940000
5

.000780000
.000640000 .000580000 .000540000

6
.000510000 .000460000

.000410000 .000360000
7

.000350000 .000420000 .000590000
.000840000 .001140000 .001420000 .001670000 .001850000

8 .001980000 .002120000 .002260000 .002350000 .002350000
.002280000 .002170000 .002060000 .001990000

1:
.001980000

.002030000 .002100000 .002180000 .002280000 .002390000
11 .002520000 .002680000 .002880000
12

.003120000 .003390000
.003690000 .004010000 .004350000 .004730000 .005180000

13 .005680000 .006230000 .006810000 .007440000 .008120000
14 .008870000 .009690000 .010590000
15

.011610000 .012750000
.014000000 .015340000 .016760000 .018270000

16
.019870000

.021580000 .023390000 .025320000
17

.027380000 .029600000
.032000000 .034630000 .037460000 .040440000 .043500000

18 .046650000 .049910000 .053440000 .057400000 .061930000
19 .067030000 .072640000 .078560000 .084620000 .090700000
20 .096880000 . 103670000 111250000 . 119290000 . 127700000
21 136630000 . 147300000 :159790000 . 172810000 . 185210000
22 : 196810000 .208390000 .221220000 .235120000 .250230000
23 . 265460000 .279620000 .290900000 .301350000 .311110000
24 .320170000 .328570000 .336330000 .343470000 .350040000
25 .356060000 361570000 366610000 .371210000 .375400000
26 379220000 0:000000000 0:000000000 0.000000000 0.000oooooo
27 0:000000000 0.000000000 0.000000000 0.000000000 0.000000000
28 0.000000000 .017460000
29

.001160000 .000770000 .000600000
.000510000 .000430000 .000380000 .000340000 .000310000

30 .000280000 .000260000 .000250000
31

.000270000 .000330090
.000400000 .000490000 .000580000 .000660000 .000690000

32 .000710000 .000720000 .000730000 .000750000 .000770000
33 .000790000 .000810000 .000830000 .000860000 .000900000
34 .000960000 .001020000
35

.001100000 .001190000 .001290000
.001400000 .001520000 .001650000

36
.001800000 .001970000

.002150000 .002330000 .002510000
37

.002730000 .002970000
.003250000 .003540000 .003840000 .004160000 .004490000

38 .004840000 .005230000 .005650000 .006110000 .006600000
.007f20000 .007680000 .008290000 .008940000

%
.009620000

.oio350000 .011130000 .012000000 .012980000 .014110000
41 .015380000 .016780000 .018320000 .020040000
42

.021950000
.024070000 .026320000 .028790000 .031650000 .035030000

43 .038930000 .043250000 .047900000 .052950000 .058400000
44 .064320000 .070970000 .078340000 .086120000 .094190000
45 . 102750000 . 112820000 . 124620000 . 136850000 . 148590000
46 . 160060000 172640000 187180000
47

.202430000 .217500000
.231860000 :245840000 :258540000 .269800000 .279960000

48 .289490000 .298360000 .306590000 .314200000 .321220000
49 . 327680000 333610000 339040000 344010000 348550000
50 .352690000 0:000000000 0:000000000 0:000000000 0:000000000
51 0.000000000 0.000000000 0.000000000 0.000oooooo 0.000000000

0.00000 .01463 .01457 .01455
::

.01454 .01453
.01452 .01451 .01451 .01450

54 .01448
.01449

.01448
.01449

.01447
55

.01446 .01445 .01443
.01440 .01438 .01435

56
.01432

.01422
.01429 .01426

.01419 .01416 .01413
57

.01410
.01405 .01402

.01407
.01399 .01396 .01392

58 .01385 .01381
.01389

.01377 .01373
59 .01357

.01368 .01363
.o135i .01344 .01337 .01329 .01320

60 .01311 .01301 .01290
61

.01277
.01235

.01265
.01218 .01201

.01251
.01182

62
.01161

.01115
.01139

.01090 .01064 .01036
.00943

,01006
.00909 .00873

.00975
.00838 .00799 .00760

:: .00721 .00681 .00641 .00599 .00558 .00516

95



TABLE C-II (cent)
.

.

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101

.00474

.00244

.00086

.00017

.00002

.00000
0.00000
0.00000

.01312

.0

.0’

.0

.0

.0

.0

.0

309
306
300
294
285
2G9
245

:01206
.01147
.01059
.00925
.00726
.00464
.00208
.00054
.00008
.00001

0.00000
1000000.

2
22 1

1
110.0

23 1
1

110.0
2

0 10

.00432

.00212

.00068

.00012

.00001

.00000
0.00000

.01320

.01311

.01309

.01305

.01299

.01293

.01283

.01266

.01239

.01197

.01134

.01040

.00897

.00686

.00418

.06173

.00040

.00005

.00001
0.00000

1000000.

1 30

1.0
1 30

1.0

.00392

.00182

.00054

.00009

.Oooof

.00000
0.00000

.01316

.01311

.01309

.01304

.01299

.01291

.01280

.01263

.01234

.01189

.01121

.01020

.00867

.00644

.00373

.00142

.00030

.00004

.00000
0.00000

.00352

.00154

.00041

.00006

.00001
0.00000
0.00000

.01314

.0’

.0

.0

.0

.0

.0

.0

.0

.0

310
308
304
297
290
278
259
227
179

.01107

.00999

.00835

.00329

.00115

.00021

.00002
0.000oo
0.00000

.00315

.00129

.00031

.00004

.00000
0.00000
0.00000

.01313

.01310

.01308

.01303

.01296

.01288

.01275

.01254

.01221

.01169

.01092

.00976

.00800

.00555

.00286

.00091

.00015

.00002
0.00000
0.00000

.00278

.00106

.00023

.00003

.00000
0.00000
0.00000

.01313

.01310

.01307

.01301

.01295

.01287

.01273

.01250

.01214

.01158

.01076

.00951

.00764

.00510

.00246

.00070

.00011

.00001
0.00000
0.00000

.

.

96



TABLE C-III

OUTPUT FILE FOR THE SECOND SAMPLE PROBLEM

1 c a l co t oc ar F 1 r au a b
2
3
4
5
6
7
8
9

1
!
1
1
1
1
1
1
I
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
6
6
6
6
6

p ri 0 d 1 tn e a In t1

m
0 . 0 0. 0 2. t3 3

C Xt O. 0 0. 0 0
. 0 0. 0 0. 0 0
. 0 0. 0 0. 0 0
. 0 0. 0! 0. 0 0
. 0 0. 0 0. 0 !
. 0 2. 0 2. 0 2
. 0 4. 0 4. 0 5
. 0 9 6. 1 0 3. f t t

t 9 G. 2 0. 2 2
. 3 2. 3 2. 3 3
. 3 7 9 2 2 0 0 G O

. 0 0

. 0 0

. 0 0

. 0 0

. C x

. 0 1

. 0 2

. 0 5

. ! 1 ’

. 2 3

. 3 4
) , o

. 0. 0. 0. 0. 0.

. 0. 0. 0. 0. C.

. 0. 0. 0. 0. 0. 0

. 0. 0. 0. 0. 0.

. 0. 0. 0. 0. 0.

. 0. 0. 0. 0. 0.

. 0 2. 0. 0. 0. 0.

. 0. 0. 0. 0. 0.
1 2. 1 3. 1. 1 5. 1 . 1

: 2. 2. 2. 2. 3. 1
. 3. 3. 3. 3. 3.

I . 0~ w o . 0 0

f e
0 . 0 +, 0 t

. C X 3. 0 0

. 0 0. 0 0

. 0 0, 0 0

. 0 0. 0 0

. 0 0. 0 +

. 0 !, o f

. 0 2. 0 2

. 0 6. 0 7

. 1 6 0. 1 7 2

. 2 8 9. 2 9

. 0 0. 0 0. 0. 0. 0. 0. , O
. 0 0. 0. 0. 0. 0. 0. 0
. 0 0. ’ 0. 0. 0. 0. 0.
. 0 0. 0. 0. 0. 0. 0.
. 0 0. 0. 0. 0. 0. 0.
. ! . 0. 0. 0. 0. 0.
. 0 1. 0. 0. 0. 0. 0.
. 0 3. 0. 0. 0. 0. 0.
. 0 8. 0. 1 0t !. 1. 1 . 1
. 2 0. 2. 2, 2. 2. 2.

. 3 0. 3 1. 3. 3. 3. 3. 3.
2 6 9 0 0 0 0 0 .. 0 0 W 0 O O O0 0O G o f 3

. 0 0

. 0 0

. O o

. 0 0

. 0 0

. 0 1

. 0 2

. 0 7

. f 8 7

.

a d l s tb s

m
0.00000

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. o

. 0

. 0

. 0

. 0

. 0

. 0

. 0
0 .

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. o

. 0
0 .

. 0

. 0

. 0

. 0

. 0

. 0

. o

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0
0 .

.

.

.

.

.

.

.

.

.

.

.
o .

.

.

.

.

.

.

.

.

.

.
0
0

.

.

.

.

.

.

.

.

.

.
0
0

.

.

.

.

.

.

.

.

.
,

0
O

.

.

.

.

.

.

.

.

.

.
0
0

. 0

. 0

. 0

. 0

. 0

. 0

. 0
0 .

. 0

. 0

. 0
0 .

f e
0 .. 0. o

. 0

. 0

.

.

.

.

.

.

.

.

.

.

. C

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
,
.
.

.

.
,
.
.
.
.
.
.
0

:

.

.

.

.

.

.

.

.

.

.

.

. 0

. 0

. 0

. 0

. 0

. 0

. 0. 0
. 0
. 0
. 0
. 0
. 0
. 0
. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0

. 0. 0
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TABLE C-III (cent)

4
4
4
4
4
4
4
4
4
4
4

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

I I f i a 1( f I

. . . . . . . . . . . . .

m 1i f {

. . . . . . . . . . . . .

a 1If {

. . .. . . . . . . . . .

a 1i f i m

c t l e t

P 1a I m

I li r t i n df e xb a

a 1I f Im a 1i f et i me a l (i a
g rr $s g r

- 0 t
O .3587e-02 14
1 . 3 51
2 3 4 8f
3 . 3 31
4 3 3 01
5 , 3 21
6 3 t 22
7 . 3 02
8 . 2 92
9 2 8 42

10 . 2 7 52
f . 2 72
! . 2 62

r g r
. 2 62
. 2 52
. 2 52
. 2 53
. 2 43
. 2 43
. 2 33
. 2 33
. 2 33

r
9 .
9 .
9 .

! 5
t 4
4 3
4 3
! 2
to5 . 1

r grog
1 9
1 9
1 8

. t 8

. f
1 7
1 6

: 1 5
1 5

: 1
. ! 4
, f 4

4 I g
4 1 3
4 1 2
4 1 2
4 f 2
4 t 2
46 . 11 7
4 11 4
48 . f l
49 . t 0
5 ! 0
5 1 0
52 . 9 4

5
5
5
5
5
6
6
6
6
6
6
6

! g
. 7
. 7
. 6
. 6
. 5
. 5
. 4
. 4
. 4
. 3
. 3
. 3

f g
69 . 2 3
7 2 1
7 1 9
72 . 1 7
7 1 5
7 1 t

r g
8 .
6 4
6 .
8 .
87 . 2
8 2
8 1
90 . 1
9 i
9 1
9 : l
9 . l
9 .
9 .

7 . 1
7 f t
7 . 9

. 2 23

. 2 13
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COMPARISON

TABLE

OF REPCAL AND BEIR III ESTIMATES USING THE
LINEAR DOSE-RESPONSEMODEL:

CANCERS PER

Male Female
REPCAL BEIR III REPCAL BEIR III

I 1 rad, single exposure

A. Leukemia/BoneCancer 535 566
B. All Other Cancers

Absolute risk 917 919
Relative risk 3910 4226

II. 1 Rad/Year ContinuousExposure

A Leukemia/BoneCancer 3587 3568
B. All Other Cancers

Absolute risk 6126 5827
Relative risk 25760 22080

363 384

1472 1473
4560 4852

* U . S . Go F F 11 1
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