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The Unitéd Natiohs Sciéntific Committee on the Effects of Atomid
Radiation (UNSCEAR, 1988) reviewed the radiation epidemiology
data of the Japanese atomic-bomb survivors for the period of 1950
through 1985. Additionally, the National Academy of Sciences/
National Research Council (NAS/NRC, 1990) has reviewed the radi-
ation epidemiology data of the Japanese survivors foi"t‘:fxie' same time
period. Each of these committees made separate independent evalua-
tions of the data and each provided radiation risk estimates for the
general population and a worker population. However, neither report
made specific recommendations on the method of converting their
risk estimates for high-dose and high-dose-rate exposure to low dosés
and dose rates applicable to radiation protection. Additionally, nei-
ther report addresses the translation of the risks from a Japanese
population to a United States population. ‘ .
The National Council on Radiation Protection and Measurements
(NCRP), in preparation for making new radiation protection recom-
mendations, commissioned the work of Scientific Committée 1-2,
The Assessment of Risk for Radiation Protection Purposes to review:
the work of UNSCEAR (1988) and NAS/NRC (1990). This Report.
provides the results of this review and is the bases on which the
recommendations in NCRP Report No. 116, Limitation of Exposure
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This Report provides a critical examination of the in‘ﬁﬁ‘nhi i%p
about risks from exposure to ionizing radiation that wag oox‘widered
necessary before an update of the National Council on Radiation
Protection and Measurements’ (NCRP) Report No. 91, Recommenda-
tion on Limits for Exposure to Ionizing Radiation, could be made.
The Report is concerned with the stochastic effects of radiation,
namely cancer and genetic effects and it also discusses the effects
of radiation on the developing brain, which are considered to be

 deterministic effects. The main task was an assessment of reports

prepared by the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR, 1988) and the Committee on the
Biological Effects of Ionizing Radiations (BEIR V) (NAS/NRC, 1990)
as well as the identification of findings that should be considered
in the preparation of the report Limitation of Exposure to Ionizing
Radiation, NCRP Report No. 116 (NCRP, 1993). The International
Commission on Radiological Protection’s (ICRP) Publication 60
(ICRP, 1991) is not specifically reviewed; however, material prepared
for that report by members of the committee responsible for this
Report have been incorporated. o I ‘
The data for cancer mortality in the atomic-bomb survivors are
the major source on which the risks of radiation-induced cancer are
based. In 1977, ICRP based its recommendations for radiation dose
limitation on the risk estimates of UNSCEAR (1977). The estimate
for radiation-induced excess lifetime cancer mortality was based on
the data for induction of leukemias and an assumption that the
ratio of solid cancer to leukemias was about five. UNSCEAR (1988)
reported risk estimates for lifetime excess cancer mortality and life
shortening, the excess risk for specific individual organ sites and
other cancers (the so-called remainder group) for the years 1950 to
1985 using the new dosimetry, 1986 Dosimetry System (DS86). The
selection of the cancer sites was restricted to those sites for which
a significant increase in mortality with dose could be demonstrated.
The BEIR V Report (NAS/NRC, 1990) considered that the numbers
of excess cases for many sites were not sufficient to allow the neces-
sary stratification into different dose, age and time categories. There-
fore, they restricted their estimates of risk to leukemias, breast
cancer, cancers of the respiratory and digestive systems and thyroid

1



2 / 1 SUMMARY

cancer. The risks for these sites and systems were modeled individu-
ally. The estimate of the total excess lifetime cancer mortality took
into account cancers at other sites.

Despite investigations of a number of irradiated populations such
as the patients with ankylosing spondylitis (Darby et al., 1987), those
with cervical cancer treated with radiotherapy (Boice et al., 1987)
and the radiation worker studies that date back to the 1970s (Gilbert
and Marks, 1979) and continue to this day in the United States,
Great Britain and elsewhere, the data for the atomic-bomb survivors
remain the main basis for ionizing radiation risk estimates. How-
ever, the BEIR V Report (NAS/NRC, 1990) did use data from six
other studies in their estimates of risks for specific sites. .‘

UNSCEAR (1988) estimated the risk of cancer for organ doses of
1 Gy using a neutron relative biological effectiveness (RBE) of one.
A linear-dose response for solid cancers and a linear-quadratic model
for leukemia were used to analyze the data of the “not in city” and
the 0.01 to 4 Gy dose groups. In the estimates of risk for the general
and worker populations by UNSCEAR (1988) and BEIR V (NAS/
NRC, 1990), no allowance was made for low-dose rates or low doses.

The BEIR V Report (NAS/N RC, 1990) also used a linear-quadratic
model to fit age-specific mortality data for leukemias and a linear-
dose response for solid cancers in their estimates of risk of excess
cancer and life shortening in persons exposed to a single acute expo-
sure of 0.1 Sv or a continuous lifetime exposure to 1 mSv y! and
0.01 Sv y! from age 18 to 65 y of age. The estimates were based on
data for exposures at a high-dose rate with no reduction of the risk
of solid cancers for exposures at low-dose rates and using a neutron
RBE of twenty.

In 1985 over 60 percent of the atomic-bomb survivors were alive,
the majority of whom had been in the younger age groups at the
time of the bombings (ATB). Thus, it has been necessary to project

the risk estimates over time to obtain estimates of excess lifetime .
cancer mortality. UNSCEAR (1988) and BEIR V (NAS/NRC, 1990)

differed in their selection of a risk projection model. UNSCEAR
(1988) chose a period of 40 y after exposure as the duration of excess
mortality from leukemias and lifetime for solid cancers. Risk esti-
mates were made on the basis of constant additive and constant
relative or multiplicative risk models. The latter was preferred and
it gave a lifetime risk estimate of excess cancer mortality based
on age-averaged risk coefficients for both sexes of 7.1 x 102 Gy,
compared to4.5 x 10? Gy for the additive model. The approach that
UNSCEAR (1988) used assumes that the minimum latent period is
independent of age at exposure and dose and can be grouped into
two values, 2 y for all types of leukemias and bone cancer, and 10y
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for all solid cancers. Similarly, the duration of excess risk is assumed
to be the same for all solid cancers and independent of the age at
exposure. The BEIR V Report (NAS/NRC, 1990), noting the apparent
decrease in the risk of cancer in the cases of ankylosing spondylitis
after about 25 y reported by Darby et al. (1987), considered it neces-
sary to model how the risk varied with time and with age at exposure.-
The approach to life-table calculations by the two committees were
different. UNSCEAR (1988) calculated the number of cancer deaths
attributable to radiation in a standard population and this is differ-
ent from the number of excess deaths in a population used #BEIR V.
(NAS/NRC, 1990). The BEIR V estimate excludes. those who die of
a radiation-induced cancer who would have otherwise died at a later
time from a cancer of natural occurrence. . . e feetine
_ Although the two committees used different methods of amﬁyéés
the estimates of lifetime cancer risks for acute whole-bodyr-,exposure'
to low-LET radiation were comparable, 7.1 %, 10? Sv* (UNSCEAR
1988) and 8.8 x 102 Sv'' (NAS/NRC, 1990). The difference betweer;
these two estimates is smaller than the difference between the
UNSCEAR (1988) estimates of lifetime risk of fatal cancer derived
with age-averaged risk coefficient of 7.1 X 10% Sv! and with age-
specific risk coefficients of 11.0 x 102 Sv'. e s
Neither committee applied a dose-rate reduction factor for low-
dose _ratfas because of the lack of data for humans, but both commit-
tees indicated a factor of between two and ten might be appropriate.
UNSCEAR (1988) assumed an RBE for neutrons of one but BEIR V
(NAS/NRC, 1990) chose a value of twenty.. . = .0t o v
Thg cqnclubion of the two committees is that the new eétimates
are significantly greater than those of BEIR III (NAS/NRC, 1980)
and UNSCEAR (1977), even when a dose-rate-effectiveness factor
of two to three is applied. The risk estimates are based on a total of
abopt .5,900 cancer deaths, about 344 of which are attributed to
:ttl;i;:itéon&The number of excess cancer deaths is small when the
et ::1 l:::t?f the data for :sex, age at exposure, city and dose group
The estimates of genetic risk have not changed greatly over the
lr:st S.e‘fade- The doqblir}g dose (DD) for genetic disgzrises zhat cause
t0021' 2uélty or mortality in humans is now estimated to be about 1.7
Val\;e v or about 3.4 to 4.4. Sv for exposures at low-dose rates. These
studi:sarf? tllllree to four times greater than the DD obtained from
P t: the mouse. .Because of the large uncertainties in both
cevors hs a:il'd the desire to provide adequate protection, a risk of
o ofe;'e 1tar>;effg<:ts for the general population (for all genera-
lirmitat, 'I>‘< 10 Sv 'shoul<.i provide a reasonable basis for dose
on. There remains an important uncertainty in the estimate



/ 1. SUMMARY

of radiation-induced genetic effects. This uncertainty pertains to the
estimate for the so-called multifactorial diseases. These diseases
include cancer and heart disease. The mutational component of these
diseases is not known with any accuracy, nor is the effect of radiation
on this mutational component known. For these reasons, neither
UNSCEAR (1988) nor BEIR V (NAS/NRC, 1990) derived a risk
estimate for this category of diseases.

The severity of radiation effects on the brain is dependent on
gestational age at exposure. Four time periods based on the stages
of development and measured from time of fertilization, have been
used for estimating the sensitivity for damage to the brain in relation
to gestational age. The second period, 8 to 15 weeks, is the period
of greatest risk of severe mental retardation. This is the period of
rapid proliferation and of migration of neurones. There is a smaller
risk as a result of exposure between 16 to 25 weeks gestational age
and no apparent risk of severe mental retardation if the exposure
is after the 25th week. In the first period, 0 to 7 weeks, there may
not be survival to an age that mental retardation could be recognized.
The data for the 8 to 15 week group, based on a linear-dose response,
yield a probability of induction of severe mental retardation of 0.4
per Gy. The question is whether a threshold exists. A threshold is
the earmark of deterministic effects. In the case of exposure in the
16 to 25 week period of gestation, a threshold of 0.23 Gy is estimated
at the lower 95 percent confidence limit. In the case of the 8 to 16
week period, the data can be fitted by quadratic and linear responses
and the possibility of a small but significant threshold ranging from
0.12 to 0.23 Gy exists. However, for radiation protection purposes,
it is considered prudent to use a risk probability of 0.4 per Gy. Less
severe impairment of mental ability has also been found in children
exposed in utero. The effects are reflected in a dose-related decrease
in intelligence test scores, with an estimated shift of 30 units per
Sv in intelligence quotient (1Q), impaired scholastic performance,
development and even seizures.

Radiation protection is concerned with the total potential detri-
ment from exposure. Based on the reports of UNSCEAR (1988),
BEIR V (NAS/NRC, 1990), ICRP (1991) and other studies, the NCRP,
in this Report, has estimated the total detriment resulting
from exposure to low-LET radiation for the general population to be
about 7 x 102 Sv'! and for the working population about
6 x 102 Sv'!. The total detriment includes fatal and nonfatal cancer,
severe hereditary effects and life shortening which have been esti-
mated separately. The major contribution to the total detriment i3
from fatal cancer of about 4.0 and 5.0 x 10 Sv”! for the worker and
general population, respectively.
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Risk estimates of radiation effects are being made with increasing
precision. However, it is important to consider the many sources
of uncertainty and the probability of the reduction in the level of
uncertainty. Currently, the estimation of radiation risks for both
the general and worker population depends largely on the data for
the atomic-bomb survivors. There are concerns about the appropri-
ateness of a population with a distinct distribution of naturally occur-
ring cancers exposed in war time at very high-dose rates of radiations
for the assessment of risk to populations in the western world and
exposed either to small fractions or protracted irradiation at very
low-dose rates.

The sources of uncertainty include:

1. Dosimetry, which has involved complex reconstruction of the
characteristics of the exposure and the location of the exposed
persons, presents both systematic and random errors.

. The quality of the data base, including accuracy of diagnosis.

. The choice of a risk-projection model. This may represent a
significant uncertainty since over 60 percent of the atomic-
bomb survivors are still alive.

4. Extrapolation of the risk estimate based on data for high doses
incurred at a high-dose rate to the risks at low doses and low-
dose rates.

5. The transfer of risk estimates based on a Japanese population

to other populations with quite different natural incidences of
many cancers.

[ )

The reduction of these uncertainties requires further studies and
a greate}' understanding of the effects of radiation which will entail
both epidemiological and experimental approaches. The correct
methods of the projection of risk over time, and the transfer of risk
across populations are not known. In the case of the former, the
answer will become evident as the epidemiological studies progress
in t.lme. In the case of transfer of risk across populations, epidemio-
l?glca} studies of the risks for the induction of cancer at the relevant
sites in populations other than the Japanese are needed.

Hov&f to extrapolate from data obtained for exposures to high doses
;::e hlgh-qose rates to the risks incurred at low doses and low-
pmcerates. is, perhaps, more likgly to come from understanding the
logic:]s:: n;gi‘:;l,ved in radiation-induced cancer than from epidemio-
in’?lll:aisetp?in gives an gccount of the progress that has been made
of the diaf?i fcade or so in thg unders't.anding of many of the facets
after | cult task pf estimating the risk of events of low probability

ow levels of irradiation. At the same time, the better under-
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standing that comes with progress has made it posmbli.to g;gii
more clearly the gaps in the knowlgdge of how l?est to es ‘;nll)a ke
of the effects of radiation. These rls.sk's.are 80 'mﬂl‘xer.xc% y eagemt
exposure, gender, inherent susceptlbnlgty, which is in u;)nc not
only by genetic background, but by diet and exposure b vag us
agents, that it makes it evident that many of the ques 101:3 e
answered are very complex. However, answers to the pl"io em d
how to extrapolate from high doses and dpse rates to low gs}&:s ant0
dose rates, how to project estimates of r}sk over time, an ; (;)w
transfer risk estimates from one populatlop to anotber, wou hgolg
long way in the improvement of current gstlmates. Fmal!y, flt 8 o(;!
be noted that the current estimates provide a robust basis for radia-

tion protection recommendations.

2. Introduction

e T e raadT

1y NN . . o i i

In 1987, the NCRP published Report No. 91, Recommendations
on Lirits of Exposure to Ionizing Radiation (NCRP, 1987). That
report was an important stép forward in radiation protection hecbin-:
mendations and introduced both substantial revisiohs an‘ﬂ,:'ﬁ&iéff;
concepts, including the cumulative exposure guidance level for, occu-
pational exposure, remedial action levels for natural and other
sources of radiation, and a negligible individual risk.level for.defin-
ing sources for which further effort to reduce radiation exposure to
the individual was deemed to be unwarranted. = e 2o

In 1987, the available estimtes of risk of radikition-ifiduicéd canter
were a decade old (ICRP, 1977; NAS/NRC, 1980; UNSCEAR, 1977),
although it was emphasized in Report No. 91 (NCRP, 1987) that it
was known that forthcoming ¢ahcer-risk estimates, based on new
information from Japan, would be higher, Some of the provisions
in the report, such as-the cumulative guidance, were based on an
awareness of increased risk ‘estimates. At that time, the degree of
increase in the risks was the subject of international discussions
which have now reached fruition (ICRP, 1991; NAS/NRC, 1990;
UNSCEAR,1988). .. . . ' T

Rapid developments have taken place in the évaluation of cancer-
risk estimates since 1987. The evaluation of the effects in the survi-
vors of Hiroshima arid Nagasaki has béen especially important in
view of the revisions in the dosimetry for the survivors, the accumu-
lation of 11 more years of data for éﬁlid tumors, impiovements in
statistical methods and in the data base for risk projections (Shimizu
et al., 1987; 1989). Definitive repof'ts on these developments have
been published by the Radiation Effects Research Foundation
(RERF) in Japan, for example, on the changes in the dosimetry
(Roesch, 1987) and its impact (Preston and Pierce, 1988) culminating
in a general epidemiological review of the data (Shimizu et al., 1988).
Table 2.1 provides a listing of the total number of malignancies in
the survivor population by site as well as an estimate of the excess
number of malignancies by site for all dose categories, all ages at
exposure and both sexes. Considering the small numbers of excess
cancers, it is not yet possible to apply models for projection to lifetime
risks other than those that are relatively simple models.

7
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TABLE 2.1—Atomic-bomb survivor data for the period of 1950 to 1985,
Total cancer Number of excess

Site of cancer Cases’ Cancer cases®<d
Leukemia 202 78
All cancers except leukemia 5,734 266
Esophagus 176 11
Stomach 2,007 72
Colon 232 19
Lung 638 44
Female breast 155 22
Ovary 82 10
Urinary tract 133 19
Multiple myeloma 36 8
Remainder 2,275 61
Total for all sites 5,936° 344

*Data from Shimizu et al. (1988).

bAssumes an average shielded kerma of 0.162 Gy.

“The number of cases are for all exposure categories up to and including the
4+ Gy category.

The equation used to calculate the number of excess cancers by site is:
O xR xD
1+ (R x D)

where E is the excess fatalities, O is the observed cancer fatalities, R is the excess
relative risk of fatality by cancer site and D is the dose in average shielded kerma.
*Based on a subcohort of about 76,000 survivors.
"This estimate may be compared to the estimate for 1950 to 1974 of 190 (Beebe
et al., 1978a) and 251 for 1950 to 1978 (Kato and Schull, 1982).

E:

General evaluations of all sources of cancer risk, emphasizing
especially the data from Hiroshima and Nagasaki, have been pro-
vided by UNSCEAR (1988), BEIR V (NAS/NRC, 1990) and NRC
(1991). These evaluations provide a wealth of risk information on
the carcinogenic and genetic effects of radiation, but they stop short
of providing the necessary definitive judgments and indeed, in some
cases, the precise data, to establish an adequate basis for estimates of
risk (or detriment) at low doses for use in making radiation protection
recommendations. To cite just one example, it is necessary to proceed
from the UNSCEAR (1988) and BEIR V (NAS/NRC, 1990) high dose,
high-dose-rate data, for which risk estimates are available, to the
low dose, low-dose rate or very low doses at high-dose-rate situations
pertinent to radiation protection. To estimate the effects of low doses
and low-dose-rate irradiation, UNSCEAR (1988) advises using a
reduction factor of “from two to ten,” and BEIR V (NAS/NRC, 1990)
suggests using “two or more.” Neither report recommends a specific
factor to obtain low-dose estimates. Consequently, it is necessary for
radiation protection bodies, such as the NCRP, to consider all the
new information available in the UNSCEAR (1988) and BEIR V
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(NAS/NRC, 1990) Reports and from other sources and then to provide
specific recommendations on the most appropriate risk estimates to
be used for radiation protection in the low-dose range. The ICRP
(1991) based its estimate of lifetime risk of excess mortality for
radiation-induced cancer on the estimates in the UNSCEAR Report
(UNSCEAR, 1988) and the BEIR V Report (NAS/NRC, 1990), utiliz-
ing a dose and dose-rate effectiveness factor (DDREF) of two."
The purposes of this Report, therefore, are to examine:

1. The data provided in the UNSCEAR (1988) and BEIR V (NAS/
NRC, 1990) Reports, noting both similarities and differences
from each other and from previous reports and to assess their
completeness and adequacy
2. The methods of analysis including dose-response relationships,
risk-projection models and derivations of risk at low dose and
dose rate from data obtained at high doses and dose rate
8. Other sources of data that may be needed and thus provide:
a. what other data may be required to estimate the risk of
cancer and other late effects from exposures to low doses
and/or low-dose rates in both the general and worker popu-
lations in the United States for the purpose of radiation
protection

b. the distribution of organ risks for use in providing organ
dose weighting factors

This information is intended to provide the primary bases for the

NCRP’S basic recommendations, Limitation of Exposure to Ionizing
Radiation (NCRP, 1993). ’

)
e c:S(RI-)P R.l;:«eport No. 64 (NCRP, 1980) introduced the term dose-rate effectiveness
F)and ICRP Publication 60 (ICRP, 1991) used dose and dose-rate effective-

hess factor (DDREF). Both abbreviati in thi
. t '
ered to be Synonymous. reviations are used in this Report and they are consid-
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3.1 Earlier Reports of the United Nations Scientific
Committee on the Effects of Atomic Radiation

There have now been ten reports to the General Assembly by
UNSCEAR since the committee was established in 1955, although
not all of these reports present risk estimates for induced cancer. In
the earlier reports, beginning in 1958, the estimates of radiation-
induced cancer were restricted to leukemia because of the lack of
data for solid cancers. The evolution of UNSCEAR's risk- estlmates
up to 1977 is shown in Table 3.1.

In the 1977 UNSCEAR Report, the section on carcinogenic effects
of radiation was introduced with the statement that it has become
clear that the most important late somatic effect of low doses of
radiation is the infrequent induction of malignant disease. For many
years, after Miiller’s dlscovery of the mutagenic effect of radiation
(Miiller, 1927), there was more concern about genetic effects than
about cancer. This is not the situation today, however. The consensus
about the predominant importance of the carcinogenic effect devel-

oped as a result of the epidemiological studies of radiation-induced

cancer. The findings of the study of the atomic-bomb survivors had
a major impact in changing the primary concern from genetic effects
to cancer induction. The 1977 UNSCEAR Report was the first to
provide risk estimates for cancer for a range of organs.

Inthe UNSCEAR Report (UNSCEAR, 1977), the data from various
exposed populatlons were considered and were used in the risk esti-
mates for cancer in specific organs. The principal source of data used
for the estimate of the risk of radiation-induced excess cancer was
the atomic-bomb survivors. The so-called Tentative 1965 Dosimetry
Reconstruction (T65DR) dosimetry was used; a salient feature was
that 20 percent of the total absorbed dose at Hiroshima was consid-
ered to be contributed by neutrons. For examination of dose-response

10
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relationships, the pupulatioir whs'strdtified among varidus-dose
groups that were arbitrarily divided into-0.1:t00.49; 0.5, t0 0.99y
1 to 1:99 and >2 Gy for:most:of the analyaessw«m EEW ‘flﬁnli,&i?ﬁ
ivIn 1977, estimates of risk of excess cancer were: madee,for meany
thore’ sités than previously:(Table; 3.1); The! risk:cdefficients:were
hxghest for thyroid, lung and breast.cancer.in fem ea,andfor enk&
mia: A distinction between mortuhty?and mmddnce rites mm&de
anid'in the case of the thyroid; for. exnmﬂle,t thé ﬂxﬁ‘emmwjmlﬁrgéz
The fate of induction ‘of thyroid:caficer i, winé,v@pulamm wag
about 'l x/10% Gy with' aimGrsality rate; tenfold lesaal ao
+-1t can be seefi from Table/3.1:that the risk of mnrtahty bty
mhted for bnly enghtispeclﬁcabntes ‘becatibe i ‘whsinot pdssible to
estiniate directly with sufficient aceuracy. eitheririsks. for otben-pe*
cific cancers or the total risk of éxcess tancer from the a t-homb
suranors It was reahzed that it was likely that ﬁmtd)f iolxi
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cancers had not yet occurred and the risk estimates for these cancers

were imprecise. Because sufficient data for solid cancers were not -

available, it was necessary to estimate the total lifetime excess can-
cer risk based on an estimate of the ratio of the lifetime estimate of
cancer risk including leukemia to the estimate for the lifetime risk
of leukemia, i.e., a ratio of approximately five.

The estimate of the total lifetime excess cancer risk was made in
the following way. The risk of excess leukemia was estimated by
pooling acute and chronic leukemias and using organ doses based
on T65DR that took into account the RBE for neutrons. The lifetime
risk for leukemia was estimated to be about 0.5 x 10 Gy for doses
of a few Gy and 0.2 x 102 Gy for doses in the range of 1 Gy. The
ratio between the frequency of solid cancers and of leukemias was
taken to be four to six, implying that the total excess cancer rate
would be about 2.5 x 102 Gy for the higher doses and 1 X 10% Gy
for lower doses. The choice of a ratio of four to six was a judgment
derived from the study of the patients with ankylosing spondylitis
at the time. The risk estimates for leukemia were derived mainly
from data obtained at doses greater than 1 Gy. The following caveat
was therefore added to the higher risk estimate: “While the rate per
unit dose from doses of a few rad is unlikely to be higher than this
value it might be substantially lower.” It is this uncertainty that
remains today and is central to the estimates of risk of excess cancer
as a result of occupational or environmental radiation exposure.

The 1977 UNSCEAR Report noted the influence of age and sex,
the young and females being more susceptible than adults or males,
respectively. The special case of the fetus was considered, and it was
noted that even at low doses the lifetime risk of fatal malignancies
for exposures during gestation might be of the order of 2 to
25 x 10% Gy

3.2 The 1988 Report of the United Nations Scientific
Committee on the Effects of Atomic Radiation

The 1988 UNSCEAR Report is the tenth of the comprehensive
series documenting the increasing knowledge of radiation exposure
and the associated acute and late effects, particularly cancer. In the
1988 UNSCEAR Report, excess cancer mortality was taken to be
the major concern and the major factor tobe used in setting protection
standards.
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In the UNSCEAR 1988 Report, the major changes from previous
reports in estimates of the risk of hedlth effects concern cancer mor-
tality. The committee had the advantage of having at handthe RERF
reports and the corresponding papers, both published and in press;
in particular, Preston-and Pierce (1988) and Shimizu et ali (1987;
1988; 1989). Cancer mortality had been analyzed among 75,991
atomic-bomb survivors of the: Lifé Span-Study (LSS) in the: period
1950 to 1985, for whom doses based on the DS86 (Roesch, 1987) we:
available. There is a total of 120,128 persons in the LSS,'26,517 of
whom were not exposed (not in city) and 15,237 pérsons for whi¢h
T66DR doses were known but for whom DS86 doses were not avail-
able in 1987. There were 2,383 persons eéxposed for whom d dose
(T66DR) could not be estimated. The analyses are based on a total
of 5,936 cancer deaths. Although 1985 was 40 y after the bombirg,
over 60 percent of the survivors were still alive, and in particular,
those who were young ATB. It is thought that those exposed at a
young age now appear to be at greater risk of radiation-induced
cancer than those exposed at older ages. - S

As in previous reports, the UNSCEAR Report (UNSCEAR, 1988)
also draws upon data obtained from other exposed populations; par-
ticularly the patients with ankylosing spondylitis treated with acute
partial-body exposures to x rays (Darby et al., 1985; 1987) and
patients with cervical cancer treatéd with x or gamma rays (Boice
etal., 1987). ¢~ ‘ ‘ :

Follow-up of the 14,106 ankylosing spondylitic patients is as long
as 48 y for some patients. Perhaps the most interesting finding, in
the most recent study of the ankylosing spondylitic patients, is the
apparent decrease in the relative risk of solid cancers about 25 y
after exposure. If such a decrease were a general finding, it would
influence the choice of the risk projection model. While the popula-
tions, particularly the cervical cancer population, are large, they are
not representative populations, because of age distribution, sex or
clinical status. Also, these populations experienced partial-body irra-
diation with high doses to the treated areas. Therefore, the dosimetry
and the relationship of the risks derived from these studies to those
after whole-body irradiation is complex. However, data from such
studies are important for purposes of confirmation of risk estimates.
The study of the atomic-bomb survivors is the only study of the
effects of whole-body irradiation of a large population consisting of
people of all ages, both sexes and for a broad range of doses.

Between 1977 and 1988 both of the major components of risk
assessment, namely, cancer mortality and estimated doses for the
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atomic-bomb survivors changed. In the decade of follow-upi,‘g‘t:' the
atomic-bomb survivors after 1975, the deaths from cancer considered
to be associated with the radiation almost doubled, although the
number is still not large, namely about 344 of the 5,936 cancer deaths
reported (Pierce, 1989). The increase is largely, but not entirely,
due to excess solid cancers. Despite the additional data, cancer-risk
estimates for mortality were made for only eight specific organ sites
and for leukemia. The estimates of radiation-induced leukemia were
still based on data pooled from different types of leukemia, excluding
chronic lymphocytic leukemia. ,

While more information has accumulated about the experience of
a number of different hurnan populations exposed to radiation; the
atomic-bomb survivors are the largest population that has éxperi-
enced a single brief whole-body exposure. Their doses are relatively
well known and their fate is known with considerable precision.
Thus, this population remains the major source of data for risk
estimation for exposures to low-LET radiation. -
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3.2.2 Dosimetry

The most recent assessment of the atomic-bomb radiation dosimie-
try, i.e., DS86 was published in 1987 (Roesch, 1987). As a result of
this reassessment, the estimated yield of the Hiroshima bomb was
increased from 12 + 2.5 kt to 15 + 3 kt. Newly calculated spectra
and transport codes resulted in the free-in-air gamma kerma in
Hiroshima being increased by about a factor of three at large dis-
tances from the hypocenter as compared to the earlier TE5DR. The
free-in-air neutron kerma was decreased to about ten percent of the
T65DR estimate. The yield of the Nagasaki bomb was adjusted down
to 21 + 2 kt from 22 + 2 kt, and based on the new calculations,
the DS86 free-in-air gamma kerma estimate was somewhat less than
that based on T65DR (Figure 3.1).

The DS86 provides free-in-air kerma, shielded kerma and organ
doses for a high proportion of the individuals exposed. Not only is
location in relation to the hypocenter based on coordinates on the
map taken into account, but also orientation, posture, location in
the open or in a house, and body size based on the age of the survivor
ATB. When the DS86 is applied, it alters the distribution of the
survivors in the various dose groups from those existing for the
former T65DR, thus precluding the use of a simple change in the
dose scale.

Organ doses, the requisite for risk estimates, were obtained by first
calculating the free-in-air kerma and then estimating attenuation by
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the walls and roofs of houses and buildings to obtain the shielded
kerma. Finally, taking into account body size (based on-age):#éind
position, doses for 156 organs were obtained by correcting: for;the
attenuation of the radiation in the body on an individual basis, The
estimated attenuation of gamma rays by the structures in the D586
is about twice that of T65DR for:both cities. There;is very:little
difference in the estimate of the neutron kerma attenuation between
the two dosimetry systems in either city. In contrast, the transmis-
sion of the gamma rays through the body is now estimated to be
greater than previously calculated. The increases in gamma-ray-
kerma attenuation due to shielding and the greater transmission
through the tissues of the body tend to cancel each other out. So,
although there has been a change in the estimates of the various
contributors to the dose, the actual change in organ doses depends
mainly on the reduction of the neutron contribution and on the value
of the RBE applied, and is not greater than a factor of two different
from previous estimates. ‘ b

At the time of the analysis by UNSCEAR (1988), dose calculations
were not yet completed for about 18 percent of the survivors,. most
of whom were shielded by the terrain or were in concrete buildings,
some of which contained heavy equipment, which made the determi-
nation of the shielding very difficult. This segment of the population
in Nagasaki is of particular importance because it constitutes a
significant fraction of the survivors in Nagasaki with estimates of
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free-in-air kerma between 0.5 and 2.0 Gy. Recently, doses for an
additional 11,000 survivors have been calculated.

The new dosimetry system has made use of many improvements,
eapecially in methods of computation and in verification, resulting
in a system in which there is considerable confidence. Especially
important is the experimental verification of gamma-ray doses by
thermoluminescent measurement techniques over virtually the full
range of survivor doses. The confidence might be complete if the
apparent paradox of the existence of survivors for whom doses are
estimated to exceed 6 Gy did not still exist. Estimates of the errors
in the dosimetry have also been improved. The uncertainties are
often considered to be of twg main types. First, systemic errors,
which are the same for each survivor, and second, random errors,
which apply independently to each survivor.

Central to the accuracy of the dosimetry is the accuracy of the
assignment of the location, orientation in relation to shielding and
posture of the individual survivers. The accuracy of these important
factors depends on the memory of the survivor. Of comparable impor-
tance are such items as the yield of the bombs, the transport through
air of the radiation, which depends on such factors as air density
and moisture, topography, shielding and calculation of organ doses.

There has been a number of attempts to use reports of biological
effects in survivors, such as epilation and effects on the gastrointesti-
nal tract (Gilbert and Ohara, 1984; Jablon, 1971; Stram and Mizuno,
1989), to evaluate and compare T65DR and DS86. Stram and Mizuno
were unable to establish that DS86 was a better predictor of epilation
response than T65DR. However, among the various biological stud-
ies, it is now clear that there are mostly smaller differences between
Hiroshima and Nagasaki than formerly estimated. Indeed, for fatal
cancer, differences between the two cities still exist but they are no
longer ‘as significant. This, too, gives greater confidence in DS86
than T65DR. Nevertheless, DS86 should not be considered the final
word. Agreement between the two cities is much better, but not
perfect. The measured thermal neutron fluxes at Hiroshima exceed
calculated values at further distance (Roesch, 1987) and this unre-
solved problem casts some doubt on our knowledge of the fast neutron
versus distance curve at Hiroshima. There is still doubt about the
best estimate of the size of the neutron component with distance
and its energy spectrum and they are still under investigation. In
addition, since the risk estimates are derived largely from total doses
in excess of 1 Gy, where the RBE for the associated neutron doses
may be falling with increasing dose from its maximum value, and
the deviation between calculated and measured fluxes is not large,
the impact of any revision of the neutron doses will be relatively
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small. Any increase in the estimate of neutrops will, of course, reduce _;
the risk estimates, but it is considered unlikely that any decrease
will be greater than 25 percent (Preston et al., 1:()92—1993.). N
The contribution of delayed radiation from residual radioactivity
produced by neutron activation is greater in the DS86 than T(.SSI?R,
There are sources of error in the estimates of the delayed radlatloq;
as well as for the prompt radiation. For example, the effect. of the:
blast and other factors no doubt changed the subsequent shielding
of many of the survivors, estimates of the absorbed dpse fl.'om d.elayed
radiation still involve some error. The total uncertainty is estimated:

to be between 30 to 45 percent. ‘.I

3.2.3 Data Analysis

In the analysis of Shimizu et al. (1988), the major source for the,
UNSCEAR 1988 estimates of cancer risks, person years {ind the
number of cancer deaths were aggregated and stratified by city, sex,
age ATB, follow-up period or attained age, and dose. The ages ATB
were grouped <10, 10 to 19, 20 to 29, 30 to 39, 40 to 49 and >50'y
of age, and attained ages <20, 20 to 29, 30 to 39, 40 to 49, 50 to 5596\
60 to 69 and >170 y with follow-up periods of 5 y intervals from 19
through 1985. The dose categories were 0, 0.01 to 0.05, 0.06 to 0.09,
0.1 t0 0.19, 0:2 to 0.49, 0.5 to 0.99, 1.0 to 1.99, 2.0 to 2.99, 3.0 to 3.99

>4.0 Gy. "
an'ghe exce);s cancer-risk coefficients (Table 3.2), adopted by
UNSCEAR (1988) are those obtained by Shimizu et al. (1987; 1988)
which were averaged over cities, sexes and ages ATB. The coefﬁclem
are the mean values for both cities, both sexes (with t!\e except}%
of the ovary and the breast) and all ages ATB for leukemia, gxcludm
chronic lymphocytic leukemia, all cancers except leukeplla, femalm
breast, lung, esophagus, stomach, large intestine (ex.cludmg rec.t;ul'n)g
ovary, bladder and multiple myeloma. The coefficients of Shimi
etal. (1987; 1988) were derived using the DS86 absorbed organ dose..
a linear-dose response, a constant relative risk model for a_lll cancery,
except leukemia, an absolute risk model for leukemia .and an:
assumption of an RBE of one. The cancer sites were restx"lcted n
those sites for which the mortality increased significantly with doses
The analyses by Shimizu et al. (1987; 1988) were based on ca
mortality up to 1985. In 1985, some 40 y after the exposure to th
atom bomb radiation, over 60 percent of the exposed population wegg
still alive. .
Significant fractions of other irradiated populations are also §tﬂl
alive, therefore it is necessary to use risk-projection models to project
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TABLE 3.2—Comparison of lifetime risk estimates by (UNSCEAR, 1977; 1988).

(Estimates of excess fatal cancer per 10,000 individuals, for all ages and both; sexes.

at 1 Gy, by tissue).

19884 1988¢
Additive Multiplicative
1977%< Model Model
Bone marrow 50 93 (77-110) 97 (70-132) .
Bladder 5 23 (11-40) 39 (16-73)
Breast 50 43 (22-69) 60 (28-105)
Colon 29 (14-46) 79 (36-134)
(intestines & rectum) 15
Esophagus 5 16 (3-31) 34 (8-72)
Lung 50 59 (34-88) 150 (84-230)
Multiple myeloma 9 (3-17) 22 (6-51)
Ovary 26 (8-48) 31 (9-68)
Stomach 15 86 (45-131) 130 (66-199)
Remainder 60 103 114
Total 250° 450° 710°
All cancers except leukemia 360 (280-440) 610 (480-750)
"RBE = 1.

*In the estimation in 1977 the unit of dose was the rad.
‘For each organ the highest risk value given in the range of risks in UNSCEAR
(1977) is shown.

“For each organ the mean risk estimate and the 90 percent confidence limits (in
parentheses) are shown.
“Age-averaged risk coefficients.

estimated lifetime risks. A minimum latency period of 2 y for leuke-
mia and 10 y for all other cancer sites was assumed. The period of
excess risk was assumed to be 40 y for leukemia and lifetime for
other cancers. Estimates were made for the total population, the
population over 25 y of age and a worker population, 25 to 64 y of
age. Estimates were computed separately using constant additive
and constant multiplicative risk projection models. Estimates of
years of life lost due to excess cancer mortality were also calculated.
For individual organ risks, age-average risk coefficients were used.

The coefficients for excess cancer mortality were estimated using
a parametric model developed by the Centre d’Etude sur ’Evaluation
de la Protection dans le Domaine Nucleaire. This model, which uses
standard lifetable techniques, permits several kinds of computations
of the effects on cohorts of specific age and sex as well as on popula-
tions with different age distributions.

The method uses a doubly decremented lifetable in which the age-
specific death rate for any given exposure history is the sum of the
age-specific mortality rate in a nonexposed population and radiation-
related excess cancer rate estimated for that age and exposure
history.
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The 1982 Japanese population served as the reference population
for the calculation of lifetime risks based on risk coefficients obtained
from the atomic-bomb survivors. The age distribution of the 1982
Japanese population was used for projection of risk. Equal numbers
of both sexes were used for estimating risks for both the worker
population and the whole population. The current adult male and
female populations in the United Kingdom were used as.the refer-
ence population for the ankylosing spondylitic patients and the
female population in the United States for the cervical ¢aneér

The 1988 UNSCEAR lifetime-cancer-risk estimates for ‘spécifli
organs in the general population, based on the atomic-bomb stiryi-
vors and mortality data for the 1982 Japanese population, are shown
in Table 3.2. The 1977 UNSCEAR estimates are shown for comparison.

It can be seen that the estimated excess cancer-risk for all sites
is 7.1 and 4.5 percent Sv'! using the multiplicative and additive risk
projection models, respectively. These estimatés can bé cothpared
with the 1977 estimate for high doses of about 2.5 percetit Sv"' based
on an additive model.. However, the estimates shown in Table 3.2
were based on age-averaged risk coefficients and better values
for the estimation of total risks are obtained from age-specific-risk
coefficients. The corresponding estimates baséd on age-specific éoef- -
ficients are 4 and 11 percent Sv"! based on the additive and multipli-
cative projective models, respectively (see Table 3.3). L

The number of person years of life lost from all types of cancer it
a working population is shown in Table 3.4. The divergence in lifé-
span lost between the additive and multiplicative projection models is
smaller than the divergence of fatal caricer deaths given in Table 3.3
for the same risk coefficients. However, the loss of life expectancy
is greater for the additive model than for the multiplicative model.

TABLE 3.3—Projections of lifétimte probability of fatal cancer for 10,000 persons
(5,000 males and 5,000 females) exposed acutely to 1 Gy whole-body low-LET
radiation (adapted from Table 71, Annex F, UNSCEAR, 1988).

; Projection mode! Excess fatal cancers®
Total population Additive 400° 500¢
Multiplicative 1,100° 700°
Adult population? Additive - 500°
Multiplicative —_ 600°
Worker population Additive 600° 400°
(ages 25 to 64 y) Multiplicative 700° 800°

“Rounded values.

*Based on age-specific coefficients of probability.
“Based on age-averaged coefficients of probability.
4Age groups 20 to 29, 30 to 39 and 40+ y of age.



20 / 3. UNSCEAR REPORTS

TABLE 3.4—Estimates of loss of life expectancy (person years) in 1,000 male or
1,000 female adult atomic-bomb survivors exposed to 1 Gy organ dose of high-doee-
rate, low-LET radiation® (from Table 60, Annex F, UNSCEAR, 1988).

Risk projection model

Malignancy Sex Additive Multiplicative
Leukemia® M 290 140
F 170 120
All other cancers® M 500 400
F 700 530
Total (average) 830 600

*Using age-averaged risk coefﬁcnent.s for all age groups >25 y for the Japanese
1982 population.

Assumes a plateau of 40 y for leukemia.

‘Assumes a lifetime plateau for all other cancers.

In the additive model, excess risk is spread out evenly over the
expression period, whereas in the multiplicative model it varies in
direct proportion to the underlying age-specific population cancer
rate. Thus, according to the additive model, most of the cancers occur
atrelatively young ages, when there are more people at risk, whereas
according to the multiplicative model, they occur at relatively late

ages when population rates are high. Because the risk coefficients
for exposure at young ages are usually based on limited follow-up,
mainly at young ages, estimated lifetime excess risk based on the
additive risk projection model for any exposed population that
includes a substantial proportion exposed at young ages will be less
than the corresponding multiplicative model estimate. But those
fewer cancers will be predlcted to occur mainly at younger ages.
As the follow-up time is increased, the estimates of lifetime risk
according to the two models must converge, but the estimates of loss
of life expectancy will diverge, until the absolute model estimate is
considerably greater than the multiplicative model estimate.

The excess cancer mortality for some sites was significant (at the
95 percent confidence limit) at doses between 0.2 and 0.5 Gy. There
was no significant increase in cancer mortality below 0.2 Gy of organ
dose. This is the first time the data suggest a statistically significant
excess for some specific cancers in the atomic-bomb survivors, e.g.,
bladder cancer.

3.2.4 Influence of Age at Exposure

There is a suggestlon that the risk of leukemia after exposure to
ionizing radiation is higher in those exposed when young, especially
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in the first decade of life, than in those exposed at older ages (see
Table 3.5).

The data for leukemia in the atomic-bomb survivors mdlcate that
the influence of age at the time of exposure is complex (Fxgure 3.2).
Susceptibility is high in early childhood, decreases rapidly reahhmg
a low level in the teens but rises again in middle age’ The pattern’
of risk of leukemia in relation to age at exposure is probably con;
founded by the fact that different types of leukemia havé beén poole(i
In the case of the female breast, susceptibility to cancer induction,
by radiation exposure appears to be higher in childhood and the risk
decreases markedly later in life (Tokunaga et al.,; 1987), Figm:e 3%
The lifetime risk estimates for cancer in ‘those exposed early m hfe
have large ‘errors because of the small numt{ers of persons in the
cohorts. It will be some years before the relationship of age at‘expé'-’
gure and risk of radiation-induced solid cancers can be determined
definitively because those exposed at a young age have only started
to reach the age of expression of cancer risk. :

UNSCEAR (1988) compared the projected lifétirie risk estlmates
between the total Japanese ‘populatlon, adult population and a so-
called worker population with an age range of 25 to 64 y (Table 3.3).
Thé inclusion of the yo‘ung in the population incréases the tistal
risk when a multiplicative risk-projection model is’ nﬁbd These

TABLE 3.5—Excess deaths per 10" person-y Gy by age ATB and age at death based
on DS86 shielded kerma (from Shimizu et al., 1988).

Age at death ot e
“Agé ATB " Total <20  20-29 '30-39 4049”5059 *780-69 " :>70
Leukemia Cod Lo
<10 293 671 093 1217-001 - {1
10-19 119 3.95 056 002 -006 |
20-29 2.13 3.93 1.52 484 001 -0.28 2
30-39 2.54 0 318 226 1.09 i 3.89,
4049 2.11 -035 307 -0.24 }3.50.
>50 4.66 431 384 '56.12
Total 229 648 217 1.16 1.88 1.54 1.09 424
All cancers i !
Except leukemia :
<10 2.29 (0.43) 1.32 2.85 5.16
10-19 4.66 (3.96) (-0.12) 2.00 584 1391
20-29 9.38 (1.39) 940 1571 1433
30-39 9.31 (-1.32) (1.33) 3.16 11.00 41.01
40-49 14.52 (2.48) (3.37) 731 37.30
>50 7.89 (35.29) (-2.88) 17.21
Total 7.41 0.79 0.54 1.98 535 9.62 6.85 30.53

*Numbers in parentheses are excess deaths before the assimed minimum latent
period of ten years.
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] Flg 3.2. Relative and absolute risks of leukemia, all types except chronic lympho-
cytlc leukemia in atomic-bomb survivors (1950 to 1985) as a function of age at exposure
(from Upton, 1991).
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' Fig. 3.3. The relative risk of breast cancer in atomic-bomb survivors exposed to
2 0.5 Gy as a function of age ATB. The atomic-bomb survivors exposed to 0 to 0.09 Gy
kerma, both in and “not in city,” constituted the control group. The 90 percent
confidence intervals are indicated (from Tokunaga et al., 1987).
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categorizations of risks by age range are helpful -in establlshhlg
exposure guldelmes for various age groups o Ly
oo R RN DA LLES & BEYFE i % cm} m»ri’l
, I e el by TBAEED m}
CUa U H R I A T R £ T T 2
8.25 Inﬂuence ofSex on Risk: Estzmates ey il Kow AL
B . SNSRI TR B BER Ve 41 43 rr”,lﬁ&i’ ‘%Nﬁ*wfr’“&v&m

. lfl'he mﬂuence of sex on the risk estimates notéd;inthe1977

UNSCEAR Réport are seen again in UNSCEAR (1988);:but the
differences in risk for males and females dre not as great asestimated
in a report focused on radloepidemlologlcal tables (NIH;1985):.The
excess mortality for solid ¢ancers in the female atomic-béfib:survi-
vors is greater than in the male survivors (Table 3 6), but:less for
leukemias based on absolute risks. " ¢ EERTERT R BRE A
The sex-dependent difference in the estlmatés of nsk of leukemia
is influenced by the choice of the projection model. The risk: based
on the additive risk-projection model is nearly twice as high in malés
as females; but with multlpllcative proJectlon model the difference
is about ten'percent. = (oo Ly g e B
- For all other cancers, the rlék isabout 40 percent higher for femalds
than for males with the additive risk projection model assuming the
duration of the plateau is lifetime. With the multiplicative projection
model the risk for females is approximately 25 percent higher than
it is for males, see Table 3.6. The sex-dependent difference in: the
risk of total ¢hricer is about the same as was assuméd: in:ICRP
Publicatioh 26 (ICRP, 1977) which’ was about 50: percént.. In the
analysis by'Land and Sinclair (1991) it‘was fotind that thé '8ex-
dependent difference decreased with age, from about 50 percent in
the young to about ten percent at older ages.

A
u\'\i

TabLE 3 6—Excess cumulatwe llfetlme cancer mortahty from 1 Gy acute low -LET
radiation in adulthood’ (from UNSCEAR, 1988).

- Deaths per 10* persons

Addmve risk® i
Projection ‘ Multnphcqhvu risk®
Type of cancer Sex Model . Projection model
Leukemia M 130°¢ 980° :
F 70¢ : 81°¢
All other cancers M 300¢ 4101
F 4204 5201

*=25 y old.

b Age-averaged coefficient.
‘Duration of plateau is 40 years.
4Duration of plateau is lifetime.
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S (i
There are many epidemiological studies of the effect of radiation

on cancer induction at specific sites. Most of the populations studied,

asnoted earlier, have features such as age distribution, dose distribu-
tion, sex differences and health status that restrict the use of the
risk estimates. There are two major studies that were considered in
UNSCEAR (1988) as suitable for comparison with the atomic-bomb
survivor study, at least to establish whether large discrepancies in
risk estimates existed. It should be noted that in the two populations
-selected, therapeutically irradiated patients with ankylosing spon-
dylitis (Darby et al., 1985; 1987) and the cervical cancer patients
(Boice et al., 1985; 1987), the radiation exposures were quite differ-
ent, particularly in dose distribution, both from each other and from
that experienced in Hiroshima and Nagasaki. The ankylosing spon-
dylitis patients were treated with partial-body exposures to x rays.
The radiation treatment of the cervical cancer patients was given
by external beam, commonly ®Co gamma rays or by intracavitary
application of radium, or a combination of both. The populations in
Nagasaki and Hiroshima experienced a single exposure to gamma

rays at a high-dose rate and, in the case of those survivors near to

the hypocenter, to a small but possibly significant level of neutrons.
The comparison of the projected risks in the three populations is
shown in Table 3.7.
The risk estimates for the ankylosing spondylitis patients are
comparable in the case of leukemia to those for the atomic-
bomb survivors but considerably less for solid cancers. Given the

TABLE 3.7—Projection of excess lifetime cancer mortality from adult population® of
1,000 males or 1,000 females exposed to 1 Gy low-LET radiation at high-dose rate®
(from Table 59, Annex F, UNSCEAR, 1988).

Cervical cancer

Atomic-bomb survivors Ankylosing Patients
(Japan)*® Spondylitis (UK)! (Multinational)
Add- Multi- Add- Multi- Add- Multi-
Malignancy Sex itive plicative itive plicative itive plicative

Leukemia® M 13.0 9.0 4.4 14.0 — —
F 7.0 8.1 — —_— 14 28
All other cancers' M 30.0 41.0 7.8 23.0 — —
F 42.0 52.0 — -— — —

*Over 25 y of age.
*Doses received within seconds or minutes.
Reference population: Japan, 1982.
4Reference population: United Kingdom, 1982.
‘Plateau is 40 years.
'Plateau is lifetime.
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differences in the populations -at risk and the variableilehgth of
follow-up for the individual patients in the: ankylosing spondylitis
and cervical cancer series, it is difficult to evaluate the consistency
of risk:estimates among the atomic-bomb survivors«<indapan; the
ankylosing spondylitis patients in the United Kingdom and cervical
cancer 'patients in the United States and other-countries. i &fpid

The number of leukemia cases is not expeeted to increase markedly
with increased follow-up in any of the populations under study.
Therefore; the projected risk estimatés of leukemia sare-ithlikely.to:
change markedly. In ¢bntrast, the humber of solid ‘cancers is likely
to increase in the atomic-bomb survivors; and this potential increase
is taken into account m the pmJectlod of nsk to: llfetune risks: s

o e e g 5

N . B i - .
W PRl ceat b g,

3. 2 7 Projectlon of Rlsks for Dlﬁ“erent Populattons

3.2.7.1 Young Age Groups. Based on organ doses, comf)ahdom v&gfé
made it UNSCEAR (1988) among average risks OVer the period 1950
to 1985 for age groups 0 to 9 ATB, 10 to 19 ATB and all ag'e groups
together (Table 3.8), for both absblute risk and excess relative rigk, as
reported by Shirizu et &l. (1988). It is of interest that the absolute and
relative risks for leukeémia i in the 10 to 19 age group are smaller than
those for a population of all ages, but for Solid cancer the relative risk
is higher. This may reflect the différentes ih both the ‘biology and
radiation résponsés of childhood and adiflt letKerfiag &nd lymphomas
or it may be associated with the small riiinber involved. This findifig
may also indicate the limitations of poohng data of quitk distifict types
of leukemia and other hematological tumors for fnalysis. Subdivigions
into specific types would be worthwhnle, as indeéd Was done in earher
studies of the Japanese data.

1

3.2.7.2 Adults. The lifetime projections of excess mortallty for
solid cancers for atomic-bomb survivors are greater than those for

TABLE 3.8—The absolute and excess relative risk of cancer in relation’to age. k

Leukemia All ¢aricer excliuding leukemia
Absolute Excess relative Absolute Excess relative
Age group Risk® Risk" Risk* Risk®  ;
0-9° 3.4 19.1 2.8 . 1.6.
10-19° 1.5 45 6.2 Lo ..
All ages sd 2.9 5.2 10.1 04

*Excess mortality per 10* person-y Gy.

*Excess relative risk at 1 Gy organ absorbed dose. ‘
‘From Table 5A, Shimizu et al. (1988); Table V, Shimizu et al. (1990):
9From Table 54, Annex F, UNSCEAR (1988).
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the ankylosing spondylitis patients (Darby et al., 1985) using the
additive or multiplicative projections reflecting the larger riskcoeft
ficients (see Table 3.7). The regimen of exposure and many other
factors contribute to the expectation that absolute risk in the anky-
losing spondylitis study would be different from that for the atomic-
bomb survivors. Nevertheless, there is reasonable agreement in the
risk estimates for the two studies. :

3.2.7.3 Entire Population. Two sets of assumptions were niade it
projécting the observed mortality to estimates of lifetime risks for
a general population. In the first, the same atomic-bomb survivor
risk coefficients (additive and multiplicative), derived as a weighted
average over all age groups, were used for all age groups in making
the projections. In the second, average risk coefficients for the age
group 0 to 9 y, and for the age group 10 to 19 y were used for those
age groups, while an average “adult” coefficient was used for all the
older age groups. ‘

. The estimate of the lifetime risk of radiation-induced leukemias
is independent of the method of risk projection used, ranging from

9.3 to 10 x 102 Gy for persons exposed to 1 Gy to the bone marrow. .

The 10 x 102 Gy coefficient was obtained using the multiplicative
risk projection model and the data for the two younger age groups.
It is presumed that the similarity is due to the fact that most of the
radiation-induced leukemias have already occurred. On the other
hand, the estimates of the lifetime risk of solid cancers is markedly
influenced by the choice between age-specific risk coefficient or a
constant population or average risk, and between a multiplicative
or additive risk projection model. For example, when age specific
risk coefficients and the multiplicative risk projection model are
applied to the data for those exposed in childhood, the risk estimate
i89.7 x 102 Gy! compared to 6.1 x 102 Gy™ when the age-averaged
coefficient is used. However, when the additive projection model is
used, the choice between the age-specific and age-averaged coeffi-
cient makes little difference, 3.2 x 102 Gy and 3.6 x 10® Gy,
respectively.

The lifetime excess risk of solid cancer for the adult population
(=25 y) using the multiplicative risk projection model is
47 x 102 Gy, compared to 9.7 x 10% Gy if the coefficient for
those exposed when children is used. In contrast, with the use of the
childhood additive risk coefficients there is no significant difference
in lifetime excess mortality between the entire population and the
adult only population (3.2 versus 3.6 x 10? Gy™"). The differences
should signal caution about the method of projecting risks over time
in those exposed in childhood. The doubling of the estimated risk
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for the entire population; compared with the adult population (74
versis 4.7 x 10 Gy') stems’ fromm the use of the folléwing age-
spetific excess relativeirisk coefficierits at'1 Gy'of orghti dbeé for all
malignancies ‘except leukemia: adults only, 0.35; children 0 to 9,
1.56; and childten agé 10 to 19, 0.96 (Shimizu & al,, 1988;,1990), 4
' The difference between:the risk'coefficients for adults and for the
children 0 to 9 y of age i h faétor of 4.5, Evidénitly the coefficientsfor
thé children (0 to 9 y of tige) Wire derived over the entire observation
period. However, the estimated excess relative risks for children 0 to
compared with 1.56 for the entire 40 y of folloW,up; and jor ¢
10 to 19 y in those periods 0.80 and 0.92 compared with

I @
or;

e AUL ) LAl
entire 40 y follow-up (Shimizu et al.; 1988). Perhaps it:ﬁwt;nld,hdy'g‘
been more appropriate to project the childhood,}rplq ive mka,f Ehp
future decades as the average for these last two deca eg,‘ra‘{ﬁe:ﬁiéﬁ
apply the earlier average as p constant excegs reldtive risk overthe
entire lifetime of these children: {: -} tvir boivoy Jrstel sus
. b wity ALY 8 el H?%fﬁfkpt"ﬁhiéqv{”"
3.2.7.4 . Worker Populations. -The.-UNSCEAR (1988). lifetime risk
estimates for a worker population (Table 3.8). employ the age é'mup
25 to 64 y, whereas BEIR:V (NAS/NRC,;1990) used the.age group
18.t0-65 years:;Table :3.3;shows the :additive. and.multiplicative
projection'models employing age-averaged .coeffi¢ienta, for-ages; 20
t0.29, 30 to 39 and =40:y and age-specific: risk coefficienta; respee-
tively. For a; worker:population, using. age-specific coefficients; s
range of excess cancer risk per10,000 person-Gy-is from 600 (additive
n?odel) to:700 (multiplicative model),:and using age-averaged eoeffi-
cients gives a;range from 400 (additive model) to 800 {multiplicative

P TTR TS R 5{[;. vy Li( RETINE L ST

model). There is a substantial difference between the estimates for

thg worker population:compared: with. an: “adult. population.”. The
§1ﬁemnce reflects the inclusion iin the, latter. population of persons
irradiated at ages older than age 64 years. Exclusionsof these persorns
means that the working populationwill contain: a larger: proportion
of persons irradiatedin thajage: groups 25 to, 64-than the-adult
population, and this fact should-increase both the additive and multi-
plicative risk projections for the working population.: However, for
the additive model there is a decrease and in the multiplicative
projection an increase from 700 to 800. The increase in the multipli-
cative projection is partly due to the increase in the baseline cancer
rate for ages greater than 64 years.

_ The influence of the selection of age-specific risk coefficients
Instead of age-averaged risk coefficients is shown in Table 3.9 for
loss of life span in a working population. Age-specific coefficients
are the method of choice particularly for a general population
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" TABLE 3.9—Projections of years of life loss for 1,000 persons (500 females and 500
males) exposed to 1 Gy of low-LET radiation at high-dose rate in a working-
. population aged 25 to 64 (adapted from Table 71, Annex F, UNSCEAR, 1988).

Risk projection Life lost
Model (y)
Age-specific coefficients Additive 1,330
Multiplicative 820
Age-averaged coefficients Additive 880
‘ Multiplicative 970

because the childhood risks are significantly higher than in adults
(Shimizu et al., 1988).

3.2.8 Latent Periods

It is noted in the UNSCEAR Report (UNSCEAR, 1988) that the
minimum latent period used for the lifetime-risk projection (i.e., the
beginning of the integration period for risk) was 10 y for all cancers
except leukemia and bone cancer. The minimum time to tumor diag-
nosis for an excess risk is among the most difficult quantities to
determine if there is a non-negligible baseline risk. The time at
which an excess becomes established statistically reflects the mini-
mal latent period, but also the level of excess risk and the rates at
which the baseline and the indistinguishable excess cancers accumu-
late in the study population. Thus, in the atomic-bomb survivors,
about 15 y were required before a statistically significant excess
mortality was observed for all cancers as a group, but it took 15 to
19 y for stomach cancer, 20 to 24 y for cancer of the lung and breast,
25 to 29 y for cancer of the ovary, and 30 to 34 y for cancers of
the colon, bladder and multiple myeloma to appear in excess. The
minimum latent period for each of these sites is undoubtedly shorter
than the above time periods. However, the assumption of a minimum
10 y latent period for most sites is not unreasonable in the light of
available information. The BEIR V (NAS/NRC, 1990) used a mini-
mum latent period of 5 y in their analysis of the thyroid cancer data
(see Section 10).
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4. Committee on Biological -

- Effects of Tonizing.. . . oo
" Radiations Reports.... ..
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Prior to 1990, NAS/NRC produced a number of reports dealirlg
with the effects of ionizing radiation on'the health of populations
(NAS/NRC, 1972; 1980; 1988)." In 1990, the latest of the NAS/NRC
series of réorts known as BEIR V (NAS/NRC, 1990) ws'published.
o [ R

4.1 Earlier Reports of the Committee on Biological Effects
v of Ionizing Radiations TR
. There have been three major reports from NAS/NRC dealing with
thg effects of ionizing radiation on the health of populations in a
gene'ral way. In 1972, the first BEIR committee questioried the'estab:
lishment of single upper limits for individual and population avérage
exposures as the basis for fadiation protection. Thé BEIR tommittees
in 1972 and 1980 discussed radiation exposures from natural soutces,
medical procedures and atomic bombs, and evaluated the probability
of induction by radiation of genetic damage, cancer and othiér éffects.
In 1972, BEIR I (NAS/NRC, 1972) reported dn estimate of an annual
excess in cancer dédths of about 3,600 in the United States population
of a8 a result of continuous exposure to 1 mSv y™* based on & linear:
dose response using an absolute risk:projéction model. This estimate
was controversial. The report drew from studies of various irradiated
populations, but at that time almost all the excess cancer mortality ifi
tl'1e Japanese atomic-bomb survivors was from leukemia. Therefore,
Fnsk estimates for solid cancers were based mainly on partial-body
irradiation.

2l?.arlier reports of the NAS/NRC dealing with the biological effects of ionizing
radiation were called the Biological Effects of Atomic Radiation Reports, or BEAR
Reports, the earliest of which were reports on genetics, pathology, meteorology, ocean-
Ogrl}phy and fisheries, agriculture and food supplies, and disposal and dispersal of
radioactive waste which were first published in 1956 and again in 1960.

29
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The BEIR III Report (NAS/NRC, 1980) reflected the difference in

ing risk of radiation-induced cancer. The report indicated that the
‘committee did not know “whether dose rates of gamma or x rays of
about 100 mrads/yr® are detrimental to man.” At higher dose rates,
such as “a few rads per year over a long period,” it was considered
“that a discernible carcinogenic effect could become manifest.” The
committee considered the question of the influence of dose rate on
the probability of radiation-induced cancer. Based on the linear-
. quadratic dose-response model, the estimate of excess mortality from
~all types of cancer for a single whole-body absorbed dose of 0.1 Gy
low-LET radiation was in the range of 0.47 to 1.4 percent of the
. naturally occurring cancer mortality depending on whether the addi-
' tive or multiplicative risk-projection model was used. Similarly, the
estimates of the excess cancer mortality for continuous lifetime
_ exposure to 10 mGy y! ranged from 2.8 percent to 7.2 percent
(Table V-22, BEIR III, NAS/NRC, 1980).
~ .The 1980 report recognized the importance of the heterogeneity
of populations with regard to their response to irradiation. The ques-
tion of susceptible subpopulations and their importance remains
today. L
, Estimates of genetic risk were made. For example, it was concluded
that in the first generation, 10 mSv of parental exposure (in the
general population) would result in an increase of 5 to 75 additional
serious genetic disorders per 10€ live-born offspring.
.iThe effect of intrauterine irradiation in the development of the
" brain was discussed and the dependence of the severity of the effect
on gestational age was noted. For example, a 28 percent incidence
of microcephaly in children irradiated by the atomic bombs in Japan
between 4 to 13 weeks gestational age was noted. In this study, a head
was considered to be abnormally small when it was two standard
' deviations below the mean circumference. . o
;.. Another major BEIR report, BEIR IV (NAS/NRC, 1988) was
devoted to the health effects of radon and other alpha-particle emit-
ters and it is discussed in some detail in Section 9 of this Report.

42 The 1990 Report of the Committee on Biological Effects
of Ionizing Radiations

The BEIR V Report (NAS/NRC, 1990) updates earlier estimates
of the risks of somatic and genetic effects of low-level irradiation,

3100 mrads/yr = 1 mGy y".

bpinion about dose-response models that was appropriate for estimaty
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taking into account new. information. obtained during the .decade
gince the completion of the BEIR I ;(NAS/NRC,,,1980)‘“stufiy.?'l“he»
report consists of an'executive summary,. and|chapters on back-
ground information and scientific principles, genetic effects of radia-.
tion, mechanisms of radiation-induced cancer, risk of cancer (including,
all sites, radiogenic cancer at specific sites), ‘othét; somatic.and fetal .
effects, and low-dose epidemiological studies; Thege’are basically the, .
same topics treated in BEIR III (NAS/NRC, 1980), ;the previous
report on the effects of exposure to low-LET radiation;, however, the
newest report differs from BEIR III (NAS/NRC, 1980) in a number
of important particulars. T
# i i
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42.1 Sources of Data s SRR

; ¥

For estimating thé risks of carcinogenic effects, both UNSCEAR
(1988) and BEIR V (NAS/NRC, 1990) placed primary reliance on the
atomic-bomb survivor data, since they provide the most cothprehensive
body of information on the effects of a wide range of reasonably well
quantified doses of whole-body irradiation in persons of both
sexes and all ages. Data are available from a‘numiber of other irradi-
ated populations. In particular, for leukemia and cahcers of the
breast and thyroid (see Table 4.1), comparisoris have been made
between the risk estimates based on a number of irradiated popula-
tions. The occurrence of ¢ancers of the lung, liver and‘,bone, as well
as leukemia, as a result of expostre to internally deposited alpha-
particle emitting radionuclides, were analyzed séparately in
BEIR IV (NAS/NRC, 1988) and included in’the BEIR V Report
(NAS/NRC, 1990). ... s+ + o - v 5 Moo

The atomi¢-bomb shhﬁ r.experience Was assessed with the use
of a machine-readable:database, obtained. from: RERF;. corprising
numbers of cases and person-years, with average d for a total
of 8,714 cells defined by age at exposure, time after exposure, DS86
dose, city and sex. o ‘

fl’véli?"i, i‘;
g

4.2.2 Dosimetry

The cohort used by the BEIR V (NAS/NRC, 1990) was the 75,991
Japanese atomic-bomb survivors on whom DS86 dose estimates were
available in 1987. Ten categories of absorbed dose, i.e., 0, 0.01 to
0.05, 0.06 to 0.09, 0.1 to 0.19, 0.2 to 0.49, 0.5 to 0.99,1.0t0 1.99, 2.0
t02.99, 3.0 to 3.99 and 4 + Gy, were used in the stratification of sex-
and city-specific mortality data. The gamma and neutron kerma
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values in each age, sex and city category were person-years weighted
E § average for the survivors at risk. The DS86 dose to the colon wagg
=l used for all cancers except leukemia. For leukemia, the dose g
based on the DS86 dose to bone marrow. An RBE of 20 for neutrongy
L was used in the calculation of an organ specific dose equivalent for
' each stratum in the dose-response regressions. Other RBE valué
were evaluated to assess their effect on the risk estimates, It w
considered that the value of the RBE that was used made little
difference because of the low doses of neutrons involved.

840,000
104,000

104,000
867,541
30,932
45,000
712,000

138,000

Total

2,185,335

55
28

5,936*
376®
563¢
482

74
115

Total
Cases

4.2.3 Data Analysis o

Cancer
Sites

s
L‘ The rates of mortality from various forms of cancer were analy:

in relation to age at irradiation, time after irradiation, sex, dose ang
other variables, with a view toward their compatibility with relati
(multiplicative) and absolute (additive) risk models. Parameter est:
mates for these models were then derived from the data, and
results were evaluated for goodness of fit. To assure sufficient nu D,
bers of cases for adequate modeling, cancer deaths were ultimatéli’
combined into the following five diagnostic categories: leukemi &"‘
excluding chronic lymphocytic leukemia; cancer of the breast; cance
of the digestive system; cancer of the respiratory tract; and oth
cancers. Total cancers and all cancers other than leukemia were
modeled.

Various exposure-time-response models were fitted to the g
using the Additive Multiplicative Fit (AMFIT) computer progran
which fits a general form of the “Poisson regression” model.* Th
observed number of events in each cell of the cross-tabulation
thus treated as a Poisson variate with parameters given by th
predicted number of events under the model; i.e., the product of th
person-years in that cell times the fitted rate. Although the BEIR
Report (NAS/NRC, 1980) included risk estimates for cancer derivg
by the constant additive risk-projection model, as well as by the,
constant multiplicative risk-projection model, the BEIR V (N.
NRC, 1990) found neither model to fit the data unless modified.

All except leukemia
and colon

Leukemia
Thyraid

ose in the range of 0.01 to 4.0 + Gy, see Table 4.2 for sites and included

All
-"Breast
Breast
Breast
Breast
Thyroid

radiogenic cancers (from Table 4-1, NASINRC, 1990).

Incidence

: or o
‘Mortality
Mortality
‘Incidence
Mortality
Mortality
‘Mortality
-~ Incidence
" ‘Incidence
“Ancidence

y. -
Yys.

v

Darby et ai., 1987
* Ronand Modan, 1984

— Shore et al., 1985

*For both cities, both sexes and ‘all ages ATB for shielded kerma d

types of cancer.

- Shore ef al., 1986

Tokunaga et ;:i., 1987
- Miller et al., 1989

. 7 Hrubec et al., 1989

Given such modifications, the multiplicative risk model was foun
to provide a more parsimonious description of the data and to be
less subject to error resulting from misclassification of causes of

: ~TAh1.s»4.1—Population;s t)la[ari th; sources of estimates of risks of
Shimizu et al., 1988

. Study
Population
Atomic-bomb survivors

-*Obeerved cases in males and females treated with x ra

*For both cities and all ages ATB, kerma dose in 0.5+ G

“patients
Israel tinea capitis patients

Rochester thymus

patients

New York postpartum mastitis ~

*This computer program for the analysis of data for cohort survival was developed
by D.L. Preston, J.H. Lubin and D.A. Pierce (see EPICURE User’s Guide, Seattl
Hirosoft Corporation, 1991).

Canadian fluoroacopy patients

Massachusetts fluoroscopy

Ankyloamg spondylitis patients .
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death as discussed below. Hence the BEIR V (NAS/NRC, 199Q gre
ferred risk estimates (Tables 4.2 and 4. 3) were based on a m

multiplicative risk-projection model. The committee re_]ected the
additive risk-projection model because it did not fit the data as well.

4.2.3.1 Comparison of the Models of the 1980 Committee on Bio-
logical Effects of Ionizing Radiations and the 1990 Committee on
Biological Effects of lonizing Radiations. The committee’s preferred
modeling of lifetime risk of cancer departs substantially from that
of the BEIR III Report (NAS/NRC, 1980), and for some cancers
involves a modified relative risk projection incorporating time since
exposure in addition to the more customary variables, such as sex

TABLE 4.2—Estimated excess lifetime mortality from cancers of various organ
systems after 0.1 Sv acute whole-body exposure, in relation o age at
exposure and sex (adapted from Table 4-3, NAS/NRC, 1990).° i
Males (deaths per 10°)

Age at
Ex:oeure Total Leukemia® Nonleukemia® Respiratory Digestive _ Other
5 1,276 111 1,166 17 361 7817
15 1,144 109 1,035 54 369 612
25 921 36 885 124 389 372
35 566 62 504 243 28. 233
45 600 108 492 353 22 117
55 616 166 450 393 16 42
65 481 191 290 272 11 7
75 258 165 93 90 5 —
85 110 96 14 17 — —
Average® 770 110 660 190 170 300
Age at Females (deaths per 10°)
Exposure  Total Leukemia® Nonleukemia® Breast Respiratory _Digestive Other
5 1,632 75 1,457 129 48 656 626
16 1,566 72 1,494 295 70 653 476
25 1,178 29 1,149 52 125 679 293
35 : 557 46 511 43 208 73 187
45 541 73 468 20 21 71 100
55 505 117 388 6 273 64 45
65 386 146 240 — 172 52 16
75 227 127 100 — 72 26 3
85 90 73 17 — 15 4 —
Average' 810 80 730 70 150 . 290 220

sBased on a single exposure to radiation to a United States population havmg
death rates for 1979 to 1981.

bEstimates for leukemia are based on the use of a fitted linear-quadratic model
which has an implicit DDREF of approximately two. Estimates for solid tumors are
based on the use of a linear model and therefore do not include a DDREF.

Based on the sum of cancers of respiratory tract, digestive tract, breast and other
organs:

4 Averages are weighted for the age distribution in a stationary population having
United States mortality rates. Values rounded to nearest ten.
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. TABLE 4.3—Projécted lifetime excess céi rtality and, asaoti
expectancy from continuous whole-body% :,y“: popi o of both.
L o adqpted from Tai;lc 42 NAS/NpC,‘tggo)- it 1 i

NSRRI R

‘QH;’ : ,u? { I .~~;,““- (R (* W“hlzl
,m N U TR L m‘[ hfentl:mSvr' "g
Llfehme excess cancer deaths .1 ..,

“Number per 10* : L

" Percent of noriniél U
Loss of life expectancy (y) T
*‘Avetage per pérson oxp‘océd PETIAN I '*(1109

;. Average per excess:death.:. AU AR

A g s o v
‘*Calctlations based on caheer and survival rates for the pumlm-
1980:United Staté
tion and on use of the data base presented in Table 4-2, NA/NRC (1990). Incl
are an implicit DREF of about two, for leukelma and DREF of one for eohd tumorp

# d S N ATB Th . i Shberorhe abeb s s W s o BTy
nd age us, it 1ﬂ'ers from the absélute and‘i“eﬁﬁ% filik
fhodéls used in the BEIR IiI Report (NAS/NRC, 1980)'and frotn the
constant relative risk model tised by the UNSCEAR. {1988) in fivt
assuming that the relative risk is constant with tirhe sirice eiti)obﬁre
It should be noted, howéver, that the constant relative risk model
‘vz;s dettlalmed adequate for digestive’caricers, dnd for lufig ¢ancer,
ere the commlttee s preferred model did not ﬁt si ifi
than the constant relatlve risk model. ©* o cantty bet’tér
4 23 2 Calculatwn of Excess Rtsks' Tl':e .I\BEIR‘ V ii; i (NAS
N
NRC, 1990) estimated.separate lifetime. risks.for, lboth t!l)'n:rte::pogsltl
and unexposed: populations; and theiexcess risk was defined as the
difference between the risk estimates ,for an exposed and an unex-
posed populatlon. ARG, N g ! S RAINCT R AR 15
For;a given radxatlon-dose equlvalent d, in snevert (Sv), the miﬁ-
vidual’s age-specific cancer risk y(d) was expressed as; it

W) = 4L+ D@ o

Tk

where Yo denotes the ag;e—speciﬁc back und nsk of d
specific cancer for an individual qt a gng/gr)x age (it also ::;:n?l‘;eu;:
the individual’s sex), fd) represents a function of the dose d, which
is always a linear or linear-quadratic function [i.e., id) = a,d, or
I:i(d) = a,d + azd?], and g(B) is an excess risk function observed-to
epend upon a number of parameters; for example, sex, attained
age, age et exposure and time after exposure (NAS/NRC 1,990) The
age-specific risk could also be modeled as an additive ri,sk: .

Yd) = v, + Ad)g(p). 4.2)

;Ot)h models gave similar results, as expected, since the function
B) was allowed to depend on age, sex and time since exposure. This
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would not have been the case, however, if g(8) depended only on sex
and age at exposure (NAS/NRC, 1990).

“The models were fitted using maximum likelihood, i.e., the values
of the unknown parameters which maximized the probability of the
observed number of cases (the ‘likelihood function’) were taken as
the best estimates, and, where applicable, confidence limits and sig-
nificance tests are derived from standard large-sample statistical
theory,” (NAS/NRC, 1990).

It was expected that the form of the background term (y,) might
vary considerably among populations at risk and would not be of
particular interest in terms of radiation risk. Hence the BEIR V
chose not to model it, but rather to estimate the baseline rate nonpar-
ametrically by allowing for a large number of multiplicative rate
parameters, as is often done when fitting hazard models to ungrouped
data (NAS/NRC, 1990).

Each model was then described by BEIR V (NAS/NRC, 1990) in
terms of point estimates of its various parameters, their respective
standard errors and significance tests, and an overall “deviance” for

the model as a whole. Because of the extreme sparseness of the data,

comparison of deviance to its degrees of freedom was not used as a
test of fit of the model; however, since differences in deviance between
nested alternative models (pairs of models for which all terms in
one model except one were included in the other) have an asymptotic
Chi-square distribution, with degrees of freedom equal to the differ-
ence in the degrees of freedom among the models being compared.
This test was used to assess the improvement in fit as a result of
adding terms to the dose-response function and used repeatedly by
BEIR V (NAS/NRC, 1990) to minimize potential over-specification
of the models. In other words, the model was not made more complex
than justified by the data.

Approximate confidence limits on parameter estimates were con-
structed in the usual way, by adding and subtracting the standard
error times 1.65 (for 90 percent confidence) or 1.96 (for 95 percent
confidence). However, in cases where the committee had reason to
believe that the use of a normal distribution to estimate confidence
limits was not valid, it reported likelihood based limits found by
searching the likelihood surface iteratively for the parameter values
that led to a corresponding increase in the deviance.

4.2.3.3 Models for the Expression of Risk

4.2.3.3.1 Model for Leukemia. For leukemia, the BEIR V (NAS/
NRC, 1990) preferred model was a modified relative risk model
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(Equation 4.1) with terms for dose, dose squared, age at exposure,
time after exposure (minimum latency of 2y is assumed) and interac-:
tion effects. There was a distinct difference between the risks for
individuals exposed before age 20 and those exposed later in life.
Within these two groups there appeared to be no effect of age at
exposure but simply a different time pattern within each group;:
hence a simple step function with two steps was found to fit both
groups rather well (although its biological implications are far from -
simple). , k T P
The parameters for the leukemia model were as follows: ..

L 2 ad it d s
2B = explBI(T < 15) + BJ(15 < T = 25 ifE <20 (4.3)
g(B) = explB,I(T < 25) + BJ(25 < T < 30)1if E > 20,

where T is years after exposure, E is age at exposure, and the indi-
cator function I(T < 15) is defined as 1 if T = 15 and 0 if 7" > 15.
The estimated parameter values and their standard errors, in
parentheses, are:

a; = 0.243(0.291), a; = 0.271(0.314),
B, = 4.885(1.349), B, = 2.380(1.311), 4.4)
Bs = 2.367(1.121), B, = 1.638(1.321).

The standard errors for the dose-effect coefficients (a,,a;), estimated
by means of the likelihood method méntioned dbove, are both impre-
cise and the likelihood curves for the estimates are highly skewéd.

4.2.3.3.2 Model for All Cancers Other than Leukemia. For all can-
cers other than léukemia and bone cancer, a 10 y latency was
assumed; this was done simply by excluding all observations (cases
and person-y) less than 10 y after exposure. For purposes of overall
nonleukemia-cancer-risk estimation, the BEIR V (NAS/NRC, 1990)
simply chose to sum the risks of the components of the nonleukemia
cancer group (i.e., respiratory cancer, digestive cancer, etc.), each of
which was estimated by the models described below.

4.2.3.3.3 Model for Cancer of the Respiratory Tract. For cancer of
the respiratory tract, the committee’s preferred model was a modified
relative risk model (see Equation 4.1) with terms as follows:

ﬂd) = ald (45)
£(B) = explB,In(T/20) + ﬁzl(S)],

where T is years after exposure and I(S) is 1 if female, 0 if male,
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th a, is 0.636(0.291), B, is —1.437(0.910), B, is0.711(0.610). Under
‘committee’s model, as T varies from 10 to 30, g(8) varies frofts
78 to 0.55 meaning that the relative risk decreases by a factor of
about five over the period of 10 to 30 y post-exposure. The committee

‘noted that few data are available, as yet, on respiratory cancer

2,

times higher for adult females (owing to their much lower baseline

gks are similar. ‘

" When testing departures from a constant relative risk model, the
addition of a parameter for time after exposure resulted in the great-
o5t improvement in describing the data for cancer of the respiratory
act, a finding consistent with the decreasing relative risk observed
the ankylosing spondylitis study (Darby et al., 1987), which influ-
ced the committee’s choice of parameters. The inclusion of a
parameter for sex did not improve the model’s fit to the data signifi-
cantly, but caused some improvement. There was no improvement
when a term for age at exposure was added to the regression model,
its value being sufficiently close to zero as to have no influence on
the estimated risk.

N
in

2.3.3.4 Model for Cancer of the Female Breast. For cancer of the
‘female breast, the model was based on a parallel analysis of several
cohorts. The important modifying factors were found to be age at
‘exposure and time after exposure. The dependence of risk on age at
“exposure was complex, doubtless being heavily influenced by the
‘woman’s hormonal and reproductive status. Lacking data on these
‘biological variables, the committee found that the best fit was
obtained with the use of an indicator variable for age at exposure
‘less than 16, together with additional indicator or trend variables
‘ depending on the data set. Both incidence and mortality models were
developed. Although these differed, the highest risks were seen in
"women under 15 to 20 y of age at exposure. Lifetime risk estimates
were calculated for mortality only. Risks were very low in women
_exposed at ages greater than 40, suggesting that risks decrease with
‘age at exposure (see Figure 2.3). Risks were estimated to decrease
with time after exposure in all age groups.

'The preferred model for breast cancer age-specific mortality
(female only) was a relative risk model (Equation 4.1) with terms
as follows:

fid) = a,d
g(P) = explB, + B.1n(T/20) + B;1n*(T/20)] if E < 15 4.6)
g(B) = explB:In(T/20) + BsIn%(T/20) + ByE — 15)] if E = 15,

among those exposed as children, and that the relative risk is two -

“futes) than for adult males, although the observed absolute excess
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where E is age at exposure and T is years after exposure with!'

Ve a8 b o

& = 1.22000.610), , = 1.385(0.554),
By = —0.104(0804), B; = 221201376), = (47D

4

BA T ar 0,'0628(0'0321)? b B

SO T I S B U

i ‘ gy g
4.2.3.3.5 Model for Digestive System Cancers. For cancer of the
digestive system[International Classification of Diseases (ICD) 150¥
to 159], the most sighificant aspéct of the LSS data was found tb be
the greatly iicreased risk (factot of seven) fd#‘lhg‘%'é explikd ui’ﬁig%
the: age- of 30;.although: the committee had. no explanation
There was no evidence:of a'significant change! i the relativ

I b e

vy

G A Yeg e

with time after exposure. 5 b Diadgi] b gl 15y
- The committee’s preferred miodel is the rélative-tisk model given
in Equation 4.1 with terms:as follows: .roai 00 on 1

froryEr (L oW e e

i e | s \ ﬂd) ﬁaiu VI g By
U B = explpd®) + o) 4B

wheré I(S) equals 1 for females and 0 for males and "

op = 0IfE < 25; = ByE — 25)if 25 < E = 35; = 10 B, if E > 35

H

R

where E is age at exposure. The estimated parimeter values are

a, = 0.809(0.327) B, = 0.563(0.462) B, = —0.198(0.0628).* ,
4.2.3.3.8 ‘Model for Other Cancers. For cancers other than those
listed above, the excess was found to contribute significantly to the
total radiation-induced cancer burden. Finer subdivision of the group
did not, however, provide sufficient cases for modeling other individ-
}ml sites. When this was attempted, the models were unstable, result-
ing in risk estimates for which there was little confidence. The
general group of other cancers was reasonably fit by a simple model
with only a negative linear effect by age at exposure at ages greater
than ten years. There was no evidence of an effect by sex or by time
after exposure. :

*There was a typographical error in BEIR V (NAS/NRC, 1990) resulting in the
confidence value of 0.327 for the a term being printed as 9.327.
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Theé preferred model is the relative-risk model given in
' Equation 4.1 with terms as follows: "

fid = ad
gB) = 1ifE < 10 and exp [B,(E — 10 ifE > 10, (4.9)

“where E is age at exposure, a, is 1.220(0.519) and B, is
= 0.0464(0.0234).

424 Influence of Dose Rate

Concerning the influence of dose rate on the carcinogenic effective-
ness of radiation, the BEIR V Report concluded that low-LET
radiation can be expected to decrease in effectiveness when highly
protracted, possibly by a factor of two or more for certain neoplasms,
if the carcinogenic response of human tissues to exposures at low-
dose rate is consistent with that which has been observed in experi-
mental systems (NCRP, 1980; UNSCEAR, 1986). The committee
refrained, however, from specifying a precise value for the dose-rate
effectiveness factor (DREF), except in the case of leukemia, where
its preferred linear-quadratic model (Equation 4.3) contained an
implicit DREF of approximately two.

4.2.5 Risk Estimates for Specific Populations

. BEIR V (NAS/NRC, 1990) applied the above modified multiplica-
tive risk models to the United States population of 1980. Essentially
_ the multiplicative risk estimates primarily (but not only) from the
Japanese atomic-bomb survivors were utilized with the United
States baseline cancer statistics by age and sex. Table 4.2 shows
estimates of excess lifetime mortality from cancers of various organ
systems following an acute dose of 0.1 Sv of low-LET radiation to
all body organs for populations of males and of females at specific
ages ranging from 5 to 85 years. The committee also estimated
lifetime risks of excess cancer mortality for three scenarios of expo-
sure to the United States population with both sexes and two differ-
ent age distributions. For the general population with all age groups,
risks from a single acute 0.1 Sv equivalent dose to all organs and
from a continuous lifetime dose of 1 mSv y' to all organs were
estimated. For a working population, with equal numbers of males
and females, risks were estimated from a continuous dose of
1.0 mSv y” between ages 18 and 65 years. In addition, the loss of
life expectancy due to excess cancer mortality was calculated. These
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results for continuous exposure throughout life are shown in
Table 4.3. A comparison of the lifetime excess cancer estimates made
by BEIR III (NAS/NRC, 1980) and BEIR V (NAS/NRC, 1990) are
given in Table 4.4. ‘

FR S

4.2.8 Epidemiological Studies of Populattons Exposedto Lo’w
Doses ; '

The BEIR V Report (NAS/NRC, 1990) culmipates in a biief
description of the epidemiological studies, most of them recent, deal-
ing with cancer following exposure to low doses (presumably less
than 0.10 Gy) of ionizing radiation. Thesé include individuals resid-
ing in areas where the natural background is higher than usually
obtains, those receiving occupational exposureg (Beral et al., 1988;
Gilbert et al., 1989; Kendall et al., 1992; Wing ét al., 1991), service-
men exposed in the course of nuclear weapons testing (Caldwell etal.,
1983; Darby et al., 1988; 1990; Roman et al., 1987), and individuals
residing in the vicinity of nuclear power stations or persons involve

in the fabrication of nuclear materials (Darby and Doll, 1987, Jablon
et al., 1991; Roman et al., 1987). The BEIR V Report (NAS/NRC,
1990) noted the generally unsatisfactory nature and limitations of
these studies and the still limited knowledge on which to base esti-
mates of harm at low doses and low-dose rates. In some of the studies
the statistical power is low and in some exposures to other agents

TABLE 4.4—Comparison of lifetime excess cancer-risk estimates from the BEIR I
and BEIR V Reports (from NASINRC, 1990).

Continuous lifetime Instantaneous exposure,
Exposure, 1 mGy y ' 0.1 Gy (deaths per
(deaths per 100,000) 100,000)
Males Females Males Females
Leukemia
BEIR III 156.9 12.1 274 18.6
BEIR V* 70 60 110 80
Ratio BEIR V to BEIR III 44 5.0 4.0 43
Nonleukemia
BEIR 111
Additive risk model 24.6 424 42.1 65.2
Multiplicative risk model 929 1185 192 213
BEIR V* 450 540 660 730
Ratio BEIR V to BEIR III 4.8-18.3 4.6-12.7 3.4-15.7 3.4-11.2

*These values do not include a reduction factor for low doses whereas the BEIR 111
values do. The incorporation of a DREF of two in the BEIR V estimates of nonleuke-
mia cancers would reduce appreciably the difference between BEIR III and BEIR V

estimates.
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as well as radiation confuse the issue of causal relationship between

4.2.7 Other Late Effects

BEIR V (NAS/NRC, 1990) reported on genetic risks and o
other late effects, which are discussed later in this Report. 7 ome

4.2.7.1 Mutagenesis. This section of the BEIR V Report differed
from garlier BEIR reports in three important aspects. First, arguably
: the biggest departure from previous reports in the estimation of the
‘m‘dt'agenic risk of ionizing radiation is a greater reliance on the
ﬁndlpgs that have emerged from the studies of the offspring of the
survivors of the atomic bombing of Hiroshima and Nagasaki. Second
the estimate of the probable lower bound of the DD was raised from’
0.5 to 1.0 Sv. Finally, although no specific estimates of risk were

made, attention was called to the potential import ‘
}n’l’ierited traits. portance of complexly

es2.7.2 Other Late and Somatic Effects. Five areas of concern were
addressed under this rubric, namely, (1) cancer in childhood
(2) effects on .growth and development following exposure in dtem’
2 t)) effects of ionizing radiation on cataracts of the lens of the eye’
] (4) life shortening and (5) fertility and sterility. ’

the observed effects and exposure to radiation. L
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4. . . 61 Data Bases and Analysis - hy

Theré dre tiéing ‘commion featutes in the UNSCEAR (1988) i
BEIR V (NAS/NRC, 1990) Reports; # not surprising fact considéting
that both committees have, by and large, used the same épidemiologi:
cal data bases and concepts, although they applied different‘analysed
to the data. Thé cancer mortality of the atomié:bomb srvivors wiis
selected by both UNSCEAR (1988) and BEIR V (NAS/NRC, 1890)
as the basis for estimating the lifetime risks fot the general popula-
tion and for specific subsets by age at exposure and sex. Both commit-
tees contend that the:risks of radiation-induced cancer.are greater
than their respective previous reports sstimeted (sée Table 5.1)....¢

. R L 7y e A Rt S S I T |
TABLE 5.1—Estimated excess cargc:f mortality ;‘l’f'm‘ persons based on a dose 0;
1 Gy low-LET radiation at high:doke raté to a general population.” '

it

I Risk projection models

L - Additive . Multiplieative -
UNSCEAR (19771 T 100°-260° e -
UNSCEAR (1988) 400°-500° : © 700%1,100% ~
BEIR III (NAS/NRC, 1980) 170° 500°: .
BEIR V (NAS/NRC, 1990) — o 885 ‘

*Japanese population 1982. . . D

®Based on risk of leukemia adjusted for low doses and multiplied by five (the
assumed ratio of all cancers to leukemia).

‘Based on age-averaged coefficients.

4Based on age-specific coefficients. :

*Based on linear-dose response for both leukemia and nonleukemia.

"Based on United States population 1984. ’

i

a2
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To obtain lifetime risks from data for the first 40 y since the
b.ombing, thh committees used risk-projection models. Major ques-
tions remain, e.g., (1) how long does the excess risk of leukemias
and other cancers last, (2) does the excess risk remain constant or
change with time and (3) how is the projection of risk influenced by
age at gxpgsure? Both committees agreed that a multiplicative risk-
projection is more appropriate than an additive model, at least based
on the time course evident so far. The UNSCEAR included the risk
estimates based on the additive risk-projection model and noted
that the risks estimated by the multiplicative model exceed those
obtained with the additive risk-projection risk model. The BEIR V
(NAS/NRC, 1990) made no such comparison because it rejected the
additive risk-projection model as inappropriate.

The UNSCEAR (1988) chose to use a period of 40 y for the duration
of excess mortality fr(;m leukemias and a lifetime for solid cancers
using a constant relative risk model. The UNSCEAR ,
(UNSC'JE:AR, 1988) based its risk estimates on the data puf){l‘;:l?;;
by Shimizu et al. (1987; 1988) and used similar stratification as
regax:ds age. The BEIR V (NAS/NRC, 1990) did not use a constant
!‘ela.th? risk model alone, but chose a modified multiplicative risk-
pmjectl'on model and stratified for the same variables although some-
v{hat differently than UNSCEAR (1988) in the case of age or time
since exposure. The extent of the modification depended on the site
apd was small for most sites. In the case of the lung, there was
SI‘gmﬁcant difference between the estimates of the overal,] risk usin,
either of the two risk projection models. ' )

The differences in the projected lifetime risk of excess cancer mor-
tality for a population of all ages are not great, 885 per 10* persons
at 41 Gy by BEIR V (NAS/NRC, 1990) compared to 700 to 1,100 per
10* persons at 1 Gy by UNSCEAR (1988) (see Table 5.1).

Excess risk has been determined by the BEIR V (NAS/NRC, 1990)
to be the difference between lifetime risk estimates for the e;(posed
and unexposed populations. The United Nations committee
(UNSCEAR, 1988), on the other hand, used differences in age-specific
rates for the two populations adjusted for the survival of the unex-
pqsed population. The approach of the BEIR V (NAS/NRC, 1990)
will result in somewhat lower estimates, about 20 percent, of the
excess risk than those of the UNSCEAR (1988). ,

The BEIR V (NAS/NRC, 1990) grouped the RERF data differently
than UNSCEAR (1988). The data from the LSS consisted of 8,714
records, reflecting stratification by sex, city, ten exposure gr(;ups
fbased on the kerma at a survivors’ location using DS86) and 5 y
Intervals of attained age, age at exposure and time since exposure.

52 REASONS FOR INCREASE IN RISK ESTIMATES / 46

Most of the analyses by the committee used a reduced data set of
3,399 records collapsing over attained age.

The analyses of the solid cancers were based on the mortality data
for persons in the less than 4 Gy group (and who were no older than
75 y of age at death) because there was some evidence of departure
from linearity of the dose response above 4 Gy.

To ensure adequate numbers of cancers in relatively specific cate-

- gories, the cancer deaths were divided into five categories: “leuke-

mia, breast, respiratory, digestive and ‘other’ cancers.” The category
of cancers of the digestive system was not more specific because of the
inaccuracy of a number of death certificates, especially fot cancers of
the pancreas and liver, some of which were incorrectly certified as
cancer of the stomach.

5.2 Reasons for Increase in Risk Eétimﬁtes

In 1977, the risk estimates of radiation-induced cancer depended
on the estimate of the excess risk of leukemia at low doses and the
choice of the ratio of solid cancers to leukemia. As more data for
cancer mortality in irradiated populations became available, it was
possible to estimate the excess risk of all cancers and of cancer at
eight tissue sites as well as leukemia.

Several factors contribute to the increase in risk estimates (see
Table 5.1) over those in the 1972 UNSCEAR Report (UNSCEAR,
1972), the 1977 UNSCEAR Report (UNSCEAR, 1977) and the
BEIR III Report (NAS/NRC, 1980). One of these is the increased
number of cancer deaths in the exposed Japanese population because
of the increased period of follow-up, and because of the gradual shift
over time of the more susceptible younger cohorts into age ranges
at which cancer contributes significantly to overall mortality. When
these higher cancer risks are projected over a lifetime the impact on
the risk estimates for the general population is substantial. Another
contributing factor is the change in the method of analysis, especially
the choice of the multiplicative risk-projection model and a linear-
dose response for all cancer except leukemia. Also important is the
use of DS86 in place of the T65DR (the increase in risk estimates
due to the change in the dosimetry varies among tissues). Another
element contributing to the increase is the fact that no reduction

for low doses or low-dose rates was applied to the risk estimates of
solid cancers. Finally, in the case of the United States population,
the impact of the use of the multiplicative risk model in the transfer
of risk estimates across populations contributes to the increase.



Critiques of the Reports of
the 1988 United Nations
Scientific Committee on
the Effects of Atomic
Radiation and the 1990
Committee on Biological
Effects of Ionizing
Radiations

6.1 Data Bases

o Althougl'l three independent, large epidemiological studies of can-
cer mortality are analyzed in the UNSCEAR Report, two of them
are noted to differ in important aspects:

"“ 1L s‘.The :inﬁ(tijatior} was partial body in the case of the ankylosing

"2, Both otudies were mited with reepect to s malos lovaely n
the ankylosing spondylitis excrlTsI;iZl tofsex (lmal'es thesey i
Y oing %0 , y females in the carci-

They were limited to adults (>25 y of age)

There was less than lifetime follow-up

The gengrally localized high doses necessitated consideration
of cell-killing effects

Rl

The c’omp‘arative relative risk estimates for cancer in various
organ sites in the general population of atomic-bomb survivors at
‘1 Gy (Shlpmizu et al., 1990) and for secondary primary cancers in
‘'women with cervical cancer and treated with radiotherapy (Boice
ef al,, 1985; 1988) are shown in Figures 6.1 and 6.2. In many of the
tissues in the cervical cancer patients the organ doses were higher
than those incurred by the atomic-bomb survivors. Furthermore,
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both the types of radiation and the time over which the dodes webe
received are different in the two series. |

Therefore, the significant conclusions of the UNSCEAR Rep(;i't
are drawn from the most recent follow-up of the Japanese atomic-
bomb survivors, employing DS86. However, the risk estimntés
obtained from the studies of the ankylosing spondylitis and cervical
cancer patients were compared and considered consistent with those
from the atomic-bomb survivors. The most important data are taken
from the RERF LSS Report 11, Part I (Shimizu et al., 1987) and
Part II (Shimizu et al., 1988). The risk estimates are, therefore, for
the exposed Japanese population and must be transferred to a cur-
rent Japanese population and then to other populations.
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et al., 1988).

The incidence of breast cancer is low in the Japanese (Figure 6.3)
and their incidence of stomach cancer is high compared to the west-
ern population (Figure 6.4). The marked difference in natural inci-
dence of cancer raises problems for projections to other populations
.using a relative risk model (see later discussion on transfer of risk
between populations).
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Fig. 6.3. The age distribution of mortality from cancer of the breast in female
caucasians in the United States and females in Japan (from Otake, 1980).
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" The BEIR V Report (NAS/NRC 1990) lmphes that several data
sets other than those for-the atomic-bomb survivors were used in
the fitting of the models; however; the bulk of the analysis rests
on the atomic-bomb survivor data. Most of the analyses focus on
mortality, but where-possible, as for example with: cancer of .the
breast, thyroid and skin, incidénce idata are:also corisidered. There
is a need for risk estimates from populations other than-the atomie-
bomb survivors, especially for cancers of: sites; like the stomach,
colon and female breast, for which baseline rates are very different
between the United States and Japan. With such estimates; it would
be possible to evaluate the adequacy of different simple models to
transport risk estimates between populations with different baseline
rates. For example, in terms of the absolute and relative risk models
respectively represented in Equations 4.1 and 4.2, for most:ageés,
the gastric cancer baseline rates, vy,, are many times greater for a
Japanese than for an American population. In applying risk esti-
mates based on the atomic-bomb survivor experience to a:Unitéd
States population, should the estimate of excess relative risk be
multiplied by the appropriate United States baseline to estimate
excess risk, or should the absolute risk, which is equal to the excess
relative risk times the much larger Japanese baseline, be used?
Without adequate, and comparable, dose-response data from at least
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two populations with different baseline rates, such an evaluation
cannot be made. The BEIR V (NAS/NRC, 1990) evaluated breast
cancer incidence and mortality in the Japanese atomic-bomb survi-
vors and in several North American populations, and concluded that
the excess relative risk estimates were in better agreement overall
than the estimated absolute risks, and used this finding as the basis
for their estimates. It now appears that the incidence comparison
was incorrect and that it is the absolute, and not relative, risks that
are similar in an evaluation based on more recent data (Preston,
1993). The BEIR V mortality data comparison yielded a similar
result that was overridden by the apparently stronger incidence
results, Fartunately, the committee’s estimates were based mainly
on the North American data and were, therefore, only minimally
affected by the results of the combined analysis.

i The question of tranaport of risk estimates across populations
remains an important one and suitable sets for comparison and
development of models for the transport.of risk estimates between

populations should be sougbt. Unfortunately, such data sets are
difficult to find for populatxqm and c&m&: gmgs fqr which baseline
rates vary widely.: +: .5 Sl b

In the BEIR V Report (NAS/NRC, 1990) all of the cancers of the

digestive system were analyzed together for the reasons discussed
earlier.-.However, the pooling of the data obgcures the important
dlffergnces ‘betwegn- stomachiand colon which have very different
rates of naturally occurring mortality in dlﬁ‘é:ent countries. These
two: qntez ‘shouldbe: qnalyzqd ‘geparately. v+ o R T
= (In'the: sectionion radwgemc cancer at specific sites, the BEIR.V
Report (NAS/NRC, 1990) considered information from.hoth human
and-experimental animal studies, which is:a good approach and
the. section. provides a very useful compendium of available data.
Howevev, the information on:at least three sites warrants comment.
Ini: the «case: of .skin, the cancer risks are given for .ineidence, not
mortahty, and are:given:separately. for areas expesed: to sunlight
(0:1-ex¢éss cases cm:®. Gy'!) and those areas shielded frpm sunlight
(0.012 excess cases cm? Gy™!). In the case of skin cancer in a working
lifetime from age 18:t0 64 y, the estimated probabilities of incidence
and mortality, based on the preferred relative rigk projection model,
are 9.8:x 103 Sv! and 0.02 x 10 Sv, respectively (Shore, 1990).
The estimate of the rigk of fatal skin cancer was obtained by summing
the risks for the areas of the skin exposed toultraviolet radiation
from sunhght and shielded areas, averaging risks for both sexes and
assuming a lethality of the skin cancers of 0.2 percent (ICRP, 1992).
The high risk of radmtxon—;nduced skm cancer is of some lmportanoe
toradiation protection. .

6.2 DOSE AND RELATIVE BIOLOGICAL EFFECTIVENESS  /

In 1980, BEIR III (NAS/NRC, 1980) used a correction of 23 pe
on autopsy data to account for under reporting. This correction wa
not used in the risk estimates derived by the BEIR V (NAS/NE
1990) or UNSCEAR (1988) but was used in the projections of r;
for total life by Shimizu et al. (1988). In the case of the relati
risk model, this correction is not required if the under reporting:
uniform for all doses.

6.2 Dose and Relative Biological Effectiveness
Ny

In the UNSCEAR Report (UNSCEAR, 1988), the cancer-risk e
mates apply to organ doses of 1 Gy of mixed gamma and neut:
radiations with a neutron RBE of one. It is estimated in the text th
with an RBE of 20, the estimated leukemia risk would be reduced k
about 20 percent and the risk of all other malignancies by abo
percent (Shimizu et al., 1987), but this is not reflected in the tabula
UNSCEAR (1988) risk estimates. Shimizu et al. (1987;1988) indicag
that with an RBE of ten, the risks per Sv will fall by about te
percent for leukemia, and by about seven percent for other ca
The question of RBE will become increasingly important if the
mate of the contribution of neutrons to the dose at Hiroshi
raised. The report by Shimizu et al. (1987) also notes that if adi
dose response, up to 4 Gy (instead of 6 Gy), had been used, the
would increase by 5 percent for leukemia and by 15 percent for ot
cancers. The reasons for using data only up to 4 Gy appear jus
and the corresponding adjustment in risk should be considered
The BEIR V (NAS/NRC, 1990) defends the selection of an RB:!
20 for neutrons on the basis of an analysis of sensitivity of the
of varying RBE on the relative risk estimates. The linear coeft
for excess relative risk of leukemia varied from 0.26 per Sv wi
RBE of 1 to 0.22 per Sv with a RBE of fifty. For other cancer
linear coefficient was 1.16 per Sv with a RBE of 1 and 0.97 perst
with a RBE of 20, or about nine percent less. If, in fact, the.R
was nearer 50, instead of 20, the coefficient would be about 20 perce
less.
It is somewhat ironic that the impact of the dosimetry reasse
ment, which was stimulated partly by the question of neutron RBE
is still dependent on the RBE selected, although only to a ming
degree. It should be noted, however, that the RBE value is impo
mainly for estimates based on the T65DR, which, unlike DS86,
'a substantial neutron component of total dose to survivors
Hiroshima bomb. For example, leukemia risks based on a



B / 6. CRITIQUES OF 1988 UNSCEAR AND 1990 BEIR REPORTS
meresponse model and on DS86 bone marrow dose are 2.95; 2,67

réspectively; whereas the corresponding T65DR estimates are 08,

181 and 1.23 per 10* person-y Sv, indicating that the dependence
of the T65DR-based estimates on assumed RBE is far greater than
that of the DS86-based estimates. The same is true for breast-cancer
mortality; based on the DS86, the mortality estimates are 1.22,1.00
. -and 0.82 per 10* person-y Sv for RBEs of 1, 10 and 20, whereas
- the corresponding T65DR estimates are 0.90, 0.43 and 0.26 per 10*
- person-y Sv. However, an RBE of ten has been commonly used for

:leukemia-risk estimates based upon T65DR, giving a DS86 to T65DR
“;ratio for the leukemia-risk of 2.67/1.81 = 1.48, while for breast
cancer a RBE of one was assumed, giving a DS86 to T65DR ratio
for the risk of 1.22/0.90 = 1.36. Estimates of risk from the neutron
component of the dose should be examined when more cancer mortal-

data becomes available despite the fact that the estimate will
. have considerable uncertainty. : o

6.3 Dose-Response Curves

general, the use of the DS86 has brought the dose-response
~«eurves for cancer mortality for the data from survivors at Hiroshima
nd Nagasaki closer together. While there is a city difference, it is
0-longer significant. The dose responses have also become more
linear than they were with the T65DR. Both the UNSCEAR (1988)
and BEIR V (NAS/NRC, 1990) Reports conclude that the organ-dose
ponse for leukemia is, however, fitted better by a linear-quadratic
ationship, modified by a cell-killing term, than by a simple linear
ationship. There is a significant reduction ‘in the slope of the
esponse curve for organ doses below 0.5 Gy; specifically; below
Gy the slope of the excess relative risk is 2.4 Gy, while above
Gy it.is 5.6 Gy, a change by a factor of about 2.3; The BEIR V
L (NAS/NRC, 1990) provides a and B coefficients for the dose
:41d dose-squared terms in the linear-quadratic relationship,
{). + BD? and employs the a term only for low-dose risk estimates.
zThe linear-quadratic relationship also fits better than a linear rela-
ship for colon cancer. For all cancer except leukemia, the best-
tting linear-quadratic equation constrained to have a positive
dose-squared term is the boundary solution, i.e., a simple linear
‘relationship. It appears that the linear-dose response was thought
:to preclude a dose-rate effect. However, there is strong justification
from the Japanese data for a reduced leukemia risk at low doses.
iThe excess of cancers in the atomic-bomb survivors at doses below

2.40 excess deaths per 10* person-y Sv for RBE of 1, 10 an, 200
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be fitted by:either linear-orf %:linéar-quadxjatm}dqn-*rupmbw
However; the data atél‘:igherﬂoq"essuggestxthﬁﬁlwd setspohae
relationships ‘are moré: likely: td represeﬁtth&z}espbm& m
solid cahéers thah:appeared wbethecmnnm«umﬂ&u
factthat & lirieaf!fitiappears appropriate’ fonkthefdah ﬂmdh(mda
rdrige of doses doee not preclude 4 ddsb-rate effect. Ifi animdél expéris
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of certain tissues in which a linear fit to the data obtained at a high- .

dosé rate was considered the best fit (Ullrich et al., 1987):hers who .

P AR e oW Ot bl e Howesar,
g 4 Riska B LoY.Dobe Ries ailh Fith PERGALEM 1L
LR B T TSR] - LRSS DAL 9 ) B NEET S § # x -
Gaadveor ndts st b kExP?ﬂ:l:e*d L oot hsley ghelisi e
% The BEIR<V (NAS/NRC:1990): Committes estimated:the:risksiof
contintious lifetime exposure to-1 mSv y'-and 0.01- Sv;y?,\gior:tge-é,l&
t0.65 y:of ageli For.a given eancer; type,. the:fitted -m‘pdel,s which
depends upon-age, age;at exposure and. sex;, was u',sedg to,;-‘g.:alculatqe-«
the'relative risk for gach dge: This estimate was obtained by.integrat-
ing the relative risk ternits up to the given age. Life—tablem‘ethqu
were used.and the relative risk was ‘muiltiplied by the;baseé:rate and
thius the ntimber of expected deatlmwere«obtainedmd;tpe;;qmgse
deaths by substraction. This was ddndrm.eaachecancmsitbsmclud;m‘
“all 'othe/cancers” 86 that the:nurmberiof the; mlm;m
was dbtainedsNo:allowaticsifor, a.reduced gffect. on ghegmdqclilmbf
selid:Gaticersatilowidose ratedt (4.441 10 WGy, ¥} 'was.made insthe
ﬁék’!astimambapmﬁenited:ihiéithm:thekmm«ﬂmhm.BEIRM
(NAS/NRC,2990) Béporgai:Both jsommittess. maintained,that.the
carcinogenigefioct oflow-LET radiation isgeserally lesgatiow.doses
amd:low-dose:rates corapared with those at:high doseg and highcsdos
rates,; but noted :that. relatively; few jhuman, data exist on,which;a
dose-rate:reduction factor;eould be based ;However, asmpted above,
there is a significant differencein the excpasrelativeriskofleukemia
for, those.exposed to =0.5,Gy;comparer to. those exposed, tolower
doses. This reduced coefficient-wasnot nsed in.any of the UNSCEA
(1988), projected risk. estimates.The -\altemat,lvei% .employing, the
initial, slope (a) of a linear-quadratic fit to, the leukemia datafor
low-dose assessment was also omitted,in the UNSCEA Regort
(UNSCEAR, 1988), but was adopted for low doses in the BEIR V
Report (NAS/NRC, 1990).6 - o o

“The formula given on page 56 of the BEIR V Report (NAS/NRC, 1999) to depcl:n_l?g
the calculation of risk resulting from protracted exposures was change.d in the second
printing of the report. However, neither formula appears to be consistent with tﬁg
text.




/6. CRITIQUES OF 1988 UNSCEAR AND 1990 BEIR REPORTS
th the UNSCEAR (1988) and BEIR V (NAS/NRC, 1990) Reports

and ten, or two or more, respectively, may be indicated. BEIR V

{INAS/NRC, 1990) favored a value of two, a figure that is consistent
‘with the estimate of the reduction factor in the leukemia risk at low
doses for the atomic-bomb survivors. The UNSCEAR (1988) chosé
not to select a DDREF and BEIR V (NAS/NRC, 1990) chose not to
use one for solid cancers.

6.5 Dose-Rate Effectiveness Factors

Both general and working populations are exposed constantly to
a certain level of natural background at a low-dose rate to which,
intermittently, are added small increased levels of radiation at a
higher-dose rate or protracted low-dose-rate irradiation. Neither
¢bmmittee has given precise guidance of how to deal with these
common patterns of exposure, but they do agree that some correction
should be made to estimates obtained at high doses and high-dose
rates for their application to conditions of protracted exposures,

}-8ince the 1977 UNSCEAR Report, it has been common practice
to apply a DDREF for low doses and/or low-dose rates. The DDREF

1980) by basing the risk on the a coefficient of a linear-quadratic
dose response for leukemia. In the NIH Radioepidemiological Tables;
Teduction factor of about 2.3 was used based on the nature of the
linear-quadratic dose-response relationship (NIH, 1985). In the U.S.
Nuclear Regulatory Commission’s Report (NRC, 1989), a DREF of
8:3'was applied to estimate the risk at low doses for cancers dt all
#ités except thyroid and breast. In a subsequent NRC Report (NRC;
991), a DREF of 2.0 was used. Similarly, the National Radiation
Protection Board in the United Kingdom considered a DREF of three
NRPB, 1988) for all cancer sites except breast, but have recently
decided to apply a DREF of two (NRPB, 1993).
/ There is support in the UNSCEAR Reports (UNSCEAR, 1977;
2988) for a reduction in leukemia risk at low doses. For example, in
SCEAR (1988), based on the change in slope of the dose-response
e for the atomic-bomb survivors below 0.50 Gy, a reduction factor
of about 2.3 occurs. Recent observations of the induction of thyroid
cancer by radiation indicate that at doses of about 0.5 Gy, radiation
rom "' is about four times less effective than acute irradiation
th x rays, suggesting a DREF of about four (Holm et al., 1988). It
as been suggested that spatial distribution of the dose and hormonal

that a downward adjustment of the risk by a factor between. .

iyt 86 DOSE-RATE EFFECTIVENESSFACTORS /66

factors influence the difference in the effects-of protracted. irpadiatioh
from '*'[scompared to those of the brief:exposure;$6:x»trays.:The
apparent reduction of breast-cancer risk in a Canadian stuy; follow-
ing multiple doses 'of léss.than10 mGy ¢ompared: to multiple.doses
.greater thdn 10 mGys“‘»(Mille'_r*‘&?dliw1989),-’*;'i&:ﬁlﬂﬂfmaﬂiﬁr
studies had nbt found anyeffects of fractionation:in these two tissires
{Beral et al;;; 1988;:Cardis and:Kaldor;:1989; Gilbert: et iak, 1989;
‘Howe et al.;:1987; Kendall et ali;11992; Smith: and, Dougles,
“t1986)w;-’: RIS VI S TORR P é‘a:zyr:'-*;W‘ie‘»’.bi‘bé!.étf;ﬁi M el ;.'"s»fas“’lmbw‘ﬁ%
+. There are 'a:number of current: studies-of radiation. workers who
-have been exposed to radiation over.a long period of times However,
-there are difficulties in such studies because of the complex expasures
and in attaining a:-level of statistical power necessary;to:obtain
-unequivocal evidence of the influénce of dose rate.and, protraction.
‘The lack of data for humans exposed to protracted low-dose-rate low-
LET radiation has forced a dependence on the use of data from

i

‘experimental studies. ' .

- NCRP Report No. 64:(NCRP; 1984) examined the effect of dose
rate on'a wide rangeéof experimental end points, from mutations to
life shortening, in experimental.animals..Dose-rate effectiveness
factors were calculated from the ratios of the coefficient of the linear
responses obtained after exposure at high- and;low-dose rates..A
reduction in effect with reduction in dose rate appeared to hold for
all the biological end points examined and the reduction factors
ranged between two and ten. e . oA

The 1986 UNSCEAR supported a DDREF based on a variety of
experimental studies, including cancer induction and life-span short-
ening in animals expdsed to low-LET radiation. The report concluded
that linear extrapolation from high-dose data to low doses (less than
0.2 Gy), could result iri overestimation of risk by a factor of up to
five. . SRR R SN ; el

The BEIR V Report (NAS/NRC, 1990) also considered the experi-
mental data and found DREFs that, ranged between two and ten for
specific locus mutation, reciprocal tkanslocation, tumorigenesis:and
life shortening in experimental dtffmal studies. For these end points,
the committee considered the single best estimates of the DREF
were four to five, but they did not use a DREF in their estimates of
risk of any solid cancer. However, the report did include a formula-
tion for the estimation of risk of cancer in persons exposed over
protracted periods. For example, continuous lifetime exposure to
1 mSv y' and continuous exposure to 0.01 Sy y! from 18 until 65 y
of age. ‘

The apparent linear-dose-response relationships for solid cancers
noted in the UNSCEAR (1988) and BEIR V (NAS/NRC, 1990)
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‘Reports present an interesting problem in the interpretation of what
the relationship of the high-dose data is to the estimates at low dowes
and low-dose rates. It should be noted again that although the dose-
response curves for solid cancers are best fitted by a linear model,
this does not eliminate the possibility of a dose-rate effect.

Linear responses have been fitted to data obtained over a range
of 1 to 4 Gy. In this dose range, there are very many tracks traversing
each nucleus. The number of tracks traversing the relevant targets
is dependent on dose and the number and size of the targets for
induction of cancer, which are unknown. It seems unlikely that at
doses of 3 or 4 Gy the relevant targets are traversed by a single
track and, therefore, the effects would be dose-rate dependent.

In the past, it has been assumed that the data for the induction
of solid cancers, as well as leukemia, could be fitted as given m
Equation 6.1:

E = oD + pD? tdi)

where E is the effect, D the dose and a and B are coefficients. When
the linear-quadratic model applies, the DREF can be estimated.
DREF = 1 + (B/a)D (see Figure 6.5). In the case of human leukemia,
the estimates of DREF based on the linear-quadratic model are about
two to three. BEIR V (NAS/NRC, 1990) considered 2.1 to be the

EFFECT

DOSE —»

Fig. 8.5. Schematic of effect as a function of radiation dose illustrating the effect
of lowering the dose and also dose rate.

6.7 RISK:PROJECTIONMODELS / 57

gingle best estimate of the DREF for leukémia. The: ICRP (1991)
recommended that a DDREF should be “included in the probability
coefficients for all equivalent doses resuiting from absorbed doses
below 0.2 Gy and from higher absorbed doses when the dose rdte'is
less than 0.1 Gy per hour.” When éxposure to'radiatioh is:not dnly
at a low:dose rate, but is protracted over a large fractith of the lifé
span, the change in susceptibility for cancér induction:with ‘age
becornés important ‘arid can contribute to the:reduction of effett..
'There is ‘a need for more extensive data:from lumsns exposed
to multiple fractions of low ‘doses #ind exposures ut:low-dose: rated;
Similarly, expetrimental animal data‘will be ‘needed; especially:ito
elucidate ‘the role of dose rate and fractionation in determihing the
dose-response relationships of the complex process of multistage car:
cinogenesis. It is'clear that the linear-quadratic dose-response model
that is appropriate for induction ‘of chromosome ‘aberrations énd
leukemia may be inappropriate for the task of deseribing the dose-
response relatlonshnps of the complex procé‘ss of radlatlon-mduced
solid cancers. :

‘ P i ernef 4 I ceha
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Both committees noted sex-dependent differences in total cancer
risk, which were less in‘the BEIR V (NAS/NRC; 1990) éstimates
(only five percent) than iri the UNSCEAR Report (UNSCEAR; 1988).
The ‘sex:dependent differences were considered to be 50 percent'by
ICRP (1977) and ‘about 40 percent by BEIR III' (NAS/NRC, 1980).
In the new risk' estimates, the sex dependente ranges from about
five percent (NAS/NRC, 1990) to about 20 to 40 percent (UNSCEAR,
1988). The sex-dependent differences are age dependent with the
young having the gréatest dependence. Similarly, thére'was qualita«
tive agreement about the-influence of ‘age at exposuréi In the case
of the BEIR V Report (NAS/NRC,:1990), ‘the total ‘excess cancer
mortality in males decreased from dbout 128 % 10 persons Sv'! as
a result of an equivalent ‘dose of'0:1' Sv at 5 y of age to about
0.48 x 102 persons Sv™! for thoseé exposed at 66 y of age. UNSCEAR
(1988) did not stratify for ages greater than 50 years. Estimates of
excess cancer deaths by UNSCEAR were about 1.82 x 10? persons
Gy exposed between 0 to 10 y of age and about 0.48 x 10 persons
Gy at ages of 50 or greater at time of exposure.

-4

6.7 Risk-Projection Models

To estimate the lifetime cancer-mortality risks in the atomic-bomb
survivors who were young, less than about 45 y of age ATB, it is
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been increasing support for the constant relative or multiplicat
isk-projection model and less support for the constant absolute or
dditive risk-projection model. This is particularly true for cancer
»of the lung, breast, stomach and for all cancer except leukemia (see
Pable 3.2). The major exception to the multiplicative risk-projection
‘model is provided by the rapid decrease in relative risk for leukemia
for the two youngest age groups (0 to 9 y and 10 to 19 y.ATB) over
the first two or three decades following exposure. The recent review
-of the data by Shimizu et al. (1988) for the period 1950 to 1985 shows
.&decreasing trend of relative risk after 1965 for the age group 20
t0'29 ATB, but not for age groups 30 to 39 y and 40 to 49 years. It
may be that neither the constant additive or constant relative risk
-model is completely correct for projection of risk with time. However,
with regard to organ systems (all ages, both sexes), there is an
approximate constancy in relative risk with time for all cancers
except leukemia. The BEIR V Report (NAS/NRC, 1990) has adopted
-a generalized multiplicative model in which provision is made for a
decline in relative risk beyond a specified time after exposure, in
‘particular for breast cancer and lung cancer. The actual degree of
‘the decline is determined by fitting the model to the data for each
tissue.

:The UNSCEAR Report (UNSCEAR, 1988) reviewed time projec-
tibn ' models (Annex F, in the UNSCEAR Report, paragraphs 112 to
1%6), and, in particular, the mathematical risk model of Muirhead
tand:Darby (1987). In general, the best-fitting model was intermedi:
‘ate between the multiplicative and additive models, depending on
which of the three variables, sex, age at exposure and time after
exposure, were included in the model. When age at exposure alone
a8 included, the multiplicative model provided a better fit than the
additive model; when age at exposure and time after exposure, or
‘when all three variables were included, the additive model provided
the better fit (Table 12, Annex F). Using DS86, Shimizu et al. (1988)
ve repeated the Muirhead and Darby (1987) investigation and
found that the simple constant absolute-projection risk model in
‘which the excess risk depended on age at exposure and sex, but not
‘on attained age after exposure, can be rejected (at a high level of
significance), whereas the constant relative risk model fits the data
‘within reasonable limits.

The uncertainty regarding the choice of a model has been recently
-compounded by the results of the further follow-up of the ankylosing
spondylitis series (Darby et al., 1987). In this study it was concluded
that the excess relative risk of all neoplasms, other than leukemia
“or colon cancer, reached a maximum between 10 and 12.4 y after

pasary to project risks into the future. Since the 1970s, there has _
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ifradiation-and the éxcess decliried afber we&mmms
suggests that the hultiplicativeémiodelwill over:
risk:As'notéd earlier there:is'some:evidencé fora: decliﬁeﬁoﬁrdatﬂo‘
risk for:some organs and-tissues in:the Japanese;datd)such ad luhg]-
esophagus :and multiple ‘myelotnd;-but:not:sufficiently:to: cause &
detline in the relative risk for all solid: caficers: Kurthexmore;:théo
data from other populations such as the patients dxdininied: by: flueh?
rodcopy-irrithe Canadian:study:(Miller ‘et ali11989)2 the araninmi
miners (NAS/NRC;1988) -and the:ankylosing spondylitis: patiekitdo
discassed above; suggést that the constant relativerisk feflelusbd i
by UNSCEAR:(1988) overéstiiates the risk Toriat: 168t @diié aélid-
cancers, forexample; breast; stomach anddung: The constaritrelative:
risk-projection model does, however; fit most 6f the datasbettér tHato
the 'constdnt absolute risk-projection model:w:ibri 2 5§ Knvhe s berrns

«The rigk of leukemiais elevated:beyond: 25 ydfter:éspoburesbut:-

‘ata level 'well below'the peak-iortality rates in-both ‘ths:atomieq

bomb survivirs-and the ankyloging spondylitis patients: However;
it is noted that the relative risk of leukemia among the Japahese®
atomic-bomb survivors has remained:elevdted for:the:périod:-1982
to 1985'at approximately:1.5/and it:is ppossible:tha$:thei plateat
(expression time) may exceed 40 years. If this isthe cdse;thelifesithex!
risk projection for leukemia using:the 40 y:plateau:swould: underd:
estimate the-actual lifetimd:risk by about:two :to:threé:percent;>
assuining a:five percent y'! décrement: in frelative deukémiasrish
Neither the risk éstimates for leukemiginon thexunddeling in:these!
reports reflects-the behavior of individiihl:types of léukeémisila musis
The risk-projectioniihodels used: in- BEIR YV (NAS/NREC;-1990)in
its projection of risk'are genetally well:«désctibed ahd wilDinfluenidd
the choice ‘of ‘models. in--fauture assessiénts;: However;:théreport
méakeés certain assertions regardingthé:correct;ntbdéling of lifétiméts
cancer risks;but fails'to distinguish beétweéit those findings that agé’
confirmatobry, and those:that are new.:The: richer model,’ that-the;
BEIR 'V (NAS/NRC, 1990) tised; méayiimprove the precision of the:
risk projéctions through a bettebicharacterizatioh of the observed:
effects, because it incorporates fiot only itformation froin the atomic-*
bomb survivors, but also from other studies, partleularly about the
change in risk with time after exposure. - -ty lwaiis el
It is moot, however, whether the assumptlons 1mpllc1t in thls finer
modeling are met by the data because although the recent LSS report
and the data used by BEIR V (NAS/NRC, 1990) suggest that all
deaths through 1985 have been ascertained, this is, in fact, not the
case. The koseki (obligatory household registries) checks, on which
the ascertainment of death ultimately rest, do not all occur in 1 y;
they are actually spread over five years. Thus, an individual whose




/
ki was examined in 1981 at the beginning of a 5 y period could
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earned until his or her koseki was perused again in 1986, the next
tycle of surveillance. As examination of the number of deaths in a
iven period of time in successive LSS reports reveal, the mechanics
the surveillance results in substantial late reporting of death.
oreover, it can be argued, and the data support this contention,
at since relatively more of the younger individuals resided outside
iroshima than Nagasaki, that late reporting occurs and is not
ihdependent of the age of the individual ATB. For example, Beebe
al. (1978b) describe 736 deaths (both sexes, all ages) from malig-
‘nant rieoplasms in the years 1971 to 1974, but on the next summary
the data 4 y later, Kato and Schull (1982) reported 794 for this
same interval. For individuals under the age of 20 y ATB, the deaths
numbered 68 and 75, respectively, or an increase of more than ten
percent in this time interval, which is important given the small
umbers involved (12 versus 15 deaths in the case of individuals
.9y of age ATB).
Thus, within the LSS the shape of the curve of deaths as a function
ime since exposure and age at exposure is obviously influenced
by the nature of the follow-up process. It should be noted, however,
that this applies more to the distribution of time since exposure for
‘tancers other than leukemia, than to the effort to model time since
;exposure for leukemia. It is generally presumed that most of the
E¢ leukemia cases have already occurred and, thus, the distribution of
&:time since exposure is less likely to be biased by late reporting.
gDespite the ostensibly better modeling, the BEIR V Report’s (NAS/
NRC, 1990) lifetime-risk projections do not differ substantially, in
“terms of excess cases in a lifetime, from the risk projections of the
UNSCEAR (1988) Report or those of the NRPB (1988). The BEIR V
Report’s (NAS/NRC, 1990) risk projections do differ, however, in the
ttern of time over which excess cases manifest themselves, but,
implied above, it is arguable how real these patterns are. Never-
-theless, their modeling has provided a useful approach that may
become more important, with time, if future data indicate declining
.risks with age from all sites and that the constant relative risk
odel is clearly inappropriate.

6.8 Transfer of Risks to Other Populations

The problem of transfer of risks to other populations is also dis-
cussed in a later Section of this Report in relation to weighting

ave died in 1982, 1983, 1984 or 1985, and this fact would not be
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factors. Because of the continuously changing risk factors, and there-
fore the baseline mortality, it is difficult to give confidence limits .
on lifetime-risk projections and the problems are compounded with
the transfer of risks from one population to another Estimates of
cancer risk associated with expostre to ratliatioh in & specific fopula-
tion have to be based on the experience of other populatlons that
have been exposed. The exposed populations may differ in terms of
ethnicity, occupation, health and other relevant characteristics from
the population for which risk estimates are requlred A

Such is the case with risk estimates for the United States pbpula-f
tion, because the data used by UNSCEAR (1988) and BEIRIIIand V
(NAS/NRC '1980; 1990) come almost entlrely from the‘Japanese
that were in Hiroshima and Nagasaki ATB in 1945; The atbmic-
bomb survivors belong to the Japanese population of 1945 that differs
considerably from both the Japanesé and the Unitéd Stdtes popula-
tions of the 1990s and baseline mortality is changmg conhnubusly
in each popllation. ‘The UNSCEAR (1988) cliose thiréé populations
(Japan, United Kingdoth, Puertb Rico) td which it applied the abso-
lute and ‘rélative risk coefficients obtaihed fromi the data for the
atoric-bomb survivors exposed to 1 Gy of low-LET radiation at a
high-dose rate to estimate the lifetime éxcess cancér mortahty in
the three reference populations (see Table 6.1). 1« = ¢

The projection of lifetimeé excess mortality of the three populations
for leukemia and other cancers did not differ markedly. This demon-
strates that, despite marked differences in rates at speciﬁc ‘carcer
sites, the overall risk of cancer is surprisingly similar in: different"
populations. When individual cancer sites are considered, thé impor-
tance of the differences in baseline-mortality rates becomes evident:
For all sites; and for specific sites, it can make a very significant
difference whether the risk estlmates are expressed in t.erms of abed- :
lute or relative risk-: ‘ :

Thére is not an adequate understanding about the underlying
factors involved in the transfer of risk projections across populations

TABLE 6.1—Comparison of projections of lifetime excess cancer mortality in three
reference countries for 10,000 persons of the general population exposed to 1 Gy of
organ absorbed dose of low-LET radiation at high-dose rate
(adapted from Table 65, Annex F, UNSCEAR, 1988).°

Japan United Kingdom Puerto Rico
Multiplicative Additive Multiplicative Additive Multiplicative Additive
Leukemia 97 93 - 130 85 94 97
Other cancers 610 360 630 310 490 400
Total 707 453 760 396 .- 584 . 497

*Excess risk coefficients derived from atomic-bomb survivors.
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erefore, it is difficult to make a categorical recommendation

o f

66 Esﬁmates of Risk for Working Popﬁlations

han 25, (this will increase the risk for two reasons; a possible
i;idréased sensitivity for the 18 to 25 y of age cohort, and there
.ages) |
N0 Bpec

iR wf“‘r’nz

ghdwn in Table 3.3) based on risk estimates for populations
"exposed acutely to 1 Gy have uncertain relevance to the popula-
ions of concern for radiation protection C

There are no estimates of risk in the UNSCEAR (1988) Repoﬁ;

“that. are applicable to occupational (fractionated) exposure at low

-

ps and low-dose rates, either in the form of coefficients per unit
ivalent dose (such as 0.01 Sv) or lifetime risk from repeated

nnual exposure. Lifetime risks, following the examples in BEIR 111
NAS/NRC, 1980) using both risk-projection models (see Section 6.11
nd Sinclair, 1985) could be made. The use of the multiplicative

gk-projection model involves a dependency on time since exposure,

i
plative risk falls as a function of age, which will also modify the
etime risk. An example is given in BEIR V (NAS/NRC, 1990) for
;working population receiving 0.01 Sv per y from the age of 18 to
hé age of 65, but no dose-rate effectiveness factor is applied for
ancers other than leukemia.

F

or previous projections of lifetime-cancer risk, it has béen
sumed that the only radiation-related risk of mortality was that

ining for certain types of cancer, as discussed in BEIR V (NAS/
+1990). On the other hand, the age at exposure dependency of

6.10 Competing Causes of Mortality and
Independence of Risks

ific dose or dose-rate effectiveness factor has been pro-

at method of transfer of risks should be used. W

+

UNSCEAR (1988) estimates of lifetime risk to working popu-
s are unsatisfactory for assessment by NCRP of the risk for
ffohic occupational exposures for several reasons: o

1. The lower age level for this population should be 18 fdtilél“

1 be a greater number of years at risk after exposure at these

‘A | lifetime-risk estimates are for a single dose at a deﬁn;d
ge. Therefore, it appears that the estimated lifetime risks .

here the annual increment of cancer risk for a given dose increment :
ill increase as a function of time, and reach a maximum before
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attributable to cancer.: Alternatively put; it:has been:asdumed that:
competing causes of death were independent: of that associated.with
the increased flequenty of canicer followingexps i AUritil Yeetiitly,

this assumption seemed defensible on the Basis of the studies of the:
#tomic-bomb survivors, but: now data-are erhergiitg that suggest it:
thayino longer be tenable at high: dosds: If the competing chuses’ of!
death afé fiot independent, past estimates of lifetime risk aré in error;}
possibly substantially so, Yashiir et.ali{1986) haveidemonstrated the:
importance-of accounting for dependerice among cduses of death:ini
assessing the imphict of éliminating’ one: tase ‘of sdeath on:overalll
miortalityfates. Neither the UNSCEAR (1988)nor the BEIR'V (NASY:
NRC, 1990) Réports considered thie problem of independeris:iThe;
problem of association iof cancérsyespeciallyfin studies:of mpdlat&i

femidl® mice; has long béén rééognized (Storer; 1882): [Fhe statistitaly
issues involved dre complex:(see:Cox;1962; Hétknidh art Hores

1989; Sehatzkin tind Slad;1989; Teintis; 1976) and dditab g

often presuppose information that does notpredentlyleist;forexans’
ple; the form of the dependency: While it is unlikély:that: ariswWerdl
to this problem will be forthcoming quickly; it would:seettihpprox:
priaté t6 bégin'their exploration, andif néed bejenter thé approp ha;h*

caveats after the projections:are made. . vt el By
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6.11 - Summary of New: Risk;Estimates for Cancer Mortality
S 101 0 L ek U S e 1 el aleong il
4 THe ektifiates of the risk of cancer imortality:¥E ardsult of rikdiatiol
exposure -have: fhcreasedicompared: to” thoseTmude iby UNSCEAR:
(1977) and ‘by-BEIR 1II:(NAS/NRC;1980X The UNSCEAR (1988),
estimated lifetime risks fhtige from:4:2620:* Svi! exicess fatal cancers:
for a Japanese population of all-ages anid both-sexes based on ages:
spedific coéfficients using:dan-additive risksproje¢tion: inodel'to!
11.%:102 Sv based on-dge-specific coefficients and:anrultiplitativeé)
risk:projéction model: These edtimatés have made ‘ho-allewance for!
a decrease in the effect for lowidosewrate exposures, Depéfiding or!
whether a DREF of two or threé'is-used, the range of risk estimates:
for 10w doses or 16W-dose-rate irradiation would be 1.3 102 Sw':
tb 5.5 X 102 Sv'\. The relatively broad range reflects thé numbet 6f
factors that influence the risk estimates, for example; age: dist¥ibu-:
tion, dose rate and the method of analysis. The BEIR V (NAS/NRG;'
1990) risk estimate of 8.9 x 102 Sv for high-dose-rate exposures’
of'a general population is based on a modified multiplicative model-
with a linear-quadratic dose response for leukemia and & linear-
dose response for cancers other than leukemia. The risks were
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hited States population. _ :

. BEIR V (NAS/NRC, 1990), in contrast to UNSCEAR (1988), made
‘risk estimate of 6.3 X 102 Sv"! that might be incurred by a working
population (18 to 65 y of age) with a protracted exposure (0.01 Sv y™).
is includes an implicit DREF of about two for leukemia, derived
m the linear-quadratic dose response of 0.01 Sv. If a DREF of two
were also applied for all nonleukemia cancers, the total risk would
about 3.5 x 102 Sv!and 3 x 102 if a DREF of 2.5 were applied.

s estimate for the worker population risk has the advantage that

t:is based on an appropriate age range and is for the United States
population.
1 The application of a DREF of two for solid cancers is consistent
with the recommendations of both UNSCEAR (1988) and BEIR V
: AS/NRC, 1990). The low-dose-rate estimates of 3.6 x 10 Sv?!
and 3.0 x 10 Sv*! can be compared with that of 1.25 x 10 Sv*,
 the average of the risks estimated for the two sexes in 1977 (ICRP,
:1977). It is clear that all the recent estimates exceed those previously
made. The reasons for the increase in risk estimates for the atomic-
" bomb survivors have been discussed earlier (see Section 4.2).

In general, the increase in risk estimates appears to be soundly
ased. However, the differences in the estimates of leukemia mortal-
ty reported by BEIR III (NAS/NRC, 1980) and BEIR V (NAS/NRC,
. 1990) are striking (see Table 4.4) and require examination.

- The BEIR V (NAS/NRC, 1990) leukemia estimates are about four
times greater than those of BEIR III (NAS/NRC, 1980) for both
females and males. The increase in the estimate by UNSCEAR is
abatit a factor of two. The differences are surprising, as the number
of cases of leukemia that have appeared in the atomic-bomb survivors
gince 1976 is small. The reasons for the differences in the estimated
risks include the new DS86 and the neutron RBE used. Based on
DS86 and an RBE of 20 for neutrons that was used by the BEIR V
(NAS/NRC, 1990), the estimate of excess deaths for leukemia per
10° persons per 0.1 Sv is 2.2 times the previous estimate based on
the T65DR. When the data are restricted to doses below 4 Gy (see
Figure 6.6 for the number of cases of leukemia at the various doses),
and the RBE of 27.8 applied to the low doses in BEIR III (NAS/NRC,
1980) is taken into account, the differences between T65DR and
DS86 estimates become closer to three. In the BEIR III Report (NAS/
NRC, 1980), the risk at low doses was estimated on the basis of the
% linear-quadratic model using the so-called “cross-over dose.” This
is the dose at which the contribution of the linear and quadratic
coefficients are equal and was estimated to be 1.16 Gy whereas the
estimate based on the BEIR V (NAS/NRC, 1990) analysis is 0.89 Gy.

stimated from the atomic-bomb survivors but projected to thﬁ _
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Sithiilarly, the dstimate bf the DREF, based on the lifitar-quadratic
dobe-responsé relationship for leukemia in the BEIR Il Report (NASY/
NRC, 1980) was about 25 percent greatér thah that of the' BEIR V
Report (NAS/NRC, 1990). Other sources of the differenbes betwéen'
the estimates made in 1980 and 1990 dre: (1) Thé intlusion of chronit
lymphocytic leukemia in the United States population spontanéous
rate used in the calculation by the BEIR V (NAS/NRC, 1990) esti-
mate, but not in the BEIR III (NAS/NRC, 1980) estimate, and in’
the differences in the models used for analyses; and (2) BEIR' V'
(NAS/NRC, 1990) made an estimate of the leukemia mortality for
thie years of 1945 to 1950 which it was suggested may be an underesti-
mate, but, in fact, it may be an overestimate. C

Vot



In Utero Irradiation and
Childhood Cancer

The 1977 UNSCEAR Report (UNSCEAR, 1977) estimates of the
ancer risk in children irradiated in utero were based primarily on

y (Stewart and Kneale, 1970). The estimate was about 200 to 250
rcess cancer deaths in the first 10 y of life per 10* person-Gy
orbed fetal dose. Fifty percent of these malignancies were child-
leukemias and 25 percent. were tumors of the central nervous
stem. In the most recent 1950 to 1985 follow-up of the Japanese
tomic-bomb survivors, no childhood leukemias were identified. Two
ases of cancer, one of the liver and the other a Wilm’s tumor,
ccurred in heavily exposed individuals during the first 14 y of life
imoto et al., 1988). A total of 13 cancers, including two leuke-
mainly in adults were found in the 0.01 to 2.2 Gy dose groups
to 39 years of age. This results in a risk of about 230 excess
: cer cases per 10* person-Gy, which is comparable with a risk
stimated from a reanalysis of the Oxford survey data of approxi-
tely 220 excess cancer deaths per 10* person-Gy (Bithell and
iller, 1988), although the cancer spectrum and age range of the
8es are very different.
~Tl1e_ average age at the onset of cancer in the atomic-bomb survi-
ors that were exposed in utero was about 25 y of age. There were
Ve cases of cancer in the zero-dose groups, two of the uterus and
e of the breast, which appeared at an average age of about 33
years. The number of cases is small and the types of cancer are
fferent between the exposed and control groups. In contrast to the
trol group, there were no cases of breast or uterine cancer in the
diated groups. There is a question about the causal relationship
between radiation and some of the types of cancer and, of course,
l- e risk estimate should be based only on radiogenic cancer.
Mole (1974) observed in England that the relative risks of child-
o0od leukemia and other cancers in irradiated twins, compared with
irradiated twins, were elevated; these findings were supported
a similar study in Connecticut (Harvey et al., 1985) and one in
eden (Rodvall et al., 1990). A large cohort study was carried out
y Monson and MacMahon (1984) and the authors concluded that

Fa¥al

e Oxford survey studies of children exposed during x-ray pelvime-
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there was an excess risk only for leukemia and only for the first
8y of life. Although these epidemiological studles suggest that an
association existg betWeen in u&% i l
childhood cancers (Mole, 1974), both UN ' EIR v
(NAS/NRC; 1990) cohélhdad’ that puaaefacmll&m cult to
calculate, and the magmtude of the risk remains uncertain. .
The UNSCEAR, in two reports (UNSCEAR, 1 §86198),’ l‘bwewed
the cancer risks of the irradiated embryo/fetus and dis¢ussed the
strengths and limitations of the scientific literature: Epldemlologlcal
studies have shown an association of childhood cancer with prior
irradiation, but have leﬂ;)doubts as to whether radlatlon is causally
involved, in view of the corffoundmg factors, Whi lq thete are tol)-,
lems with all the epldemlologlcal studles, tlley suggest a relatlve'
risk of cancer of about 1.4 or 1.5 followmg prenaﬂal dia lg!i ﬁ%‘
exposure, with no reliable data on dose-response telat ons‘lﬁ
UNSCEAR Report (UNSCEAR, 1986) concluded, biiséd di the éﬁ‘d’“‘
mlologlcal suryeys ol' prenatal medlcal x-rays, the Jap ese alfomlc-
bomb experience, animal experiments and the cancer blOlO y.
involved, that existing data cannot resolve the questlon of the quantl-
tatwe relationship between prenatal irradiation and cl‘nldhood ¢an-
cer..In addltlon, it was noted that the causal relatlonsl'np between
prenatal irradiation and leukemogenesis hiad fiot beén stablished’
beyond doubt. Accordingly, the UNSCEAR ( 1988) Réﬁdrt ¢éncluded
that the studies on childhood 1nductlon of ¢ cancer follovmlg ﬁl‘enatal
exposure to radlallon provide evidence that l;l’lere are effects, but

the data do not provide risk coefficients useful in nsk projectlon for
childhood cancers,
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Radiation Effects in
Children of Irradiated
Parents

he risk of excess cancer up to the age of 20 y has been studied
in the children born to atomic-bomb survivors (Yoshimoto et al.,
1990). Gonadal doses were calculated using DS86 and assuming an
RBE of 20 for neutrons with additional estimates made for those
§parents for whom a DS86 dose was not available. The cohort studied
consisted of 31,150 live-born children, one or both of whose parents
recelved >10 mSv, and two appropriate control groups totallmg
41,066 children. Forty-nine malignant tumors were found in the
control groups and 43 in the children of the exposed parents. A
ultiple linear regression analysis revealed no increase in malig-
+ mancy in the children of the exposed parents. It was considered that
80 to 50 percent of the tumors of childhood were associated with an
inherited genetic predisposition.

. Recently it has been noted that the risk of leukemia in children
whose fathers had been employed at the Sellafield nuclear plant in
ithe United Kingdom was greater than in the control group (Gardner
et al., 1990). The highest relative risk, six- to eight-fold, was for
t:hildren whose fathers were exposed to =100 mSv in the decade
‘before the child’s conception and four to five fold in those whose
‘father’s received =10 mSv during the six months before conception.
‘The number of cases of childhood leukemia is small. The fathers of
‘nine cases out of 46 cases of leukemia worked at the Sellafield plant.
‘The relative risk of six (1.6 to 26.3) is based on four cases of leukemia
. 'in the children of the fathers who had received =100 mSv. The total
4+ ‘number of controls for the leukemias in this case-control study was
. 488,

The results of this careful study must be confirmed or understood
from a genetic and radiobiological basis before its importance and
implications can be assessed fully. An examination of the genetic
aspects concluded that, based on current knowledge, there is no
theoretical basis to support the contention that the parental irradia-
tion at the dose levels experienced at Sellafield could explain the
incidence of leukemia reported (Abrahamson, 1990a).
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Epidemiological studies of other exposed populations in the United
Kingdom have failed to confirm an unequivocal association between
paternal irradiation and: the occlirrence of childhood léukemia
(McKinney etal., 1991; Urquhartetal., 1991). However, these studies
did not have suﬁic1ent statlstlcal power to detect an éffect of compara-
ble magnitude to that observed in the Sellafield study The rates of
mortality from childhood leukemia in United States counties con-
taining nuclear installations have shown no excess (Jablon et al.,
1991), but studies specifically designed to examine the possibility
of association between paternal irradiation and leukemia in their
progeny would be required to elimi‘natex any possibility. ., . . .y




. Cancer and Alpha- e
" Particle Emitting
Radionuclides -‘

siod) i ¢ o 9.1 Radon e

BEIR IV Report (NAS/NRC, 1988) derived lung cancer-ris¥
imates for exposure to radon decay products based solely on epide-
miological evidence. The committee used a descriptive analytical
approach, obtained epidemiological data from four of the principal
tudies of radon-exposed miners (Ontario, Saskatchewan and
solorado Plateau uranium miners and Swedish metal miners), and
Jeveloped modified multiplicative risk models for lung cancer based
n analyses of these data. The database analyzed by the BEIR IV
NAS/NRC, 1988) contained a total of 360 lung-cancer deaths and
25,614 person years at risk. In these models, the excess relative risk
yaries with time since exposure, rather than remaining constant, and
lepends on age at time of exposure. Radon exposures more distant
n time have a smaller impact on the age-specific excess relative
k than more recent exposures. In applying the model based on
soccupational data to the potential lung-cancer risk associated with
ndoor domestic exposure of the general population, the committee
assumed that the epidemiological findings in the underground min-
rs could be extended across the entire life span, that cigarette smok-

ng and exposure to radon decay products interact multiplicatively,
that exposure to radon progeny increases the risk of lung cancer in

oportion to the sex-specific ambient cancer risk associated with
ther causes, and that a working level month (WLM) exposure’

"The traditional unit of exposure to radon progeny, the working level month (WLM),
used in this Report when referring to data from earlier publications rather than
the SI unit of Jh m®. One WLM is equal to an exposure to one working level (WL)
short-lived radon progeny for a peried of 170 hours, i.e., one working month. One
L is equal to 1.3 x 10° MeV of alpha-particle energy emitted per liter of air from
any combination of short-lived alpha-particle emitting progeny of *?Rn, i.e., primarily
*Po and *Po. Therefore, the WLM is equal to the value of WL in the air being
athed times the number of hours of exposure divided by 170. An annual exposure
1 WLM is approximately equal to a continuous annual exposure to a concentration
f'4 pCi per liter of radon when the short-lived alpha-particle emitting radon progeny
re in 50 percent equilibrium with the radon. In SI units 1 WLM is equal to
.6 x 10* Jh m*.
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yields.a similir dose to the bronchial.epithelium in both occupational.
and domestic environmental settings.; = § dunda S0 (abotrs deby

. For lifétime exposure to:1. WLM;yY; the:lung-cances:ziak is edthe
mated to increase by a factor of 1.5 0ver; the current ratafut boths
males and females in the general population,sesuming the;current:
prevalence-of cigarette smoking in the United States Qocupational;
exposure to # WLM :y}:from agesi20.to 40 y: ix projested #a increase:
male:lung-cancer deatlis. by a factor of 1:6.ovett:the currentirate:in
this age'cohort in the.generalipopulation; Much of the increabed riak:
is in smokers,for whomythe: riskiof &Mm:tomwmmm
greater than in nonsmokers: v sovi2siis e 1.8eslde Rt aisd wile
#iThe model.wastused to; project:lifetime riskarof lung cances frony
lifatim®.exposure. to .radon. progenys.an<veralkrisk -ecefficiant! of
350 excess:lung-cancer:deaths per: 10% person:WLM.was;obtaineds
A-comparison of this lifetimeslung:eaticer-risk svalue ;withi values;
derived in other studies (ICRP;:1987; NAS/NRC; 1980; NCRP, 1984
Puskin and Yang; 1-98‘8;'UNSGEARﬁ-ﬁlBﬂ7ﬂ"m98&lf;imgiyongin¢'
Table 9.1. These are summarized in the BEIR V/Repott (NAS/NRG;:
1990) and as relative risks:in'a NCRP commentaryi(NCRP;:1991).
1 Direct: comparisons. of these risk estimates arid.the studies ‘from:
which they are :derived:are ndt'possible because;of the differences:
in the medels used, the populations assumed:to .be -at:risk leg.
duration of exposure ‘and:stnoking. prevalerice);:differéhcés ifi tha'
assumed lung-cancer rates in the referenoce populations; and-model«
ing of the smoking data and its:interaction;with -alpha-particle!
radiation. s s e v ST o e @7hoqxs boasagavide Uy oo

The UNSCEAR: Report. (UNSCEAR, 11988)  recognized that the
range of risk coefficients derived from various: studies .of uraniuni’
miners is broad, but in’ general compatible with the central value:

Lo S Nt AL PR e S b ooy

: S Laan o e povg e aries g Hum Ineianss 6 oo
"TABLE 9.1—Esfitiiates of lifetime! riak of lung cancmt mortality dwe:tp lifetime.\;;
__exposure to radon progeny (adapted from Table,5-2, NASINRC, ; 8900 5.

UNSCEAR (1977) o 900-450"
UNSCEAR (1988) YI50-450 (T By
BEIR 111 (NAS/NRC, 1980) C T80 T e ey
NCRP (1984) : o 130g <
ICRP (1987) ., 170-230° .

. - 360°
Puskin and Yang (1988) 115400
BEIR IV (NAS/NRC, 1988) ‘ 350

“Relative risk with ICRP (1987) reference population. )
*Relative risk with 1980 the United States population used-by BEIR IV (NAS/-
NRC, 1988). . '
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if about ten excess lung cancers per 10® person-y WLM (additive
k model) or about a one percent increase in normal incideré"
lung cancer per WLM (multiplicative risk model) (ICRP, 1987;
UNSCEAR, 1988). When applied to the United States or Canadian
nale population, these risk coefficients suggest an average-lifetime
isk of about three excess lung cancers per 10* person-WLM for
uranium miners age 20 to 55 y at the time of exposure (Muller et al.,
988). Recent data from those studies in which exposure data are
reasonably reliable are comparable with the range of 1.5 t0 4.5 excess
lung cancers per 10* person-WLM for adult male miners.

The data in Table 9.1 of lifetime risk estimates of lung-cancer
mortality suggests that the range of values is fairly broad; this
:largely due to the difference in models used and the reference
populations used to project lifetime risks. The analyses over the past
decade indicate that the BEIR IV (NAS/NRC, 1988) estimate is near
the middle of the range of risk estimates. It is about three times
arger than the NCRP (1984) value, and about half of the estimate
of the BEIR III (NAS/NRC, 1980). The latter two reports assumed
an additive risk model; the BEIR III (NAS/NRC, 1980) based its
rojections on a model that is constant over time and on an increasing
excess risk with age, while the NCRP (1984) projection is based on

 risk model with diminishing excess risks with time after exposure.
The BEIR IV (NAS/NRC, 1988) estimate is based on a time- and
ge-dependent modified multiplicative risk-projection model that
takes into account the reduced risk at age 65 or greater and the
small effectiveness of exposures occurring 15 y or more in the past,
slements that were identified in the miner-cohort data. The U.S.
Environmental Protection Agency (EPA) estimate is based on a con-
stant multiplicative risk model and a United States reference popula-
jon (Puskin and Yang, 1988). The ICRP (1987) estimate is based
n a constant multiplicative risk-projection model and a European
reference population; lifetable methods used by UNSCEAR (1988)
are essentially identical to those used by ICRP (1987). When the
BEIR IV (NAS/NRC, 1988) and ICRP values are calculated for the
same 1980 United States reference population, the risk estimates
are almost the same, viz., 350 and 360 excess lung cancers per 10°
person-WLM, respectively. The latest EPA estimate (Puskin and
Yang, 1988) is based on an average of the BEIR IV (NAS/NRC, 1988)
and ICRP (1987) values and the 1980 to 1984 United States reference
opulations. One reason the BEIR IV (NAS/NRC, 1988) risk-
rojection model was developed with more extensive modifications
han the others, was that the original data from the epidemiological
' studies of the miners were made available to the committee for
;- combined analyses, while other reports relied solely on published

<92 RADIUM' / 178

data that frequently lacked iriformation:on time- or age-dependerit’
factors that modify risks (NAS/NRC, 1990). The UNSCEAR (1988)
found no recent data or analyses that suggest any reason fora change
in the previous lung-cancer-risk estimatés of 1.5:to 4.5 fatal lung
cancers per 10* person-WLM, i.e.; in accord with that estimated by
BEIR IV (NAS/NRC, 1988).  ‘utrcriniiie gt g agogs gifvee; «sionts

The BEIR IV Committee (NAS/NRC, 1988) examined the compara-:
tive dosimetry of radon and radon progeny in mines and homes in
relation to the dose of alpha-particle radiation to target cells ini the

respiratory epithelium. Differences in exposure-dose relationships
in mines and in homes are expressed as a ratio, termed k ih: the?
BEIR IV Report (NAS/INRC, 1988); the ratio representa the qutients
of the dose of alpha-particle energy delivered per unit exposure td",
the individual in the home to the dose per unit exposure to ‘an:
individual niiner. After examining a number of physical and bi]ologi-'i
cal parameters, & factors for bronchial dose were calculatéd, for
normal people, without respiratory illnesses, in the general envitons
ment. The committee’s caléulations indicate that the dose of alpha#
particle energy per unit exposure delivered o the secretorj and"
basal cells in the respiratory, tract terids to bé lower for theé home
environment; by about 30 percent for adults of both sexes and
by 20 percent or less for infants and children. Thus; based on the
BEIR IV Report (NAS/NRC, 1988), diréct extrapolation of lung-
cancer-risk estimates .from mines to the_home environment may
overestimate the nymbers of radon-caused lung-cancer cages by

these percentages.. ., ... - . .. e
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, The main sourtes of informatiofi oni the health effe¢t§ of radiuth

ié‘posited in human tiSsues are the Unitéll States cases of occupa-
tional exposure (mainly raditim’dial painters and radium chémists)
and medical exposure to *Ra or ?**Ra and the German experience
with patients treated with ?2*Ra for ankylosing spondylitis or tuber-
culosis. In the dose range in which bone tumors have occurred, the
lifetime risk associated with ***Ra was estimated in the BEIR IV
Report (NAS/NRC, 1988) to be about 200 excess bone sarcomas per
10* person-Gy when a linear response is assumed. There was also an
apparent increase in risk with dose protraction. There is considerable
uncertainty about the risk using a life-table analysis. Mays and
Spiess (1983) estimated the risk to juveniles to be 189 + 32 per 10*
person-Gy and to adults to be 133 + 36 person-Gy. The analysis of
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relevsky et al. (1986) established that there was not a significant
- Jerence between the risks for juveniles and adults. Furthermore{
ov found that the dose-response relationship was not linear over
ie complete range of skeletal doses, but at very low dosgzs8 the risk
% did vary linearly with dose (Figure 9.1). For 226Ra and ?*Ra bone

- arcoma induction in terms of estimated dose, the data are less clear,

; 05 )
R = (.0085 D + .0017 D) exp (-.025 D)
ik (dose, D, in gray)
:;"N -
. O Adults
; o3} @ Juveniles
02}
OlE
; o ) P
A 1 10 100
Mean Skeletal Dose (Gy)

“Fig.9.1. The risk per person-Gy as a function of the mean skeletal dose estimated
by the proportional hazard method of analysis. The risk + standard errors are shown
*for adults: 0 and juveniles: ® (from Chmelevsky et al., 1986).

' Carcinomas in the paranasal sinuses and the cells in the mastoid
air spaces are observed after exposure to “?*Ra or to ***Ra combined
with ?*Ra (see Table 9.2). The risk coefficient was estimated by
BEIR IV (NAS/NRC, 1988) to be approximately 16 excess cancers
per 10 person-y at risk per 3.7 x 10* Bq of intake. The UNSCEAR
(1988) Report cited an absolute risk coefficient for bone cancer and
alpha-particle emitting radionuclides of 200 per 10* person-Gy.

TaBLE 9.2—Carcinomas of the mastoid and paranasal sinuses in radium-dial
painters exposed to 2****Ra (adapted from Table 4-4, NASINRC, 1988).

Site Number of cases
Mastoid 24
Ethmoid 2
Ethmoid/sphenoid 2
Sphenoid 6
Frontal 1

Total 35

94 TRANSURANICELEMENTS / 1756
9.3 Thorium

Risk estimates for ®*Th-induced liver cancer, borié, cancer ;a{ld
leukemia have been calculated by BEIR IV (NAS/NRC, 1988) on the
basis of the German thorotrast patient study (NAS/NRC, 1988; van
Kaick et al., 1989). For liver cancer, a lifetime risk is estimated to
be about three excess cancers per 10? person-Gy, where the alpha-
particle radiation dose is to the liver. UNSCEAR (1988) reviewed
the thorotrast data and details from the German thorotrast series
(van Kaick et al., 1989). The lifetime risk estimate was three liver
cancers per 102 person-Gy and the estimated risk rate coefficient
was 0.13 excess liver cancers per 107 person-y Gy. For bone sarcomas,
the lifetime risk is estimated by BEIR IV (NAS/NRC, 1988) to be
about 0.6 to 1.2 excess cancers per 10? person-Gy, where the dose is
to the skeleton only, without consideration of the dose to bone mar-
row. For leukemia, a lifetime risk was estimated to be about 50 to
60 per 10* person-Gy (NAS/NRC, 1988).

9.4 Transuranic Elements

In the absence of sufficient human epidemiological data, cancer-
risk estimates for transuranic elements (i.e., plutonium) are usually
estimated on the basis of human studies of other alpha-particle emit-
ting radionuclides (e.g., lung cancer in underground miners exposed
to radon progeny, bone cancer in radium-dial painters and patients
exposed to radium) and of low-LET radiation exposures. The BEIR IV
Report (NAS/NRC, 1988) estimated the lifetime risks of exposure to
inhaled transuranic elements (plutonium) are about seven excess
lung cancer deaths per 10? person-Gy, using a nominal value of
5 mGy per WLM of exposure. Based on a Bayesian analysis of animal
and human data sets, the estimate of the risk of bone cancer following
plutonium deposition in human bone is about three bone-cancer
deaths per 10% person-Gy (NAS/NRC, 1988). For liver cancer, a risk
estimate for plutonium is about 2.6 to 3.0 fatal liver cancers per 10
person-Gy. Caution was recommended in the application of these
risk estimates to the transuranic elements. Their origins as well as
the large uncertainties associated with their calculation should be
taken into consideration. For example, the risk estimates depend on
what latent period is assumed, the route of expression and the dose
distribution.
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s lifetime cancer-risk estimates following exposure to selected
'lly-deposxted alpha-particle emlttmg radionuclides were

' .8.3—Lifetime cancer-risk estimates from internally-deposited alpha-particle

-emitting radionuclides [data from BEIR IV (NAS/NRC, 1988)].

Tissue

Excese cancer deaths

Lung

Bone

Paranasal sinuses and

mastoid air cells

Liver

Bone

Bone marrow

Lung

Bone

Liver

350 per 10° person-WLM

200 per 10* person-Gy

16 per 10° person per y per
3.7 x 10* Bq

300 per 10* person-Gy

55-120 per 10* person-Gy

50-60 per 10* person-Gy

700 per 10* person-Gy

300 per 10* person-Gy

300 per 10* person-Gy
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NCﬁP ﬁeport No. 80 (NCRP, 1985) prov1des estlmateq of. nsk of
thyrmd cancer and thyroid nodules following exposure to.x rays. The
data from the studies of children exposed to external x radlatlon can
be used, with modification, in the calculation of the risk from the
radioiodine internal emitters. The model used for calculation of the
radiation risk for thyroid carcinogenesis from lntemally‘(deposlted
radioiodine was: ,

Risk = RXFxSxAxYxL y (101)

wlne.Rmﬂlealmlutenskesmnam(mcasespa'lo‘myGy)
for both sexes of children exposed to external x radiation and
a minimum induction period of 6 y; F is the dose-effectiveness
reduction factor (1.0 for external x radiation and 37, '3, 135] and
0.33 for '*'I and '*I); S is the sex factor (1.33 for females,.0.67. for
males); A is the age factor (one for persons <18 y of age and 0.5 for
persons >18 y); Y is the average number of years at risk; and L is
the lethality factor (0.1 for maximum lifetime lethality)... . ...

This model was applied to the estimation of both the annual and
lifetime risk of fatal thyroid cancer in the United States population.
The estimates of the annual risk of fatal thyroid cancer in relation
to sex and age at exposure are shown in Table 10.1. The projected
lifetime risk of fatal thyrmd cancer for the general population was
estimated to be 7.5 x 10 Gy. ;

TABLE 10.1—Annual risk of excess lethal cancers per 107 person-Gy of dose to the
thyroid for doses from 0.06 to 15 Gy™* (NCRP, 1985).

Age at exposure _ Age at exposure
Source of >18 y of age =18 y of age
Radiation Female Male Female Male
) A | 0.028 0.056 0.056 0.112
External x or
v rays and "I, '®[ and '*I 0.084 0.168 0.168 0.336

*United States population.
®Based on an absolute risk of 2.5 excess cases per 10* person-y Gy at risk in persons
exposed to external radiation in childhood.
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Fol!owing an extensive review of the human epidemiological and
perimental laboratory data on the relative carcinogenicity of '3!]

inogenic in humans than radiation from external sources on
the basis of estimated dose. Available human data on low-dose '3'1
exposures suggest that the carcinogenic effect of '*'I in the human
thyroid is low (Holm et al., 1988; NCRP, 1985; NRC, 1989:
UNSCEAR, 1988). A comparison for children between the ,annual’
k coefficient for "*'I of 0.6 x 10 person-y Gy and the risk of
h y;‘md cancer of 214 X 10 person-y Gy following external x radia-
QUn suggests that "' is no more than about one-fourth ag effective
ia‘?xtemallradiation (NCRP, 1985). For adults, a similar risk caleu-
ation of 0.7 x 10" person-y Gy for '*'I and 1.25 x 10-* person-y Gy
g‘t;gxtﬂamal radiation, suggests that '*!I is no more than one-half
carcinogenic as external radiation. Based on human experi
the I\TCRP Report (NCRP, 1985) concluded the range ofp::;:::licv(:
effectiveness pf "I compared to external radiation is between 0.2
and 1. Combining the calculated effectiveness values in children
0_."25) apd _adults (0.5) for application to the general population, an
pper limit val}xe of 0.33 is recommended for application to ’the
ggp;:rgll ;)opulatlor:l, ihathis, the relative effectiveness of a given dose
) compared to the same dose i
ﬁ{i%il:iti%n Sis no more than one-third. 10 the thyroid from external
Ihe U.S. Nuclear Regulatory Commission (NRC) Hea
qdels Repqrt (NRC, 1989) applied linear risk coefﬁ)cient;tf}'(l)rl.z:f:‘le:lt:
2 afxon of .estimates of excess thyroid cancer and for benign thyroid
ules in the general population in the United States followin
“eip()_gure to t!le radioiodines. These are derived from several epidemg
gl':zl :tud.l:;s on North American cohorts, and the coefficients were
rovide upper, central and lower estimates. The N
é%lose the NCRP (1985) risk estimate for determining lifetifrtr?el:eigﬁgt
2.The pooled (?ata of thyroid cancer following head and neck x-irradia-'
% tion fo_r benign disease in childhood in the North American cohorts
mprlsed: 7,829 Patients irradiated, 109 excess thyroid cancers
” €an of 21.2 y at risk assuming a minimum induction period of 5 y’
mean thyroid dose of 2.45 Gy and 429,149 person-y at risk. Since’
thyroid effectq were observed mainly in populations who were very
ng at the time of exposure, and where follow-up periods included
rs when spontapeous risk was very low, the NRC (1989) commit-
,ﬁl.c(l):llcluded that it was .diﬁ'icult to estimate relative risk coefficients
‘ th 1ably. Furthermore, since spontaneous rates for thyroid cancer in
the United States population show very little increase with age after
?BOut age 30 y, differences in lifetime risks based on relative and
absolute risk-projection models are not appreciable. In general, risks

external x radiation, NCRP (1985) concluded that '*' was less
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of thyroid effects appear miich smallerfor thosewho i#é nlderiat
exposure, as thereis very little evidence of radiation-induced thyréid
effects for those exposed over 30 y of age. Risks-are greater for femsdles
than -for males, although in the genersl population consisting ‘of
equal numbers of males and females, the effects of sex-related diffet-
énces on the total population risk would not be-large. The comniittee
used a lethality factor of 0.1, although it was recognized that the
distribution over time is different for mortality and in¢idence, with
deaths tending to occur later in life. i o cunpsnz o 1y vy s
.+Based on epidemiological studies of thyroid darcinogenesis-after.
therapéutic éxposures to 3], the NRC:(1989) committee concluded
that there is no evidence of !*'I-induced thyroid carcinogenesis-at
high-dose levels (greater than 20 Gy) in adults. In studies of diagriées
tic exposurés to’ 1°'I, an: excess risk was observed:in; 2*'l exposed
patients, but this was less than the riskifollowing: exposure to thé
same dose from external radiation. In a study in Sweden of about
35,000 patients-administered '*'I for diaghostic purposes, thie mean
absorbed dose in‘the:thyroid was estimated to be about 0.5 Gy. The
patients have been followed for an average:of 20:y and 50 cases of
thyroid cancer were identified, compared to about 39 cases expected,
based on the rate for the general population, the standardized inci-
dence ratio was 1.27 (95 percent confidence interval 0.94 to'1.67). It
was concluded that the risk of radiation-induced thyroid cancer
might be about four times less from irradiation from the level of **I
used in diagnosis (about 2 mBq) than from: comparable: levels: of
acute external x irradiation (Holm et al., 1988; 1989)..Based on the
human experience, the NRC committee (NRC, 1989) concluded '*'I
was no more than one-third as carcinogenic¢ to the thyroid as external
x irradiation. Baséd on the animal data, the risk estimates for exter-
nal radiation were multiplied by 0.1 (lower bound), 0.33 (central
value) and 1.0 (upper bound) to give risk estimates for exposure to
31, For benign thyroid nodules, a lower bound is taken as 0.2 and
an upper bound of 1.0 of those values for external radiation. Based
on an absolute risk estimate of 9.3 cases of thyroid hodules per
10* person-y Gy in children exposed to external x irradiation in
childhood, the risk estimates can be calculated (see Table 10.2).

TABLE 10.2—Annual risk of excess benign thyroid nodules per 10" persons per Gy
of thyroid dose from 0.06 to 15 Gy (United States population) ,
. (from Table A.7, NRC, 1989).

>18 y of age <18 y of age
Source of at exposure i at exposure: '
Irradiation Male Female Male Female
L | 0.6 1.2 1.2 2.5
External x or gamma rays 3.1 6.2 - 6.2 12.4
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The BEIR V Report (NAS/NRC, 1990) analyzed the long-term

ith x irradiation for benign conditions, viz., the Israeli tinea capitis
hort (Ron and Modan, 1984) and the Rochester thymus cohort
(Shore et al., 1984). The committee applied an analysis of the data
12 based on a dose-time-response modified linear model and derived
¥ risk-estimates based on a multiplicative-risk projection model. The

. relative carcinogenic potency of '*!I compared to x rays in producing
thyroid cancer was estimated to be 0.66. The analysis of Laird (1987)
‘provided the basis for the risk ratio for *!I relative to x rays. The
%alue of 0.66 (95 percent confidence limit, 0.14 to 3.15) had broad
‘confidence limits, recognizing that the risks from radionuclides of
jodine are not well understood. The committee’s analyses of the
ta were carried out with the use of programs (AMFIT) originally
eveloped for analyses of cancer mortality and incidence in the
‘apanese atomic-bomb LSS, with a minimum latent period of five
ears. The risk of thyroid-cancer under various modeling assump-

t exposure and minimum latency intervals of 20 and 30 years. For
~the constant additive risk model, the range calculated was 2.3 to
. 25.56 thyroid-cancer cases per 10* person-y Gy at age 40 y; the con-
#tant relative risk model, for males and females, ages 5 to 15 y at
‘exposure, yields a low estimate of 8.3 at 2 Gy at age 40 y, and for
.4ges 0 to 4 y at exposure, a high of 23.6 cases per 10* person-y Gy
.t age 40 years. It was considered unlikely that risk-projections based
'an excess-absolute-risk model could provide reliable indications of
etime risk when applied to different populations. Accordingly, the
gommittee chose to calculate projections of lifetime thyroid-cancer
sks based on the preferred constant relative risk-projection model
“for Israeli-born children who were over 5 y at the time of irradiation.
this model, the relative risk at 1 Gy at age 40 y was 8.3 (95
reent confidence limit, 2 to 31) thyroid cancer cases. On the basis
‘of unpublished data for atomic-bomb survivors, it was concluded
that the risk estimate of radiation-induced thyroid cancer in adults
i8, at most, one-half that in children.

. UNSCEAR (1988) reviewed NCRP (1985) and considered those
‘results and analyses to provide the best estimates of thyroid-cancer
risks. The specific risk estimate model was adopted so that the risk
could be calculated for incidence and mortality. The committee noted
that NCRP (1985) compared absolute and relative risk models and
found little difference in lifetime estimates. In view of the concor-
dance of views, the ICRP (1991) adopted a lifetime-risk estimate for
fatal thyroid cancers of 7.5 x 10* Gy™. This value was estimated
for the high-dose range, and it is not modified downwards because

pllow-up of two study populations of children who were treated

tions was calculated for males and females, ages 0to 4 and 5to 156 y
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of the presumed linear nature of the thyroid-dose response. ICRP
(1991) proposed a thyroid cancer lethality fraction of 0.10 in its
estimation of thyroid-cancer risk, and a thyroid tissue weighting
factor (wy) of 0.05 for both sexes and a wide range of ages.

The estimates of the lifetime risk of fatal thyroid cancer by the
various committees since 1977 are shown in Table 10.3.

In this Report, the NCRP has again reviewed the risk estimates
for thyroid cancer and benign nodules and finds the most reliable
values to be those reported in NCRP Report No. 80 (NCRP, 1985)
and the NRC Health Effects Models Committee (NRC, 1989). Based
on an absolute risk estimate of 2.6 cases per 10* person-y Gy in
children exposed to external x irradiation in childhood, the risk:
coefficients that are considered applicable to the general population
of the United States for mean thyroid doses ranging from 0.06 to
15 Gy, depend strongly on age and sex. Exposure before the age of
5 y may result in about a three-fold greater increase in-thyroid
cancer than exposures at older ages. Females are two to three times
more susceptible to both naturally occurring and radiation-induced
thyroid cancers. If these risk coefficients are applied to the general
population, then the lifetime incidence of fatal thyroid cancer would
be seven to eight cases per 10* person Gy following exposure to
external x irradiation for a population comprised of equal proportions
of males and females and of adults and children. Although the data
were derived from persons exposed to high-dose-rate irradiation, no
DREF is applied. Approximately ten percent of the thyroid cancers
will be lethal. Until further data become available, *'I is considered
to be one-third as effective as external x radiation in the induction
of thyroid cancer in the general population. The absolute risk of
benign thyroid nodules following external radiation therapy in child-
hood is estimated to be 10.3 cases per 10* person-y Gy.

TABLE 10.3—Lifetime fatal thyroid-cancer-risk estimates.

Risk estimate

Report - ' (cases per 10* person-y Gy)
UNSCEAR (1977) 6-15
ICRP (1977) 5
BEIR III (NAS/NRC, 1980) 6-18
NCRP (1985) 7.5
UNSCEAR (1988) 7.5
NRC (1989) - 7.5*
BEIR V (NAS/NRC, 1990) 8.3-23.6

relative risk at 1 Gy®

ICRP (1991) 8.0

“Based on the NCRP (1985) risks estimates.
®Absolute risk of 2.3 to 25.5 excess cases per 10* person-y Gy at age 40 years.



11.1 Introduction

The past 35 y of genetics research has led to a major and continuing
wolution in our knowledge of the structure of the genetic material,
organization of genes of higher organisms and very precise
owledge of the structure of specific human genes and their func-
ing. As yet, the new knowledge has not altered the approach to
1e estimation of the risks of genetic effects induced by ionizing
idiation (Neel et al., 1990). This is not to say that there have
n no molecular inroads into studies of genetic effects of ionizing
diation, but the impact to date has been small when viewed from
e perspective of induced genetic disease.

#Unlike somatic health effects induced by radiation, for which
rtensive epidemiological evidence exists demonstrating a dose-
ponse relationship for leukemia and solid cancers, no similar body
'positive dose-response data exists for purposes of human genetic
sk estimates. The large scale human genetic studies carried out
o-date have shown no significant increase with increasing dose in
ie measured genetic end points. These studies will be discussed in
sgreater detail subsequently. But, these human studies do not stand
ne, there have been nearly seven decades of radiation genetics
Yeeearch studies on animals and plants, demonstrating that radia-
on induces gene mutations, chromosome rearrangements and
osses or gains of whole chromosomes or large segments within them,
hd in a dose-related manner. Therefore, there can be little doubt
at humans respond in a somewhat similar fashion.

The issue then becomes how best to prudently estimate the genetic
& sks for humans. This issue entails the following elements:

- The genetic bases for the variety of diseases affecting humans,

. their incidence and or spontaneous mutation rates
. The germ cell stages of greatest importance for the induction

of mutations and use of an appropriate animal surrogate when
necessary
. The radiosensitivity of measurable and relevant genetic end
points in a surrogate system
. Extrapolation procedures for interspecies analysis

]2
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The doublmg dose (DD) is that doeé of radlatlon {or ihy%nmtagen).
thh will double-the spontaneous mhutation ratein-@a:biblogical
system. It follows that the larger the/DD the-less radiosensitive the
system. The DD can be very accuratély estimated when véry specific
mutational eénd points are examined,: such ‘as:receégive:visible or
dominant gene mutations at specific lociy-or chromosonie transloéas<
tion rates. Once the induced miitation rate is'determinediforia giveit
set of doses which demonstrate a linéar-dosé-response relationship;
the DD is computed by dividirig the: spontaneoué mutation rate by
the induced rate for the same end points::« (b ohomust - favn
¢ In applying the relativé mutation risks<{1/DD): to thé natural inci~
dence (per million live born) of a class of'genetic diseases, sueh- a#
dominant disorders, the value initially derived is the total-number
of cases to be expected over the equilibrium time, in ngenerations;
through which the mutant genes will persist. The natural incidence
is composed of mutants arising in some number of previous:gerera-
tions with an average persistence time until elimination. For most
dominant disorders that time is estimated to-be about five to six
generations and the estimaté of first-genération effects is one-fifth
to one-sixth the equilibrium estimate. Therefore, unlike induced
somatic effects which only affect the exposéd population, genetic risk
estimates attempt to deal with the total number of disorders that
will be introduced, not only to the next generation of offspring, but
to successive-generations as well. It has been the practice of the
genetics committees to present their calculations in terms of first-
generation and equilibrium-generation estimates, i.e., the total
number of cases expected to occur per million live born. Societal
judgments will usually be based on the estimates of risks for the
first generation only.

Risk estimates for the spermatogonial stage in males-and for the
immature oocytes of females are ¢onsidered most important for the
estimation of the DD for humans, because the cells in these stages
accumulate mutational damage throughout the reproductive llfe-
time of the individual.

Estimating DD for humans is more difficult than for test organisms
for many reasons which will be considered later. Until recently,
estimates of the human DD were derived from studies on mouse
germinal gene mutation rates with the assumption that they are
representative for the human.

The approaches of both the UNSCEAR (1988) and BEIR V (NAS/
NRC, 1990) to the estimation of radiation-induced genetic risks and
the components of that risk are considered together and are compared
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Sv to derive values for first-generation dominant disorders and
nital effects as well as the equilibrium values for these e.nd
3. The derivations of the DD or its inverse, the relative mutation
ik ‘per unit dose, are described in detail in the BEIR V Report
S/NRC, 1990) and permit their calculation given the necessary
mptions. The fact that a DD of 1 Sv is used by the BEIR V (NAS/
RC, 1990) is, in itself, not surprising; this agrees with the mouse-
ived DD employed by the UNSCEAR (1988) as well as past
fews. The BEIR I (NAS/NRC, 1972) and BEIR III (NAS/NRC,
'emplayed DD values of 0.2 to 2.0 Sv and 0.5 to 2.5 Sv, respec-
, based on induced rates in mice, and human or mouse sponta-
j rates. The significant aspect of the DD in the BEIR III Report
AS/NRC, 1980) is that it derived estimates from the lower 95
srcent: confidence limit for malformations, stillbirth and neonatal
lsaths, end points observed in the studies at the RERF of.the ot.f-
ing of parents who survived the Hiroshima and Nagasaki atomic
nbs=It should be noted, as mentioned earlier, that studies of the
sanese have not shown a significant dose-related increase in any
hese untoward pregnancy outcomes. The BEIR V (NAS/NRC,
90) literally rounded off the values presented by Schull et al. (1981)
@ 1 Sv value. It should also be noted that the earlier estimates
o 'based on the T65DR which has now been superseded by the
DS86 which estimates lower total doses and, specifically, consider-
bly lower contributions of neutrons to the total dose. How this
uld have affected the lower 95 percent estimates is unclear, but
f.not dramatically, the estimate of 1 Sv would have been kept, if
mly to make the calculations easier and to demonstrate that no great
hrecision was intended. The recently developed central estimates of
thie DD based on the data from the study of the progeny of the atomic-
%‘omb survivors (Neel et al., 1990) are, however, considerably higher,
sfactor of three or more than that derived from the seven specific
s studies in the mouse (NAS/NRC, 1972; 1980). There are, how-
r, major differences in the end points on which the human esti-
mates are based when compared to the specific locus studies in the

i

11.3 Doubling Dose and Dominant Diseases

BEIR V (NAS/NRC, 1990) has introduced new approaches to the
mation of dominantly inherited genetic diseases resulting from
iation. The current incidence, 10,000 cases per million live born,

ther estimates. The BEIR V (NAS/NRC, 1990) employed a DD
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is the same as used by the BEIR III (NAS/NRC, 1980) and UNSCEAR
(1988): However, this was further subdivided into those which wotald
be recognized as clinically severe disorders, and those described as
clinically mild. The incidence of the severe disorders is:2,500 cases
per 10° live born and with a selective disadvantage of 20 to 80 percent
that of normal. The greater the selective disadvantage the lower the
survival and the fewer number of generations the disease will persist
in the population. The incidence of the “clinically mild” diseases i8
7,500 cases per 10° live born. These disease: cases have a1 to 20
percent selective disadvantage compared to riormals and thus would
have a longer persistence time to equilibrium. Therefore; the
BEIR V Report (NAS/NRC, 1990) estimated that & total of between
6 to 35 cases per million would be expected in the first generation:
following an additional 10 mSv parental exposure. The estimates. of
BEIR III (NAS/NRC, 1980) range from & to 65 cases, based on the
dominant mouse skeletal mutation rates; the so-called diréect esti:
mate. The BEIR III (NAS/NRC, 1980) values were also based on a
differént mutation contribution. The contribution of females wds
taken to be 44 percent of that from males, based on otheér mouse
experiments. The BEIR V Report (NAS/NRC, 1990) circumvents this
issue with the DD method it"employs and implicitly -assumes an
equal contribution of mutation in the male and female gametés for
this end point as well as all other end points. - R T
The UNSCEAR (1988) and previous reports have derived first-
generation effects using separate assumptions for the male and
female germ cell contributions, again assuming lower contribution
from females for both dominant diseases and diseases resulting from
structural chromosome rearrangements. The UNSCEAR (1988) esti-
mated a range of 10 to 29 cases of dominant diseases in the first
generation with a single point estimate of 15 cases, the latter vilue
based on a DD of 1 Sv. The 10 to 29 cases are estimated differently
using the dominant mutation rates of mouse cataracts and skeletal
defects to compute “directly” the first-generation total dominant
disorder frequency. Entailed in these calculations are a large number
of assumptions and extrapolations which have been subject to some
controversy. The BEIR V Report (NAS/NRC, 1990) stated that it
“had little confidence in the reliability of the individual assumptions
required by the direct method let alone the product of a long chain
of uncertain estimates that follow from these assumptions.”
X-linked recessive deleterious mutations result in diseases that
affect males more frequently than females because males have only
one X chromosome, which allows the immediate expression of a
recessive gene, whereas females have two X chromosomes and
mutant expression requires homozygosity of the recessive genes. The
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JBEIR V (NAS/NRC, 1990) applied DD methodology to derive its

sexposure. A different approach was employed by NRC (1989), which
.assumed there could be as many as 250 genes on the X chromosome
:that could result in serious disease consequence. This number was
multiplied by the specific locus rate, i.e., 7.2 x10® mutations per
Jocus per 10 mSv, derived from the mouse studies and corrected for
those mutations that would have been maternally derived. This
produced a value of about eight first-generation cases. There would
-have to be less than 30 genes on the X chromosome at the given
induced mutation rate, to produce the BEIR V (NAS/NRC, 1990)
.estimate. Thus two values (<1 to 8) probably provide a reasonable
slower- and upper-bound estimate of induced X-linked mutational
‘disease for the stated conditions. T r
;;In summary, for human diseases of a dominantly inherited natiire,
.the BEIR V (NAS/NRC, 1990) estimates a range from 6 to 35 first-
.generation cases per 10° live born per 10 mSv while UNSCEAR's
(1988) estimate of 15 cases is the geometric mean of the BEIR V
A(NAS/NRC, 1990) estimates. Both sets of estimates were derived
by employing the same DD estimates. First-generation X-linked
diseases were estimated at less than one case and eight cases in the
BEIR V Report (NAS/NRC, 1990) and the NUREG (NRC, 1989)
-analysis, respectively, while UNSCEAR’s (1988) estimate is included
Ywithin the dominant cases.

Py

11.4 Aneuploidy Induction

There are presently estimated to be about 3,800 aneuploid births
per 10° live born. The vast majority of these chromosome abnormality
cases do not reproduce, so that the equilibrium time is effectively
one generation.

« The issue of whether irradiation will increase the rate of nondis-
junction, the improper segregation of chromosome pairs during meio-
sis, leading to an increase in aneuploid births (individuals with
abnormal chromosome numbers, 45 or 47, instead of the normal
diploid 46 chromosome number) has received considerable attention.
Particularly since cytogenetic studies demonstrated the aneuploid
nature of Down, Klinefelter’s and Turner’s syndromes and other
more lethal types of chromosome abnormalities in live born and
abortuses. The BEIR V Report (NAS/NRC, 1990) reviewed past stud-
ies in this area and concluded that “the induction of nondisjunction
by low-level irradiation of immature oocytes may not present'a

sestimate of less than one induced case per 10° per 10 mSv paretidl

serious toriterfi.” The'report presents & vdlwe/of <l ddditfonal ddve-
per 10° live-bortt offspring per 10 mSv' pér geridtiitions This is evis
dently not a calculated iumber derived froimiexpétitinéntal studies;
but is apparently the committee’s-upper estimate of amonsignificant
effect. In effect, the DD estimate 'is 4:0 Sv-ata inininiam; On ‘the
other hand; had theé committee used the lower;95:percent cdnfidetice
limits of the 1981 atomic-bomb dtietiploidy dsta (&8 was done: for
dominant disease estimates); they would have derived alarger risk
valué; namely 12 cases per:10° live born: pen:10 #Sviaind:a D) of

about 3 Sv: This:high DD value: suggests that nere#f the bdrlier®.
ahimal expérimehts atteipting todetéet induced aneuploidy: Wers:
likely tb provide positive results given the bize'iind:conditioris of thé™
experiments. Moreover,, the mostirecerit estimatés{Neel et al.; 1990)-
would suggest a DD irrthe réinge of 6 to 7 Sy with & lower 95-péfcerit’
confidence limit (ddjusted for dose rate) of about 4 SV. it
- The UNSCEAR Report (UNSCEAR; 1988) als6 providés 16 refnt
éstimates on aneuploidy induction. An importafit paper by Griffitt’
and Tease (1988) on the induction of anomalies in mouse inimature
oocytes by low-dose-rate' gamma rays was fot consideréd in either
the BEIR V (NAS/NRC, 1990) or UNSCEAR (1988) Reports: 'Also,
Mar’t‘m‘ et al. (1986) have reported on induced nondisjuriction :ih
human spermatogonial cells and demonstfated that amotig the
sperm derived from these irradiated stetti cells, a siibstantigBpropor:
tion were aneuploid; moreover, the tesponse ‘was doseidependeiit;
Using the data from the Griffitifid Tense (1988) titid Martin et:al;
(1989), & very conservative set'6f asSuriiptions (Abrahamas epsl’
1990b; 1990c); leads to! & estimste of nine:cases per 108 dive: borth
per 10 mSv; which sugigest i DD:{ii the rafige of #:8v,. 1 1151, i
~ Given the newer éytogenstictechniques; suchds “paiiitsd ehrofs
somes,” fluorescence in ‘situ’ hybridization of spécific ¢hroinosciiies
and chrombsome cetitroméres,in dombination withselbctroni-adin
ning equipment; one would expect that critical experimental animal
studies could provide reasonable answers. Pl

'
S

- 11.5 ﬁmslocaﬁons

Translotations represent the second class of microscopically
observable chromosome abnormalities, which result from breakage
and structured reorganization of parts of different chromosomes.
They are called balanced or reciprocal translocations when the reor-
ganization, usually between two nonidentical chromosomes, does not
lead to an unbalance of genetic material or to acentric or dicentric
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chromosomes. An individual inheriting a reciproca! translocation
may or may not suffer from a genetic diso?der depenflmg on whether
there has been a digruption in genic activxty' at Fhe sites pf breakage.
More important, however, in terms of genetic d.lsorders.ls the proba-
bility that the meiotic products of a translocation-bearipg germ cell
will produce mature reproductive cells with unbalanced trangloc{h
tions, that.is where only one-half of the reciprocal trat}slocatxon., is
now present. In most cases, this genetic imbalance w1l‘1 ‘1"esnlt in
zygotic.inviability, because too great an amount of genetic informa-
tion. is lost. But:in a.small papeentage of cases,: grossly a!m.ormal
children:are-born but rarely:Burvive infancy. Those »ngdnwdu.ale
rebeiving & reciprocal translocation do reproduce and their pﬁ'spmng
may inheritithe:unbalanced:tranalocation. On average, this type of
chromosome:abnarmality has about a three-generation e.gmhlgfxmp
time. 45k Onie basulshesia sauly 1o ElaEnE 9Lt e bilpgs
3¢/The BEIR V..Report (NAS/NRC,1996) concluded far transloca-
tions that its Yreview of the relevant.data suggesta that a value:of
2:1110¢rem would 'be more appropriate?; andifrem this derived an
estimate’ of less: than five;cases yper: 10f:live’born. per: 10: mSy-of
unbalanced first-generation diseases: This yalue is.somewhat lower
than:that:developed by:the BEIR 1l (NAS/N _RC, '1980) (<10 ‘cases
per'1pfrper. 10 :Sv). The:computations by which the BEIR Vi.(NAS/
NRE;:4980) developed its estimateiwere.not presented in the report;
whebeasieasenably detailed explanations were given for the deriva,
tions in;the’BEIR 1(NAS/NRC, 1972), BEIR. IIIl (NAS/NRC, 1980);
NRC (1989) and the UNSCEAR (1988) Reports and intercomparisons
of the: different -assumptions: by. these other committees were.also
presented. The BEIR ¥ Report (NASON RC4:1990), bowever, dlscpsseq
the translocation induction rates in.mice; and several :hpeaes» of

imatesincluding humans in aispecial review section on the mouse
g'ndﬁbtﬁerz lahordzmy -animals.: Presumably,  they: developed: their
conclusion by:using an induction rate,lower by a factor of three and
a greater dose-rate reduction factor. But one cannot determinewhat
intermediate assumptions they chose. These assungptlons- should
include segregation factors for each sex and a viability estimate of
the unbalanced products. The BEIR III Report (NAS/NRC, 1980)
used a five percent viability factor. UNSCEAR (1986) employ.ed‘ a
nine percent viability factor rather than the six pgrcent valug in its
1982 report: The UNSCEAR (1988) also derived different. estimates
for paternal and maternal exposures. The BEIR V Report (NAS/
NRQ.1990). provides:no guidance on thisissye..In conclusion, the
BEIR-V.(NAS/NR@, 1990) unbalanced translocation estimate i less
than fite:casea per'10° per:10'mSv. The UNSCEAR (1988) estimate
is'1 4o 15 cased from paternal exposure andgero to five from maternal
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exposure (using a mouse sensitivity model). The NRC report (2
1989) estimated about 13 cases assuming equal sensitivity fo
sexes but different segregation factors during meiosis.

11.6 Irregularly Inherited Diseases

Irregularly inherited disorder or traits also known as multi
rial disorders and complexly inherited diseases are those.for
a genetic component is considered likely or has been estab
but does not follow simple Mendelian inheritance. A significaptifyg
tion of the total genetic burden in humans consist of these.
but because of the uncertainty of how they are inherited,
been a reluctance to estimate an increase that might result-f
irradiation. In the 1977 report, UNSCEAR estimated the risk
multifactorial diseases based on the assumption of a prevaleng
nine percent and a mutation component of five percent. In the
report, an estimate was not made because of the uncertaintie:
BEIR III Report (NAS/NRC, 1980) accepted the estimate ofinif
percent of genetic disorders of complex etiology and combined it'w
their DD exposure range of 1.29 x 102 C kg' t0 6.45 x 102
and a mutation component of 5 to 50 percent, to derive an equili
excess of 20 to 900 radiation-induced cases of irregularly in
disease per 2.58 x 10 C kg per 10° live born. L
- It is important to examine the evidence for including risk.eg ol
cients for multifactorial disorders in the total risk estimates g
genetic effects and to estimate their possible contribution. T
particularly the case since the UNSCEAR (1977) and BEIR III (
NRC, 1980) Reports included this incompletely understood cats
of genetic effects whereas neither UNSCEAR (1988) nor B
(NAS/NRC, 1990) did so. The BEIR V Report (NAS/NRC,.

states with regard to irregularly inherited diseases: “the commi
has not made quantitative risk estimates. While, for this catege
of traits, the risks could be negligible, they could also beas la
or larger than all the other traits combined” (see Table 2-1 of

NRC, 1990).
: The most important change in the estimation of the current.
dence of genetic disease involves the complexly inherited dise
excluding congenital anomalies. The change results from the int:
duction of three classes of diseases for which the BEIR V Re,
(NAS/NRC, 1990) assumes there is a genetic component, albeit
Une for which a simple increase in mutation rate is likely taalt
the incidence in a recognizable manner. The incidence of the
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‘ es in the United States population are: heart disease, 600,000

ed diseases, 300,000 cases per million; the latter value derived
: recent studies on the prevalence of diseases in the population
¢ Hungary and reported by UNSCEAR (1988) from the data of
Creizel et al. (1988). Thus, a total of 1.2 x 10° cases of diseases of
ese types will affect a population of 1 x 10° at some time during
ht"etlme most often after maturity. The value assumed in the
R 111 Report (NAS/NRC, 1980), which included congenital abnor-
lities as well, was 9 x 10*cases per 108 individuals. The discussion
BEIR V (NAS/NRC, 1990) deals with the lack of understanding
f,what the mutational component may be for either individual
iseases or in total. The mutational component is that proportlon of
 disease incidence which will respond to a change in mutation
uency. When a mutational component is one (as in the case of
dominants) then every new mutation will be expressed. For the
> #omplexly inherited diseases, the mutation component is most often
ot known and previous committees [BEIR I (NAS/NRC, 1972) and
EIR IIT (NAS/NRC, 1980)] assumed it would range between 5 and
percent. The BEIR V Report (NAS/NRC, 1990) provided discus-
of the genetic conditions which determine a high, low or indeter-
te mutational component and concluded that the mutational
gmponent is not known “even to its order of magnitude.” Thus,
h 's-great uncertainty in the mutational component, as well as the
aqulhbnum time for such diseases, lead to the committee’s unwill-
it iligness to derive a risk estimate and to their conclusion as cited at
1k beginning of this Section. The UNSCEAR (1988) also did not
elop a risk estimate for this end point.
-worst case analysis, using a mutational component of 0.5 and
equilibrium time of ten generations and a DD of 1 Sv for these
. tiséases would lead to an estimate of 600 additional first-generation
caises per 10° live born per 10 mSv of parental exposure. Assuming,
tthe other extreme, that the mutational component was 0.05 and
n-equilibrium time of 100 generations, the expected number would
e six additional first-generation cases. The geometric mean of these
-estimates is 60 cases of disease in the first generation per 10°
born per 10 mSv parental exposure.
or the component of genetic disease which results in congenital
h abnormalities (anencephaly, cleft palate, structural cardiac
defects, etc.) about 20,000 to 30,000 cases per 10° births constitute
he: current incidence. For this group, the BEIR V Report (NAS/
RC, 1990) derives mutational components ranging from 0.05
&035 percent, employing information such as trait heritability
nd monozygotic twin concordance to derive these values. Thus,

es per million; cancer, 300,000 cases per million; and other
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incidence times the reciprocal of DD times the mutational component
gives 10 to 100 cases per 10 mSv at equilibrium: A “worst case”
assumption suggests about ten cases in the first generatlon if they
were to result from dominant mutations. .. .}t¢ ©

While it is very unlikely that all these dnseasea have a dommant
basis, for those that do, a mutational component :of one ‘is-more
appropriate, which could then raise their first-generation estimate
by as much as a factor of three, i.e., to*perhaps as many ds 30 first~
generatlon cases. ' np b S medaiper e gl

Thé atomic-bomb genetics studies mdlcate a small but not signifi
cant increase in congenital anomalies and untoward pregnancy
outcomes. Given that the mean parental dose was 0.18 Sv and some
12,400 children born to exposed parents were examined for congeni-
tal defects, the estimates shown above predict that between two and
six additional cases might have beén produced

11.7 Risk Estimates: Atomic-Bomb Studies

Neel et al. (1990) have summarized their major studies on the
genetic effects induced by the ‘atomic bombs in the Hiroshima and
Négasaki survivors. This study has been contmumg since 1948.% A
fixed cohort of children born to either exposed of unexposed parents
have been examined and followed for a variety of genetic end points.
Those 76,617 children born through 1954 represent the subgroup for
the indicator, untoward pregnancy outcomes. Approximately 13,000
children were born to exposed parents. Five Bets of data were col-
lected for analysis: '

1. Untoward pregnahcy outcomes, which include all stillborn,
deaths within first two weeks and major congenital malformation

2. F, mortality, the survival of all children born between 1946
and 1985 was followed

3. Mutations affecting protein change, representing studies on 30
serum and erythrocyte proteins in over 23,000 children, 13,052
born to exposed parents

4. Over 16,000 children were examined cytologically for the pres-
ence of sex-chromosome aneuploidy, approximately half of the
group were born to exposed parents

5. Data for malignancies in 31,150 children of exposed parents
and 41,066 children of unexposed parents up to the age of 20
were analyzed

5The study included children born after May 1946.
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¢ used to compute dose-response relationships and regressid
sfficients. As stated earlier, none of these end pomts was signifi-

tly increased in the exposed group, and the regression coefficients
jre positive for three end points and negative for two others. For
géch end point, the authors estimate the contribution of spontaneous
utation, adjusting the background frequency by their best esti-
s of the respective mutational component. The sum of the spon-
ous mutation rates for all end points, 0.0063 to 0.0084, was
ded by the sum of the regression coefficients Sv!; 0.00375; to
srovide their best estimate of the DD of 1.7 to 2.2 Sv. Since the
iation was delivered instantaneously, these estimates were
n ltlphed by a factor of two to adjust for a dose-rate reduction to
phronic exposure. Their conclusion then is that the DD for those
{genetic disorders that lead to human morbidity and mortality is
about 3.4 to 4.4 Sv for low-LET, low-dose-rate irradiation. This value
is about three to four times higher than the DD value extrapolated
from the mouse specific locus data under chronic exposure conditions.
i:Does this mean that the human species is indeed considerably
ess sensitive to irradiation than the mouse? There are considerable
icertainties in both estimates. In the estimates derived from the
mouse, the extrapolation from one species to another based on a
limited sample of genes, and in the estimates based on humans,
re dre reasonably large dose uncertainties that underpin the
tic assumptions. It is also necessary to recognize that the human
DD estimates attempt to establish the total level of morbldlty and
n ort,allty Until further resolution of these uncertainties is reached,
i i reasonable course of action is to err on the conservative side and

11.8 Summary of Risk Estimates

% In Table 11.1, a composite of risk estimates for the end points
discussed prev1ously is provided. We use the BEIR V (NAS/NRC,
1990) estimate of the current incidence of diseases with a genetic
¢omponent and provide a lower and upper estimate for all first-
generation additional cases per 10° live born. For example, the addi-
tional cases per 10° live born is the incidence x 1/DD x selective
disadvantage. In the case of the clinically severe autosomal dominant
ffects, the calculation is 2,500 x 100" x 0.2 to 0.8 = 5 to 20 and
in the case of clinically mild effects, 7,500 x 100" x 0.01t00.2 =
1 to 15. The value presented for that estimate is the geometric

Bhile other end points were also analyzed, these five sets of data |
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TABLE 11.1—Estimates of genetic effects resulting from parenad zxpocun of ..

10 mSv. »
O e I‘ftiiﬁ‘k‘u ﬂnmf" |
Incidence per . ‘
Type of disorder 10°® live born'® - Gencn‘imn!’"ﬁ ;FlEquillbﬁum
Autosomal dominant . T .
Clinically severe 2600  5-20% - . %
Clinically mild ' 7,600 1-15* 75
X linked 4oo <1-s° o 4oA
Chromosomal = "' : : ‘ chduer <'~'
Unbalanced translocations, . -, ., .. ., , 69
Trisomies _ o ! ‘ ﬁh 122“””&3}: mcroue
Irregularly mhented . " 1200000 ‘
Gonggmtal abnomamtw 3 zb,ooo-som lo‘uao‘*»fh mno-.melf" ’
Total . Cosioitn o eied 904 1,1,.245,000 . 1, 86160° g 32050-21 :
'me BEIRV(NAS/NRC 1990). 25l ysts il Lotk D

.*These values incorporate the 'ranée of estitiates denved by BE V!
1990) UNSCEAR (1988).and NRC (1989;:1991).: i A
ese include values derived in this Report, \
41t shotild be notéd that neither BEIR V (NAS/NRC' 1396)"" UnsbhAﬁ (19835
attempted risk estlmaﬁes for thls end pomt because of the gmht inicértamty (éde
discussion). :
i. *The totals are rounded—oﬂ‘ values to mdlcate lack of pncihion e ! ;l}

P Co
:,(..,. ‘('i~1~1' : A:' 1

riean of the wide # tange that can 1 be p'redlctéﬂ This, ‘the total first:
generation effects are larger than those preéented by either BEIR V
(NAS/NRC, 1990)° or UNSCEAR (1988). Table 11.2 provxdes the
evolving estimatés ‘of thioaé tormittees over the last two decades 6f
effort. It should be notéd thit ICRP (1991) estifriated the risk for
serious hereditary effects for the total population to'be 1.0 x 107 8v° 1

which included an estimate of the multifactoruil dméhs@
component. {
R N At

E 148 ‘1
TABLE 11.2—UNSCEAR and BEIR estimates of ﬁrst-generatwn ebfm per 10° live

born, per Sv of garcntal exposure.

Type of UNSCEAR committees BElR.commlttees

Disorder 1977 1982 1986-88 1972 1980 1990
Dominant + X linked 20 15 15 10-100 5-65 6-35
Chromosomal 38 2-20 2-20 10 <10 <6
Irregularly inherited 6 5 —. 1-100  —> 10
Total : 65 20-40 20-35 20-200 15-70 20-50

Committee’s natural

incidence values 10.5% 10.5%  68% 6% 10.7% 125%

*No estimate produced because of great uncertainty; BEIR V (NAS/NRC, 1990)
value of ten represents congenital abnormality estimate only,.
®Cases expected were part of dominant estimate.



on Brain

2.1 Radiation Effects on the Brain of the Embryo/Fetus

Data that are now available on the developmental anatomy of
e mammalian brain have aided in the interpretation of radiation
ects observed among the Japanese exposed in utero during the
mic bombings. Analyses of the atomic-bomb survivor data on
ose exposed in utero, together with the DS86, have permitted exam-
ion of the time-specific susceptibility to radiation-induced severe
wental retardation, the most important developmental abnormality
ppear in humans exposed prenatally, and has allowed the risk
these effects to be estimated. These findings have been reviewed
.UNSCEAR (1988) and BEIR V (NAS/NRC, 1990). Both commit-
68 have used the same data bases, i.e. the studies of the children
posed in utero in Hiroshima and Nagasaki.

;The studies of the atomic-bomb survivors indicate that there is
A increase in the prevalence of mental retardation and small head
ith increasing exposure (Blot and Miller, 1973; Miller and
ot, 1972; Miller and Mulvihill, 1976). In recent studies (Kriegel
dlm 1986; Otake et al., 1988a; Schull and Otake, 1987), based on
cohort of 1,698 individuals, there were 30 children with severe
ental retardation that were diagnosed before 17 years of age. In
e of the subjects, there was a clinical history that presumably
s nonradiation related that could account for their severe mental
tardation; namely, three cases of Down syndrome, one with Japa-
se encephalitis in infancy, while another had a retarded sibling.
ata analyses were made with and without these five cases. Esti-
ates of fetal doses are not yet available from DS86 (Roesch, 1987),
but DS86 organ dose estimates have been computed for most of the
Bxposed mothers, and the uterine doses may be used. Four categories
gestational age were measured from the time of fertilization; these
were 0 to 7, 8 to 15, 16 to 25 and =26 weeks. During the second
fﬁ‘riod (8 to 15 weeks), there is a rapid increase in the number of
neurons; they migrate to their developmental sites in the brain and
lose their capacity to divide. A dose-dependent increased risk of
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severe mental retardation was observed iri the géstdtidhal age group
8 to 15 weeks after fertilization (Figure 12.1) and, to a lesser extent,
in the gestational age group 16 to 25 weeks after fertilization: In
the age groups less than 8 weeks or greater than: 26; Weeks,' rio
exposed subjects were mentally retarded. The relative risk for expo:
sures during the 8 to 15 week period is four or mote times greater
than that for éxposure'during the 16 tb 25 week period.! i+ oo

The data do not allow the precise definition of the dowe responseé
for the gestation periods 8 to 15 weeks and 16 to 25 weeks where there
i8 ‘an increase in severe méhtal retardation Within thesé Périods; a
linear-dose response yields probabilities'of inductioh per unit
absorbed dose of 0.4 per Gy in the 8 to 15 week group and-0:1 pet
Gy in the 16'to 25 week group. Simple quadratic and linear-quadratic
functions also provide acceptable fits to the data in béth: groups,
particularly with DS86. There is also support for a dose threshold
in the range of 0.1 to 0.2 Gy in the 8 to 15 week group and at about
0.6 to0 0.7 Gy in the 16 to 25 week group; Exclusion of casés with
possible nonradiation etiology exposed durit ktﬁégm 15 Week period
(two cases with Down syndrome) inereases the proba"bility of a

threshold. The threshold is 0.39 Gy for ubgrouped data and 0.46 Gy
when the data are stratified by dose interval, Both of these throshglds
are significantly. different from zero (lower 95 percent confidence
limits, 0.12 Gy and 0.23 Gy, respectively). . o
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Fig. 12.1. Frequency of severe mental retardation, as a function of uterine dose,
in children irradiated at gestational age between 8 to 15 weeks. Data from Hiroshima
and Nagasaki are pooled, but the cases of Down syndrome are excluded (from Otake
et al., 1988a).
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12.2 Radiation Effects on Intelligence .

,i T!I';telligence-test (Koga) scores of Japanese atomic-bomb survivors

11 y of age, who were exposed in utero, have been analyzed
usilri)gu;stin}l,ates gof the uterine absorbed dose based on the I?$86
(Schull e al., 1988). Children exposed at 8 to 15 weeks after fertiliza-
jon, and to a lesser extent, those exposed 16.to. 2§ \fveeks after
' fertilization, show a progressive shift downward in mdlv'ldual scores
with increasing dose. Based on a linear-dose-gffect relatlom'shl'p, the
iminution in intelligence score is 21 to 29 points at 1 Gy. Similarly,
potential damage to the fetal brain in the 8to 15 wegk group appears
' linearly related to fetal absorbed dose, based on simple regression
school-performance score on dose (Otake et al., 1988b; Schull
t al., 1988).

12.3 Studies of Radiation-Therapy Patients

In the New York tinea capitis survey (Omran et al., .1978; Shore
o al., 1976), there is a higher incidence of behavioral disorders and
v friental disease in the x-ray-exposed cohort of children treated for
'ﬁ’ngworm of the scalp. Brain doses were of the oxjder of 1 Gy. ¥n the
Israel tinea capitis study (Ron et al., 1982), the x-irradiated children
have lower examination scores on scholastic aptitude, 1Q and psycho-
- logical tests, complete fewer school grade levels, and.have a higher
incidence of neuropsychiatric disorders. Children with acute lym-
hatic leukemia treated with irradiation to the brain are reportgd to
ave lower IQ scores and display disturbances in cognitive functions
. (Meadows et al., 1981).

13. The Relative
Contributions of Fatal
Cancers of Different
Sites to the Detriment
Induced by Radiation -

s

13.1 Introduction

The radiation protection system introduced by ICRP in 1977
(ICRP, 1977) and modified in 1991 (ICRP, 1991) attempted to quan-
tify the late occurring stochastic effects of radiation after low doses
of radiation and to apportion the risks incurred among organs and
tissues by assigning weighting factors to them. This system was
adopted by NCRP in 1987 (NCRP, 1987). Application of the system
requires either that its weighting factors be applicable to many
different circumstances, including populations of different age and
sex, or that different sets of weights be used for these different
circumstances. ' ’ C

The starting point for the evaluation of data pertaining to weight-
ing factors is the relative probability of excess fatal cancer (life-
time) in the different organs and tissues. The UNSCEAR Report
(UNSCEAR, 1988) provided such data; see Table 13.1 for organ and
tissue risk coefficients based on the evaludtion of the atomic-bomb
survivor data by Shimizu et al. (1988). However, age-averaged tissue
or organ-weighting factors insensitive to age variations were used.
The BEIR V Report (NAS/NRC, 1990, Table 4-3) also provided sonie
information on risks for a few organs and organ systems as a function
of age for the United States population. Both of these sources are
useful, but do not provide risk data in sufficient detail about the
dependence of organ risks on variables such as age, sex, national
characteristics and population-transfer model to be adequate for
radiation protection purposes. o

Land and Sinclair (1991) examined the dependence of relative
probabilities of fatal cancer for those organs listed by UNSCEAR
(1988), on sex, age, national population and population-transfer

97



/ 13. THE RELATIVE CONTRIBUTIONS OF FATAL CANCERS

TABLE 13.1—Excess lifetime probability of a fatal cancer (specific) after acute

(adapted from Table 69, Annex F, UNSCEAR, 1988).°*
Probability of fatal cancer (10°%)

‘ ; Multiplicative risk Additive risk
Malignancy Projection model Projection model
bone marrow 0.97 . 0.93
\1l'cancers except leukemia 6.10 3.60
0.39 0.23
0.60 0.43
0.79 0.29
g.. i = 1.51: 0.59
ple myeloma 0.22 0.09
: 0.31 0.26
0.34 0.16
1.26 0.86
1.14¢ 1.03¢
1.18°¢ 0.66°
7.07° 4.53
7.12¢ 4.16°

Estlmates based on Japanese population.
“Estlmabee based on age- averaged coefficients.

is, value is derived by subtracting the sum of the probabilities at the sites
ed from the probablhtles for all cancers except leukemla

ata after the exclusion of those cases of cancer at the specific sites listed.
ients: 0.19 excess relative probability per Gy and 1.87 x 10* per person-y

d bone marrow plus all other cancers.
bone marrow plus other individual sites including remamder

eL Age-specific data from the studies of the atomic-bomb survi-
i :,(Shlrmzu et al., 1988) were used when available, and age-
veraged coefﬁcnents were used for organs such as the esophagus,
vary and bladder for which age-specific data were not available.
wo models; (1) the multiplicative model (UNSCEAR, 1988), which
sinvolves multiplicative transfer from one population to another and
projection in time multiplicatively; and (2) the NIH-projection model
V] H, 1985), which involves additive transfer between populations
nd then multiplicative projection in time, were used. A third model,
dditive in both aspects (UNSCEAR, 1988), was also examined by
and Sinclair (1991) but not considered appropriate. In Figure 13.1,
e impact of the choice of projection model on the estimate of the
risk is shown. Five national populations were considered: Japan,
nited States, United Kingdom, Puerto Rico and China; also consid-
red were both sexes and four age ranges: 0 to 19 y, 20 to 64 y, 65
to 90 y and 0 to 90 years.

whole-body exposure to 1 Gy organ absorbed dose of low-LET radiation "

. 220
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equlvalent dose at age 20 using the UNSCEAR additive: , UNSCEAR multiplica:
tive: -«-:i and NIH: — -, projection models to estimate excess mortdhty in United -
States males (Land and Smclalr, 1991)... Doty R e

\,‘,

The estimates: for excebs cancer mortahty made by UNSCEAR
(1988) did not include a DDREF. The BEIR V (NAS/NRC, 1990) used
a linear-quadratic model for leukemia which resulted in estimates of
risk for low doses and low-doserates that weré about a factor of two
less than for high doses. ICRP used a reduction factor of two. NCRP
considers that values of DDREE are probably dependent on the tissie
involved and that for cancers ifi certain tissues, and for life shorten-
ing, the values of DDREF are llkely to exceed two. However, as few
data exist for humans on the relative influence of high and low doses
on the risk of solid cancers, NCRP concurs with the selection of a
factor of two made by ICRP (1991).

13.2 Sex

The differences in the relative contribution of the organs to the
total fatal cancer risk for males and females is shown for the two
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#81s in Table 13.2 for the population of Japan, age 0 to 90 years,

] n about a factor of three, for example, in the case of the bladder.
j the case of the multiplicative model, the risk for all cancers is
out 30 percent greater in females than in males.

3]

13.3 Age

The relative probabilities of fatal cancer in the different organs
ry with age (Table 13.3), and the total risk is greater, by a factor
“about three, in the 0 to 19 y group than in the 20 to 64 y group.
he choice of model makes little difference to the total risk (Land
d Sinclair, 1991).

134 National Populations and Transfer Models

Relative probabilities of fatal cancer in organs for the different

acteristics of the five national populations congidered using the
tiplicative model, ages 0 to 90 y, are shown in Table 13.4. While
e differences for many organs are minor, e.g., bone marrow, there
® considerable differences for organs such as esophagus (a factor
HATE

ABLE 13.2—Relative probabilities of fatal cancer in specific organs in relation
to sex (United States population, age 0 to 90 y)
(adapted from Table 5, Land and Sinclair, 1991).
Risk models*

Multiplicative NIH
Male Female Male Female
0.013 0.015 0.020 0.030
0.039 0.028 0.279 0.354
0.269 0.369 0.224 0.152
0.266 0.143 0.129 0.112
— 0.149 — 0.067
— 0.062 —_ 0.047
0.122 0.029 0.070 0.026
0.139 0.054 0.125 0.061
0.150 0.150 0.150 0.150
Total probability (102 Sy~ 1) '
9.1 13.3 7.7 9.6

‘in both the multiplicative and NIH models a constant relative risk over time after
sposure was assumed. The transfer of the risk across populations was multiplicative
ithe multiplicative risk model and additive in the NIH model (NIH, 1985).

vidently sex differences occur and while often small, they range

A * fs

transfer between the LSS of thg\atomic-bonib’jﬁi?vi‘ﬁiifs"(19§0"$:1§$5§& td
‘States populatiori that reflects ctirrent éaricef rates for 1973'td 1977 19+

vl Orgam ey i Japane iot

*¥134"> NATIONAL POPULATIONS AND TRANSFERMODELS Vv  $01
TaBLE 13.8—Relative probabilities of fatiit.cancer: in. organs in'twid aje grompetad:
exposuré based on the average for male and femalé\in the. United Smmlam
(adapted from Table 5, Land dnd Sinclairy d991)¢ .. .. i s -, .1
R Wy e o Risk models 3 )
LTt T Multipheative 0

I
PRI

L ol v ooy mey WOy mudeiy
Eﬁphagus . :f . . 0.6()8' 04024 ) Ws; ijbmh s ‘*ﬁ‘iﬁ!ﬁ
Stomach = .. 0030 - (o 0300 0:347
Colon o 0.423 0 0272 6.0t
Liing ' 0.223 BRSPS NN |
Broast P 0074 " Big geginoer g
Ovary L 0.017 7 o ithilo 021 et “igogy
O : o Pyt (ST ) WLV g G
Bladder , W 0040 bt A
Bone marrow (leukemia) |, ' 0,034, .. ..0160 ' £0.048; %ﬁoﬂiw
Residual . .. v _ ghso " “piig0..." *‘D.ilmqwﬁw’ﬁiﬁﬂ
T T L Total probability (102 8v-') .|,
_ 2556 © 83 ‘A8z 0 ek

“The probabilities of fatal cancer in United States ‘pophlation ‘weké

SRR A]Q,.u‘;z-; £
O P Tt

TaBLE 13.4—Relative probabilities of fatal cancer in organs for five populations.
. Average of male and female, age 0 to 90 y, mult u\mgf madel"

o iprom Table 5, Land dnd Sinelaid, 1991) 3 KK 0 owi!
D T United - Pasrto  United ©5 ] B0 7t

5y

States . . ' Rico::.  ;Kingdom :i;
Esophagus '+ 0.038 “:.0.014 : 0.098:° :; 0.030"

1 Chibogy .2 - Averrilge
0:2691: ++10.090

Stomach - - /0.291:i' - 0.033. . 0.136.: % 0.060 ., i 0.224. . ;0146
Colon . . - 0180 1,,0.320 . 0206 0225 1,1 0,103 S o;mg
Lung 0174 02057 0a41, . 0274 007 07
Breast 0023 0075 0048 "7 0.085 U Diog2 G0y
Ovary 0.014 0.031 0.016°° 0031 0019 ° - 0.022
Bladder 0.052 0076  0.078 0090  0.036 0.066
Bone marrow 0.077 0.096 0.127 0.064 0.079 0.089
Remainder 0.150 0150  0.150 01560  0.150 0.150
All cancer - :0.999 -+ ~:1:0004:y 21000<:° ;- 0.099° 1;,90.999 < 70.999
©o e 4 3y i (Tote) probability (1072 8vY) .
102 < 11Bit04 95 ..., 129 6.4 10.0

*The multiplicative model was used for both the transfer of risk across populations
and the projection across time. .

. "The values in the table have been calculated diré&ly from Table 5 \o't':La“l\;J@hd

Sinclair (1991). No attempt has been made to force the relative pmﬁébiiities ftil;~ all
cancers to the logical values of one. ‘ K ’

of up to 19) and stomach (a factor of up to nine). Using the NIH
model, the variation is no more than about a factor of two for any
organ (see Table 13.5). This does not, however, imply that the NIH
model is superior since there is no general agreement, at the present
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'ABLE 13.5—Relative probabilities of fatal cancer in organs for five populations.

¥
s

(derived from Table 5, Land and Sinclair, 1991).
United Puerto United

Japan States Rico Kingdom China Average
0.042 0.025 0.030 0.023 0.037 0.031
0.268 0.316 0.345 0.336 0.291 0.311
0.121 0.188 0.138 0.146 0.113 0.141
0.220 0.120 0.137 0.182 0.132 0.158

0.027 0.034 0.027 0.028 0.044 0.032
0.019 0.023 0.027 0.019 0.022 0.022
0.052 0.048 0.054 0.037 0.062 0.049
0.100 0.093 0.090 0.076 0.158 0.103
0.150 0.150 0.150 0.150 0.150 0.150
0.999 0.997 0.998 0.997 0.999 0.997
Total probability (10-2 Sv~!)
9.3 8.7 10.1 9.7 6.0 8.8

The abeolute risk was used for the transfer across populations and the multiplica-
‘model for projection across time.

e values in the table have been calculated directly from Table 5 of Land and
air (1991). No attempt has been made to force the relative probabilities for all
cers to the logical values of one.

tilne, on which transfer model to use in given sites or even whether
tshould be the same for all sites. Testing of models would be possible
findependent sources of induced cancer information were available
rone of the populations to which a transfer has been made. This
the case with cancer of the breast in the United States population,
:t unfortunately sources of information here have been used to
vapport both the NIH model (NIH, 1985) and to support the multipli-
-pative model (NAS/NRC, 1990).°
And (o

13.5 United States Population Versus the International
Commission on Radiological Protection
“Average Population”

; The International Commission on Radiological Protection (ICRP,
991) decided, in view of the differences between transfer models
and populations, to average over five populations and over sex, for

:both models, and to specify a single set of relative probabilities of
fatal cancer in the various organs. The largest difference between

1 ?for breast cancer incidence, the data are now definite in that the NIH model (NIH,
) is strongly supported and the multiplicative model should be rejected (Preston,
3).

Average for male and female, age 0 to 90 y, NIH projection model® e

13.7 *COMPARISON OF ESTIMATES OF FATAL CANCERRISKS / 103

the ICRP average and the United States is for the esophiagus, which
represents a relatively small contribution to the total: The: differ-
ences for all other organs are relatively #thdll (dee Table 13.6).
Furthermore, the risk .of cancer mortality for the: United:States
population, 10 x 10 Sv', and the average for the five populations of
9.5 x 10 Sv"' as determined by ICRP (1991) are in good agreement;
" S AETAL TS 16!
i10ted)
o T _ sood
13.6  Expected Years of Lifé Lost from Fatal Cancer ¥~
. Organs Versus Sex, Age, Population and Model wsv0

ulrbiit?

ot

ISP iy

In.the same way as for the probaﬁility of fatal cancer, tﬁéww
years of life lost for each fatal cancer can be tabulated and averaged
{see Land and Sinclair, 1991, for details).- These ‘yield ‘a-table (see
Table 13.7) of relative probabilities in organs that are quite simildr
to those for fatal cancer probabilities except that the contribution
of bone marrow is much greater by.abeut a factor,of two: This ig due

to the relatively short latent period for leukemiay;.., ., ../ (7.
B s g Vo sl o oty v ity gl ey
LT S S Y ST gl #o bass Buaparid vog wadi()

13.7 Comparison of Estimates of Fatal Cancer Risks in
', Orgatis in 1991 With! Those of 1977 © = ' "3+

R 19 ) AU AR T TR W
The estimates. of the Figk of fatal tancer (lifetime) in organsd for
the wholg population for ICRP (1991) and this Report are giveti in

i

TABLE 13.6—Distribution of probabilities of fatal cancer in organs.

Organ ICRP average* USsh
Esophagus 0.061 0.020
Stomach 0.229 0.175
Colon 0.174 0.254
Lung o 0.168 0.163
Breast 0.041 .....0.065
Ovary 0.022 10,027
Bladder 0.058 0.062
Bone marrow 0.096 0.094
Remainder 0.150 - 0.150
All cancer - 0.999 ;1,000

. Total probability (10" *8v-") |, . .
95 .. 100

A

“Average of males and females, five national populations, two transfer models
(multiplicative and NIH), age 0 to 90 years (from Table B-15, ICRP, 1991). :

® Average of males and females, two transfer models (multiplicative and NIH), age
0 to 90 years (calculated from Table 5, Land and Sinclair, 1991).
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“TABLE 13.7—VYears of life lost and relative values of expected life lost due to

models (multiplicative and NIH), age 0 to 90 y
(adapted from Tables B-16 and B-18, ICRP, 1991).

Life lost Relative years
(years) of life lost
11.5 0.048
124 0.190
12.5 0.148
13.5 0.154
18.2 0.049
16.8 0.025
9.8 0.039
30.9 0.197
13.7 0.150
15.0° 1.000

ABLE 13 8—Lifetime mortality in a population of all ages from specific fatal cancer
; after exposure to low doses (i.e., DREF of two applied)
(from Table B-17, ICRP, 1991).

Fatal probability l1:oefﬁcient

10* Sv
ICRP (1977) ICRP (1991)
and NCRP (1987)* and this Report

— 30

20 50

5 5

25 20

— 85

—_ 15

20 85

— 30

— 10

- 2

— 110

5 8

50 50
125¢ 500¢

i :Calculated from tissue weighting factors and a total risk of 165 x 10* Sv™'.
* "The composition of the remainder is quite different in the two cases.
"l‘hls total was used for both the worker population and the general public.

t4General public only The total fatal cancer risk for a working population is taken
$0 be 400 x 10* Sy!.

o
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others, for the first time, make a large contribution to the total risk.
Cancers of the colon and stomach were not included separately in
the risk estimates in 1977 but: were part iof the remiainder. They
now contribute almost 40 percent of the total risk. (Note that these
estimates are for exposure to low dosés and have béén derived from
estimates from high-dose-rate exposure using a DREF of two.)

By Sy gy I



14. Detriment Due to
Radiation Exposure at
Low Doses

14.1 Introduction

The estimate of the total detriment that results from exposure to
uradiation is complex and is still the subject of debate (ICRP, 1985;
'1991). Four major components of the detriment are considered:
(1) the risk of fatal cancer, (2) the risk of severe hereditary disease,
(3) the relative loss of lifespan for different cancers and for hereditary
ldisease, and (4) a contribution from nonfatal cancer. ICRP (1991)
*did not include any possible detriment arising from mental retarda-
tion in the fetus and none is included in this Report. If a threshold
for mental retardation is justified, then no detriment need be consid-
; -ered for the range of doses applicable to routine radiation protection.
If not, a calculation and allowance can be made, for example, Sinclair
(1992). However, in view of the uncertainty about a threshold, this
possible detriment is not included as a component of the detriment.

14.2 Estimate of the Detriment

The first component, the probability of fatal cancer for each organ,
is obtained from the data shown in Table 13.8. The total probability
of fatal cancer in the general population is 5 x 102 Sv'! and
4 x 107 Sv'! in a working population. The contribution of severe
‘Ylj)ereditary disease is about 1.3 x 102 Sv"! for members of the general
‘population and 0.8 x 10 Sv! for a working population. The third
component, the relative length of life lost due to radiation-induced
cancer in specific organs, is obtained from the data in Table 13.7.
%’lthe relative years of life lost varies by a factor of about seven to
eight among the fatal cancers listed.

The assessment of the contribution of the last component of the
total detriment, nonfatal cancer, is based on the severity or lethality
of the specific cancer and weighted according to the lethality fraction, &

106
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(ICRP, 1991). In calculating total detriment for a particular type of
cancer, fatal cases receive full weight and a partial weight; p; is
placed on nonfatal cases. Thus, if T' is the total number of cancer
cases and k the fatality fraction, the detriment (D) is: ‘- °

D=kT+pi-mT. . 14D

The ICRP soinewhat arbitrarily chose p = k; reasonirig that a non:
fatal cancer of a type that is usually fatal involves more unpleasant-
ness to the patient than a nonfatal caricer of a typé that is seldom
fatal. With this choice, D is: S N l’
. : ‘ e o A T TS B R Y L L e T
D =kT + k(1 - k)T = kT2 -k) = F2 k) + (14.2)

where F = kT is the number of fatal cancers. = ' '~
Two sets of data have been used to select the letfiﬁlit}? fractions:
(1) the 5 y survival rates for cancer of the specific organs for the
years 1980 to 1985 and (2) the lethality rates for cancer based on
the years 1950 to 1970. Neither set of data alone is appropriate, the
5 y rates underestimate the lethality and the 1950 to 1970 rates
overestimate the lethality because of the improvement in cancer-
cure rates in recent years. Therefore, judgment, as well as the data

available for 5 and 20 y lethality rates, have been used in the selec-
tion of the lethality fractions shown in Table 14.1.

RN A [

TABLE 14.1—Lethality data for cancers in adults by site (NIH, 1989)° . .
{from Table B-19, ICRP Publication 60 (ICRP, 1991)).

Five years Twenty years lethality Proposed lethality
1980 to 1985 1950 to 1970 Fraction (k)
Bladder - 0.22 0.568 0.50
Bone — 0.72 ¢ - 0.70
Brain 0.75 0.84 0.80
Breast 0.24 0.62 0.50
Cervix 0.33 0.50 0.45
Colon 0.45 0.62 0.55
Kidney 0.48 0.78 0.65
Leukemia (acute) 0.98 0.99 0.99
Liver 0.95 0.98 0.95
Lung and bronchus 0.87 0.96 0.95
Esophagus 0.92 0.97 0.95
Ovary 0.62 0.74 0.70
Pancreas 0.97 0.99 0.99
Prostate 0.26 0.84 0.55
Skin — — 0.002
Stomach 0.85 0.90 0.90
Thyroid 0.06 0.15 0.10
Uterus 0.17 0.35 0.30

*Numbers were derived from tables and graphical data in NIH (1989).
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e expected years of life lost as a result of radiation-induc -
neer differs among organs and the differences must be taken into
beount in the estimate of total detriment. Land and Sinclair (1991)
timated the years of life lost for each cancer (!) and the average
s of life lost (J) for all cancers which was 15 years. The relative
écted life lost (/1) (lethality factor, k) is based on an average for
pax, age at exposure, national population and both the multiplicative
and NIH models.’® The length of life lost for cancer of breast and
y are based only on the data for females. The years of life lost
for severe genetic effects was taken to be an average of 20 y and,
erefore, a correction factor for genetic effects of 20 y divided by
4 or 1.33. The k for each cancer shown in Tables 14.1 and 14.2,
e derived from //] where [ is the expected years of life lost for a
c site and [ is the average for all cancers.

14.3 Tissue Weighting Factors

The relative contribution of the individual organs to the total
ment is shown in Table 14.2 and form the basis of the weighting
Betors to be used. There are large uncertainties in the data at each
age of the derivation of these organ contributions. Consequently,
&-is reasonable to round off the values for the various organs
{(Table 14.2) and limit the weighting factors to four groups. The
Q_RP in its Publication 60 (ICRP, 1991) concluded that a reasonable
gignment of weights derived from the data of Table 14.2 for the four
’f ps was that which is shown in Table 14.3. NCRP recommends
e same weighting factors since the United States population does
ot differ in important respects from the ICRP average population.

he dependence of the weighting factors on the various variables
8 been assessed.

144 Working Populations

Ithough there are considerable uncertainties in the estimates of
e four components that contribute to the total detriment, it is
sonable to examine whether tissue weighting factors should be
lerent for the working population from those for the general popu-
ation. For example, the nominal probability of radiation-induced

ese symbols, / and 7, are from ICRP (1991).

14.4  WORKING POPULATIONS

Weight (wq)

% Relative
Contribution

-
Py

©pesd ongiestid o AR
wapfroctadod e Yednedteg OF tpod

TABLE 14.2—Relative contribution of organs to the total detriment for-a generulpopuﬁuwn o

Genetic
Effects
(per 10,000
person-Sy):

[adapted from Table B-20, ICRP Publication 60 (ICRP, 1991 )]f
Severe i R

of fatal
Cancer (F)
(per 10,000
person-Sv)

Probability

Bone marrow
Bone surface

Bladder
Breast
Colon
Liver
Lung
Esophagus
.Ovary
Skin
Stomach
Thyroid
Remainder
Gonads
Total




14. DETRIMENT DUE TO RADIATION EXPOSURE
TABLE 14.3—Tissue weighting factors, wy (ICRP, 1991).

Wy Zuwy

0.01 bone surface, skin 0.02
0.05 bladder, breast, liver, esophagus,

~ thyroid, remainder 0.30

0.12 bone marrow, colon, lung, stomach 0.48

0.20 gonads 0.20

Total 1.00

cancer in a lifetime is 4 x 102 Sv! for a working population
ich is about 80 percent of the total cancer risk for the general
"lation. The total risk is lower because of the absence of younger
sons who have a higher susceptibility for radiation-induced can-
However, the differences in the total detriment between the
al and working populations are relatively small. In addition,
en the individual contributions to the total detriment are rounded
‘and assigned to only four groups, the same weighting factors
ppear to be appropriate for both populations. Therefore, the weight-
factors shown in Table 14.3 should be used for both a working
sulation and the general population.

14.5 Total Detriment

he total detriment after low-dose, low-dose-rate exposure to joniz-
adiation is the sum of the contributions due to fatal cancer and
re hereditary disorders weighted for length of life lost. These
¢ listed in Table 14.4 for a working population and for the whole
#opulation. The total detriment attributed to stochastic effects is
8 x 102 Sv! for the whole population and some 23 percent less
9% a working population of 20 to 64 y of age.

he data in Tables 14.3 and 14.4 provide the currently recom-
ded nominal risks and organ and tissue weights to be applied
setting radiation protection standards.

ABLE 14.4—Nominal detriment coefficients for stochastic effects (102 Sy~1)°
(from Table S-3, ICRP, 1991).

é: Exposgd Fatal Nonfatal Hereditary
i~ Population Cancer® Cancer Disorders Total
ing population
‘to 64 y of age 4.0 . 08 08 5.6
e population
9 0 90 y of age 5.0 1.0 1.3 7.3
*Rounded values.

or fatal cancer, the detriment coefficient is the same as the probability coefficient.
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1, is clear that thers A 1Wphridhi nkidswébe éﬁgsﬁaﬁs dboiit:
the estiation of figk of radiation-indi céd%é ficér. The NCRP Had
beén particularly conerned about cértain uspectd of the ‘edlimAtis’
of the risk df radiogenic cancer. :}h‘eséﬂ include; ' W 7 H IS
i S A A I A N T 101 T CRaT Y]

1. The choice of the most appropriate-risk projection;model: 15y
2. The duration of excess risk that is'asbumediin the #iék-
" projection model. (For those persons expdsed dt'a: young'age: this
i+ has an important impact on the éstimate of the lifetime risk:) «:
3. The estimates of the risks for persons exposed to low total doses
‘over a considerable fraction of their life span; (It is these risks
that ‘are the concern for radiation proteéction of workers: and
the gerieral population. In addition, these risks have had to be
derived from data for persons exposed: to high doses at high-
* "dose rates)) = i conn s edafign ;
‘4; The fact that the estimates of risk of fatal cancer by the
- UNSCEAR (1988), BEIR V (NAS/NRC, 1990) and ICRP (1991)
Committees are based on those for a Japanese population
exposed in wartime and a reference Japanese population :in
1982 rather than a current United States population. Thiére
are significant differences between the Japanese population
and the United States population and the correct - method of
transferring radiation risk estimates across populations is not
known. ‘

Despite these nontrivial ¢on¢ems; the NCRP considers that the

~ data support an increase in the estimates of risks of radiogenic cancer

from those made by UNSCEAR (1977) and BEIR III (NAS/NRC,
1980). The selection of a multiplicative risk model instedd of an
additive risk model has contributed significantly to the increases i
the estimates of risk and the NCRP concurs with this choice of risk
model.

The risk estimates reported by UNSCEAR (1988) and BEIR V
(NAS/NRC, 1990) indicate a nominal value of 8 x 102 Sv’! effective
dose for a lifetime risk of cancer mortality in a worker population
and 10 x 102 Sv'! for the general population. These estimates are
based on data obtained from persons exposed at high doses and high-
dose rates. The NCRP considers that a DREF should be applied to
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¥hese estimates of risk for persons exposed to low doses and at low-
se rates and the factor could range between two and three. The
fect of the value of the DREF on the risk coefficients for cancer
ortality are shown in Table 15.1. The lifetime risk of fatal cancer
result of exposure to low doses and at low-dose rates would,
erefore, range between 2.7 to 4 x 102 Sv™! for a worker population
nd 3.3 to 5 x 102 Sv?! for the general population (see Table 15.1).
NCRP, therefore, recommends that for radiation protec-
n purposes, a DREF of two be applied and a lifetime risk
atal cancer of 4 x 102 Sv'! be used for a worker population
similarly, a lifetime risk of 5 x 10? Sv’ be used for the
ieral population.
#0ther detrimental effects such as genetic effects, damage to the
mbryo/fetus and length of life lost must be considered in the assess-
mént of the total detriment. The most recent estimates based on the
Nimited human data available suggest that the human is not at as
great a risk for genetic effects as was previously thought. On the
“other hand, the NCRP believes that the estimates based on experi-
‘mental data may be higher than other committees have judged them
Y6 be (see Section 11). Perhaps the greatest uncertainty lies in the
risk of multifactorial diseases. Given these uncertainties, the NCRP
thas chosen to recommend for radiation protection purposes a risk
estimate of about 1.0 x 102 Sv! for severe hereditary effects in
the total population. The risk estimate for a worker population is
.considered to be slightly lower.
9:The exposures of the embryo/fetus to radiation poses questions
arding both the estimates of the risk of cancer mortality, and
#ilso of deterministic effects. The systematic examination in recent
ears of the effects of radiation on the brain has clarified which is
the most radiosensitive period in development, and has quantified
e effects on intelligence and the probability of severe mental retar-
dation. The important question of whether there is a threshold for
the effects on brain has not been answered unequivocally. The potential
sk that can result from exposure at the critical period of develop-
ent for example, between 8 to 15 weeks gestational age, necessi-
tes strict limitation of exposure. The NCRP recommends that for

15. CONCLUSIONS

. TABLE 15.1—Risk coefficients for cancer mortality (average of UNSCEAR and
ti BEIR V estimates) adjusted by varied values of DREF.

DREF
2 2.5 3

" Population Lifetime cancer mortality (10~? Sv!)

éfult workers 4.0 3.2 .27
tal population 5.0 4.0 3.3
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radiation protection purposes, an estimate of 0.40 x 10 Sv! for
severe mental retardation after exposure durmg the 48300 15 week
period of gestation be used.;{ : ¥¥ ¥s7 ¢ j 1 }‘} i

Despite all the uncertamtles and the assumptlons that must be
made, the best estimates of risk of detrimental effects from exposure
to radiation are higher than previously suggested and by a factor
of about three for a working population. A summary of the estimated

Aea

probabllltles of the detrimental effects of low-LET radlati' on is shown

DAY

in Table 14 2




*S‘:

16. Future Studies

o
: vbi\ It must have become clear to the reader of this Report that improve-
¢ '&x’épts in the methods of risk estimation, and the understanding of
e underlying processes, are still required to improve the estimates
of risk of radiation-induced health effects. The study of the atomic-
bomb survivors over approximately 40 y have provided the data on
which radiation protection standards have been set, and yet the data
up to 1985 consist of about 340 cases of cancer out of approximately
6,000 cancer deaths that are attributed to radiation exposure. This
is not a large number when all the necessary stratifications are
made. Furthermore, it is not a large number in relation to the total
: n.umber of persons still at risk since about 60 percent of the popula-
~ tion exposed in the two cities is still alive. An increasing fraction
of the surviving population is made up of those that were young
ATB. This has entailed the use of methods of projecting the risk for
, those still alive to obtain an estimate of their lifetime risk, but it is
- not known over what period after exposure the excess risk exists or
gt what level. There is a need to understand how risk is related
to age at exposure and how that risk is expressed with time. The
. approaches used in the BEIR V Report (NAS/NRC, 1990) for model-
ng the risk with time was a start, but more needs to be done. There
are other aspects of the analysis of the data that require examination.
For example, the independence of diseases is assumed in all analyses
but the Yalidity of this assumption has not been demonstrated.
: ';‘he distribution of the types of cancer that occur naturally is
g}llte flifferent in the Japanese population from those of European
r United States populations. It is a matter of concern that such a
arge fraction of the total risk is attributed to cancers of the digestive
jystjem. This suggests two areas that require study. First, an exami-
l}atxon of how to transfer risk estimates from one population to
another. The fact that ICRP (1991), based on the work of Land
and Sinclair (1991), considered that the best estimates were to be
btfuned by averaging over five populations and two models of risk
mJe.ction is sufficient evidence that more work is required. Second,
studies of the risk of cancer of the various sites in the gastrointestinal
tract in populations other than the Japanese are needed.
: A major advantage of the study of the atomic-bomb survivors is
hat there were relatively large numbers of persons exposed to a

2
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broad range of doses and, therefore, dose-response relationships can
be assessed. However, the most important information for radiation
protection purposes is the risk estimates for the affects of exposure
to low doses and to protracted exposures. The atomi¢-bomb survivors
were exposed to irradiation at a very high-dose rate and the data’
does not allow direct estimates of risk at low doses or low-dose ratés.
Further studies are needed that will provide useful determinations
of the effect of dose rate and fractionation. There is no comprehensive
model of time-dose relationships. . v

New studies are revealing more and more about the carcinogenic
process at a molecular level. It is becoming accepted that carcinogen-
esis is a multistage process. It is not known whether irradiation
effects steps in the carcinogenic process beyond the initial events and
how dose rate affects the mutational events considered important for
cancer induction. It is the factors influencing expression of the initial
events that are the determinants of whether a cancer actually devel-
ops. Little is known about how radiation influences these factors.
There is still the hope that radiation-specific lesions in DNA will be
identified. Such identification would make it possible to establish
that a specific cancer was or was not attributable to the radiation
exposure irrespective of dose.

In the field of genetics, some fundamental questions remain to be
answered. For example, one of the sources of uncertainty in the
application of the results obtained by the “doubling dose” method,
which is used for estimating the genetic risk, is whether the human
immature oocyte is more or less radiosensitive than the spermatogo-
nia. The number of genes, the spontaneous mutation rates of a num-
ber of critical genes involved in major genetic diseases and the precise
nature of the alteration induced in the genome by radiation, are all
questions to be answered. Perhaps the most important question to
answer is about the importance of the category of genetic disorders
called multifactorial disorders involving the interaction of more
than one gene. A critical question is what is the magnitude of the
mutational component of these diseases? The effect of genetic dis-
eases on life span is poorly understood and, therefore, the impact of
a radiation-induced excess of these diseases has not been adequately
assessed.

New techniques make it possible to determine, in humans, induced
aneuploidy and chromosome rearrangements with defined exposure.
An example of what should be done is the determination of the
relative frequencies of aneuploidy for chromosomes 13, 18, 21 and
the six chromosomes which comprise the main class of chromosome
diseases in the live born.
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Lastly, studies with the potential to establish incontrovertible

ﬁ'greduction in the IQ does or does not exist, are of great importance.
is imperative that further studies on the mechanisms of radiation-
induced effects of the brain be carried out.

. The required studies are at all levels of biological organization,
and the skills needed range from epidemiology to molecular biology.

@vidence that a threshold for radiation-induced mental retardation,’
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The National Council on Rad‘xai;ionq,l?rot_gﬁtion an,d’ Meaagljqugnts
is a nonprofit corporation charteréd by Congress in1964 to:, "

#awal ®

1. Colléct, analyze, develop afid disdeéminate in the puiblic interest
information and recommendations abotut (a) protection agdinit
radiation and (b) radiation measurements, quantities.an
'units, particularly those concerned with radiation: protéction.:

2. Provide ‘a meéans by which orgahizations concerried with thé
scientific and related aspects of radiation protection nd of radi-
ation quantities; units and measurements may coaperate. for
effective utilization of their combined resources, and to stimu-
late the work of such organizations. "' e

3. Develop basic ¢oncepts about radiation quantities, units and
measurements, about the application of these concepts, and
about radiation protection.. . i .-v. e W e o

4. Cooperate withthe International Commission on Radiological
Protection, thé Internatiorial Comfiiission on Radiation Unith
and Measureinents, and other national and international ofga-
nizations, governmental and private, concerned with radiatijon

quantities, units and measurements and with radiation
rotection. ; oo e e
p oo T Teod

The Council is the successor to the unincorporated association of
scientists known as the Natiohal Committee on Radiation Protection
and Measurements and was formeéd to carry on'the work begun by
the Committee. PR ;

The Council is made up of thé members and the participants who
serve on the scientific committees of the Council. The Council mem-
bers who are selected solely on the basis of their scientific expertise
are drawn from public and private universities, medical centers,
national and private laboratories and industry. The scientific com‘
mittees, composed of experts having detailed knowledge and éorﬂb’é;—
tence in the particular area of the committee’s interest, draft
proposed recommendations. These are then submitted to the full
membership of the Council for careful review and approval before
being published. .
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Currently, the following committees are actively engaged in for-
mulating recommendations:

SC1

SC9

SC 16
SC 46

SC 57

SC 63

SC 64

SC 66
SC 69
8C 72
8C 75
SC 77

SC 84

SC 85
SC 86
SC 87

SC 88

Basic Radiation Protection Criteria

SC 1-3 Collective Dose

SC 1-4 Extrapolation of Risk from Non Human Expenmental
Systems to Man

SC 1-5 Uncertainty in Risk Estimates. ..

Structural Shielding Design and Evaluation for Medical Use of X
Rays and Gamma Rays of Energies Up to 10 MeV

X-Ray Protection in Dental Offices

Operational Radiation Safety !

SC 46-8 Radiation Protection Design Guidelines for Partlcle :
Accelerator Facilities . ;

SC 46-9 ALARA at Nuclear Plants - '

SC 46-10 Assessment of Occupational Doses from Intemai Emlttérs

SC 46-11 Radiation Protection During Special Medical Procedures’

SC 46-12 Determination of the Effective Dose Equivalent (and
Effective Dose) to Workers for External Exposure to Low-LET
Radiation

Dosimetry and Met.abollsm of Radionuclides

SC 57-2 Respiratory Tract Model

SC 57-9 Lung Cancer Risk

SC 67-10 Liver Cancer Risk

SC 57-14 Placental Transfer

SC 57-15 Uranium

SC 57-16 Uncertainties in the Application of Metabolic Models

Radiation Exposure Control in a Nuclear Emergency

SC 63-1 Public Knowledge

Radionuclides in the Environment

SC 64-6 Screening Models

SC 64-17 Uncertainty in Environmental Transport in the Absence
of Site Specific Data

SC 64-18 Plutonium

SC 64-19 Historical Dose Evaluation

Biological Effects and Exposure Criteria for Ultrasound

Efficacy of Radiographic Procedures

Radiation Protection in Mammography “

Guidance on Radiation Received in Space Activities

Guidance on Occupational and Public Exposure Resulting from
Diagnostic Nuclear Medicine Procedures

Radionuclide Contamination

SC 84-1 Contaminated Soil

SC 84-2 Decontamination and Decommissioning of Facilities

Risk of Lung Cancer from Radon

Hot Particles in the Eye, Ear or Lung

Radioactive and Mixed Waste

SC 87-1 Waste Avoidance and Volume Reduction

SC 87-2 Waste Classification Based on Risk

SC 87-3 Performance Assessment

Fluence as the Basis for a Radiation Protection System for
Astronauts
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Nonionizing Electromagnetic Fields

SC 89-1 Biological Effects of Magnetic Fields

SC 89-2 Practical Guidance on the Evaluation of Human Exposure
to Radiofrequency Radiation

SC 89-3 Extremely Low-Frequency Electric and Magnetic Fields

Precautions in the Management of Patients Who Have Received
Therapeutic Amounts of Radionuclides

Radiation Protection in Medicine

‘Ad Hoc Committee on the Embryo Fetus and Nursing Child

‘Ad Hoc Committee on Council Involvement in Public Decision Making

A tecognition of its responsibility to facilitate and stimulate coop-
'txon among organizations concerned with the scientific and
$la ted aspects of radiation protection and measurement, the Council
, "*‘created a category of NCRP Collaborating Organizations. Orga-
: tions or groups of organizations that are national or interna-
-in scope and are concerned with scientific problems involving
rﬁdfhtlon quantities, units, measurements and effects, or radiation
[ii'utectlon may be admitted to collaborating status by the Council.
(ﬁllaboratmg Organizations provide a means by which the NCRP
Ain gain input into its activities from a wider segment of society.
Atthe same time, the relationships with the Collaborating Organiza-
tions facilitate wider dissemination of information about the Coun-
cs activities, interests and concerns. Collaborating Organizations
hﬁve the opportunity to comment on draft reports (at the time that
2 are submitted to the members of the Council). This is intended
A pitalize on the fact that Collaborating Organizations are in an
emeellent position to both contribute to the identification of what
m to be treated in NCRP reports and to identify problems that
] ”f“t result from proposed recommendations. The present Collabo-

Ing Orgamzatlons with which the NCRP maintains liaison are

R

\vrican College of Occupational and Environmental Medicine
m e ‘rican College of Radiology

erican Insurance Services Group
merican Medical Association

merican Nuclear Society

A erican Podiatric Medical Association
gAmerican Public Health Association
American Radium Society
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American Roentgen Ray Society

American Society of Radiologic Technologists
American Society for Therapeutic Radiology and Oncology
Association of University Radiologists
Bioelectromagnetics Society

College of American Pathologists

Conference of Radiation Control Program Directors
Electric Power Research Institute

Federal Communications Commission

Federal Emergency Management Agency
Genetics Society of America

Health Physics Society

Institute of Nuclear Power Operations
International Brotherhood of Electrical Workers
National Aeronautics and Space Administration
National Electrical Manufacturers Association
National Institute of Standards and Technology
Nuclear Management and Resources Council
0il, Chemical and Atomic Workers Union
Radiation Research Society

Radiological Society of North America

Society of Nuclear Medicine

United States Air Force

United States Army

United States Coast Guard

United States Department of Energy

United States Department of Housing and Urban Development
United States Department of Labor

United States Environmental Protection Agency
United States Navy

United States Nuclear Regulatory Commission
United States Public Health Services

Utility Workers Union of America

The NCRP has found its relationships with these organizations
to be extremely valuable to continued progress in its program.

Another aspect of the cooperative efforts of the NCRP relates to the
Special Liaison relationships established with various governmental
organizations that have an interest in radiation protection and mea-
surements. This liaison relationship provides: (1) an opportunity for
participating organizations to designate an individual to provide
liaison between the orgamzatlon and the NCRP; (2) that the individ-
ual designated will receive copies of draft NCRP reports (at the time
that these are submitted to the members of the Council) with an
invitation to comment, but not vote; and (3) that new NCRP efforts
might be discussed with liaison individuals as appropriate, so that
they might have an opportunity to make suggestions on new studies
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d related matters. The following organizations participate in the
ial Liaison Program:
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*Australian Radiation Laboratory

Commissariat a 'Energie Atomique (France)

Commission of the European Communities

Defense Nuclear Agency

International Commission on Non-Ionizing Radiation Protection
Japan Radiation Council

National Radiological Protection Board (United Kingdom)
National Research Council (Canada)

Office of Science and Technology Policy

Office of Technology Assessment

'Ultrasonics Institute (Australia)

* United States Air Force

i United States Department of Health and Human Services
‘ United States Department of Transportation

United States Nuclear Regulatory Commission

# ... The NCRP values highly the participation of these organizations
4in the Special Liaison Program. ’

“¢,. The Council also benefits significantly from the relationships
established pursuant to the Corporate Sponsor’s Program. The pro-
gram facilitates the interchange of information and ideas and
corporate sponsors provide valuable fiscal support for the Council’s
rogram. This developing program currently includes the following
Corporate Sponsors:

% Arhersham Corporation
*Commonwealth Edison

y Consumers Power Company
; Duke Power Company

“ EG&G Rocky Flats

* Landauer, Inc.
M
Public Servme Electric and Gas Company
Southern California Edison Company
{;Westmghouse Electric Corporation
The Council’s activities are made possible by the voluntary contri-
V[mtlon of time and effort by its members and participants and the
enerous support of the following organizations:

Agfa Corporation

n-Alfred P. Sloan Foundation

;: Alliance of American Insurers

- American Academy of Dermatology

3 ‘American Academy of Oral and Maxillofacial Radiology
i *-'American Association of Physicists in Medicine

* American Public Health Association =~ ™ R

. American Roentgen Ray Society ;- + " '
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American Cancer Society : PR e

American College of Medical Physics v
American College of Nuclear Physicians o :
American College of Occupational and Envxmnmentnl Medxcme

N

American College of Radiology R coer ey

American College of Radiology Foundatlon B L et s

oobind )

EIRRTEI

American Dental Association : N
American Healthcare Radiology Administrators
American Industrial Hygiene Association

IR N

American Insurance Services Group P

American Medical Association

_American Nuclear Society . i} . i R

American Osteopathic College of Radlology . e
American Podiatric Medical Association o '
e Ly

American Radium Society

American Society of Radiologic Technologlst.s . o
American Society for Therapeutic Radiology and Oncology
American Veterinary Medical Association o
American Veterinary Radiology Society
Association of University Radiologists
Battelle Memorial Institute

Canberra Industries, Inc.

Chem Nuclear Systems

Center for Devices and Radiological Health
College of American Pathologists
Committee on Interagency Radiation Research and Policy Coordination
Commonwealth of Pennsylvania

Defense Nuclear Agency

Edison Electric Institute

Edward Mallinckredt, Jr. Foundation

EG&G Idaho, Inc.

Electric Power Research Institute

Federal Emergency Management Agency

Florida Institute of Phosphate Research

Fuji Medical Systems, U.S.A., Inc.

Genetics Society of America

Health Effects Research Foundation (Japan)

Health Physics Society

Institute of Nuclear Power Operations

James Picker Foundation

Martin Marietta Corporation

National Aeronautics and Space Administration

National Association of Photographic Manufacturers

National Cancer Institute

National Electrical Manufacturers Association

National Institute of Standards and Technology

Nuclear Management and Resources Council

Picker International

Radiation Research Society

Radiological Society of North America

5 ’ ) L

IR x.'r 11}
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hard Lounsbery Foundation

dia National Laboratory

jety of Nuclear Medicine

iety of Pediatric Radiology

ted States Department of Energy

‘WlUnited States Department of Labor

Inited States Environmental Protection Agency
ted States Navy

[inited States Nuclear Regulatory Commission
ictoreen, Inc.

% Initial funds for publication of NCRP reports were provided by a
Jritiit from the James Picker Foundation.
; Tbe NCRP seeks to promulgate information and recommendations
d on leading scientific judgment on matters of radiation protec-
#ion and measurement and to foster cooperation among organizations
goticerned with these matters. These efforts are intended to serve
he public interest and the Council welcomes comments and sugges-
’ o’hs on its reports or activities from those interested in its work.

NCRP Publications

NCRP publications are dlstnbuted by the NCRP Pubhcatlons
Office. Information on prices and how to order may be obtained by
directing an inquiry to: A .

NCRP Publlcatlons

7910 Woodmont Avenue
Suite 800

Bethesda, MD 20814 3095

The currently available publications are listed below. |

NCRP Reports
No. Title
8 Control and Removal of Radwactwe Contammatwn in

Laboratories (1951) '

22 Maximum Permissible Body Burdens and Maxzmum Per-
missible Concentrations of Radionuelides in Air and in
Water for Occupational Exposure (1959) [Includes Adden-
dum 1 issued in August 1963] .

23 Measurement of Neutron Flux and Spectra for Physical and
Biological Applications (1960). . .

25 Measurement of Absorbed Dose of Neutrons, and of Mixtures
of Neutrons and Gamma Rays (1961)

27 Stopping Powers for Use with Cavity Chambers (1961)

30 Safe Handling of Radioactive Materials (1964)

32 Radiation Protection in Educational Institutions (1966)

35 Dental X-Ray Protection (1970) .

36 Radiation Protection in Vetermary Medicine (1970)

37 Precautions in the Management of Patients Who Have

: Received Therapeutic Amounts of Radionuclides (1970)

38 Protection Against Neutron Radiation (1971)

40 Protection Against Radiation from Brachytherapy Sources
(1972)

41 Specification of Gamma-Ray Brachytherapy Sources (1974)

42 Radiological Factors Affecting Decision-Making in a
Nuclear Attack (1974)

44 Krypton-85 in the Atmosphere—Accumulation, Biological
Significance, and Control Technology (1975)

135
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Alpha-Emitting Particles in Lungs (1975)

Tritium Measurement Techniques (1976)

Structural Shielding Design and Evaluation for Medical Use
of X Rays and Gamma Rays of Energies Up to 10 MeV
(1976)

Environmental Radiation Measurements (1976)

Radiation Protection Design Guidelines for 0.1-100 MeV
Particle Accelerator Facilities (1977)

Cesium-137 from the Environment to Man: Metabolism and
Dose (1977)

Medical Radiation Exposure of Pregnant and Potentially
Pregnant Women (1977)

Protection of the Thyroid Gland in the Event of Releases of
Radioiodine (1977)

Instrumentation and Monitoring Methods for Radiation
Protection (1978)

A Handbook of Radioactivity Measurements Procedures, 2nd
ed. (1985)

- Operational Radiation Safety Program (1978)

Physical, Chemical, and Biological Properties of Radio-
cerium Relevant to Radiation Protection Guidelines (1978)

- Radiation Safety Training Criteria for Industrial Radio-

graphy (1978)

Tritium in the Environment (1979)

Tritium and Other Radionuclide Labeled Organic Com-
pounds Incorporated in Genetic Material (1979)

Influence of Dose and Its Distribution in Time on Dose-
Response Relationships for Low-LET Radiations (1980)

Management of Persons Accidentally Contaminated with

 Radionuclides (1980)

Radiofrequency Electromagnetic Fields—Properties, Quan-
tities and Units, Biophysical Interaction, and Measure-
ments (1981) ‘

Radiation Protection in Pediatric Radiology (1981)
Dosimetry of X-Ray and Gamma-Ray Beams for Radiation
Therapy in the Energy Range 10 keV to 50 MeV (1981)
Nuclear Medicine—Factors Influencing the Choice and Use

~ of Radionuclides in Diagnosis and Therapy (1982)

Operational Radiation Safety—Training (1983)

Radiation Protection and Measurement for Low-Voltage
Neutron Generators (1983)

Protection in Nuclear Medicine and Ultrasound Diagnostic
Procedures in Children (1983)

74

75

76

7
78
79
80
81
82
83
84

85
86

87

88
89

90
92

93
94
95
96
97
98

99
100

i, Radon and Its Daughters (1984) .. "'
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Blologtcal Effects of Ultrasound: Mechamsms and Clinical
Implications (1983)

Todine-129: Evaluation of Releases from NuclearPower Gent
eration (1983) - -k 0

Radiological Assessment Predtctmg the Transport, Bioac-
cumulation,’and Uptake by -Man of Radtohucltdes
Released to the Environment (1984) ~ey Sy

Exposures from the Uranium-Series. wzth Emphasts on

REEE AP 0 M

Evaluation of Occupational and Envirormiental Exposures
to Radon and Radon Daughters in the United States (1984)

Neutron Contarnination from Medical Electron Accelerators
(1984) AR AR \H‘\H

Induction of Thyro;d Cancer by Ionizing Radiation (1985)

Carbon-14 in the Environment (1985)

SI Units in Radiation Protection and Measurements (1985)

The Experimental Basis for Absorbed-Dose Calculations in
Medical Uses of Radionuclides (1985)

Generdl Concepts for the Dosimetry of Internally Deposited
Radionuclides (1985)

Mammography—A.User’s Guide (1986) :

Biological Effects and Exposure Criteria for Radiofrequency
Electromagnetic Fields (1986)

Use of Bioassay Procedures for Assessment of Internal
Radionuclide Deposition (1987)

Radiation Aldrms and Access Control Systems (1986)

Genetlc Effects from I nternally Deposzted Radtonucltdes
“(1987) - oaev

Neptunium: Rad:atwn Protectzon Gutdelmes (1988) T

Public Radiation Exposure from Nucléar Power Generatibon
in the United States (1987) ¥

Ionizing Radiation Exposure of the Populatwn of the United
States (1987) .

Exposure of the Populatwn m tize United States and Canada
‘from Natural Background Radiation (1987) . ,

Radiation Exposure of the U.S. Population from Consumer
Products and Miscellaneous Sources (1987)

Comparative Carcinogenicity of Ionizing Radiation and
Chemicals (1989)

Measurement of Radon and Radon Daughters in Air (1988)

Guidance on Radiation Received in Space Activities (1989)

Quality Assurance for Diagnostic Imaging (1988)

Exposure of the U.S. Population from Diagnostic Medical
Radiation (1989)
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Exposure of the U.S. Population from Occupational Radia-
tion (1989)
Medical X-Ray, Electron Beam and Gamma-Ray Protection
for Energies Up to 50 MeV (Equipment Design, Perfor-
A mance and Use) (1989)
B8:.  Control of Radon in Houses (1989)
" The Relative Biological Effectiveness of Radiations of Differ-
ent Quality (1990)
Radiation Protection for Medical and Allied Health Person-
+ nel (1989)
.- Limit for Exposure to “Hot Particles” on the Skin (1989)
<« Implementation of the Principle of As Low As Reasonably
Achievable (ALARA) for Medical and Dental Personnel
(1990)
Conceptual Basis for Calculations of Absorbed-Dose Distri-
butions (1991)
-+ Effects of Ionizing Radiation on Aquatic Organisms (1991)
Some Aspects of Strontium Radiobiology (1991)
Developing Radiation Emergency Plans for Academic, Medi-
cal or Industrial Facilities (1991)

tion for the Assessment of Ionizing Radiation Fields and
Radioactive Surface Contamination (1991)

Exposure Criteria for Medical Diagnostic Ultrasound:I1.Cri-
teria Based on Thermal Mechanisms (1992)

Maintaining Radiation Protection Records (1992)

Risk Estimates for Radiation Protection (1993)

Limitation of Exposure to lonizing Radiation (1993)

Research Needs for Radiation Protection (1993)

Radiation Protection in the Mineral Extraction Industry
(1993)

Binders for NCRP reports are available. Two sizes make it possible
co\llect into small binders the “old series” of reports (NCRP Reports
9 8-30) and into large binders the more recent publications (NCRP
tReports Nos. 32-118). Each binder will accommodate from five to
$8Ven reports. The binders carry the identification “NCRP Reports”
d come with label holders which permit the user to attach labels
Bwing the reports contained in each binder.

The following bound sets of NCRP reports are also available:

Volume I. NCRP Reports Nos. 8, 22

Volume II. NCRP Reports Nos. 23, 25, 27, 30
Volume III. NCRP Reports Nos. 32, 35, 36, 37
Volume IV. NCRP Reports Nos. 38, 40, 41

Calibration of Survey Instruments Used in Radiation Protec- .

DB o
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Volume V: ‘° NCRP Reports Nos. 43, 44, 46
Volume VI.  NCRP Reports Nos. 47, 49, 50, 51
Volume VII. NCRP Reports Nos. 52, 63, 54, 65, 67

~ Volume VIII. - NCRP Report No. 58 .~ v we'd f
Volume IX.  NCRP Reports Nos. 59 60, 61, 62, 63
Volume X. NCRP Reports Nos. 64, 65; 66 67
Volume X1« + NCRP Reports Nos. 68, 69, 70,71, 72 -
Volume XII. © NCRP Reports Nos. 73, 74,75, 76

Volume XIII.. NCRP Reports Nos: 77, 78; 79, 80
Volime XIV.° NCRP Reports Nos. 81, 82,83, 84,856

'Volurne XV:* :sNCRP Reports Nos: 86, 87 88; 89

Volumé XVI. ! NCRP Reports Nos. 90, 91; 92,93
Volume XVII. NCRP Reports Nos. 94, 95, 96,97

" Volume XVIII. NCRP Reports Nos. 98, 99, 100 .

Volume XIX. NCRP Reports Nos. 101, 102; 108, 104
Volume XX. NCRP Reports Nos. 105, 106, 107, 108
Volume XXI. NCRP Reports Nos: 109;:110, 111
Volume XXII NCRP Reports Nos 112 113, 114

(Tltles of the 1nd1v1dual reports eontamed in each volume
are given above.) .

‘‘‘‘‘

Title

Krypton-85 in the Atmosphere—With Specific Reference to
the Public Health Significance of the Proposed Controlled
Release at Three Mile Island (1980) :

Preliminary Evaluation of Criteria for the Dzsposal of Trans-
uranic Contaminated Waste (1982)

Screening Techniques for Determining Compliance with
Environmental Standards—Releases of Radionuclides to
the Atmosphere (1986), Revised (1989)

Guidelines for the Release of Waste Water from Nuclear
Facilities with Special Reference to the Public Health Sig-
nificance of the Proposed Release of Treated Waste Waters
at Three Mile Island (1987)

Review of the Publication, Living Without Landﬁlls (1989)

Radon Exposure of the U.S. Population—Status of the Prob-
lem (1991)

Misadministration of Radioactive Material in Medicine—
Scientific Background (1991)

Uncertainty in NCRP Screening Models Relating to Atmo-
spheric Transport, Deposition and Uptake by Humans
(1993)
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Proceedings of the Annual Meeting
Title

Perceptions of Risk, Proceedings of the Fifteenth Annual
Meeting held on March 14-15, 1979 (including Taylor
Lecture No. 3) (1980)

Critical Issues in Setting Radiation Dose Limits, Proceed-
ings of the Seventeenth Annual Meeting held on April
8-9, 1981 (including Taylor Lecture No. 5) (1982)

Radiation Protection and New Medical Diagnostic
Approaches, Proceedings of the Eighteenth Annual Meet-
ing held on April 6-7, 1982 (including Taylor Lecture
No. 6) (1983)

Environmental Radioactivity, Proceedings of the Nine-
teenth Annual Meeting held on April 6-7, 1983 (including
Taylor Lecture No. 7) (1983)

Some Issues Important in Developing Basic Radiation Pro-
tection Recommendations, Proceedings of the Twentieth
Annual Meeting held on April 4-5, 1984 (including Taylor
Lecture No. 8) (1985)

Radioactive Waste, Proceedings of the Twenty-first Annual.

Meeting held on April 3-4, 1985 (including Taylor Lecture
No. 9) (1986)

Nonionizing Electromagnetic Radiations and Ultrasound,
Proceedings of the Twenty-second Annual Meeting held
on April 2-3, 1986 (including Taylor Lecture No. 10)
(1988)

New Dosimetry at Hiroshima and Nagasaki and Its Implica-
tions for Risk Estimates, Proceedings of the Twenty-third
Annual Meeting held on April 8-9, 1987 (including Taylor
Lecture No. 11) (1988)

Radon, Proceedings of the Twenty-fourth Annual Meeting
held on March 30-31, 1988 (including Taylor Lecture
No. 12) (1989)

Radiation Protection Today—The NCRP at Sixty Years, Pro-
ceedings of the Twenty-fifth Annual Meeting held on
April 5-6, 1989 (including Taylor Lecture No. 13) (1990)

Health and Ecological Implications of Radioactively Con-
taminated Environments, Proceedings of the Twenty-
sixth Annual Meeting held on April 4-5, 1990 (including
Taylor Lecture No. 14) (1991)

Genes, Cancer and Radiation Protection, Proceedings of the
Twenty-seventh Annual Meeting held on April 3-4, 1991
(including Taylor Lecture No. 15) (1992)

14

10

11

12
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Radiation Protection in Medicine, Proceedings of the Twen-
ty-eighth Annual Meeting held on April 1-2, 1992 (includ-
ing Taylor Lecture No. 16) (1993)

Lauriston S. Taylor Lecture"s B
Title

The Squares of the Natural Numbers in Radiation Protection
by Herbert M. Parker (1977)

Why be Quantitative about Radiation Risk Estimates? by
Sir Edward Pochin (1978)

Radiation Protection—Concepts and Trade Offs by Hymer
L. Friedell (1979) [Available also in Perceptions of Risk, .
see above]

From “Quantity of Radiation” and “Dose” to “Exposure” and
“Absorbed Dose”—An Historical Review by Harold O.
Wyckoff (1980)

How Well Can We Assess Genetic Risk? Not Very by
James F. Crow (1981) [Available also in Critical Issues
in Setting Radiation Dose Limits, see above]

Ethics, Trade-offs and Medical Radiation by Eugene L.
Saenger (1982) [Available also in Radiation Protection
and New Medical Diagnostic Approaches, see above]

The Human Environment—Past, Present and Future by
Merril Eisenbud (1983) [Available also in Environmental
Radioactivity, see above]

Limitation and Assessment in Radiation Protectwn by
Harald H. Rossi (1984) [Available also in Some Issues
Important in Developing Basic Radiation Protection Rec-
ommendations, see above]

Truth (and Beauty) in Radiation Measurement by John H.
Harley (1985) [Available also in Radioactive Waste, see
above]

Biological Effects of Non-ionizing Radiations: Cellular
Properties and Interactions by Herman P. Schwan (1987)
[Available also in Nonionizing Electromagneuc Radia-
tions and Ultrasound, see above]

How to be Quantitative about Radiation Risk Estimates by
Seymour Jablon (1988) [Available also in New Dosimetry
at Hiroshima and Nagasaki and its Implications for Risk
Estimates, see above]

How Safe is Safe Enough? by Bo Lindell (1988) [Available
also in Radon, see above]

i



. and Prospects for the Future by Arthur C. Upton (1989)
[Available also in Radiation Protection Today, see above]
Radiation Protection and the Internal Emitter Saga by J.

Newell Stannard (1990) [Available also in Health and

Ecological Implications of Radioactively Contaminated

Environments, see abovel]

When is a Dose Not a Dose? by Victor P. Bond (1992) [Avall-
~. able also in Genes, Cancer and Radiation Protection, see
above]

+ Dose and Risk in Dmgnostw Radwlogy How Big? How
Little? by Edward W. Webster (1992)[Available also in
.+ - Radiation Protection in Medicine, see above)

. Seience, Radiation Protection and the NCRP by Warren K.
Sinclair (1993)

Symposium Proceedings
The Control of Exposure of the Public to Ionizing Radiation

sium held April 27-29, 1981 (1982)

NCRP Statements
Title

= “Blood Counts, Statement of the National Committee on

-+ Radiation Protection,” Radiology 83, 428 (1954)

«1“Statements on Maximum Permissible Dose from Televi-
sion Receivers and Maximum Permissible Dose to the
Skin. of the Whole Body,” Am. J. Roentgenol., Radium
Ther. and Nucl. Med. 84, 152 (1960) and Radiology 75,
122 (1960)

X-Ray Protection Standards for Home Television Receivers,
Interim Statement of the National Council on Radiation
Protection and Measurements (1968)

Specification of Units of Natural Uranium and Natural Tho-
rium, Statement of the National Council on Radiation

s Protection and Measurements (1973)

. NCRP Statement on Dose Limit for Neutrons (1980)

Control of Air Emissions of Radionuclides (1984)

The Probability That a Particular Malignancy May Have
Been Caused by a Specified Irradiation (1992)

in the Event of Accident or Attack, Proceedings of a Sympo-
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11 Muximum Permissible Amounts of Radioisotopes in the
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in Air and Water (1953) [Superseded by NCRP Report
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12 Recommendations for the Disposal of Carbon-M Wastes
(1953) [Superseded by NCRP Report No. 81]
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Protection Against Radiations from Radium, Cobalt-60and

Cesium-137 (1954) [Superseded by NCRP Report No. 24]

Protection Against Betatron-Synchrotron Radiations Up to
100 Million Electron Volts (1954) [Superseded by NCRP
Report No. 51]

Safe Handling of Cadavers Containing Radioactive Isotopes
(1953) [Superseded by NCRP Report No. 21]

Radioactive-Waste Disposal in the Ocean (1954) [Out of
Print]

Permissible Dose from External Sources of Ionizing Radia-
tion (1954) including Maximum Permissible Exposures to
Man, Addendum to National Bureau of Standards Hand-
book 59 (1958) [Superseded by NCRP Report No. 39]

X-Ray Protection (1955) [Superseded by NCRP Report
No. 26]

Regulation of Radiation Exposure by Legislative Means
(1955) [Out of Print]

Protection Against Neutron Radiation Up to 30 M illion Elec-
tron Volts (1957) [Superseded by NCRP Report No. 38]
Safe Handling of Bodies Containing Radioactive Isotopes

(1958) [Superseded by NCRP Report No. 37]

Protection Against Radiations from Sealed Gamma Sources
(1960) [Superseded by NCRP Reports No. 33, 34 and 40]

Medical X-Ray Protection Up to Three Million Volts (1961)
[Superseded by NCRP Reports No. 33, 34, 35 and 36]

A Manual of Radioactivity Procedures (1961) [Superseded
by NCRP Report No. 58]

Exposure to Radiation in an Emergency (1962) [Superseded
by NCRP Report No. 42]

Shielding for High-Energy Electron Accelerator I nstalla-
tions (1964) [Superseded by NCRP Report No. 51]

Medical X-Ray and Gamma-Ray Protection for Energies up
to 10 MeV—Equipment Design and Use (1968) [Super-
seded by NCRP Report No. 102]

Medical X-Ray and Gamma-Ray Protection for Energies Up
to 10 MeV—Structural Shielding Design and Evaluation
Handbook (1970) [Superseded by NCRP Report No. 49]

Basic Rdadiation Protection Criteria (1971) [Superseded by
NCRP Report No. 91]

Review of the Current State of Radiation Protection Philoso-
phy (1975) [Superseded by NCRP Report No. 91] -

Natural Background Radiation in the United States (1975)
(Superseded by NCRP Report No. 94]

48
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Radiation Protection for Medical and Allied Health Person-
nel (1976) [Superseded by NCRP Report No. 105]
Review of NCRP Radiation Dose Limit for Embryo and Fetus
in Occupationally-Exposed Women (1977) [Out of Print]
Radiation Exposure from Consumer Products and Miscella-
neous Sources (1977) [Superseded by NCRP Report
No. 95] , B T Ay
A Handbook of Radioactivity Measurements Procedures, 18t
ed. (1978) [Superseded by NCRP Report No. 58, 2nd ed.]
Mammidgraphy (1980) [Out of Print} =~ &
Recommendations on Limits for Exposure toIonizing Radia-
tion (1987) [Superseded by NCRP Report No..116] . . -~

. NCRP Proceedings -
Title i . -

Quantitative Risk in Standards Setting, Proceedings Vof)!tg.ﬁre‘
Sixteenth Annua! Meeting held on April 2-3, 1980 [Out
of Print)
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influence of sex 23
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