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HEALTH EFFECTS FROM FALLOUT

Ethel S. Gilbert, Charles E. Land, and Steven L. Simon*

Abstract—This paper primarily discusses health effects that
have resulted from exposures received as a result of above-
ground nuclear tests, with emphasis on thyroid disease from
exposure to 'I and leukemia and solid cancers from low dose
rate external and internal exposure. Results of epidemiological
studies of fallout exposures in the Marshall Islands and from
the Nevada Test Site are summarized, and studies of persons
with exposures similar to those from fallout are briefly re-
viewed (including patients exposed to "'I for medical reasons
and workers exposed externally at low doses and low dose
rates). Promising new studies of populations exposed in coun-
tries of the former Soviet Union are also discussed and include
persons living near the Semipalatinsk Test Site in Kazakhstan,
persens exposed as a result of the Chernobyl accident, and
persons exposed as a resuit of operations of the Mayak Nuclear
Plant in the Russian Federation. Very preliminary estimates of
cancer risks from fallout doses received by the United States
population are presented.
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INTRODUCTION

As pIscusseD in the two previous papers (Bouville et al.
2002; Simon and Bouville 2002), fallout from atmo-
spheric nuclear tests has resulted in exposure to persons
throughout the world. These include large exposures to
selected populations living in the vicinity of the test sites,
and epidemiological studies of some of these populations
have been conducted. In several cases, substantial efforts
have been devoted to estimating doses, and additional
efforts are underway. In addition, both doses and health
effects for the United States population as a whole are
being evaluated. In this paper, we start by summarizing
the results of epidemiological studies of populations
exposed as a result of fallout and also studies of other
populations with exposures similar to those from fallout.
We then discuss promising new studies of populations
exposed in countries of the former Soviet Union. Finally,
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we discuss the basis for current estimates of risks in
exposed populations, and present preliminary estimates
of cancer risks from fallout doses received by the United
States population.

EFIDEMIOLOGICAL STUDIES OF
POPULATIONS EXPOSED TO FALLOUT

Below we discuss primarily epidemiological studies
of people that were near nuclear test sites when the tests
were conducted. These studies were conducted both
because of concern for the exposed groups and to
increase our scientific knowledge of radiation-induced
health effects, especially our understanding of risks of
thyroid disease from exposure to radioactive iodines.
Simon and Bouville (2002} provide additional informa-
tion on dosimetry for these studies. Studies of people
who were exposed from tests conducted at the Semipal-
atinsk Test Site are discussed in a later section, “Emerg-
ing Studies in Countries of the Former Soviet Union.”

Marshall Islanders

Misjudgments in weather predictions and bomb
vield led to contamination of inhabited islands in
Rongelap, Ailinginae, and Utrik Atolls from the BRAVC
test conducted in 1954 on the Bikini Atoll. Exposures in
the Marshall Islands are the subject of a special issue of
Health Physics (1997); studies of thyroid discase in the
Marshall Islands are reviewed in detail in Takahashi et al.
(2001). Acute effects were observed among Rongelap
subjects and among a group of Japanese fishermen who
were nearby. Estimated external gamma doses in air were
1.9 Sv for people evacuated from Rongelap, 1.1 Sv for
people evacuated from Ailinginae, and 0.11 Sv for
people evacuated from Utrik (Lessard et al. 1985). For
people on Rongelap, average thyroid doses have been
estimated to be 12 Gy for adults, 22 Gy for a 9-y-old
child, and 52 Gy for a 1-y-old child. These dose estimates
are very uncertain, but are nevertheless the best presently
available.

By the end of 1990, 29 of the 86 people from
Rongelap or Ailinginae (34%) had developed thyroid
nodules, clearly higher than the rate of 4% observed in a
comparison group of 227 Rongelap people who were not
living on Rongelap at the time of the BRAVO test. Six of
the twenty-nine cases in Rongelese were thyroid cancers.
Twenty-six of 167 people (16%) from Utrik developed
thyroid nodules by the end of 1990 (Howard et al. 1997).
The combined population of Rongelap, Ailinginae, and
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Utrik (253 people) is too small to have demonstrated
increases in leukemia or other cancers. However, the
single case of leukemia that has been observed, an acute
myeloblastic leukemia in a 19-y-old Rongelap male who
was exposed to 1.9 Gy at 1 y of age, can probably be
attributed to radiation exposure (Conard 1980). Dose to
the Marshall Islanders was mainly from external radia-
tion and ingestion of short-lived radioisotopes with a
small component from *'T (Lessard et al. 1985). These
studies are important in that they provide the first
evidence of increased risk of thyroid disease from expo-
sure to radioactive iodines but may be limited in provid-
ing quantitative information on the specific effects of
exposure to 'L

Contemporary measurements of radioactivity in the
environment (Simon and Graham 1997) indicate that
Marshallese living on many other atolls received some
exposure from the bomb tests although doses are esti-
mated to be much smaller (Takahashi et al. 2001).
Hamilton et al. (1987) studied persons on 12 atolls that
previously had been thought to be unexposed and found
that the prevalence of palpable nodules decreased with
increasing distance from Bikini.

In the Marshall Islands Nationwide Thyroid Study
more than 5,000 people born before 1965 were clinically
evaluated for both palpable thyroid nodules and nodules
diagnosed by ultrasound (Takahashi et al. 2001). Ap-
proximately 3,700 of these people were born before 1
March 1954 and are designated as the BRAVO cohort. In
analyses based on people exposed on atolls other than
Rongelap and Ailinginae, the prevalence of thyroid
cancer was inversely related to distance from Bikini (p =
0.09), and positively related to two proxy measures of
dose (p < 0.001 and p = 0.06). However, none of these
relationships approached statistical significance when
Utrik was excluded, and none of these relationships were
found for the prevalence of all benign nodules or of all
palpable nodules (including thyroid cancer). In fact,
benign nodules and palpable nodules were positively
related to distance (p = 0.08 and 0.05, respectively)
(Takahashi et al. 2001). These results are counter to the
earlier results of Hamilton et al. (1987) and provide little
evidence of fallout-related thyroid disease on atolls other
than Rongelap, Ailinginae, and Utrik. Further evaluation
based on improved estimates of thyroid dose to individ-
ual Marshallese is planned (Takahashi et al. 1999).

Nevada Test Site exposures

In the period 1951 to 1962, nearly 100 atmospheric
tests were conducted at the Nevada Test Site (NTS), with
the maximum exposures occurring in the years 1952,
1953, 1955, and 1957 (NCI 1997). Several studies have
evaluated the possibility of adverse health effects among
those living near the NTS in Utah or Nevada, as
discussed by Land (1996). Here we primarily discuss two
major undertakings that included individualized radiation
dosimetry. Although the relatively low doses in these
studies limit the conclusions that can be drawn, these
studies may serve as a model for the study of radiation
exposures in other environmental settings.

Several thousand school children who were exposed
to NTS fallout in southwestern Utah, southeastern Ne-
vada, and southeastern Arizona were clinically evaluated
for thyroid disease in the period 1965 to 1970. Subjects
who still resided in the three-state areas were re-
evaluated in 1983 to 1986. Extensive efforts were made
to estimate doses to the thyroid for individual subjects
and made use of data on milk drinking habits that were
obtained by interview. Mean doses to the thyroid were
0.17, 0.05 and 0.013 Gy, respectively, for the Utah,
Nevada, and Arizona subjects with a maximum dose of
4.6 Gy (Till et al. 1995). Among the nearly 2,500
subjects included in the final analysis, eight thyroid
cancers and 11 non-malignant thyroid neoplasms were
ascertained (Kerber et al. 1993). A non-statistically
significant association (one-tailed p = 0.096) with dose
was found for thyroid cancer, and the resulting ERR
Gy ' was 7.9. The association became statistically sig-
nificant (one-tailed p = 0.019) when malignant and
benign thyroid neoplasms were combined with an esti-
mated ERR Gy ™' of 7.0. These estimates are similar (but
uncertainly estimated) to the estimate of 7.7 Gy ob-
tained from the pooled analyses of subjects exposed
externally during childhood (Ron et al. 1995). Further
follow-up of this cohort is underway.

Several studies have investigated leukemia in rela-
tion to NTS fallout in Utah. Early reports were based on
comparisons of rates of leukemia (and other cancers) by
place of residence at the time of disease diagnosis and
time period, and did not take account of changes in
residence, and did not include estimates of doses to
individuals. These deficiencies were remedied in a leu-
kemia case-control study (Stevens et al. 1990), which
included 1,177 persons who had died of leukemia (cas-
es), and 5,330 persons who had died of other causes
(controls). Residential histories and failout deposition
rates were used to estimate dose to the bone marrow for
each subject. The median dose for all subjects was 3.2
mGy, whereas the mean dose for subjects who lived in
Washington county (closest to the NTS) throughout the
fallout period was 19 mGy (Simon et al. 1995). When all
subjects were included, a weak but non-significant dose-
response relationship was found with an estimated rela-
tive risk for those with doses exceeding 6 mGy of 1.7
(95% CI: 1.0 to 2.8). However, statistically significant
associations were found for those who died under age
20y (one-tailed p = 0.02), those dying in the period 1952
to 1957 (one-tailed p = 0.04), and for acute lymphocytic
leukemias (one-tailed p = 0.009); these are all subgroups
for which risks might be expected to be especially large
based on findings from Japanese atomic-bomb survivors.
The estimated risks from this study were about double
those that would be predicted by the BEIR V leukemia
model (NAS/NRC 1990) but did not differ significantly
from BEIR V predictions.

In 1997, the National Cancer Institute (NCI 1997)
published estimates of thyroid doses for the American
public resulting from "*'T exposure from nuclear weapons
tests conducted at the NTS. In an ecological study,
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Gilbert et al. (1998) related age-, calendar year-, sex-,
and county-specific thyroid cancer mortality and inci-
dence rates for the United States to the estimated '
doses from NTS fallout estimates taking geographic
location, age at exposure, and birth cohort into account.
The analyses included 4,602 thyroid cancer deaths and
12,657 incident cases of thyroid cancer, and made use of
mean doses for 3,053 counties, seven time periods, and
seven age-at-exposure categories. An association was
found for dose received before 1 y of age, based on either
the mortality or incidence data. However, neither cumu-
lative dose nor dose received between 1 and 15 y of age
was associated with thyroid cancer mortality or inci-
dence, a finding that is not consistent with evidence from
studies of children exposed externally. This inconsis-
tency may result from the limitations and biases inherent
in ecological studies, particularly the error introduced
when studying a mobile population. Meaningful quanti-
tative risk estimation was not possible in this study.

In summary, none of the epidemiological studies of
NTS exposures provide definitive evidence of excess
risks from fallout exposures, but suggest increased risks
that arc of the magnitude that might be predicted from
studies of persons exposed externally.

Studies of nuclear test participants

Studies have been conducted of United States mili-
tary personnel who participated in nuclear tests either at
the NTS or in the Pacific (Robinette et al. 1985; Johnson
et al. 1996; Thaul et al. 2000) and also of test participants
from other countries (Darby et al. 1993; Pearce et al.
1997). These cohorts may have been exposed to some
prompt radiation (neutron and gamma) and may have
been subject to bodily contamination with radioactive
debris making their exposures somewhat different from
exposures to the public from NTS and global fallout.
Some studies (Darby et al. 1993; Pearce et al. 1997;
Thaul et al. 2000) have suggested that leukemia mortality
rates may be elevated relative to those of specially
selected comparison groups. These studies were con-
ducted largely to obtain direct information on health
effects for concerned military veterans, and none had
adequate dosimetry to allow evalnation of dose-response
relationships.

EPIDEMIOLOGICAL STUDIES OF PERSONS
WITH EXPOSURES SIMILAR TO THOSE FROM
FALLOUT

In addition to the studies discussed in the previous
section, other popuiations have been exposed to "'
and/or other external and internal sources of radiation at
low dose rates. Although these studies do not involve
fallout exposures from nuclear-bomb tests, the exposures
are sufficiently similar that the studics provide pertinent
information for estimating health effects from fallout.
These studies may be especially important for evaluating
health effects for fallout doses to the general population,
where it is generally not feasible to study effects directly.
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Current models for estimating health effects from radia-
tion exposure are based primarily on Japanese atomic-
bomb survivors and medically exposed populations, with
exposures from external sources at high dose rates.

Y1 exposures from the Hanford Nuclear Site

A draft report describes results of a study of persons
exposed as children in the 1940’s to "*'I releases from the
Hanford Nuclear Site in southeastern Washington State,
in which 3,193 persons were clinically evaluated for
thyroid discase (Davis et al. 1999). No evidence of
dose-response relationship was found for thyroid cancer
(19 cases), benign thyroid nodules (249 cases), or any of
the other nine categories of thyroid disease that were
evaluated. Although extensive efforts were made to
estimate individual doses to the thyroid, the large degree
of uncertainty in these estimates may still be a major
limitation of the study. The final report has not yet
become available.
Medical exposures to 'I

There are several studies of persons exposed to "'
for diagnostic and therapeutic medical reasons. However,
these studies primarily involve exposure in adulthood,
whereas evidence of increased thyroid cancer risks from
external exposure has been limited almost entirely to
exposure in childhood. In a large study of over 34,000
patients administered *'I for diagnostic purposes in
Sweden, there was no evidence of excess thyroid cancer
when analyses were limited to those who were examined
for reasons other than suspected thyroid cancer (Hall et
al. 1996). A strength of the study is that it included
individual estimates of thyroid doses, but there was no
evidence of a dose response. Among the 1,800 patients in
this study who were under the age of 20 y at exposure
(most were between 15 and 20) and who were not being
examined because of suspected thyroid cancer, two
thyroid cancers were observed resulting in a standardized
incidence ratio of 1.4 (95% CI = 0.17 to 5.0). In a study
of 3,500 United States patients who received diagnostic
examination with 'T at ages younger than 20, 4 thyroid
cancers were identified leading to a relative risk of 3.0
(95% CI = 0.3 to 70) (Hamilton et al. 1989; Chiacch-
ierini 1990). Clearly the latter two studies are too limited
to allow reliable quantification of risks.

Three studies of therapeutic exposures to *'T used to
treat hyperthyroidism in Sweden (Hall et al. 1992), the
United States (Ron et al. 1998). and England (Franklyn et
al. 1999) showed eclevated risks of thyroid cancer, al-
though the excess was not statistically significant in the
Swedish study. Some of the excess in these studies could
be due to the underlying thyroid disease. Doses to the
thyroid were probably in the range of 60 to 100 Gy.

External exposure at low doses and dose rates
Studies of persons exposed to low doses of external
radiation either occupationally or environmentally have
been reviewed elsewhere (JARC 2000; UNSCEAR
2000). Here we briefly discuss only studies of nuclear
workers who were individually monitored for radiation
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exposure using personal dosimeters. Among low dose
studies, these studies are the most promising for quanti-
tative risk assessment and have generally confirmed the
appropriateness of risk estimates based on atomic-bomb
survivor data. Specifically, the International Agency for
Research on Cancer (IARC) analyzed combined data
from studies of nuclear workers in the United States,
United Kingdom, and Canada (Cardis et al. 1995). This
analysis resulted in a statistically significant response for
leukemia, but there was no evidence of a dose-response
relationship for the combined category of cancers other
than leukemia. Risk estimates for both leukemia and
cancers other than leukemia had wide confidence inter-
vals (CI) indicating that they were compatible with those
based on atomic-bomb survivor data. With the generally
small doses received by workers, the increased cancer
risk from radiation is very small relative to the baseline
cancer risk, so that random fluctuation and the strong
potential for confounding make it difficult if not impos-
sible to detect or estimate risks precisely. Possibly this
situation will be improved by a collaborative study of
about 600,000 nuclear workers in 17 countries that is
being coordinated by TARC (Cardis and Esteve 1992).

EMERGING STUDIES IN COUNTRIES OF THE
FORMER SOVIET UNION

Most of the studies discussed above are limited by
the fact that doses were not large enough to yield risk
estimates of reasonable precision. In addition, with stud-
ies at low doses and accompanying small risks, even a
small amount of bias from confounding can seriously
bias resulting estimates per unit of dose (Gilbert 1996,
2001). Promising cohorts in countries of the former
Soviet Union may allow direct evaluation of health
effects from exposure to 'l and from low dose rate
external exposure at doses that are high enough to yield
reasonable statistical power. With the exception of stud-
ies involving exposures from the Semipalatinsk Nuclear
Test Site, the exposures in these studies are not from
nuclear-bomb tests but are sufficiently similar to such
exposures to provide relevant information.

The success of these studies in providing useful
quantitative risk estimates will depend on developing
reliable dose estimates for individual subjects: establish-
ing appropriate comparison groups; and developing data
on health endpoints that are reasonably accurate, com-
plete, and not biased by exposure status. In all of the
studies discussed below, both dosimetry and other kinds
of data are still being developed or improved, and, thus,
reliable quantitative risk estimates are not yet available.

Exposures from the Semipalatinsk Nuclear Test Site

From 1949 to 1962, more than 100 atmospheric
nuclear tests were conducted by the former Soviet Union
at the Semipalatinsk Test Site (STS) in Kazakhstan.
Exposure was primarily from the first test, in August
1949, affecting the Altai and northern Semipalatinsk
regions, and two subsequent tests, a plutonium bomb in
1951, and the Soviet Union’s first thermonuclear-bomb

test in 1953, affecting locations in the Semipalatinsk
region southeast of the STS. In a summary of published
doses provided in Bouville et al. (2000), it is estimated
that the average dose from external and internal sources
among about 7,900 persons in nine villages near the STS
exceeds 1 Sv. Doses to the thyroid for those exposed in
childhood are likely to be an order of magnitude larger.
Among fallout-exposed populations, persons exposed
from the STS appear to offer the greatest potential for
direct evaluation of health effects, particularly thyroid
disease from exposure to 'L

Burkart et al. (2000) summarize preliminary inves-
tigations of cancer incidence in selected parts of Kaza-
khstan (near and distant from the STS) and of mortality
and prevalence of chronic non-malignant diseases in the
Altai region of the Russian Federation. Although some
results suggest health effects from STS exposures, insuf-
ficient information on study methods and data quality
make these findings difficult to interpret. Results of
epidemiological studies that include estimated doses to
individuals have not yet been reported.

A promising study of thyroid disease prevalence is
being conducted by the Natiopal Cancer Institute in
collaboration with the Research Institute for Radiation
and Medical Ecology in Semipalatinsk, the Semipalat-
insk Medical Academy, and the University of New
Mexico. In August 1998, about 3,000 current residents of
six heavily exposed and two lightly exposed villages in
Kazakhstan pear the STS were screened for thyroid
disease. Of the 3,000, about 2,000 had been exposed as
children, and 1,000 had not been present in the period
1949 to 1953; the two groups were of similar age.
Screening included the use of ultrasound to detect nod-
ules and fine needle aspiration biopsy to detect malig-
nancy. To obtain information needed for dose estimation,
subjects were interviewed with respect to residential
history and childhood sources and amount of milk and
other food involved in the intake of fallout-derived *'I. A
group of women who were familiar with children’s diets
at that time were also interviewed. Results have not yet
been reported.

Exposures resulting from the Chernobyl accident in
1986

Large increases in thyroid cancer incidence have
occurred in Belarus, Ukraine, and Russia among persons
under 20 y of age who were exposed to " as a result of
the Chernobyl accident (Demidchik et al. 1996; Tsyb et
al. 1996; Tronko et al. 1999). At first it was thought that
this might be explained by thyroid screening that has
been conducted in the affected areas, but it was later
determined that most of the cancers were sufficiently
aggressive that they would not likely have been missed
with usual reporting methods (Bleuer et al. 1997).

In addition, both a case-control study in Belams
(Astakhova et al. 1998) and several geographic correla-
tion studies in Belarus, Russia and the Ukraine (Jacob et
al. 1999;: UNSCEAR 2000) have demonstrated exposure-
response relationships. Although Astakhova et al. do not
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attempt to estimate risk per unit of dose, the study is the
first case-control study with dose estimates for individual
subjects to demonstrate a dose-response relationship.
Jacob et al. provide an estimate of the excess absolute
risk (EAR) of 2.4 107 Gy ™' with a 95% Cl of 1.4 to 3.8,
and an estimate of the excess relative risk (ERR) of 22 to
90 Gy~ (depending on the geographic arca evaluated).
Although these estimates must be regarded tentatively,
the EAR is lower than the estimate of 4.4 107 Gy~ from
a study of persons exposed externally in childhood (Ron
et al. 1995) while the ERR is much larger than the ERR
of 7.7 Gy ! from Ron et al. These differences might have
resulted because subjects in the Chernobyl study devel-
oped their thyroid cancers while still young and baseline
risks were low, whereas most of the subjects in the
externally exposed groups were followed much longer
and developed their thyroid cancers as adults.

Studies of Chernobyl exposures have already con-
tributed by firmly establishing that exposure to "'l in
childhood can increase the risk of thyroid cancer. The
contribution is likely to be increased by several case-
control studies that are currently underway. These studies
include extensive efforts to estimate thyroid doses for
individual subjects and should make it possible to quan-
tify the risk as a function of dose although understanding
the role of both screening effects and iodine deficiency
will be important if these data are to be useful for
evaluating risks in other populations. Because the num-
ber of people exposed as a result of the Chernobyl
accident far exceeds the number of people in studies of
thyroid cancer from external exposure, the potential for
new information is enormous. It is important to continue
investigations to allow the evaluation of long-term risks,
particularly whether or not the large risks observed thus
far continue into adulthood.

The most promising Chernobyl-exposed subjects for
evaluating health effects other than those due to "'I are
the 600,000 to 800,000 workers who participated in clean
up after the accident (UNSCEAR 2000). These workers
probably received external doses in the order of 0.1 Gy,
whereas others, such as those residing in contaminated
areas, usually received doses that were an order of
magnitude or so smaller. Analyses reported thus far have
primarily involved comparing mortality rates for these
workers with those of the general population (Buzunov et
al. 1996, Cardis et al. 1996; Okeanov et al. 1996; Ivanov
et al. 1997a; Rahu et al. 1997). Increased incidence of
leukemia has been reported in Belarussian, Russian, and
Ukrainian clean-up workers, but not in the small Esto-
nian cohort. However, the estimated increases could be
strongly biased by greater intensity of follow-up for the
workers than for the general population, and, in some
cases, failure to confirm leukemia cases. This conclusion
is supported by a case-control study, nested in a cohort of
156,000 Russian clean-up workers, where internal com-
parisons by dose showed little evidence of a dose-
response relationship (Ivanov et al. 1997b); this cohort
was one of those indicating an excess based on external
comparisons (Ivanov et al. 1997a). To date, no evidence
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of excess solid cancers in the clean-up worker cohorts
has been found, but this may not be surprising consider-
ing latency and the small excess relative risks expected
for these cancers. The clean-up workers may eventually
provide useful risk estimates if sufficient attention is
given to individual dose estimates, to appropriate comi-
parison groups, and to analyses based on combined data
from the several cohorts that are now being evaluated.
The potential and problems of evaluating leukemia risks
from Chernobyl exposures are discussed in an editorial
by Boice (1997).

Exposures resulting from operations of the Mayak
Nuclear Facility

The production of plutonium at the Mayak Facility
in Ozyorsk, Russian Federation, which began operations
in 1948, exposed both workers and nearby populations to
external and internal radiation including large releases of
P11, Thyroid cancer incidence was evaluated in about
19,500 cohort members who lived in OZ}/OI‘Qk as children
during the years of highest potential °'I exposure and
who still lived in Ozyorsk. Twenty-nine cancers were
ascertained, and preliminary analyses suggest that these
subjects had higher rates of thyroid cancer than predicted
by Russian national incidence rates (Koshurnikova et al.
2000). In a pilot thyroid screening study of &94 (581
exposed, 313 unexposed) of these subjects, several thy-
roid disease endpoints were evaluated, and the results
suggest that the prevalence of thyroid nodules was higher
in the exposed than in the unexposed subjects (Mush-
kacheva et al. 2000). The study may be exPanded to
include additional subjects and estimates of "*'I doses to
the thyroid.

During the early 1950’s, the Techa River was
severely contaminated with radioactive wastes from the
Mayak Plant. About 28,000 inhabitants of the riverbank
villages who received €1gn1ﬁcant eXposure are being
studled Subjects were exposed to '*’Cs and *°Sr; thus this
study may be especially relevant for addressing the
effects of global fallout, which includes a strontium
component. The mean red bone-marrow dose was orig-
inally estimated to be 0.4 Gy, but doses are currently
being re-evaluated, and preliminary results suggest that
the original estimates may be reduced. Initial analyses
suggest a leukemia dose response and an increased risk
of all solid cancers combined (Kossenko and Degteva
1994; Kossenko et al. 1997). Follow-up of this cohort has
been challenging, but has been greatly improved in the
last few years; cancer incidence data as well as mortality
data are being collected. This cohort could potentially
provide useful direct information on strontium exposure
and on protracted exposure in general. Leukemia is the
most promising endpoint, both because of its larger
relative risk and because bone-marrow doses are higher
than doses to other organs (due to the strontium compo-
nent).

Workers at the Mayak Plant were exposed to both
external {primarily gamma) radiation and to plutonium at
doses much higher than those of similar workers in other
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countries (Koshurnikova et al. 1999). The average cu-
mulative external dose for workers initially hired in the
years 1948 to 1958 was 1.1 Gy, and significant relation-
ships with external dose have been demonstrated for both
leukemia and all solid cancers (Shilnikova et al. 2000).
Although the Mayak workers are not as relevant for
fallout exposures as other cohorts in the former Soviet
Union, they may provide uvseful direct estimates of
protracted external doses that can supplement those from
the atomic-bomb survivors.

QUANTITATIVE ESTIMATES OF CANCER
RISKS FROM FALLOUT IN THE UNITED
STATES

In addition to special populations that received
relatively large doses from fallout, health risks from
exposures to the general public are of interest. As
discussed by Bouville et al. (2002), the National Cancer
Institute (NCI 1997) published estimates of thyroid doses
for the American public resulting from "'l exposure from
nuclear weapons tests conducted at NTS. Recently, these
efforts have been expanded, and preliminary estimates of
doses to the thyroid and red bone marrow that include
contributions from both NTS and global fallout and that
also include contributions from both external and internal
exposure to more than 20 radionuclides are now avail-
able (DHHS 2001). Preliminary estimates of health
effects from these doses are also given in the DHHS
report.

Because direct study of very large populations with
very small risks is not feasible, risks must be estimated
using models based on data from studies of other
exposed populations. From the discussion in the previous
sections, it can be seen that epidemiological data on
populations that have been exposed to fallout or to
exposures similar to those from fallout have not yet
provided reliable quantitative estimates of risk. Thus,
risk estimates must be based on data from atomic-bomb
survivors and medically exposed cohorts.

Below we summarize risk estimates from the DHHS
(2001) report. These estimates include estimates for
thyroid cancer resulting from “'I exposures from the
NTS, and very preliminary estimates- for leukemia and
solid cancers resulting from external exposure from both
NTS and global exposure. It should be kept in mind that
doses and risks from fallout vary substantially by year of
birth, geographic location, and other factors. From a
public health standpoint, the extent to which those with
especially large risks can be identified is important. Most
of the estimates are based on a very simple approach,
and, in particular, do not take detailed account of changes
in population size over time, year of birth, and age at
exposure. They should, therefore, be regarded as very
preliminary.

The DHHS report did not attempt to quantify health
effects other than cancer. Extensive study of the Japanese
atomic-bomb survivors and of a large number of medi-
cally exposed cohorts have made it clear that cancer is

the most important health effect of exposure to radiation
at moderate or small doses (NAS/NRC 1990; UNSCEAR
2000). Benign tumors are also a possible effect of fallout
exposure, but difficulties in studying these tumors and
limitations in data on baseline risks preclude quantifying
risks (DHHS 2001). Non-neoplastic diseases have been
linked with radiation exposure at high doses, but it is
unclear whether or not these effects would occur at lower
doses (JOM/NRC 1999; Shimizu et al. 1999; DHHS
2001).

Thyroid cancer

Ron et al. (1995) evaluated thyroid cancer risks
using data on atomic-bomb survivors and six studies of
medically exposed persons. A pooled analysis of those
exposed under age 15 in the five cobort studies was
conducted, and resulted in an overall ERR Gy ' of 7.7
(90% CI: 2.1 to 28.7). The confidence limits were
calculated to reflect heterogeneity among the studies,
which was substantial, Linear models were found to
provide a good fit both to the pooled data, and to data
from individual studies. Even among those exposed
under age 15, the ERR Gy ™' showed a strong decrease
with increasing age at exposure. There was no clear
evidence of exposure-related risk among subjects ex-
posed in adulthood, but only two studies included such
subjects. The ERR Gy~ ' was highest about 15 y after
exposure, but still in excess 40 or more years after
exposure.

Because exposure from "'l differs from external
exposure both in dose rate and the distribution of energy
deposition within the thyroid gland, it may be less
effective than external exposure in causing thyroid can-
cer. Thus, if data on external exposure are to be used to
estimate health effects from fallout, it is necessary to
consider the relative biological effectiveness (RBE) of
511 Ron (1999) briefly reviews experimental evidence
regarding the RBE. More recent studies, including a
meta-analysis of experimental and epidemiological data
(Laird 1987), support the use of an RBE in the range 0.66
to 1. Lower values have been used in the past (NCRP
1985), but these were largely based on studies of persons
exposed to ''T for medical reasons in adulthood (where
there is little evidence of risk from external exposure)
and on early animal experiments with very large doses.

Land (IOM/NRC 1999) estimated the number of
thyroid cancers from NTS fallout by applying age-
specific risk coefficients from Ron et al. (1993) and
making various assumptions -about the RBE. With an
assumed RBE of 0.66, Land estimated that about 49,000
thyroid cancers would be expected to occur from NTS
exposures. He further estimated that about 45% of the
cancers would already have occurred, and about 75%
would be in persons exposed under 5 y of age. Land
calculated an approximate 95% CI of 11,300 to 212,000,
which includes both statistical uncertainties and uncer-
tainties in the estimated average dose; the interval does
not include uncertainty in the RBE and other model



732 Health Physics

assumptions. IOM/NRC (1999) noted that various epide-
miological analyses suggest that the excess is probably in
the lower part of the range.

Leukemia and solid cancers other than thyroid

Several scientific committees and groups have pro-
vided models for estimating risks of leukemia and solid
cancers (NAS/NRC 1990; ICRP 1991; EPA 1994, 1999,
UNSCEAR 2000). These models are based primarily on
the Japanese atomic-bomb survivor cancer mortality
data, although the recent UNSCEAR report also derives
estimates based on cancer incidence data. DHHS used
the ICRP lifetime risk estimate of 5% Sv™' for mortality
from all cancers (including leukemia) and the lifetime
risk estimate of 0.5% Sv~' for leukemia alone. These
estimates were obtained by reducing linear coefficients
based on the atomic-bomb survivor data by a dose and
dose rate effectiveness factor (DDREF) of two. If cancer
mortality estimates for the United States population from
the recent UNSCEAR report (2000) were reduced by a
DDREF of two, they would be similar in magnitude to
the ICRP estimates.

A preliminary estimate of the average external dose
from NTS and global fallout received by a person
residing in the United States over the period 1951 to 2000
is 1.2 mGy (DHHS 2001). The population dose would
then be about 217,000 person-Gy based on the assump-
tion that the population was 163 million (1960 popula-
tion) for the years 1951 to 1972, and 250 million (1990
population) for the years 1973 to 2000. DHHS applied
the ICRP (1991) coefficient of 5% Gy~' for total cancer
mortality to the population dose, and estimated that about
11,000 extra cancer deaths would be predicted among the
United States population alive during the years of fallout.

This estimate'is subject to several sources of uncer-
tainty, which inclade uncertainties in the epidemiological
data (statistical variation, random and systematic errors
in atomic-bomb survivor dosimetry, diagnostic misclas-
sification in atomic-bomb survivor data), uncertainties in
extrapolating risk estimates from high to low doses and
dose rates, transfer of risk estimates from Japanese
atomic-bomb survivors to the United States population,
and projection of risks beyond the time period covered by
data. If wvncertainties in the ICRP lifetime risks are
assumed to be as evalnated by NCRP (1997), and if the
average dose is assumed to have a 90% credibility
interval that extends from a factor of three below the
estimate to a factor of three above the estimate, the
predicted number of excess cancer deaths might range
from 1,700 to 32,500 (90% credibility interval).

These deaths would be spread out over the period
from the 1950’s through much of the 21st century. For
comparison, it is noted that 500,000 cancer deaths
occurred in the United States in 1990 alone, and that
about 40 million cancer deaths might be predicted to
occur over a 75-y period. If nonfatal cancers were
included, the numbers above would be approximately
doubled. Although the number of extra incident cancer
cases (22,000) predicted from external fallout exposure is
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small compared to the number that would occur for other
reasons, it is about half the predicted number of thyroid
cancers from NTS I exposure (49,000). The number of
cancer deaths (11,000) from external exposure is likely to
exceed the number of thyroid cancer deaths, since thy-
roid cancer has a low fatality rate (less than 10%).

Doses received from fallout and the ages at which
they are received depend strongly on birth cohort. For
this reason, DHHS e¢valuated risks for persons born in
1931, 1951, and 1971. Both doses and risks would likely
be largest for persons born in 1951. For such a person,
the risk of fatal cancer from external fallout dose would
be less than 1 in 4,000, or a small fraction of a percent.
This can be compared with the risk of fatal cancer in the
absence of fallout, which would be about 1 in 5 or 20%.
For persons born in 1931 or 1971, risks from fallout
would be much smaller.

Estimates of leukemia risks from external and inter-
nal exposure can also be made by applying the ICRP risk
coefficient of 0.5% Sv™'. For external exposure, about
10% of the total cancer deaths (1,100 of the 11,000)
would be estimated to be leukemia deaths. DHHS also
estimated an additional 550 leukemias from internal
exposure, primarily from *°Sr.

Estimates for risks of site-specific solid cancers
(other than thyroid) resulting from external exposure
from fallout could be estimated uvsing various models
(CRP 1991; EPA 1994, 1999; UNSCEAR 2000). For
internal exposure, doses vary considerably by organ.
Preliminary data indicate that the organs likely to receive
the largest internal doses (in addition to the thyroid and
red bone marrow) are colon, kidney, liver, and bone
surfaces. Because estimates of doses to specific organs
are generally less than those from external exposure, and
because most organs receive very little dose from inter-
nal sources, the total risk from internal exposure to
organs other than the thyroid and red bone marrow is
likely to be considerably less than the total risk from
external exposure. Risk estimates for site-specific can-
cers are more uncertain than estimates of risks for all
cancers because statistical variation in risk coefficients is
larger and because of the need to transfer risk coefficients
from atomic-bomb survivors to a United States popula-
tion. Differences in baseline risks between the United
States and Japan are cften much greater for site-specific
cancers than for all cancer.

CONCLUSION

Excess thyroid disease from fallout has clearly been
demonstrated among the highly exposed Marshall Island-
ers. Extensive studies that include dose estimates for
individuals suggest excesses of both thyroid disease and
leukemia in populations exposed to the much smaller
doses from tests conducted in Nevada; the magnitude of
these excesses is compatible with predictions based on
studies of persons exposed externally. With regard to
exposures to the general United States population, pre-
liminary estimates of risks of developing cancer from
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fallout have been made, but are subject to large uncer-
tainties in both estimated doses and in the risk models,
which are based on indirect data. In spite of the uncer-
tainties, it can be concluded that it is likely that there is
an increased risk of cancer from fallout in the United
States, and that this risk is very small relative to the usual
risk of cancer in the absence of fallout exposure.

An important source of uncertainty in estimating the
health effects from fallout is that current risk models are
based primarily on high dose rate external exposure,
whereas fallout exposures are protracted over time and
include internal as well as external exposure. The uncer-
tainty in estimating risks from exposure to "'I is espe-
cially important because it is the main source of radiation
to the thyroid from fallout exposure. Several epidemio-
logical studies in countries of the former Soviet Union
include people exposed to 'T and to protracted doses
from other sources that are large enough to provide risk
estimates of reasonable statistical precision, and thus
may help to reduce uncertainties. Obtaining - reliable
individual dose estimates will be critical to the success of
these studies.
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