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FOREWORD 

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the 
American Chemical Society as an outlet for symposia and collections 
of data in special areas of topical interest that could not be accom
modated in the Society's journals. It provides a medium for symposia 
that would otherwise be fragmented because their papers would be 
distributed among several journals or not published at all. 

Papers are reviewed critically according to ACS editorial stan
dards and receive the careful attention and processing characteristic 
of ACS publications. Volumes in the ADVANCES IN CHEMISTRY SERIES 
maintain the integrity of the symposia on which they are based; how
ever, verbatim reproductions of previously published papers are not 
accepted. Papers may include reports of research as well as reviews, 
because symposia may embrace both types of presentation. 
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PREFACE 

M EDIA PRÉSENTATIONS O F T E N MISREPRESENT subject matter in the 
field of radiation. The public is given one side of the story that is not 
completely based in the best consensus of scientific thinking. This book 
and the symposium on which it is based share a purpose: to promote 
scientific knowledge about radiation. Often, the audience receives seg
ments of information that generate attention but not necessarily 
knowledge. A simple example of such partial use of facts is found in 
the change of the name of "nuclear magnetic resonance," an extremely 
useful medical imaging tool, to "magnetic resonance." The latter name 
was fostered by several medical organizations in the early 1980s. Al
though other reasons existed, a major impetus for the change was to 
remove the term "nuclear" from the name of the procedure. Magnetic 
resonance is a shorter name, but nuclear magnetic resonance is a more 
accurate term. The shortened version does not challenge society to 
understand the term nuclear but serves to perpetuate the lay person's 
irrational fear. The nuclear part of the name has nothing whatsoever 
to do with anything hazardous; it has to do with the atomic nucleus, 
a harmless and actually necessary bit of matter that makes up our 
bodies; the average human body contains on the order of 1027 atomic 
nuclei. Other, more inane examples could be given, such as the cau
tion label on some packages of Welsbach mantles, which reads in part, 
". . . this product contains a chemical known to the state of California 
to cause cancer." 

The meeting had its origins in an oral presentation by Rosalyn S. 
Yalow several years ago. The interrelationship of society and radiation 
was developed in her presentation: the facts and fictions, the known 
and the unknown. In the symposium, this theme was enlarged by 
speakers who presented their experimental data, thoughts, and con
clusions on many aspects of radiation and public perception. Most of 
the speakers have developed chapters for this book. The chapters are 
written by prime researchers in their fields, not authors surveying the 
works of others. Of the few speakers who did not contribute to this 
volume, the talk by Leonard Sagan entitled "The Science and Politics 
of Low Dose Risk Estimation" deserves mention. Interested readers 
can find his views presented in Low Dose Irradiation and Biological 
Defense, published by Elsevier Science Publishers. In addition to 
chapters by the speakers, this volume includes chapters on such topics 
as nuclear waste disposal and the use of iodine-131 in medical treat
ments and tests. 
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This book consists of four sections. The first few chapters present 
an overview and general discussions about radiation and public per
ception. The second section deals with the health aspects of radiation, 
good and bad alike. The third section covers the segments of the world 
population who were exposed to grossly excessive amounts of radio
activity. Whatever the reason for this exposure, study of these people 
provides important knowledge for future societies. Chapters on the 
life-long study of people in Japan subjected to the ravages of nuclear 
weapons are included. A chapter on studies of the Chernobyl nuclear 
power plant is also included, although it is too early to gain definitive 
information. The last section deals with research related to environ
mental and occupational exposure to radiation. 

This book includes studies by several researchers pertaining to 
the impact of radiation on particular segments of society. Chapters 
deal with the public perception of nuclear risks, storage of nuclear 
wastes, irradiation of foods, and future considerations of nuclear power. 
These chapters present the definitive views of leaders in their fields. 
Varied scientific points of view are brought together in a consideration 
of the many facets of the subject. 

Other books deal with this subject matter, some with a scientific 
basis and some without. Interested readers should investigate these 
other sources, mindful of the level of scientific facts considered. With 
sufficient reading should come knowledge; with knowledge, under
standing; with understanding, proper and responsible action for soci
ety's progress. 

xii 
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1 

Radiation and Public Perception 

Rosalyn S. Yalow 

Solomon A. Berson Research Laboratory, Veterans Affairs Medical 
Center, Bronx, NY 10468 and The Mount Sinai School of Medicine, 
City University of New York, New York, NY 10029 

Exposure to natural radiation is increased 10-fold over the av
erage exposure in some regions with no detectable harmful ef
fects. Survivors of the Hiroshima-Nagasaki bombing experi
enced only a 6—7% increase in cancer above that generally 
expected in Japan. A 20-year follow-up recorded the history of 
35,000 patients who had received 131I-uptake diagnostic tests 
that delivered 50 rem to the thyroid. The study revealed no 
increase in thyroid cancer among those tested for reasons other 
than a suspected tumor. A cooperative study of 36,000 hyper
thyroid patients revealed no difference in the incidence of leu
kemia between those treated surgically and those treated with 
131I, which delivers 10 rem of total-body radiation. Environ
mental Protection Agency statements suggest that radon in the 
home causes up to 20,000 lung cancer deaths each year. Yet in 
the absence of smoking, lung cancer is a rare disease. Other 
studies demonstrate that radiation exposure is a much weaker 
carcinogen than the general public believes. 

TTHE PERCEPTION OF REALITY in our world is too often confused with 
reality. Few subjects elicit more confusion than the popular percep
tion of the hazards of exposure to low-level radiation and low-level 
radioactive wastes. 

Much of the public fear of radiation has been generated by the 
association of radiation and radioactivity with nuclear explosions and 
nuclear war. The American public is so phobic on this subject that 
the old dream of atoms for peace, including the use of nuclear reactors 

0065-2393/95/0243-0001$08.00/0 
© 1995 American Chemical Society 
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2 RADIATION AND PUBLIC PERCEPTION 

for power production and even the use of radioactive materials in 
biomedical investigation and clinical medicine, is threatened. Recently 
the public was frightened by Environmental Protection Agency (EPA) 
statements that 5000-20,000 lung cancer deaths yearly are caused by 
the naturally occurring radioactive gas, radon, that seeps into our homes. 
Everyone should be provided with accurate information concerning 
the health effects, particularly the possible carcinogenic effects, asso
ciated with low doses of ionizing radiation delivered at low dose rates. 

Natural Background Radiation 

Environmental background radiation from natural sources has always 
been our principal source of radiation exposure. This exposure arises 
from three sources: cosmic radiation, our self-contained radionuclides 
(primarily the naturally radioactive isotope of potassium, 4 0 K , with a 
half-life of over a billion years), and the natural radioactivity of soil 
and building materials. 

The average whole-body natural background radiation dose in the 
United States, not taking into account exposure to radon and its 
daughters, is considered to be about 0.1 rem per year. However, those 
living in the Rocky Mountain regions of the United States receive on 
the average approximately an additional 0.1 rem each year, primarily 
from increased cosmic ray exposure. 

Contrary to popular belief, the cancer rates in the seven states 
with the highest background radiation are about 15% lower than the 
average cancer rate for the rest of the country (I). A 1982 study (2) 
that took into account possible complicating factors such as industri
alization, urbanization, and ethnicity appeared to confirm the reduced 
cancer mortality in high-altitude regions. Data such as these might 
suggest a protective effect resulting from excess radiation delivered at 
low dose rates, although other factors might be considered. Nonethe
less, had the cancer incidence or mortality rate been higher than av
erage in the Rocky Mountain states, some would have unequivocally 
declared radiation effects to be the causative agent. 

Natural background exposure can vary as much as 10-fold in var
ious regions of the world. Cosmic radiation increases at higher ele
vations. In some areas of Brazil, India, China, and perhaps elsewhere 
people live on naturally highly radioactive soils. Epidemiologic studies 
(3-5) in several of these regions have revealed no evidence of dele
terious health effects associated with the marked increases in natural 
background radiation. 
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1. YALOW Radiation and Public Perception 3 

Radiation from Nuclear Weapons 

Much of our knowledge about the biological effects of radiation is based 
on studies of people who were exposed at high doses and high dose 
rates. The 82,000 survivors of the Hiroshima-Nagasaki bombings were 
the largest group ever exposed to virtually instantaneous high doses 
of whole-body radiation. In this group, whose exposure averaged 27 
rem, the incidence of malignancies through 1978 was only about 6% 
greater than would have occurred without the radiation exposure (6). 
That is, 4500 cancer deaths would have been expected in an unex
posed population; an additional 250 cancer deaths, 90 of which were 
leukemia, were assumed to be a consequence of the radiation. A con
tinuing study of this group 4 years later (7) showed about the same 
percentage of increase in cancer over the expected levels for Japan. 
The increased incidence of leukemia was most visible because it peaked 
at 5-9 years after the bombing and decreased thereafter. 

A significant increase in breast cancer was also detected. How
ever, this increase was observed (7) only in women who were under 
39 at the time of the bombing. Thus concern about induction of breast 
cancer by X-ray examinations should not contraindicate the recom
mended use of mammography in screening for breast cancer because 
such screening is generally recommended only for women in the older 
age group. 

The cumulative X-ray exposure associated with the medical follow-
up of atom bomb survivors has not been taken into account in con
sidering their radiation exposures. For instance, it has been estimated 
(8) that the cumulative medical doses to the stomach of a participant 
might be as high as 50 rem. 

Medical Diagnosis and Therapy 

What are the known health effects associated with the use of radio
activity in medical diagnosis and therapy? Patients treated with ra-
dioiodine, 1 3 1I, for hyperthyroidism are probably the largest group re
ceiving medically administered whole-body radiation. A study (9) of 
36,000 such patients from 26 medical centers (22,000 were treated 
with 1 3 1I and most of the rest with surgery) revealed no difference 
between the two groups in the incidence of leukemia. The average 
bone-marrow dose was estimated to be about 10 rems, more than half 
of which was delivered within 1 week after administration. The follow-
up for the 131I-treated group averaged 7 years, quite long enough to 
have reached the peak incidence for leukemia, as was determined from 
the Hiroshima—Nagasaki experience. A follow-up (10) of these same 
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4 RADIATION AND PUBLIC PERCEPTION 

patients 3 years later also revealed no difference in leukemia rates 
between the two groups. A subsequent study (J J) of another group of 
over 10,000 131I-treated hyperthyroid patients who were followed for 
an average of 15 years also failed to show an increase in leukemia. 

By the time the radioimmunoassay of thyroid-related hormones was 
introduced in 1968 for use in the diagnosis of thyroid disease, ra-
dioiodine uptake had been the method of choice for more than 20 
years. The average thyroidal dose received during such uptake studies 
was on the order of 50 rem. By 1968 between one and three million 
people had received 131I-uptake studies for the diagnosis of thyroid 
disease in our country alone. There has been no systematic follow-up 
of these people in the United States. However, thyroid cancer re
mains a rare disease, accounting for only about 1000 of the 500,000 
cancer deaths annually. 

In Sweden there was a 20-year follow-up (12) of about 35,000 pa
tients, 5% of whom were under 20 at the time of 1 3 1I diagnostic testing 
between 1951 and 1969. Their average thyroidal dose was 50 rem. 
Among those who were studied for reasons other than a suspected 
tumor, the ratio of the observed number of thyroid cancers to that 
expected for a control group was 0.62. 

Does this ratio of significantly less than 1.0 suggest a protective 
effect from tracer doses of 1 3 1I? The increased risk of patients who 
received diagnostic tracer tests because of a suspected thyroid tumor 
was greater than twofold; apparently in some cases their physicians' 
suspicions were justified. In discussing this study the National Re
search Council states (13) that 50 thyroid cancers were found in the 
1 3 1I group, compared with an expected 39.37 cases, to yield an overall 
standardized incidence ratio of 1.27. It states that the results of these 
studies do not support the conclusion that diagnostic doses of 1 3 1I sig
nificantly increase the risk of thyroid cancer (13, ρ 289). However, 
the Committee on Biological Effects of Ionizing Radiation (BEIR V) 
report fails to mention the difference in incidence ratios between those 
tested simply for function and those tested because they were sus
pected to have a thyroid tumor. This omission leaves the false impres
sion that there was an increase in thyroid cancer in the 1 3 1I group, 
although the increase may not be statistically significant. 

Occupational Exposure 

What is the evidence for radiation-related malignancies among radia
tion workers? A 1981 report (14) of mortality from cancer and other 
causes among 1338 British radiologists who joined radiologic societies 
between 1897 and 1954 revealed time-related differences. Among those 
who entered the profession before 1921 the cancer death rate was 75% 
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1. YALOW Radiation and Public Perception 5 

higher than that of other physicians. However, those who entered ra
diology after 1921 had cancer death rates comparable to those of other 
professionals. Although the exposures of the radiologists were not 
measured, it has been estimated that those who entered the profes
sion between 1920 and 1945 could have received accumulated whole-
body doses on the order of 100 to 500 rem. 

Another large group of radiation workers studied (15) was com
posed of men in the American armed services who were trained as 
radiology technicians during World War II and who subsequently served 
in that capacity for a median period of 24 months. A description of 
their training included the statement that, "During the remaining two 
hours of this period the students occupy themselves by taking radio
graphs of each other in the positions taught them that day". The stu
dents did not receive a skin erythema dose nor did they show a drop 
in white count, monitoring procedures that are insensitive to acute 
doses less than 100 rem. From what we now know, it is likely that 
these technicians received as much as 50 rem or more during their 
training and several years of service. Yet a 29-year follow-up (16) of 
these 6500 radiology technicians revealed no increase in malignancies 
when compared with a control group of similar size consisting of army 
medical, laboratory, or pharmacy technicians. 

There is no doubt that early radiation workers were highly ex
posed. This situation resulted partly from ignorance of the potential 
hazards associated with high doses of irradiation and partly from the 
absence of convenient monitoring devices. Methods for monitoring ra
diation were developed largely because of the Health Physics program 
associated with the Manhattan Project that had the responsibility for 
developing the atom bomb. At present the only people receiving un-
monitored occupational radiation exposure are airline crews. A round-
trip flight between New York and Tokyo results in each passenger and 
crew member receiving a dose of about 0.02 rem from the increased 
cosmic radiation at flying altitudes. Thus crew members who make 
one such flight a week receive yearly radiation doses of about 1 rem. 
This level is greater than the exposures received by 90% of monitored 
radiation workers. 

Military Nuclear Test Sites 

Atomic Veterans. Considerable publicity has been given to 
problems of the so-called atomic veterans. Caldwell et al. (17) re
ported an increased incidence of leukemia among 3200 men who had 
participated in Operation Smoky, a nuclear explosion at the Nevada 
Test Site in 1957. Stimulated by this report, the Medical Follow-up 
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6 RADIATION AND PUBLIC PERCEPTION 

Agency of the National Research Council (18) studied the mortality 
and causes of death of a cohort of 46,186 participants, about one-fifth 
of the total number of participants in one or more of five atmospheric 
nuclear tests. The reanalysis confirmed that among the participants at 
Operation Smoky the standardized mortality ratio (SMR) for leukemia 
was 2.5; that is, there were 10 observed leukemia deaths although 
only 3.97 would ordinarily be expected. 

Only one of those 10 leukemia patients had received an exposure 
in excess of 3 rem. For all other cancers the SMRs were less than 
1.0. Among participants in Operation Greenhouse at a Pacific test site 
in 1951, with a cohort size of almost 3000, the expected leukemia 
mortality was 4.43; only one case was observed, which gives an SMR 
of 0.23. For the other malignancies the numbers involved are much 
larger and the SMRs are in the range of 0.7 to 0.9. For the entire 
cohort of 46,000, the SMR for all malignancies is 0.84 and for leu
kemia it is 0.99. The excess SMR for leukemia at Operation Smoky 
and the equivalently decreased SMR at Operation Greenhouse are 
typical aberrations attributable to small-number statistics. 

Could an increase in leukemia have been predicted at Operation 
Smoky? Because only one of the veterans with leukemia was reported 
to have received more than 3 rem, the probability of observing a true 
increase in leukemia would require a gross underestimate of the ra
diation dose received by the participants. A committee (chaired by 
Merril Eisenbud for the National Research Council) reviewed the 
methods used to assign radiation doses to service personnel at nuclear 
tests and concluded that the methods were reasonably sound. How
ever, the committee concluded (19) that doses assigned to the test 
participants were probably somewhat higher, not lower, than the ac
tual doses received. This report also reviewed a number of studies 
that estimated radiation exposure from internally deposited radio
nuclides and concluded that these did not add significantly to the ex
ternal exposure. 

Civilians Exposed to Fallout. Other published reports de
scribe increases in malignancies among civilians exposed to fallout from 
nuclear testing. In 1979 Lyon et al. (20) reported that leukemia mor
tality in children had increased in those Utah counties receiving high 
levels of fallout from the atmospheric nuclear testing conducted in 1951— 
1958, compared to mortality in low-fallout counties and in the rest of 
the United States. In the 1944-1950 and 1959-1975 periods the leu
kemia mortality in the so-called high-fallout regions was considerably 
lower than in the rest of Utah and the United States. In addition, the 
sum of childhood malignancies (leukemia plus other cancer deaths) ap
pears to follow a generally downward trend from 1944 to 1975. The 
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drop in the high-fallout counties was somewhat greater than in the 
low-fallout counties, although if the standard deviations had been in
cluded the differences would not have been significant. 

Lyon's paper (20) was criticized in the same and later issues of 
the journal by several biostatisticians (21-23). In general, their objec
tions were related to the apparent underreporting or misdiagnosis in 
the earlier cohort and to errors in small-sample analysis. For instance, 
Bader (22) presented a year-by-year listing of leukemia cases in Se
attle-King County, which has a larger population than the Southern 
Utah counties, and noted that there were only two cases in 1959 and 
20 in 1963 among the 217 cases reported from 1950 to 1972. Thus, a 
10-fold difference in annual incidence rates when the number of cases 
is small simply represents statistical variation. 

A more recent estimation (24) of external radiation exposure of the 
Utah population, based on residual levels of 1 3 7 Cs in the soil, showed 
that the mean individual excess exposure in what Lyon deemed to be 
the "high-fallout counties" was 0.28 rad, compared to 0.42 rad in the 
"low-fallout countiesEven in Washington County, the region in which 
the fallout arrived the earliest (less than 5 h after the test), the es
timated exposure to its 10,000 population averaged only 1.12 rads. 
This exposure level is quite comparable to natural background radia
tion in that region over a 10-year period. 

Nuclear Reactor Accident 

Much has been written about the consequences of the Chernobyl re
actor accident in April 1986. The Chernobyl-type RMBK 1000 reactor 
differs from those used outside the Soviet Union for power production 
in that it resembles an early military design intended for the produc
tion of weapons-grade plutonium. The Chernobyl reactor therefore had 
a relatively unprotected roof through which plutonium-enriched fuel 
could be unloaded. The radioactive plume emerged through this un
protected roof. The explosions in the reactor resulted from complete 
disregard of safety procedures. Furthermore, according to a Soviet re
port (25), the system that would have caused the reactor to shut down 
of its own accord in the event of a problem had been disabled. In 
contrast, Western nuclear power reactors are completely enclosed in 
a sealed containment structure that is designed to contain the prod
ucts of a severe accident for an appreciable length of time. 

We may never know the complete medical consequences of this 
accident in the Soviet Union. However a 1991 report (26) analyzed 
the cumulative effective dose equivalent resulting from internal ex
posure to the radiocesium fallout in Austria, where the effective dose 
equivalent was the highest in Western Europe. The specific activity 
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of in human muscle tissues obtained at autopsy averages about 
110 Bq/kg. In contrast, the specific activity of the 1 3 7 Cs peaked at 
about 80 Bq/kg and of 1 3 4 Cs peaked at about 30 Bq/kg. Both re
mained elevated for only about 1.5 years, whereas the remains at 
its level continuously. Thus, the integrated radiocesium dose of the 4 
years after Chernobyl averaged 25 mrem, compared to 68 mrem ob
served for 4 0 K over the same period. 

Radon in the Home 

Levels of Exposure. The last issue to be discussed is the sig
nificance of radon and its daughters in the home. By the 1930s it was 
appreciated that miners (in particular, uranium miners) had an in
creased incidence of lung cancer that was presumably due to high 
concentrations of radon and its daughter products in the mine air. 
Large-scale use of uranium commenced during World War II and con
siderable concern was expressed about the deleterious consequences 
of radiation exposure. Soon thereafter steps were taken to improve 
ventilation in the mines. 

Indoor radon caused relatively little concern until December 1984, 
when a worker set off radiation alarms on his way into Pennsylvania's 
Limerick nuclear power plant. It was recognized then that radon con
tamination in homes in the Reading Prong area of Pennsylvania and 
New Jersey, and perhaps elsewhere in the country, might exceed lev
els currently permitted in mines. Subsequently the EPA publicized 
its estimate that as many as 20,000 of the 140,000 annual lung cancer 
deaths in the United States are caused by home exposure to radon 
and its radioactive daughters. Is this estimate reasonable? 

Effect of Smoking. Let us consider what the lung cancer death 
rate in the United States was before cigarette smoking became com
mon. According to American Cancer Society statistics (27), the male 
and female age-adjusted annual lung cancer death rates were about 4 
and 2 per 100,000, respectively, in 1930; in 1988 the rates had risen 
to 75 and 29 per 100,000, respectively. Because there is no reason to 
anticipate a sex-linked difference in lung cancer, the 1930 female rate 
was probably closer to the true lung cancer rate in nonsmokers. Was 
there a marked underdiagnosis of lung cancer among women in 1930? 
This is not likely because the rate increased only slowly until 1960, 
when the effects of smoking among women after World War II re
sulted in a continuously steeper rise in their lung cancer death rates. 

Furthermore, among Mormons in Utah who have access to very 
good medical care, the age-adjusted lung cancer death rate for women 
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in 1967-1975 was only 4.7 per 100,000 and that for men was 27 per 
100,000 (28). Because of religious beliefs, Mormons are supposed to 
abstain from smoking, alcoholic beverages, and even caffeine-contain
ing drinks such as coffee and cola. Although the incidence of lung 
cancer for Mormon males was less than one-half of that for other 
American males during the same period (27), it does suggest that not 
all Mormons abstain from smoking. Therefore some Mormon females 
may have been smokers or exposed to passive smoking. Thus it is not 
unreasonable to conclude that, in the absence of smoking, the lung 
cancer death rate should be no more than 2-3 per 100,000. 

In the high-background area in China (3) the natural radioactivity 
in the soil increases radiation exposure from radon progeny to more 
than twice as high as that in the control area studied (29). However, 
the age-adjusted lung cancer death rate in the high-background dis
trict is 2.7 per 100,000, compared to 2.9 per 100,000 in the control 
area. Thus the lung cancer death rates in both groups, in spite of the 
difference in radon-related exposures, were comparable to rates found 
among American women before the smoking era. 

A 1990 report (30) of residential radon and lung cancer among 
women in New Jersey suggests a trend among light smokers of in
creasing lung cancer as radon levels increase. However, there was no 
trend of increasing lung cancer among lifetime nonsmokers with in
creasing home radon exposure. The data also suggested (30) a striking 
decrease in lung cancer in heavy smokers (>25 cigarettes per day) 
with increased home radon exposure. However, there were so few 
cases with high radon exposures that the conclusions had no statistical 
significance. 

The evidence for lung cancer among nonsmokers associated with 
radon in the home environment is very weak. Even among nonsmok
ing miners, lung cancer is not found (31, 32) among those exposed to 
less than 1000 times the 70-year indoor levels that the EPA estimates 
(33) would result in between 1 and 5 lung cancer deaths among 100 
so exposed. Smoking is such an overwhelming cause of lung cancer 
that variation in smoking patterns tends to obscure any possible effect 
of radon exposure. A study (34) of 2668 lung cancer patients found 
that only 134 were nonsmokers. Thus the reported American Cancer 
Society statement that 85% of lung cancer in the United States is caused 
by smoking is certainly an underestimate. It is likely that at present 
smoking accounts for 95% of the deaths from lung cancer in the United 
States. Furthermore, most cancerous lesions in nonsmokers are lo
cated in the deeper portions of the lung (34). Lung cancer attributable 
to the radon daughters would be expected to be found in the bron
chial epithelium. 
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10 RADIATION AND PUBLIC PERCEPTION 

The EPA and the media fail to make it clear that the lung cancers 
they list as radon-associated are linked to the assumed multiplicative 
carcinogenic effect of smoking and radon daughters. The emphasis 
should be on reducing or eliminating smoking, not on testing for ra
don and its daughters. On the other hand, radiation physicists and 
others who are involved in radon testing have developed a lucrative 
business and would not want to deemphasize the role of radon in lung 
cancer. 

Conclusions 

This brief review reflects the lack of reproducible studies that un
equivocally demonstrate harmful effects of radiation delivered at low 
doses and dose rates. A 1975 report dealing with radiation protection 
philosophy (35) stated unequivocally that: 

The indications of a significant dose-rate influence on 
radiation effects would make completely inappropriate the 
current practice of summing of doses at all levels of dose 
and dose-rate in the form of total person-rem for purposes 
of calculating risks to the population on the basis of extrap
olation of risk estimates derived from data at high doses and 
dose-rates . . . 

We must communicate this message to governmental agencies, to the 
media, and to the society in which we live. Failure to do so contrib
utes to a radiation phobia that impacts on the beneficial roles of ra
diation and radioactivity in medical diagnosis and therapy, as well as 
in other applications such as nuclear power. 
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Public Perception of Radiation Risks 

William R. Hendee 

Medical College of Wisconsin, Milwaukee, WI 53226 

The evolution of advanced civilization has yielded works of art 
and science, complex financial and political systems, and tech
nology-driven societies such as the United States. Yet as the 
sophistication of these societies has increased, human self-per
ception has diminished. One consequence of this suppressed self
-image has been a growing distrust of science and certain tech
nologies such as nuclear energy and radiation. This apprehension 
has been nurtured by the news and entertainment media and 
has partially compromised the benefits that these technologies 
offer. Realization of these benefits requires a restoration of self
-confidence in our ability to use technologies beneficially. 

T H E EPIC O F HUMAN HISTORY is marked by marvelous artistic and 
technological achievement. From a beginning in which existence de
manded a constant struggle against the elements, other life-forms, and 
physical and emotional deprivation, humans have created sophisticated 
societies, immense metropolises, architectural marvels, artistic mas-
terworks, and wondrous music. Complex languages have evolved to 
record our legends and history and to express the inner needs and 
yearnings of the human spirit. The development of physical science 
and technology has led to methods of mass production, techniques to 
harness the atom's energy, programs of space exploration, and efforts 
to build increasingly powerful computers and control systems. Future 
technological opportunities include advances in electronic communi
cations and networking that may ultimately permit people to function 
independently of where they are in space and time. Developments in 
the biological sciences have paralleled those in the physical sciences. 

0065-2393/95/0243-0013$08.00/0 
© 1995 American Chemical Society 
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14 RADIATION AND PUBLIC PERCEPTION 

For example, emergence of the biomedical sciences in this century 
has led directly to improved health, more effective medical diagnosis 
and therapy, and reduced morbidity and mortality from disease and 
injury. 

In the opening sequence of 2001: A Space Odyssey, apes discover 
how to use bones as tools and weapons. Finally an ape hurls a bone 
into the sky, and instantly the bone is transformed into a spaceship 
piloted by the ape's descendants. This juxtaposition captures in one 
moment the awesome evolution from primitive beings into creative 
geniuses and productive contributors to society and civilization. Hu
mans have become a highly structured, technologically driven species, 
and in the process have created advanced societies with opportunities 
for intellectual and artistic growth unburdened by the struggle for daily 
survival. As individuals and as groups we may not always recognize 
or take advantage of these opportunities. But they are within reach, 
at least for many of us. 

Paradox of the Modern Era 

The modern era of science and technology is the product of fertile 
minds provided space and time for rigorous thinking and scientific ex
perimentation within societies that value creativity and reward inge
nuity. But a paradox of the modern era is that it tends to devalue the 
characteristics of creativity and ingenuity that are essential to its de
velopment and survival. Part of this devaluing process is a communal 
self-image that has less stature and magnificence than the vision of 
the human species that was characteristic of earlier eras. The poet 
Archibald MacLeish describes this fallen self-image as the Diminish-
ment of Man (J). MacLeish asks, 

And yet we cannot help but wonder why—why the belief 
in man has foundered now—precisely now—now at the 
moment of our greatest intellectual triumphs, our never-
equaled technological mastery, our electronic miracles. Why 
was man a wonder to the Greeks—to Sophocles of all the 
Greeks—when he could do little more than work a ship to 
windward, ride a horse, and plough the earth, while now 
that he knows the whole of modern science he is a wonder 
to no one—certainly not to Sophocles' successors and least 
of all, in any case, to himself? 

In 1977 William Perkins stated to the assembly of the Interna
tional Science Fiction Association (2), "For some reason, man—the 
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2. HENDEE Public Perception of Radiation Risks 15 

maker of cathedrals and symphonies, who has walked on the moon 
and split the atom—sees himself today only as excessively numerous, 
grasping polluters of what would otherwise be an idyllic world. We 
are just that semicivilized throng that surrounded Charlton Heston in 
Soylent Green," or "the insensitive, polluting, destructive characters 
that Bruce Dern fought—even killed—when they threatened to de
stroy his forest in Silent Running." 

The diminished view of human nature is endemic among those 
who proclaim the Age of Aquarius. It is intrinsic to the Gaia philos
ophy of a living earth. These belief systems and others that flirt with 
astrology, pantheism, and mysticism are antiscience, antitechnology 
movements that deprive the individual of the right to explore the un
known and harness nature's forces for the benefit of humanity. De
spite their good intentions, these movements isolate the individual from 
self-determination and in the process prevent people from reaching 
their greatest potential of intellectual and artistic creativity. In this 
manner they diminish the individual and dehumanize the species. 

Fear of Technologies 

The innate desire to know and understand the world is a fundamental 
human characteristic that distinctly separates us from other forms of 
animal life. The application of knowledge to the development of new 
technologies is a natural consequence of this characteristic. Yet many 
people react to new technologies with feelings of fear and dread, es
pecially when the technologies evolve from a relatively new and un
familiar body of scientific knowledge. These feelings cause those who 
hold them to question the wisdom of exploring new frontiers of sci
entific knowledge and the desirability of attempting to unlock nature's 
secrets. This response is a direct manifestation of the diminished view 
of humanity that characterizes the modern era of science and tech
nology. An excellent example of this diminished perspective is the 
continuing opposition to efforts to use nuclear energy and ionizing ra
diation for the benefit of society. 

Fear of nuclear energy and radiation undoubtedly is in part a re
action to the devastation that accompanied the introduction of nuclear 
weapons at Hiroshima and Nagasaki. Because of World War II, de
velopment of the awesome force of nuclear weapons was kept hidden 
as a military secret. Revelation of this force over a course of 3 days 
in 1945 was a shock to almost everyone. After the temporary euphoria 
in America that followed the end of the war, many people began to 
wonder if scientists had not finally gone too far. The concern was 
whether scientists had not succeeded in penetrating the dark side of 
nature. Even some nuclear scientists had reservations, exemplified by 
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16 RADIATION AND PUBLIC PERCEPTION 

Robert Oppenheimer's perhaps apocryphal quote from the Bhagavad 
Gita while watching the Trinity Explosion at Alamogordo: "I am be
come death, the shatterer of worlds." As a scientist stated in the clos
ing scene of the movie Them, "When man entered the Atomic Age, 
he opened the door into a new world. What we will eventually find 
in that new world nobody can predict." 

The new world of nuclear energy was a relatively unexplored arena 
for science and technology. Many believed that this arena was im
perfectly understood, probably unpredictable, possibly uncontrollable, 
and even perhaps malevolent. Some felt that it should never have 
been opened to human inquiry, and that with the end of the war it 
should have been closed and sealed forever against further explora
tion. Those who persist in such exploration might well be driven to 
unpredictable and uncontrollable behavior, as demonstrated by Peter 
Sellers in the 1964 movie Doctor Strangelove. 

The Two Fictions of Nuclear Energy 

With the advent of the nuclear age, a library of science fiction liter
ature quickly developed around themes such as world dominance 
through control of the ultimate nuclear weapon, creation of new beings 
through exposure to radiation, devastation of the planet by nuclear 
war with few or no human survivors, and return of humanity to a 
primordial state of existence as a consequence of the technology of 
the nuclear era. Dozens of B-grade movies depicted the ability of ra
diation released from nuclear explosions, sources, and waste to trans
form various life-forms into horrendous monsters. Typical films were 
The Thing (1951), The Beast from 20,000 Fathoms (1953), Them (1954), 
Godzilla (1954), It Came from beneath the Sea (1955), Tarantula (1955), 
The Black Scorpion (1957), Attack of the Crab Monsters (1957), The 
Beginning of the End (1957), Attack of the Giant Leeches (1959), and 
many others. These movies were different from the science fiction films 
of an earlier era. The monsters were more horrendous, and they had 
an origin—exposure to radiation and nuclear energy. 

Early in the nuclear era, efforts to countermand the negative per
ception of nuclear energy resulted in an intense and equally fictional 
account of the possibilities of this new energy source to provide im
mense benefits. Artificial suns to control weather, pollution-free "white 
cities of the future" electricity too cheap to meter, deserts made to 
bloom, immense reservoirs of petroleum and natural gas released by 
nuclear explosions, atomic "magic bullets" to cure cancer, and auto
mobile engines as small as a human fist were predicted not only by 
science fiction writers but also by technocrats and government offi
cials, especially those associated with the U.S. Atomic Energy Com-
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2. HENDEE Public Perception of Radiation Risks 17 

mission. As the unrealistic nature of these predictions became appar
ent over the next couple of decades, the real benefits of nuclear energy 
also became suspect. At the same time, the long-term health conse
quences of exposure to radiation were beginning to show up in the 
survivors of Hiroshima and Nagasaki. 

To many people in the 1950s and 1960s, the risk-benefit balance 
of nuclear energy became increasingly tilted on the side of risk. The 
cold war, arms buildup, civil defense, fallout shelters, anticommunist 
mania, and other societal programs exacerbated fears of nuclear en
ergy. These fears were heavily colored by the images of nuclear en
ergy projected by the news and entertainment media. As Spencer Weart 
noted (3), 

Radioactive monsters, Utopian atom-powered cities, ex
ploding planets, weird ray devices, and many other images 
have crept into the way everyone thinks about nuclear en
ergy, whether that energy is used in weapons or in civilian 
reactors. The images, by connecting up with major social 
and psychological forces, have exerted a strange and pow
erful pressure within history. 

Benefits of Nuclear Energy 

While the negative images of nuclear energy have been reinforced by 
the news and entertainment media over the postwar decades, the 
technology has found several applications of immense benefit to hu
manity. These applications include the use of reactor-produced radio
isotopes for localizing potential deposits of petroleum, detecting flaws 
in construction materials, identifying and modifying hereditary char
acteristics of plants and insects, and measuring pathways of environ
mental pollution in the ecological sciences. Radioactive sources have 
been instrumental in the evolution of entire new areas of scientific 
knowledge, such as biochemical mechanisms of metabolism in plants 
and animals, molecular origins of processes such as angiogenesis and 
atherosclerosis, and mechanisms of transmission of neurological signals 
across synapses between nerve cells. 

The two most widespread applications of nuclear energy yield the 
most immediate direct benefit. These applications are the use of nu
clear energy in the generation of electricity and the use of radioiso
topes produced in nuclear reactors for diagnosis and treatment of many 
human conditions, including cancer, cardiovascular disease, metabolic 
disorders, and mental illnesses. However, even these applications are 
not without controversy. For example, the use of nuclear energy to 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
3.

ch
00

2

In Radiation and Public Perception; Young, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1995. 



18 RADIATION AND PUBLIC PERCEPTION 

generate electricity has encountered so much opposition that no ap
plication for a nuclear power plant has been filed since 1977. 

Perceptions of Nuclear Energy and Radiation 

In 1989 Vincent Covello, David McCallum, and Marie Pavlova (4) 
identified the factors that lead to enhanced or lessened public concern 
associated with particular technologies. These factors are shown in Ta
ble I. Nuclear energy is one technology that satisfies all of the criteria 
for increased concern. The consequences of the Hiroshima and Na
gasaki explosions; accidents at Three Mile Island and Chernobyl; de
layed health effects attributed to radiation exposure; perceived inad
equate understanding of the science underlying nuclear energy; 
awareness of the susceptibility of children and future generations to 
radiation-induced health effects; perceived potential uncontrollability 
of nuclear energy; the involuntary nature of exposure to risks of nu
clear explosions and environmental radiation; a sense of fear and dread 
that accompanies nuclear energy; media hype with regard to radiation 
and nuclear energy; the dominance of untrustworthy utilities, public 
institutions, and governmental agencies in controlling nuclear energy; 
and uncertain benefits of nuclear compared with conventional energy 
sources for electricity generation all combine to enhance the percep
tion of risk and the public apprehension of nuclear energy. 

Recombinant D N A technology (genetic engineering) is the only 
other technology that comes close to nuclear energy in satisfying vir
tually all of the criteria for increased public concern depicted in Table 
I. In America this technology has not yet encountered the severity of 
public reaction that has afflicted the nuclear energy industry, perhaps 
because it is a newer technology that has not yet achieved a high level 
of public awareness. The situation is quite different in Germany, where 
terrorist threats and attacks have been directed toward molecular bi
ologists involved in gene-transfer experiments. In America gene ma
nipulation has received favorable media attention compared with nu
clear energy. However, the fortunes of this technology could sour 
quickly if a few real or perceived misguided adventures were to occur. 
Such adventures have been predicted for several years by doomsday 
prophets such as Jeremy Rifkin. 

The public's apprehension about nuclear energy is reflected in a 
1990 survey by Paul Slovic (5) of the attitudes of technical experts and 
the public about selected technologies. Results are shown in Table II 
for technologies associated with radiation. Nuclear power is perceived 
by the public as extremely risky and unacceptable, whereas technical 
experts consider nuclear power moderately risky but acceptable in light 
of its benefits to society. Nuclear weapons are viewed by the public 
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2. HENDEE Public Perception of Radiation Risks 19 

Table I. Factors Involved in Public Risk Perception 
Conditions Associated Conditions Associated 
with Increased Public with Decreased Public 

Factor Concern Concern 
Catastrophic Fatalities and injuries Fatalities and injuries 

potential grouped in time and scattered and random 
space 

Familiarity Unfamiliar Familiar 
Understanding Mechanisms or process Mechanisms or process 

not understood understood 
Uncertainty Risks scientifically Risks known to science 

unknown or uncertain 
Controllability Uncontrollable Controllable 

(personal) 
Voluntariness of Involuntary Voluntary 

exposure 
Effects on children Children specifically at Children not specifically 

risk at risk 
Effects on future Risk to future No risk to future 

generations generations generations 
Victim identity Identifiable victims Statistical victims 
Dread Effects dreaded Effects not dreaded 
Trust in institutions Lack of trust in Trust in responsible 

responsible institutions institutions 
Media attention Much media attention Little media attention 
Accident history Major and sometimes No major or minor 

minor accidents accidents 
Equity Inequitable distribution Equitable distribution of 

of risks and benefits risks and benefits 
Benefits Unclear benefits Clear benefits 
Reversibility Effects irreversible Effects reversible 
Personal stake Individual personally at Individual not personally 

risk at risk 
Scientific evidence Risk estimates based on Risk estimates based on 

human evidence animal evidence 
Origin Caused by human Caused by acts of nature 

actions or failures or God 

SOURCE; Adapted with permission from reference 4. Copyright 1989 Plenum Press. 
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20 RADIATION AND PUBLIC PERCEPTION 

Table II. Relative Risks of Selected Technologies as Perceived 
by Experts and the Public 

Perceived Risk 
Technology Technical Experts Public 
Nuclear power and Moderate risk Extreme risk 

nuclear waste Acceptable Unacceptable 
X-rays Low to moderate risk Very low risk 

Acceptable Acceptable 
Radon Moderate risk Very low risk 

Needs action Apathy 
Nuclear weapons Moderate to extreme risk Extreme risk Nuclear weapons 

Tolerance Tolerance 
Food irradiation Low risk High risk? 

Acceptable Acceptability questioned 
Electric and Low risk Not yet aware 

magnetic fields Acceptable 
Not yet aware 

SOURCE: Reproduced with permission from reference 5. Copyright 1990 National Coun
cil on Radiation Protection and Measurements. 

as extremely risky, but tolerable because they reduce the likelihood 
of a nuclear attack. Radon is seen by the public as very low risk, 
reflecting the public apathy about this environmental hazard. Tech
nical experts consider radon to be a moderately risky environmental 
hazard that requires action. Judged by the factors that exacerbate pub
lic concern in Table I, radon satisfies only a few of the criteria for 
increased concern. The press and some scientists have challenged the 
hazard of environmental radon, thereby justifying inaction on the part 
of many homeowners. X-rays also are viewed as very low risk, prob
ably because X-rays have been used routinely in medicine for many 
years. Perhaps even more important, X-ray examinations are pre
scribed by physicians, to whom most people entrust the responsibility 
for their health and well-being. That is, most people believe that if 
X-rays were truly hazardous, physicians would not expose patients to 
them. 

Communicating Risk Information 

Informing people about technologies such as nuclear energy and ion
izing radiation is a major challenge. Most people react to these tech
nologies with preconceived notions that give rise to fear and worry in 
some applications, and to apathy and disregard in others. Dismissing 
these notions as irrational or inaccurate is almost always futile. Noth
ing about people's perceptions is recognized as inaccurate. Declaring 
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2. HENDEE Public Perception of Radiation RisL· 21 

perceptions irrational is tantamount to accusing those holding such views 
of being irrational. Any effort to address the benefits and risks of tech
nologies where perceptions are involved requires that the perceptions 
be acknowledged from the beginning as real and deeply felt. Ignoring 
perceptions, or dismissing them as unrealistic or absurd, is equivalent 
to ignoring or dismissing the persons who hold the perceptions. Under 
such circumstances, barriers to communication are often erected that 
impede effective discourse among individuals, no matter how expert 
some of the individuals may be (6). 

Summary 

Peoples perceptions of risks are the product of complex interactions 
among many influences, including knowledge, opinions stated by es
teemed and trusted persons, and impressions acquired over time from 
the news and entertainment media. Cultural heritage is a particularly 
important factor, especially when health risks such as those associated 
with radiation and nuclear energy are portrayed to the public in a 
provocative manner (7). Over the past few decades, the entertainment 
and news media have focused on nuclear energy as a particularly risky 
technology. The consequences of this portrayal remain to be evaluated 
in their entirety. In all likelihood this portrayal will complicate the 
acceptance of nuclear energy in the future to an even greater degree 
than in the past. As one example of this portrayal, the author recently 
conducted an informal survey of one publisher, Marvel comics, and 
identified more than 70 comic-book characters who had developed se
vere physical and emotional handicaps as a consequence of exposure 
to radiation. The message inherent in the experience of these char
acters is communicated effectively to young persons and to many oth
ers who are not so young. 

Like other technologies, nuclear energy has the potential of con
tributing substantially greater benefits to society. These benefits in
clude improved health care and the efficient production of electricity 
at a time when access to other resources for electricity generation are 
becoming increasingly problematic. This technology, like all others, 
has a destructive potential, a "dark side" in the vernacular of tech
nology cynics. This potential can be harnessed and controlled for the 
benefit of humanity, as has been proven in medicine and the nuclear 
power industry over the past several decades. The greater benefits of 
nuclear energy will be realized, however, only if the diminished view 
of human nature is replaced by a perception that cherishes the fun
damental ingenuity and integrity of the human species. 

Expansion of existing technologies and the development of ad
vanced new technologies require acknowledgment of the intrinsic worth 
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22 RADIATION AND PUBLIC PERCEPTION 

of the search for knowledge and the desirability of developing new 
technologies as a product of expanded knowledge. They also require 
confidence in the inherent ability of humans to apply these technol
ogies for the betterment of society. Many years ago we had that vi
sion. Hopefully we will return to it in the near future. 
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Basic Units and Concepts 
in Radiation Exposures 

R. L. Mlekodaj 

Office of Radiation Protection, Oak Ridge National Laboratory, 
Building 4500S, MS-6106, P.O. Box 2008, Oak Ridge, TN 37831 

Some of the most common units, concepts, and models in use 
today dealing with radiation exposures and their associated risks 
will be presented. Discussions toward a better understanding 
of some of the basic difficulties in quantifying risks associated 
with low levels of radiation will be presented. The main thrust 
of this chapter will be on laying a foundation for better un
derstanding and appreciation of the chapters to follow. 

T H E PROCESSES A N D RISKS INVOLVED in the exposure of humans to 
radiation are very complicated and frequently little understood. Even 
though it has long been quite clear that many different effects are 
attributable to radiation exposure, the exact dose-response relation
ship for many of these effects has remained elusive. This fact is es
pecially true for low doses, where the vast majority of human exposure 
actually occurs. To provide a foundation for better understanding of 
the ideas to be presented, this chapter will focus on some of the very 
basic underlying knowledge in this field. This information should be 
of value, especially for people who do not work with these units and 
concepts on a daily basis. 

Units Revive to Exposure to Ionizing Radiation 

Quantity of Radioactive Material. A quantity of radioactive 
material can be described in terms of the number of nuclear trans-

0065-2393/95/0243-0023$08.00/0 
© 1995 American Chemical Society 
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24 RADIATION AND PUBLIC PERCEPTION 

formations that result in the loss of the identity of the decaying species 
(disintegrations) per unit time. The most commonly used units are 
disintegrations per second (dps) or disintegrations per minute (dpm). 
One of the most commonly used units of radioactivity is the curie (Ci). 
One curie is defined as the quantity of any nuclide for which the 
disintegration rate is 3.7 Χ 1010 dps. A curie is a large quantity of 
radioactive material and will generally only be found in specialized 
facilities designed to handle high levels of radioactive material. Gen
erally, one is more likely to encounter radioactive materials involving 
millicurie, microcurie, nanocurie, or picocurie quantities. The corre
sponding unit in the International System of Units (SI) is the becque
rel (Bq), and is defined as 1 dps. Therefore, 1 Ci is equal to 3.7 X 
1010 Bq. 

Exposure. Exposure is the oldest radiation dosimetric unit still 
in common use. Dosimetric units are essential for quantifying expo
sures for biological effects experiments, controlling exposures to in
dividuals, and so on. Exposure is only defined for electromagnetic ra
diation (gamma and X-rays) and is a measure of the ionization produced 
in dry air at standard temperature and pressure. It is the sum of all 
of the ions of one sign when all electrons liberated by photons in a 
volume element of air are completely stopped in the air, divided by 
the mass of air in the volume element. The unit of exposure is the 
roentgen (R) and is defined as 

1R = 2.58X 10" 4 C/kg 

where C is coulombs and kilograms (kg) refer to the mass of air. One 
roentgen of exposure corresponds to about 0.95 rad of absorbed dose 
(see the following section) in soft tissue and, due to the close numer
ical correspondence, leads to frequent misuse of terms (e.g., milli-
roentgen per hour is frequently stated when millirad per hour or mil-
lirem per hour is the correct term). There is no corresponding SI unit. 

Absorbed Dose (Dose), D. The fact that the roentgen applies 
only to air and electromagnetic radiation created a need for a more 
generally applicable unit; in particular, one that could be applied to 
tissue. The traditional unit of absorbed dose is the rad and was de
veloped to apply to any directly or indirectly ionizing radiation in any 
absorbing medium. One rad is defined as the absorption of 100 ergs/g 
from the radiation field. The SI unit of absorbed dose is the gray (Gy) 
and is defined as an absorbed dose of 1 J/kg. 

1 Gy = 1 J/kg = 100 rad 
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3. MLEKODAJ Basic Units and Concepts in Radiation Exposures 25 

In common usage, the absorbed dose is generally referred to as simply 
"dose". 

Dose Equivalent (Equivalent Dose), H. Dose equivalent is 
the basic unit of importance for radiation protection programs. Dose 
equivalent is denned as 

H = DQ 

where H is the dose equivalent in rems, D is the absorbed dose in 
rads, and Q is the quality factor. In principle, other modifying factors 
can also be added to the right side of this equation, but, in practice, 
this is rarely done. The quality factor Q arises from the fact that cer
tain types of radiation produce a higher probability for stochastic ef
fects in biological systems for equal amounts of energy absorption per 
unit mass (absorbed dose). In ICRP 26 (I), a useful empirical rela
tionship was established between the linear energy transfer (LET), or 
collisional stopping power, and Q for charged particles in water. For 
simplicity in the administration of radiation protection programs, how
ever, the National Council on Radiation Protection and Measurements 
(NCRP) and the ICRP have through the years made recommendations 
as to the assignment of Q for various types of radiation. The 1987 
recommendations of the NCRP (2) are given in Table I. The most 
recent recommendations of the ICRP 60 use the new term "radiation 
weighting factor" instead of "quality factor" and advocate the use of 
the term "equivalent dose" instead of "dose equivalent". The SI unit 
for dose equivalent is the sievert (Sv) and is equal to the absorbed 
dose in grays times the quality factor. Thus, 100 rems is equal to 1 Sv. 

Effective Dose Equivalent (Effective Dose), HE. In order 
to account for nonuniform irradiation of different organs or tissues, a 
quantity is defined in ICRP 26 such that a combination of different 
doses to different tissues can be combined in a way that is likely to 
correlate well with the total risk for stochastic effects. This quantity 

Table L NCRP 91 Recommended Values of Q 
Approximate 

Type of Radiation Value of Q 
X-rays, 7-rays, β-particles, and electrons 1 
Thermal neutrons 5 
Neutrons (other than thermal), protons, alpha particles, 

and multiple-charged particles of unknown energy 20 
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26 RADIATION AND PUBLIC PERCEPTION 

is effective dose equivalent (effective dose as suggested in ICRP 60) 
and is defined as 

where ffT is the dose equivalent in organ or tissue Τ and wT is a 
weighting factor representing the proportion of the stochastic risk when 
the whole body is irradiated uniformly. The values of tvT (ICRP 26) 
are given in Table II. The unit of effective dose equivalent is the rem 
or the sievert. 

The remainder of 0.30 not accounted for in Table II is assigned, 
at a level of 0.06, to each of five remaining organs or tissues that 
receive the highest dose equivalent. It is assumed that exposures of 
all remaining tissues can be neglected. Recommendations for new val
ues of wT are given in ICRP 60. 

Committed Dose Equivalent (Committed Equivalent Dose), 
ΗΎ,50· This quantity is the dose equivalent (equivalent dose) to an 
organ or a tissue Τ that will be accumulated over the 50 years fol
lowing a single intake of radioactive material and can be expressed as 

where HT(t) is the appropriate dose-equivalent (equivalent dose) rate 
and t0 is the time of intake. The unit of committed dose equivalent 
is the rem or the sievert. The 50 years is intended to represent a 
typical working life. This quantity is probably inappropriate for one 
who is either very young or very old at the time of intake. ICRP 60 
recommends the use of the term "committed equivalent dose" for this 
quantity. 

τ 

Table II. Tissue Weighting 
Factors of ICRP 26 

Tissue wT 

Gonads 0.25 
Breast 0.15 
Marrow 0.12 
Lung 0.12 
Thyroid 0.03 
Bone surfaces 0.03 
Remainder 0.30 
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3. MLEKODAJ Basic Units and Concepts in Radiation Exposures 27 

Committed Effective Dose Equivalent /ZE,5o- The committed 
effective dose equivalent (CEDE) is obtained by extension and com
bination of the concepts of committed dose equivalent and effective 
dose equivalent. The unit of committed effective dose equivalent is 
the rem or the sievert. 

ICRP 60 recommends the use of the term committed effective dose 
for this quantity. 

Annual Effective Dose Equivalent (Annual Effective Dose). 
The annual effective dose equivalent (AEDE) is the total effective dose 
equivalent from both the internal and external irradiation of tissues 
and organs received in 1 calendar year. 

Collective Dose Equivalent, S. The collective dose equivalent 
is defined for a population by the following expression: 

where H{ is the dose equivalent to the whole body or any specified 
organ or tissue to each member of a subgroup (i) with Έ{ members of 
the exposed population. The unit of collective dose equivalent is the 
person · rem or the person · sievert. A collective dose equivalent of 100 
person · rem could be 100 persons exposed at a level of 1 rem each 
or 1000 persons exposed at a level of 0.1 rem each or a myriad of 
other combinations. In the concept of a linear, no-threshold dose-
response relationship, a 100 person · rem of collective dose equivalent 
should correspond to the same total risk and be independent of how 
the dose equivalent is distributed among those exposed. This concept 
can be extended to other dosimetric quantities, such as collective ex
posure and collective effective dose equivalent. 

Cumulative Dose. Cumulative is the sum of the dose received 
by an individual over a specified period of time. The cumulative con
cept can be applied to all other dosimetric quantities except those 
involving the <<committed,, concept. 

Working Level. One working level is any combination of short
lived radon daughters in 1 L of air that will result in the ultimate 
release of 1.3 Χ 105 MeV of alpha particle energy. This number was 
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28 RADIATION AND PUBLIC PERCEPTION 

chosen because it is approximately the alpha energy released from the 
decay of daughters in equilibrium with 100 pCi of ^ R n . One working-
level month is the cumulative exposure equivalent to exposure to one 
working level for 1 working month (170 h). 

The Interaction of Ionizing Radiation with Matter 

Ionizing radiation is radiation sufficiently energetic to dislodge elec
trons from an atom or molecule. Ionizing radiation includes X and 
gamma radiation, beta radiation ( β + and β~), alpha radiation, heavier 
charged atomic nuclei, and neutrons. Of these entities, the charged 
particles are considered directly ionizing radiation and the uncharged 
particles (neutrons and photons) are considered indirectly ionizing, 
producing directly ionizing charged particles after interacting with 
matter. The ionization and excitation of atoms and molecules are the 
primary energy loss mechanisms for charged particles. The moving 
charged particle imparts energy to the electrons of the medium via 
electromagnetic forces, resulting in ionization or excitation. 

Beta particles can also lose energy by bremsstrahlung, but this 
mode of energy loss remains a small contribution to total energy loss 
below about 50 MeV. Because the mass of the beta particles is the 
same as the entity with which it primarily interacts (electrons of the 
medium), it can lose a large fraction of its energy in a single inter
action and can incur large deflections in direction. 

Heavy charged particles (charged particles other than electrons or 
positrons) are massive compared to the electrons with which they in
teract and therefore travel a rather straight path. Other energy loss 
mechanisms (nuclear interactions) generally can be ignored for heavy 
charged particles. 

In passing through living matter, all radiation produces an ion pair 
for approximately every 25 eV of energy deposited, regardless of the 
exact nature of the tissue in question. A typical person in the United 
States might receive approximately 200 mrad of penetrating radiation 
in a year from natural background, diagnostic medical procedures, and 
so on. This absorbed dose of 200 mrad would translate into about 2.5 
Χ 1012 ion pairs produced in each gram of tissue irradiated at that 
level. 

The chemical changes produced by ionizing radiation in liquid water 
are especially relevant, because the human body is >90% water. The 
initial products produced by passing charged particles in pure water 
are H 2 0 + , H 2 0 * (an excited water molecule), and electrons. The char-
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acteristic time scale for this initial stage is about 10 1 5 s. These three 
species then react in the following way: 

H 2 0 + + H 2 0 - » H 3 0 + + O H 

H 2 0 + + e" 
H 2 0 * - * \ H + O H 

H 2 + 0 

where the H 2 0 + interacts with a neighboring water molecule to pro
duce a hydronium ion and a hydroxyl radical. The excited water mol
ecule either ejects an electron to become an ion or dissociates pre
dominately in one of two ways. The free electron is solvated by available 
water molecules. These reactions are generally complete by about 
10"14 s. 

Four of these products are free radicals (H, O, O H , and ê ) and, 
with H 3 0 + , form five reactive species as a result of the original in
teraction of the ionizing radiation with pure water. The Ο radical quickly 
reacts with H 2 0 to form hydrogen peroxide, which reacts no further. 

The four remaining reactive species begin a diffusion stage, during 
which they may come within reaction distances of other reactive spe
cies and be consumed according to the following reactions: 

O H + O H —> H 2 0 2 

O H + e ~ ^ O H -

O H + Η H 2 0 

H 3 0 + + e " - * H + H 2 0 

e~ + e" + 2 H 2 0 H 2 + 20H~ 

e~q + Η + H 2 0 -H> H 2 4- O H " 

Η + H ^ H 2 

After about 10~6 s, the reactive species that have survived the pre
ceding reactions are likely to have diffused to such separation dis
tances that further reactions are unlikely. A more complete discussion 
on these chemical effects can be found in reference 3. 

In a biological system, these remaining free radicals will probably 
react with cellular material within about 10~3 s. Thus, in less than a 
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millisecond, a series of physical and chemical reactions have taken place 
that could be expressed as a cancer, for example, 5 or 10 years later, 
albeit with an extremely low probability. 

Effects of Ionizing Radiation 

Biological effects are assumed to arise from two types of interactions, 
direct and indirect. The attack of free radicals, produced by ionizing 
radiation on D N A and resulting in mutation, is an example of an in
direct effect. Radiation can also interact directly with the D N A strand, 
thereby causing mutations. This reaction would be an example of a 
direct effect. The indirect effects are believed to dominate. The bio
logical effects of ionizing radiation can vary widely depending on dose, 
dose rate, type of radiation, and many other factors. 

Stochastic effects of ionizing radiation are those that occur by chance 
or, in other words, in a statistical manner. These are primarily cancer 
and genetic effects in human exposure to radiation. These stochastic 
effects are also characterized by three traits. First of all, there is no 
threshold. The likelihood of the effect occurring is dependent on dose. 
Second, the severity does not depend on dose. Finally, there is no 
clear causal relationship. Cancer and genetic effects are caused by many 
agents, and the exact cause of a stochastic effect cannot be unequiv
ocally linked to any one agent. 

Most biological effects are of the nonstochastic type. Nonstochastic 
effects have three characteristics in common. First, nonstochastic ef
fects exhibit threshold doses. That is, a certain minimum dose must 
be exceeded before that particular effect is observed. In addition, the 
severity of the effect is dependent on the dose. Finally, a clear causal 
relationship between the exposure and the resulting effect exists. For 
example, a person who is exposed to sunlight must be exposed above 
a certain level before he or she shows signs of sunburn. More ex
posure to sunlight will increase the severity of the sunburn, and there 
is also no question that the sunburn is the result of exposure to sun
light. The International Commission on Radiological Protection (ICRP) 
in Publication 60 (4) recommends that nonstochastic effects be referred 
to as deterministic effects. 

Somatic effects are those effects that are manifested in the exposed 
individual. These could include cataracts, cancer, or acute radiation 
syndrome, for example. An additional type of effect is not expressed 
in the exposed individual but rather in subsequent generations. These 
effects are referred to as genetic and appear as hereditary disorders 
in subsequent generations. Radiation can affect any cell in the body, 
but only when germ cells are altered can the defective genetic infor
mation be passed on to future generations. These genetic changes can 
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vary from inconsequential and unnoticed to very serious handicaps in 
future generations. Radiation is not the only agent that can induce 
genetic aberrations, and one can compare the natural mutation rate 
to that from radiation. According to the report of the Committee on 
the Biological Effects of Ionizing Radiation in BEIR V (5), about 100 
rad (1 Gy) of low dose rate, low linear energy transfer (LET) radiation 
to the parental population will double the naturally occurring mutation 
rate. 

Limits for Exposure to Ionizing Radiation 

In recent decades the recommendations of the ICRP and NCRP have 
been used as the basis for our national standards in radiation dose 
limits. Table III shows the downward trend in the recommended max
imum occupational whole-body exposure as a function of time, as rec
ommended by the ICRP and NCRP. The most recent recommenda
tions of the NCRP and ICRP are compared in Table IV. 

The major changes from previous guidance involve added rec
ommendations for limitations to the long-term average of the annual 
limit on occupational exposure. The maximum recommended occu
pational annual effective dose remains, however, at 5 rem for 1 year 
in both the NCRP and ICRP recommendations. The NCRP has rec
ommended that a lifetime limit of 1 rem be multiplied by age in years 
in order to limit the risk that may accumulate over a working lifetime. 
The ICRP has accomplished this effect by recommending an average 
of no more than 2 rem/year over defined 5-year periods. 

Uncertainties in Establishing Risk for Stochastic Effects 

Because planned high-dose experiments cannot be carried out on hu
man subjects and extrapolation of risks determined in animal studies 

Table III. Maximum Permissible Occupational Whole-Body Exposure 
to Ionizing Radiation 

Recommended Maximum Rate Comments 
0.2 R/day (1 R/week) 

(50 R/year) 
0.1 R/day (0.5 R/week) 

(25 R/year) 

0.3 rem/week (15 rem/year) 

5 rem/year (0.1 rem/week) 

Recommended by ICRP in 1934 and 
continued in worldwide use until 1950 

Recommended by NCRP on March 17, 
1934, and continued in use in United 
States until 1949 

Recommended by NCRP March 7, 1949, 
and ICRP in July 1950 and continued in 
use until 1956 

Recommended by ICRP in April 1956 and 
NCRP on January 8, 1957 
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are very much in question, the main sources of risk data in humans 
are the Japanese atomic-bomb survivors, miners exposed to high levels 
of radon, and a few medically related therapeutic and diagnostic pro
grams. Among these few available study groups, the Japanese atomic-
bomb survivors are by far the dominant source of data used by various 
groups in establishing risks related to exposure to radiation. Some of 
the most common difficulties encountered in establishing this risk are 
discussed in the following sections. 

Dosimetry. The difficulty in establishing the actual dose equiv
alent to which the Japanese survivors were exposed is easily appre
ciated. The actual dose equivalents can only be established retro
spectively by calculations of the atomic-bomb yields and calculation of 
transport modes, which can then be compared to neutron activation 
studies and thermal luminescence studies of roof tiles, for example. 
The dose equivalent estimates have varied over the years as improved 
studies have provided new results. 

Dose—Response Relationships. The vast majority of our de
finitive knowledge of dose response in humans comes from high dose 
rate and high dose situations, the dominant among these being the 
Japanese atomic-bomb survivors studies. Results from high doses de
livered at low dose rates were obtained from studies of the chronic 
exposure of uranium miners to radon. Studies at low doses are gen
erally inconclusive, complicated by many confounding factors and sta
tistical variations that occur when working with small numbers. The 
dose-response relationships observed for the high-dose data cannot be 
attributed to a unique curve through the data points, as illustrated in 
Figure 1. The straight-line (curve A) fit in Figure 1, which passes 
through the origin, is referred to as the linear, no-threshold dose-
response relationship and is only one of many equally good fits to the 
data points shown. One other possibility (curve B), a so-called linear-
quadratic fit, is equally as good a fit as the linear, no-threshold fit. 
In fact, a situation shown in curve C, in which the response at low 
doses actually falls below the abscissa, cannot be excluded. This sit
uation would be interpreted as one in which, over some range of low 
doses, radiation actually had a beneficial effect—the so-called "hor-
mesis effect". Reference 6 gives in-depth information on hormesis. 

All radiation protection standards for stochastic effects are based 
on a linear, no-threshold relationship between dose equivalent and 
risk, where the risk-dose equivalent relationship is derived from ex
posure data in high dose and high dose rate situations. 

Sensitive Subpopulations. Studies of the Japanese survivor data 
indicated differences among subpopulations in sensitivity to radiation. 
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34 RADIATION AND PUBLIC PERCEPTION 

Figure 1. Dose-response relationships: (A) linear, no-threshold, (B) 
linear-quadratic, and (C) inclusion of a possible hormesis effect. 

Increased risk to Japanese females of up to 50% was reported in BEIR 
V for all cancers when these women were exposed to an acute dose 
of low-LET radiation. For some specific cancer types, however, males 
showed an increased risk. The age at exposure was shown to be im
portant. Again in BEIR V the risk for all cancers in those women 
exposed between 0 and 19 years of age versus those exposed between 
20 and 64 years shows a threefold increase. The risk for various types 
of cancer was shown to be strongly dependent on nationality. The 
Japanese show a stomach cancer risk 10 times higher than that of 
Americans, but colon and breast cancer are significantly less common 
among the Japanese. These differences may be related to diet (see the 
subsequent discussion of cofactors). Certainly many other subpopula
tions, with significantly different risks for induction of cancers by ra
diation, exist. 

Cofactors. Perhaps the clearest example of a cofactor for risk to 
radiation exposure is smoking in its relation to lung cancer. In studies 
of several groups of uranium miners, the BEIR IV Committee's anal-
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yses indicated a significantly increased risk associated with smokers. 
These results are in agreement with earlier studies and can be ex
amined in detail in the BEIR IV report (7). The significantly higher 
risk for stomach cancer among the Japanese due to exposure to ion
izing radiation could be attributable to a cofactor related to something 
in the Japanese diet, but that cofactor has not yet been identified. 

Incomplete Projections. The two primary types of models used 
to describe probability of cancer induction after exposure to ionizing 
radiation, the additive and multiplicative risk models, are shown in a 
stylized fashion in Figure 2. The simple additive model, after a char
acteristic latent period, gives an increased cancer death probability 
rate that is proportional to dose equivalent but is independent of age. 
The simple multiplicative model gives, again after the latency period, 
an increased cancer probability that is proportional to dose equivalent 
but is age dependent and is a multiple of the background cancer rate 
(which increases with age). The Japanese atomic bomb survivors are 
now past the point in Figure 2 where the curves of the additive and 
multiplicative models cross. In the past it was difficult to choose the 
best of these two models, but it now appears that most studies for 
the majority of cancers show that the multiplicative models give better 
fits to the data. 

Figure 2. Comparison of the simple additive and multiplicative risk 
models for cancer induction. 
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Dose Rate Effectiveness Factor, The risk factors for cancer 
inductions in humans, as mentioned previously, are based primarily 
on high doses delivered at high dose rates. Data on dose rate factors 
obtained through experiments in radiobiology are summarized in NCRP 
Report No. 64 (8). The results of the studies suggest that, for low-
L E T radiation, a reduction of risk of at least a factor of 2 can be taken 
when the dose is delivered at a low dose rate. Studies of high-LET 
radiation, in some instances, show an increased efficacy for cancer in
duction when the L E T is delivered at a low dose rate. 

Unique Endpoints. In general, we have discussed cancer in
duction as a simple monolithic process. Realistically, each cancer type 
is unique and should be analyzed individually; thus, the statistical power 
in the limited data available is lessened. Each cancer type would be 
expected to have its own unique latent period as well as a unique 
dependence on any of the other variables we have discussed. 

Statistics. The problems and pitfalls associated with the statis
tics of small numbers frequently act as limiting factors when attempt
ing to establish or correlate risks associated with exposure to ionizing 
radiation. In a hypothetical case in which the long-term average an
nual rate for a particular type of cancer among a particular group was 
one case per year, an investigator might report a 100% increase in 
cancer for a year where two such cases were reported. Statistically 
absurd, these types of reports nevertheless find their way into the 
popular press, where they cause undue concern among the general 
population. 

Healthy Worker Effect. In a large number of epidemiological 
studies of workers in the nuclear industry that have relatively low but 
well-documented radiation exposures, the results have frequently shown 
that these workers, on average, live longer than the general popula
tion. This finding is attributed to the "healthy worker effect". This 
effect is generally attributed to factors like (1) a higher than average 
educational level, (2) preselection bias in the hiring process, (3) better 
than average health insurance and medical surveillance, and (4) high 
job security. 

Summary 

In spite of all the problems associated with the establishment of actual 
risks involved in exposure to ionizing radiation that I have outlined, 
I do not want to give the impression that we should somehow impose 
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more restrictive limits on radiation exposure until all these risks are 
more clearly understood. On the contrary, to date, epidemiological 
studies of workers who incur radiation exposure, within present limits, 
as part of their occupation have failed to detect a statistically signifi
cant increase in cancer or other health problems. Thus, I feel a large 
measure of conservatism has already been incorporated into our pres
ent exposure limits for ionizing radiation, and I would not recommend 
additional reductions in the exposure limits. 
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Past, Present, and Future 
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The U.S. Department of Energy (DOE) and its predecessor 
agencies have been involved in research on the human health 
effects of exposure to ionizing radiation for more than 40 years. 
This long-term program began with studies of Japanese atomic 
bomb survivors and has since comprised studies of workers at 
nuclear weapons facilities, communities near those facilities, and 
populations potentially affected by the Chernobyl accident. In 
recent years the program has become more applied, with em
-phasis on descriptive studies and occupational health surveil
-lance of workers, whereas the long-term, analytic research 
studies are being managed by the Department of Health and 
Human Services (HHS) under a Memorandum of Understand
-ing (MOU). Data from these research activities are made avail
-able to the scientific community through the DOE's Compre
-hensive Epidemiologic Data Resource (CEDR), a public use 
database. 

THE EARLIEST FORERUNNER of the Department of Energy (DOE) was 
the Manhattan Project, begun during World War II to develop atomic 
weapons. The 1954 Atomic Energy Act created the Atomic Energy 
Commission (AEC) to control the possession, use, and production of 

JCurrent address: Department PMB, Uniformed Services, University of the Health 
Sciences, Bethesda, MD 20814 
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atomic energy in the United States; to conduct, assist, and foster re
search and development in atomic energy; and to encourage wide
spread participation in the development and utilization of atomic en
ergy for peaceful purposes. In 1974 the Energy Reorganization Act 
placed licensing and related regulatory functions of the A E C under 
the auspices of the Nuclear Regulatory Commission (NRC). The En
ergy Research and Development Administration (ERDA) assumed the 
remaining A E C functions and became responsible for directing federal 
activities relating to research and development of various sources of 
energy, increasing efficiency and reliability in the use of energy, and 
carrying out military and nuclear weapons production activities. The 
D O E was created by the Department of Energy Organization Act of 
1977. The DOE's mission, according to the Act, is to establish a co
ordinated energy policy, promote energy conservation, create aware
ness of energy needs in the private sector, and provide for the admin
istration of functions of the E R D A related to nuclear weapons and 
national security. 

DOE Radiation Health Studies: Past 

Atomic Bomb Casualty Commission and Radiation Effects 
Research Foundation. The first epidemiologic research project 
supported by the DOE's predecessor agencies was initiated with the 
formation of the Atomic Bomb Casualty Commission (ABCC) in 1947. 
The A B C C was funded by the United States to study the delayed 
effects of external radiation exposure among survivors of the atomic 
bombs dropped on Hiroshima and Nagasaki during World War II. In 
1975 the Radiation Effects Research Foundation (RERF) replaced the 
A B C C as a jointly funded binational organization. The work conducted 
by the A B C C and the RERF has contributed much of what is known 
today about the health effects of external exposure to ionizing radia
tion and has provided much of the basis for the subsequent devel
opment of radiation protection standards. 

The epidemiologic research program of the RERF has several 
components. The Life Span Study is a cohort mortality study of 120,000 
subjects, including bomb survivors with varying levels of exposure to 
external ionizing radiation and nonexposed controls (J). The vital sta
tus of the cohort is periodically updated. The Adult Health Study is 
a detailed medical follow-up study of a sample of 20,000 subjects from 
the Life Span Study who receive physical examinations and a series 
of clinical tests every 2 years. Studies of children born to bomb sur
vivors are being conducted to investigate delayed effects of parental 
exposure, and they include an evaluation of pregnancy outcome con-
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ducted between 1948 and 1953, as well as mortality follow-up of off
spring and cytogenetic and biochemical genetics studies. 

City-wide tumor registries were initiated in Hiroshima in 1957 and 
Nagasaki in 1958. Tissue registries were established in both cities in 
the early 1970s to collect and store tumor tissue samples from bomb 
survivors. Somatic chromosome studies have been conducted on tis
sues from a sample of 1200 bomb survivors. Immunology and cell bi
ology studies examine effects of radiation on the immune system and 
at the cellular level (2). The in utero study examined developmental 
characteristics of survivors who were exposed to radiation in utero (3). 
A variety of special cancer studies are being carried out in addition 
to the main program, and a reassessment of atomic bomb radiation 
dosimetry is being made. 

Internal Emitters Program. The first occupational epidemio
logic activity supported by DOE's predecessor agencies was a cohort 
study of about 4600 women who were employed in the radium dial 
painting industry during the early 1900s (4). The women in this study 
used radium-containing paint to luminize watch and clock dials and 
ingested radium when they used their mouths to sharpen the tips of 
their paint brushes. The Internal Emitters Program was begun by Ar-
gonne National Laboratory (ANL) during the 1950s to evaluate mor
tality and morbidity among this cohort and other groups with internal 
exposure to radium. The entire Internal Emitters database includes 
information on nearly 8000 subjects who received their exposures oc-
cupationally or through medical treatment. Measured doses are avail
able for about one-third of the cohort. The A N L has followed the pop
ulation for mortality and morbidity and maintains a large database that 
includes demographic information, exposure histories, and clinical ex
amination data, as well as radiographic films for many of the subjects. 

DOE Worker Health and Mortality Study. The D O E Health 
and Mortality Study is composed of a variety of projects to investigate 
the potential long-term health effects of chronic occupational exposure 
to low levels of ionizing radiation (5). The study was initiated in 1964 
under a contract with the University of Pittsburgh to study mortality 
among D O E contractor workers at the Hanford site. In 1979 the study 
was expanded to include additional D O E sites, and administration of 
the research effort was transferred to several D O E contractor orga
nizations. Battelle Pacific Northwest Laboratory and the Hanford En
vironmental Health Foundation assumed responsibility for follow-up of 
D O E contractor workers at the Hanford site. Oak Ridge Associated 
Universities studied workers at the three Oak Ridge facilities, the Fer-
nald Feed Materials Production Center, the Savannah River site, all 
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D O E workers exposed to 5 rem or greater in a calendar year, and 
workers at Manhattan Engineer District sites. The Los Alamos Na
tional Laboratory (LANL) conducted studies of workers at L A N L , the 
Rocky Flats plant, the Mound plant, the Zia site, and workers exposed 
to plutonium at any D O E site. 

A study of nuclear shipyard workers was conducted by the Johns 
Hopkins University under a D O E contract. The study included about 
70,000 workers employed at eight shipyards involved in the overhaul 
of nuclear-powered vessels since 1957. About half of the workers were 
exposed externally to low levels of ionizing radiation. Because the fol
low-up period was short for many of the workers, the D O E plans to 
support continued follow-up of this population. 

DOE Radiation Health Studies: Present 

When Admiral James D. Watkins became Secretary of Energy in 1989, 
he announced a ten-point initiative that shifted the DOE's focus from 
production to health and safety and environmental restoration. As a 
part of this emphasis, Watkins chartered the Secretarial Panel for the 
Evaluation of Epidemiologic Research Activities (SPEERA). The panel 
was composed primarily of public health professionals from state and 
academic institutions. After conducting numerous site visits and public 
meetings to review the DOE's epidemiologic activities, SPEERA rec
ommended that the D O E epidemiology program place a greater em
phasis on worker and public health issues than on scientific research 
questions and that the D O E allow independent evaluation of its ep
idemiologic data. To implement these recommendations, Watkins is
sued six directives on March 27, 1990, ordering the establishment of 
a consolidated office responsible for all occupational health and epi
demiologic activities at the D O E , outlining the epidemiologic func
tions to be carried out by this office, ordering that analytic epide
miologic research be managed externally, and calling for improved 
communication of epidemiologic information within the D O E complex 
and between the Department and the public (Figure 1). The Office 
of Health was formed under the Assistant Secretary for Environment, 
Safety, and Health as a result of these directives. 

To allow independent evaluation of its epidemiologic data, the Of
fice of Health sponsors several initiatives. Management of DOE's long-
term analytic epidemiologic research studies was transferred to the 
Department of Health and Human Services (HHS) by Memorandum 
of Understanding (MOU) in December 1990. The Centers for Disease 
Control and Prevention (CDC) National Institute for Occupational Safety 
and Health (NIOSH) assumed the lead role for managing the D O E 
Health and Mortality Study. In addition, NIOSH is sponsoring a study 
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Independent Evaluation of DOE Data: 
- Memorandum of Understanding 

Department of Health and Human Services 
- Comprehensive Epidemiologic Data Resource 
- State Health Agreement Program 

Emphasis on Worker Health Issues: 
- Health Surveillance Program 

- Beryllium Workers Enhanced Medical Screening Program 

Health Communication Program 

Epidemiologic Research: 
- Quick Response Descriptive Studies 
- Analysis of Surveillance and Screening Data 

International Programs: 
- Radiation Effects Research Foundation 
- Chernobyl - Health and Environmental Effects 

Figure 1. DOE radiation health studies: present. 

of childhood leukemia and paternal preconception occupational expo
sure to ionizing radiation, similar to studies conducted in the United 
Kingdom (6). The C D C Center for Environmental Health is managing 
several off-site environmental dose reconstruction projects to evaluate 
the external ionizing radiation exposure of residents in communities 
hosting D O E facilities. The D O E and HHS chartered advisory com
mittees to assist in setting the agenda for future analytical research 
projects to be carried out under this M O U . 

The Comprehensive Epidemiologic Data Resource (CEDR) is a 
public use database developed by the D O E to share data from D O E -
sponsored epidemiologic studies with the scientific community. The 
C E D R contains raw data and analysis files from the DOE's worker 
health and mortality study, including demographic, health physics, and 
mortality data. Individual subject information is included in the sys
tem without personal identifying information. The C E D R also contains 
full documentation for each of its components. In the future, data from 
numerous other populations will be made available through the CEDR. 
Proposed additions include selected data from the RERF Life Span 
Study, the nuclear shipyard workers study, the internal emitters pro
gram, and commercial nuclear power plant workers. A subset of the 
DOE's health surveillance data will also be made available through 
the C E D R . 
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A third effort to encourage independent evaluation of potential 
health effects associated with working in or living near a D O E facility 
is the State Health Agreement program sponsored by the Office of 
Health. Grants have been awarded to the health department or other 
state institution in several states that host D O E facilities. Each grant 
provides funds for the conduct of independent epidemiologic research 
and community health surveillance activities related to potential health 
effects of D O E operations on neighboring communities. Local advisory 
panels selected by the grantee oversee the conduct of activities under 
these grants. The panels are composed of members from the com
munity, workers at the facility under study, scientists from a variety 
of disciplines, and a D O E Office of Health representative as liaison. 
Most panels also have a representative from the C D C . Panel meetings 
are open to the public, evening public meetings are often held in 
conjunction with panel meetings, and all materials developed under 
the grant are open to public scrutiny. The activities being conducted 
under these grants vary widely in scope and include epidemiologic 
feasibility studies, off-site environmental dose reconstruction projects, 
the development of tumor and birth defects registries, and preliminary 
descriptive epidemiologic investigations. The D O E presently has State 
Health Agreements with Florida, Tennessee, New Mexico, California, 
South Carolina, and Colorado. 

In order to place a greater emphasis on worker health issues, the 
Office of Health has expanded the scope of its pilot health surveillance 
system which was started in 1983 at the Hanford site and the Idaho 
National Engineering Laboratory. The purpose of the Health Sur
veillance Program is to conduct continuous assessments of worker health 
status to identify potential workplace health hazards. The system is 
population based; thus, rates for specific medical conditions can be 
compared for various subsets of the worker population or across fa
cilities. Morbidity data will be collected routinely and will form the 
basis for conducting descriptive epidemiologic studies, evaluating time 
lost for illness or injury, and developing registries of selected diseases 
and conditions. Goals are to standardize demographic, exposure, and 
health outcome data collection throughout the D O E complex and to 
make the system comprehensive to include all D O E and D O E con
tractor workers at all D O E sites. Demographic, medical industrial hy
giene, and health physics data will be linked and integrated into the 
system. Worker representatives will participate in ensuring the quality 
and completeness of the data. Data from the Health Surveillance Pro
gram will be available to D O E occupational medical directors and ep
idemiologists for routine analyses. A deidentified subset of data will 
be made available through the C E D R . 
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The Office of Health is conducting an enhanced medical screening 
program for chronic beryllium disease among current and former 
workers who were exposed to beryllium. About 10,000 workers are 
eligible to participate in the screening examination, which consists of 
a physical examination, chest X-ray, and lymphocyte transformation 
test. The goals of the program are to identify prevalent cases of chronic 
beryllium disease (CBD), identify workers at high risk of C B D , re
move C B D cases and high risk workers from exposure, and conduct 
routine medical monitoring of high risk workers. Educational materials 
for workers about beryllium and C B D are being developed with the 
assistance of the Workplace Health Fund. The program was initiated 
at Rocky Flats, has been expanded to include workers at the Oak Ridge 
Y-12 plant, and eventually will include all D O E facilities with metal 
fabrication operations involving beryllium. 

To improve communication of epidemiologic information within the 
D O E complex and between the D O E and the public, a separate di
vision within the Office of Health manages communication functions 
for the Office. One of the major functions of this division is to dis
seminate information on the health effects of energy production and 
use. Several types of publications are distributed throughout the D O E 
complex to share results from epidemiologic studies and to dissemi
nate information about other health-related news of interest to D O E 
workers, including new legislation, regulations, and rules or orders. 
The division prepares fact sheets and other materials in lay language 
for the public. Tutorials on epidemiologic methods are being prepared 
for workers, the public, and nonepidemiologist scientists. The Office 
of Health is the DOE's focal point for responding to public inquiries 
regarding the health effects of energy generation, distribution, and use 
and participates in worker and public meetings. 

The DOE's internal epidemiologic research program is focused 
primarily on health surveillance and quick response descriptive stud
ies. Evaluations of suspected disease clusters are conducted to inves
tigate the concerns of workers and community residents and to follow 
up findings from routine health surveillance activities. 

The Office of Health supports several international efforts. The of
fice provides U.S. funding through the National Academy of Sciences 
for the RERF. Under a bilateral agreement between the United States 
and the former Soviet Union, a collaborative research program on the 
health and environmental effects related to the Chernobyl accident 
was developed under D O E leadership with support from the Nuclear 
Regulatory Commission. Research activities are being conducted un
der the auspices of Working Group 7 of the Joint Coordinating Com
mittee for Civilian Nuclear Reactor Safety. Two subworking groups 
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were organized under Working Group 7, one concerned primarily with 
environmental transport of radionuclides and the other concerned with 
health effects of the accident. The D O E is providing technical support 
for an effort being coordinated by the International Agency for Re
search on Cancer to pool data from various countries on workers ex
posed to low levels of ionizing radiation. Data from the D O E Health 
and Mortality Study will be included in the pooled analysis. 

Program support for several additional activities is provided by the 
Office of Health. The Radiation Emergency Assistance Center/Train
ing Site (REAC/TS) maintains a current tally of worldwide radiation 
accident experiences since 1944; this tally provides a basis for evalu
ating the clinical course of and treatment modalities for radiation-in
duced injuries and the monitoring of the survivors' subsequent health 
status (5). A repository of information on radiation accidents of clinical 
and public health significance is maintained as an informational and 
educational resource. Support is provided for the Uranium/Transura-
nium Registries for investigations of the fate of radionuclides in the 
body (7). The Populations at Risk from Environmental Pollutants (PA-
REP) database contains U.S. mortality and census data broken down 
by census block and also has air and water quality data collected by 
the Environmental Protection Agency. This database will be made 
available through C E D R for use in ecologic-type studies. 

DOE Radiation Health Studies: Future 

The scope and priorities for future D O E epidemiologic studies of ra
diation-related health effects will be determined through an open pro
cess involving both scientific and lay input. Several initiatives appear 
likely, but the emphasis of the D O E epidemiology and health sur
veillance program probably will evolve to reflect the reconfiguration 
of the weapons complex, the development of alternative energy sources, 
and the changing roles of the national laboratories. Certainly, the Health 
and Mortality Study will continue under HHS management to update 
exposure and mortality information on previously studied populations 
and to include workers at D O E facilities not yet studied. Among these 
facilities are the Idaho National Engineering Laboratory, Lawrence 
Livermore National Laboratory, and Lawrence Berkeley Laboratory. 
Many of DOE's health surveillance activities will focus on workers in
volved in the cleanup of radiological wastes, and additional off-site ra
diation dose reconstructions will be initiated. Nevertheless, renewed 
epidemiologic emphasis will be placed in the area of chemical toxicity: 
reconstructing on-site chemical inventories, investigating nonradio-
logical health effects, and standardizing industrial hygiene practices and 
the usage of job titles. In addition, the D O E will continue to take 
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the lead federal role in research on health effects due to exposure to 
nonionizing radiation. In all of these areas, health research and sur
veillance will begin to incorporate state-of-the-art techniques for ex
posure assessment and early detection of morbid outcome as we move 
toward the era of molecular epidemiology. 
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5 
The U.S. Transuranium and 
Uranium Registries 

Ronald L. Kathren 

Washington State University, Richland, WA 99352 

The U.S. Transuranium and Uranium Registries are unique 
postmortem human tissue research programs studying the bi
ology of the actiniae elements in humans. This chapter de
scribes the history, objectives, operation, and recent scientific 
accomplishments of the registries and provides a listing of col
laborative research activities. Findings from more than 200 au
topsies are described, and new biokinetic models and param
eters for plutonium and americium are given and compared with 
existing models of the International Commission on Radiologi
cal Protection (ICRP). 

TTHE U.S. TRANSURANIUM AND URANIUM REGISTRIES (USTUR) are unique 
human tissue research programs whose origins date back more than 
4 decades. In 1949, what the initiators described as "a modest pro
gram of postmortem tissue sampling at autopsy" was begun at what 
was then the Hanford site of the U.S. Atomic Energy Commission 
(AEC) (1-3). This program required the collection of samples of bone, 
lung, liver, and occasionally other tissues at autopsy from both Han
ford workers and other residents of Richland, Washington, where most 
of the Hanford workers resided. Samples thus collected were radio-
chemically analyzed for plutonium, the goal being to evaluate sites of 
preferential deposition of plutonium within the body and to compare 
what was observed in the tissues postmortem with what was predicted 
on the basis of the application of biokinetic models to excretion data. 

0065-2393/95/0243-0051$08.00/0 
© 1995 American Chemical Society 
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Not surprisingly, this study revealed very low levels of plutonium 
in the tissues of the local residents and Hanford site workers. Some
what surprisingly, it also revealed that, at least since 1962, most of 
the plutonium found in the tissues resulted from fallout from nuclear 
weapons tests rather than occupational exposures. Although the high
est individual tissue concentrations of plutonium were observed in the 
pulmonary lymph nodes of a worker with a history of occupational 
exposure, liver depositions, in general, occurred more frequently than 
those in the lung. Data for the bone samples collected were equivocal, 
and this initial report of nearly 20 years ago concluded with a plea 
for further investigation and collaboration with other plutonium han
dling facilities (J). 

The initial formal presentation of the Hanford autopsy study was 
presented at the Seventh Annual Hanford Symposium on Biology held 
in Richland in May 1967, nearly 20 years after the study had begun 
(3). Coincidentally, the concluding paper at that same meeting was 
given by H . D. Bruner of the A E C Division of Biology and Medicine 
who, while graciously noting that the idea was not his or any one 
person's but rather "occurred to many men about the same time", 
proposed formation of a national Plutonium Registry and described 
progress toward that goal within the A E C (4). The primary purpose 
of the registry, as outlined by Bruner, would be to ensure that the 
details of an accidental intake of plutonium could be correlated with 
the subsequent health record of the worker. In addition to sketching 
the basic information and operating requirements for such a registry, 
Bruner also listed seven additional purposes, presciently noting among 
these that the Plutonium Registry should not be limited to plutonium 
but should also consider other transuranium elements (4). 

History of the Registries 

The USTUR thus grew out of a desire to better understand the po
tential health effects of plutonium incorporated into the human body, 
gaining not only improved understanding of the health effects of plu
tonium but also of the efficacy of control measures based on actual 
human experience. The progenitor of what is now the USTUR was 
formally established in August 1968 as the National Plutonium Reg
istry by the Hanford Environmental Health Foundation (HEHF) un
der contract to the U.S. A E C . W. Daggett Norwood, a physician whose 
undergraduate education was in electrical engineering and who had 
figured prominently in the establishment of the medical program at 
the Hanford site, was appointed the founding director. He was ably 
assisted by Carlos E . Newton, Jr., Battelle-Northwest, a board-cer-
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tified physicist who carried the title of consultant and who directed 
the health physics aspects of the program. Rounding out the staff was 
Dorothy Potter, who served as secretary and general administrative 
assistant. 

Even before the contract award had been finalized, Philip A. Fu-
qua, then medical director of H E H F , sent out invitations in an effort 
to set up a blue-ribbon Advisory Committee to help guide the fledg
ling registry. The six initial Committee members included the follow
ing: J. H . Sterner, a physician from the University of Texas, and Rob-
ley D. Evans, the Massachusetts Institute of Technology physics 
professor noted for his studies of the radium dial painters, who were 
elected chairman and vice-chairman, respectively; toxicologist Lloyd 
M . Joshel, Dow Chemical Company; physician Clarence C. Lush-
baugh, Oak Ridge Associated Universities; Thomas F. Mancuso, an
other physician, University of Pittsburgh; and noted medical and health 
physicist Herbert N. Parker, Battelle-Northwest. Wright Langham, 
the Los Alamos National Laboratory biophysicist whom many acknowl
edged as "Mr. Plutonium", was added the following year. 

By the end of its first year, the registry had, with the aid of the 
Advisory Committee, established its basic operating procedures and 
begun recruitment of registrants, signing up three individuals that year. 
The following year, 1970, the registry's name was changed to reflect 
the broader programmatic concern with the other transuranic ele
ments, as had been suggested in the prescient talk by Bruner a few 
years earlier (4). 

With the passing of the A E C in 1972, support for the program 
was continued, first by the U.S. Energy Research and Development 
Administration and, most recently, by the Office of Health and En
vironmental Research of the U.S. Department of Energy (DOE). The 
U.S. Uranium Registry (USUR), was established as an administratively 
separate but similar program in 1978. The USUR is concerned with 
the biokinetics, dosimetry, and health aspects of exposure to uranium 
and its daughters, with emphasis on the uranium fuel cycle. 

Although there were considerable overlaps in function and staff, 
each registry was operated as a separate program administered by a 
half-time physician-director, with scientific support for both registries 
provided by a half-time health physicist consultant from Battelle-
Northwest. With the exception of tissues obtained from cases origi
nating at the D O E Rocky Flats Facility, which were analyzed at that 
facility, radiochemical analyses of tissues were initially performed at 
Battelle. However, in 1978 responsibility for radiochemical analysis of 
tissues was turned over to Los Alamos National Laboratory (LANL) 
under a separately administered program; the analyses on tissues orig-
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mating at the Rocky Flats Facility continued there until the late 1980s, 
when funding and other considerations dictated their withdrawal from 
this activity. 

Early efforts of the Transuranium Registry were directed toward 
identifying suitable populations of persons with occupational experi
ence with plutonium and the higher actinides. Once these populations 
had been identified, workers were informed of the purpose of the 
Transuranium Registry and their voluntary participation as registrants 
was solicited. More than 1000 persons were ultimately registered (a 
number that has reduced over the years as additional knowledge and 
experience have been gained), and, by 1975, the results of 30 autop
sies and tissue analyses were reported in the refereed literature (5). 
As of October 1, 1991, the Transuranium Registry had 467 living ac
tive registrants, including five whole-body donors with depositions es
timated to be greater than 1.5 kBq, and had received tissues (autopsy 
or surgical specimens) from 265 donors, including nine whole-body 
donations. 

A similar strategy of recruiting registrants was adopted by the Ura
nium Registry subsequent to its establishment but has not been nearly 
so successful. As of October 1, 1991, the Uranium Registry had 32 
living registrants and had received tissues from one surgical case and 
12 postmortem donors, including one whole-body donor. The total co
hort of registrants, summarized by individual registry and birth de
cade, is presented in Table I. 

The Registries: 1992 as a Year of Change 

In February 1992, the D O E awarded a 3-year grant for $3.76 million 
to Washington State University (WSU) for management and operation 
of the registries. This was an important step in the continuing evo-

Table I. Birth Cohort Distribution of Living 
Registrants 

Birth Decade Total USTR USUR 
1900-1909 13 10 
1910-1919 97 89 
1920-1929 192 178 
1930-1939 85 84 
1940-1949 32 32 
1950-1959 7 7 
Birthdate unknown 73 67 

3 
8 

14 
1 
0 
0 
6 

Totals 499 467 3 
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lution of the registries and brought with it significant changes. The 
grant calls for management and operation of the registries as a single 
entity rather than as parallel but administratively separate research 
programs. In addition, the radiochemistry support now provided by 
the L A N L under separate contract to the D O E will be carried out 
under subcontract with WSU beginning with the second year of the 
grant, thereby providing fully integrated management for the entire 
program. 

Combined management and operation of the registries and the ra
diochemistry operations at L A N L should not only provide for better 
integration and centralized control of the programs but should also 
reduce overhead and direct operating costs. One obvious benefit is 
the elimination of redundant efforts and forms arising from the exis
tence of two separate registry entities. 

In addition, other significant advantages include enhanced oppor
tunities for collaboration with the broad spectrum of faculty available 
at a major research university. In particular, WSU offers some unique 
opportunities in this regard through its Health Research and Educa
tion Center (HREC), which, along with the registries, is a part of the 
College of Pharmacy. The H R E C was created by the Washington State 
legislature in 1989 to carry out research in biomedical and social health. 
Medical support for the registries is provided through the H R E C , 
which, in conjunction with the WSU Electron Microscopy Center, of
fers unique opportunities for histopathology studies utilizing the reg
istries' collection of microscopic pathology materials. Other opportu
nities include the specialized analytical capabilities, including use of 
an inductively coupled plasma mass spectrometer and a 1-MW TRIGA-
fueled reactor for neutron activation analysis. 

Perhaps the most innovative and potentially advantageous aspect 
of the transfer of the program to WSU is the integration of the reg
istries into the academic programs of the university, thereby providing 
a mechanism for training students in health physics and radiobiology, 
two disciplines historically in short supply of practitioners. Conven
tionally, support for students in health physics has been via a grant 
or fellowship directly to the student, normally (but not always, de
pending on the fellowship) with an equal amount provided to the in
stitution. The D O E fellowship program is by far the largest and sup
ports about two dozen graduate students annually. Each receives $15,000 
per year for support, and the institution receives a similar amount. 
Typically, only one or two fellowship students attend any given in
stitution, and the institutional grant, although generous on a per stu
dent basis, is insufficient to support even a single faculty member, let 
alone an entire program. 
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By providing direct faculty research support, as is the case with 
the registries' grant, a critical mass of faculty can be readily achieved 
and the opportunity for student thesis research is created. Hence, stu
dents can be more readily informed of, and attracted to, these dis
ciplines. In addition, the grant provides support (including tuition) for 
two half-time student research assistants; the actual annual outlay for 
each of these students is about $15,000 or half of what the cost would 
be if the conventional fellowship mechanism were used. And, as an 
added bonus, these two students provide invaluable assistance in fur
thering the research carried out by the registries. 

Finally, two additional benefits attributable to the location of the 
program at a major university should be stressed: enhanced credibility 
and academic freedom. In recent years government and government-
funded programs have been subjected to increasing scrutiny from the 
public as well as from their peers. Not surprisingly, considering the 
nature of the research, which involves postmortem collection and anal
ysis of tissues from workers known to have had intakes of plutonium 
or other actinides, the registries have not been immune from such 
scrutiny and inquiries by the media. Therefore, it is essential to en
sure that the scientists performing the work are unfettered by the 
funding agency in the scientific conduct of the program and that the 
research be carried out in an open and ethical fashion. As the D O E 
has recognized, this condition is best accomplished through a grant to 
an independent and recognized research university. 

Administratively, the registries are centered on the Tri-Cities cam
pus of WSU, and specialized laboratory and medical support staff are 
located in Spokane. The registries' staff includes three full-time faculty 
members—two radiobiologists and a health physicist who serves as 
director. This nucleus of researchers is supported by two half-time 
graduate student research assistants and a full-time administrative as
sistant. Medical support is provided by the Director of the WSU Health 
Research and Education Center, a full-time faculty member who de
votes a portion of his time to serving as the registries' medical direc
tor. Radiochemistry support is provided by L A N L under direct con
tract to the D O E and includes two professional radiochemists, with 
special expertise in actinide chemistry, and one technician. As noted 
previously, with the commencement of the second year of the grant 
in February 1993, the radiochemistry operations will be administered 
directly by the registries via a subcontract with L A N L . 

The grant also provides for the addition of a fourth faculty member 
and a third half-time student research assistant in the third year of 
the grant. Plans are also being considered to add another faculty 
member and half-time research assistant to manage and operate the 
National Human Radiobiology Tissue Repository. 
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Research Objectives of the Registries 

The primary objective of the registries is to ensure the adequacy of 
radiation protection standards for the actinide elements, verifying or 
modifying, as appropriate, the existing biokinetic and dosimetry models 
on which the standards are based. This objective is accomplished by 
a carefully structured program of research designed to evaluate the 
distribution, concentration, and biokinetics of the actinide elements in 
humans. Tissues collected at autopsy from volunteer donors with a 
history of exposure to the actinides are radiochemically analyzed to 
determine their content of actinide nuclides. These results are eval
uated, along with radiation exposure and medical histories, and com
pared with estimates of body, lung, and other organ burdens made 
during life with measured postmortem deposition to assess the validity 
of biokinetic and dosimetric models on which the standards are based 
and to develop refinements or modifications to these models based on 
actual human experience. In addition, the registries also compare the 
results of animal experiments with those obtained from the human 
tissue studies to gauge the validity of interspecies comparisons. An
other important function is the evaluation of histopathology slides and 
other specific human data to assess toxic changes possibly attributable 
to actinide exposure and to provide basic data for the determination 
of risk coefficients for radiation exposure. 

Finally, the registries act as a repository for information on inter
nal deposition of actinides in humans and encourage and carry out 
collaborative research with other groups of scientists. During the 1991-
1992 time frame, active collaborations were carried on with no less 
than 15 institutions (Figure 1). Collaboration with and direct assistance 
to other researchers will be facilitated through the creation of the Na
tional Human Tissue Archive for radiological specimens. In addition 
to solutions of tissues, histopathology slides and blocks, and remaining 
unanalyzed tissues from USTUR cases, this archive will contain tissues 
collected by Argonne National Laboratory for the Radium Dial Painter 
Study. This unique collection of human tissue materials, plus other 
donated tissues collected from people with histories of radioactivity 
intake, will thus be made available to scientists studying the effects 
of radioactivity in humans. 

Operation of the Registries 

The basic registries' operation can be described in terms of a five^step 
process. The first step, identification of potentially suitable donor pop
ulations or individuals, has historically been accomplished through 
contacts made via the employer of the potential registrant, because 
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• Argonne National Laboratory 
Surface Deposition of Actinide in 
Human Bone 

Oncogene Studies 
• Georgetown University 

Postmortem External Radioactivity 
Measurement, Case 1001 

• Inhalation Toxicology Research 
Institutute 

Autoradiography and Microscopic 
Examination of Respiratory Tract, 
Case 246 

Histopathology Study of Osteosarcoma, 
Case 262 

• Lawrence Berkeley Laboratory 
Soft Tissue Autoradiography, Case 246 

• Los Alamos National Laboratory 
Radioochemical Analysis of Tissues 
Numerous Special Projects and Studies 

• National Cancer Institute 
Risk Estimates and Epidemiology of 
Thorotrast 
Evaluation of Case 1001 

• National Institute of Standards and 
Technology 

Radiochemical Intercomparison Studies 
and Development of Standard 
Reference Material—Human Bone 

• National Naval Medical Center 
Medical, Autopsy and Postmortem 
Radioactivity Measurements, 
Case 1001 

• National Radiological Protection 
Board (Great Britain) 

Distribution of Actinide in Human Bone 
Autoradiography of Bone 

• Pacific Northwest Laboratory 
Biokinetic Modeling of Uranium 
Actinide Distribution in the Human 
Skeleton 

Comparison of Skeletal Actinide 
Distribution in Humans & Animals 

Distribution of Actinide in the 
Respiratory Tract 

Postmortem Direct Radioactivity 
Measurements, Cases 246 and 1001 

Soft Tissue Autoradiography Studies 
• Saint Mary's Hospital 

Data Base Automation, Uranium Miner 
Lung Cancer Study 

• United Kingdom Occupational 
Radiation Exposure Study 
(UNIKORNES) 

Assistance with Establishment of British 
Registry 

• University of California, Davis 
Scanning Bone Density Study 

• University of Pittsburgh 
Distribution of Actinide in the 
Respiratory Tract 

• University of Washington 
Diurnal Excretion of Uranium 

Figure 1. Research institutions collaborating with USTUR, 1991-1992. 

virtually all exposures of interest are incurred in the workplace. Whether 

done on a group or individual basis, as might be the case with an 

individual specifically identified by the plant medical or health physics 

staff as of potential interest to the registries, the mechanism is essen

tially the same. Through their employers, potential registrants are pro

vided with general information about the registries and, if interested, 

invited to contact the registries directly, either by collect telephone 

call or postage-paid card. 

The next step is the actual enrollment process. Once a positive 

expression of interest from an individual has been received by the 

registries, the purposes and operations of the registries are again ex

plained orally and in more depth, and the individual is provided with 

a detailed written description of the program. If the potential regis

trant remains interested, specific information regarding his or her ex

posure history is sought to determine if he or she will make a suitable 
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donor. Suitability is largely a matter of prior exposure history; accep
tance criteria are based on a documented and confirmed deposition or 
intake of one or more actinide nuclides, typically at levels of a few 
tens of a becquerel (Bq) or greater. If the potential donor desires to 
become a registrant and is acceptable to the registries, formal vol
untary donation and acceptance are accomplished through the com
pletion of informed consent, permission for autopsy, and medical and 
health physics records release forms. 

Registrants enrolled in the program are sent a brief letter annually 
to update them on the status of the registries and to request updated 
information regarding changes in address or employment. Autopsy 
permissions or whole-body donation forms are renewed on a 5-year 
cycle at which time new informed consent forms are also obtained. 
Each registrant is issued a personal dated identification card and, if 
desired, a Medic Alert registration and identification bracelet or neck
lace. 

Registrants are enrolled as either routine autopsy or whole-body 
donors. Whole-body donors are volunteers with depositions typically 
exceeding 150 Bq and who have a well-documented exposure history 
or other characteristics that would make them of scientific interest. 
This requirement, along with a natural reticence to make a whole-
body donation as opposed to an autopsy, severely limits the pool of 
potential whole-body donors, and most volunteers are therefore ac
cepted as routine autopsy donors. 

The next step in the process involves the actual collection of tis
sues. This collection is normally accomplished postmortem except for 
those few instances in which surgical specimens are collected or the 
individual is a participant in a special study that involves the collection 
of excreta or blood during life. The postmortem tissue collection pro
tocol of the USTUR evolved on the basis of experience and availability 
of cases. Initially, samples were routinely obtained of lung, tracheo
bronchial lymph nodes, liver, and bone (I, 6, 7). After the first few 
autopsies, the collection protocol was expanded to include the entire 
liver and both lungs, plus samples from one or more of the following: 
thyroid, kidney, spleen, gonads, muscle, and fat. Further experience 
with the autopsy procedure and subsequent radioanalytical results led 
to the development of an expanded formal autopsy tissue collection 
protocol, as described by Breitenstein (6) and Kathren (7), which has 
been recently refined and is detailed in Figure 2. 

The registries also request paraffin blocks or prepared histopath-
ological slides of the various tissues collected. These are typically ex
amined at autopsy by the private pathologist performing the autopsy. 
Slides and blocks are saved and made part of the National Human 
Tissue Archives. 
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Tissue 

Lungs (entire, with associated nodes) 
Lymph Nodes (Hilar) 
liver (whole or minimum of 400g) 
Bone: 

Ribs (one or more, typically 
left 6 and 7 and 
excluding 1,2,11,12) 

Sternum (whole) 
Vertebral wedge (lumbar, 3 contiguous) 
Patella (both) 
Clavicle (one) 

Spleen (whole) 
Kidneys (both) 
Ovaries or testes (both) 
Prostate 
Rectus muscle111 

Body fat* 
Stomach* 
Esophagus* 
Thyroid* 
Heart* 
Tumor * 
Wound Site and Associated Nodes 

•Sample: > 20g 

Figure 2. Routine autopsy tissue collection protocols of USTUR. 

All tissues collected are subject to radiochemical analysis to de
termine their actinide content. These data are entered into a newly 
developed, computerized database and evaluated on an individual case 
basis, as well as collectively, along with relevant information relating 
to exposure, excretion, and bioassay data collected during life, medical 
history, and autopsy results to gain additional understanding of the 
distribution, biokinetics, and dosimetry of the actinides from actual 
human experience. 
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Toward Improved Biokinetic Models for Plutonium 
and Americium 

To ensure the adequacy of radiation protection standards for the ac
tinides and thus to achieve the basic goal of the registries, it is es
sential that the standards be based on sound biokinetic models. Ac
cordingly, much of the research effort of the registries has been directed 
toward biokinetic or, as they were sometimes called in the past, met
abolic models. A major step was taken with the evaluation of the first 
whole-body donation, which was published as a compendium of five 
articles constituting the entire October 1985 issue of Health Physics 
(8). This case, identified as USTUR Case 102, involved a chemist who 
had incurred an accidental deposition of 2 4 1 Am as a result of a wound 
some 25 years prior to death. At the time of death, his measured total 
body burden was 5.5 kBq (147.4 nCi) of 2 4 1 Am, of which more than 
80% was resident in the skeleton and only about 7% in the liver (9). 
This distribution pattern differed significantly from that predicted by 
the then current model of the International Commission on Radiolog
ical Protection (ICRP), which predicted more nearly equal amounts in 
the skeleton and liver. (10) The postmortem radioassay data, along 
with bioassay and other health physics information obtained during 
life, were used to develop and evaluate a new five-compartment model 
for 2 4 1 Am based solely on human data (JJ). One of the key features 
of this model was a retention half-time of only 2—3 years for 2 4 1 A m in 
the liver in contrast to the then accepted value of 40 years based on 
analogy with Pu and animal data. 

Further support for a retention half-time of 2-3 years for 2 4 1 A m 
in liver was obtained from a subsequent study of the relative distri
bution of ^ P u , 2 3 9 Pu, and 2 4 1 A m in the skeleton and liver of occu-
pationally exposed individuals, using tissues obtained at autopsy by 
the USTUR (12). This finding of a shorter effective clearance time for 
2 4 1 A m in liver has significant implications for the dose delivered to the 
liver from a given intake of Am and hence the radiation protection 
standards for that nuclide. 

Other recent and continuing work of the registries deals directly 
with the application and evaluation of the validity of existing biokinetic 
models (13-15). One such study compares estimates of systemic de
position made by six laboratories using urinalysis data on a series of 
17 individuals with estimates made on the basis of postmortem radio
chemical analysis of tissue (13). Typically, the estimates made by the 
six laboratories were in good agreement with each other but were 
consistently greater than the estimates made from postmortem tissue 
analysis. The deviation between the urinalysis and autopsy estimates 
appeared to be inversely related to the level of Pu in the body (i.e., 
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the smaller the estimated deposition, the greater the ratio of the uri
nalysis to autopsy estimate with convergence of the two occurring at 
estimated burdens of about 1 kBq). 

Another recent study involving comparison of premortem and 
postmortem estimates of plutonium in skeleton and liver was carried 
out jointly by the registries and the Pacific Northwest Laboratory (14). 
Skeletal and liver depositions of six former workers at the Hanford 
site were evaluated using an empirically developed model for internal 
use based on that of Jones (15) and ICRP Publication 48 (16). Organ 
burdens estimated from urinary excretion data were found to be roughly 
consistent with those made from postmortem tissue analysis. Individ
ual estimates were within a factor of 3 for skeleton, a factor of 5 for 
liver, and a factor of 2 for skeleton and liver combined. In general, 
urinalysis estimates of skeletal deposition tended to be greater than 
autopsy estimates, but the converse was true for the liver. 

A more recent study compared estimates of plutonium deposition 
calculated with various biokinetic models with actual measurements of 
the plutonium content of the whole body after death (17). This com
parison was done with five whole-body donations to the registries. The 
urinary excretion data from these cases were used with several models 
to obtain estimates of systemic deposition, and these results were 
compared with the value measured in the tissues by postmortem ra
diochemical analysis. In general, the estimates made with the earlier 
models were severalfold greater than the comparable postmortem 
measured values and consistent with what would be expected on the 
basis of the previous comparison study. Estimates made with more 
recent models, such as those put forth by Jones (15), Leggett (18), 
and Leggett and Eckerman (J 9), were generally in close agreement 
with the measured postmortem values. 

Recently, the registries utilized data from postmortem analysis of 
whole-body donations to develop a new biokinetic model for ^ A m 
(20). The new model can be compared with that put forth in ICRP 
Publication 48, which is the generally accepted model (16). The ICRP 
48 model assumes that once the 2 4 1 Am reaches the transfer compart
ment—is absorbed—45% is deposited in the skeleton and 45% in the 
liver with half-times of 50 and 20 years, respectively. The remaining 
10% is characterized as going to early excretion. Thus, the fractional 
long-term deposition, R(t), at t years after intake can be characterized 
by the following two-compartment exponential equation; 

R(t) = 0 . 4 5 e - ° 0 1 4 i + 0 . 4 5 e - ° 0 3 5 i (1) 

By contrast, the registries' model, based on actual human data (19), 
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uses the parameters expressed in Table II and can be expressed in 
terms of a three-compartment exponential equation: 

R(t) = 0A5e-°0l4t + 0 . 0 2 5 β " 0 2 8 ί + 0.30e-°m9t (2) 

Similarly, a new model can be developed from the whole-body 
data for plutonium as reported and compared with the ICRP Publi
cation 48 model in current use (16). ICRP 48 uses the same biokinetic 
constants for both Am and Pu, and hence the mathematical represen
tation is identical for both and is characterized by equation 1. Using 
the radiochemical data from five whole-body cases (21), along with 
health physics measurements and information of when the intakes may 
have occurred, the biokinetic parameters shown in Table III were de
veloped for plutonium and lead to the mathematical representation 
shown in equation 3: 

R(t) = 0Ae~00Ut + 0.4éT°- 0 3 5 i + 0 . 2 e - ° 0 6 9 f (3) 

The differences between the ICRP model for both Pu and Am, char
acterized by equation 1, and the registries' model (2) for Am (equation 
2) and Pu (equation 3) are significant and should lead to refinement 
and improvement in the estimation of in vivo deposition and dose 
estimates. 

Conclusions 

The human tissue studies of the registries are important to under
standing the mechanisms by which the actinide elements move 

Table Π. Biokinetic Parameters for 2 4 1 Am 
Fractional Residence Half-Time 

Compartment Uptake (years) 
Skeleton 0.45 50 
Liver 0.25 2.5 
Muscle 0.20 10 
Rest of body 0.10 10 

Table III. Biokinetic Parameters for 2 3 9Pu 
Fractional Residence Half-Time 

Compartment Uptake (years) 
Skeleton 0.4 50 
Liver 0.4 20 
Muscle 0.2 10 
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throughout the body and are of potential immediate practical appli
cation to the safe use of uranium and the transuranium elements. Per
haps the most important application is the verification or indicated 
refinement of existing biokinetic models upon which internal dose cal
culations and radiation protection standards are based. 

Another important practical application is the verification of op
erational health physics estimates of deposition made by in vivo count
ing or other bioassay techniques. Tissues from people with radioac
tivity uptakes are of enormous potential value in the study of oncogenes 
and biomarkers, as well as for more traditional studies of possible ra
diation-induced pathology. The increased understanding of the bioki-
netics, measurement, dosimetry, and biological effects of actinides in 
humans promised by the human tissue studies of the registries is es
sential to maintaining and ensuring a suitably safe workplace for those 
involved with the various actinide elements; no amount of animal data, 
circumstantial evidence, or calculation can ensure that the radiation 
protection standards applied to humans are, in fact, both safe and rea
sonable. We can only be certain that our understanding of the acti
nides in humans is correct if it has in fact been gained from the proper 
study and interpretation of actual human experience. 

Note Added to Proof 
Since the preparation of this chapter in early 1992, there have been 
numerous changes in the operations and activities of the registries. 
The National Human Radiobiology Tissue Repository became a reality 
in the latter half of 1992, with radiation biologist John J. Russell as 
its curator. The registries themselves are still part of the Washington 
State University College of Pharmacy but now are administratively a 
part of Health Physics and Radiobiology Research of the college. They 
have acquired a half-time faculty member, Scott E. Dietert, who serves 
as resident medical consultant. On February 1, 1994, the registries 
assumed complete responsibility for the performance of radiochemistry 
operations, which will be carried out by WSU under the direction of 
radiochemist Roy E. Filby and will include a provision for training 
graduate students in radiochemistry. After a brief overlap period, ra
diochemistry support from Los Alamos National Laboratory will be 
phased out completely by late 1994. The original two faculty mem
bers—health physicist Ronald L. Kathren, who serves as director, and 
radiobiologist Ronald E. Filipy—remain with the program. Lynn A. 
Harwick serves as administrative manager. 
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Lung Cancer Mortality and 
Radon Exposure 

A Test of the Linear-No-Threshold Model 
of Radiation Carcinogenesis 

Bernard L. Cohen1 and Graham A. Colditz2 

1University of Pittsburgh, Pittsburgh, PA 15260 
2Harvard University, Cambridge, MA 02138 

The linear-no-threshold theory used to estimate the cancer risk 
of low-level radiation from the known risks of high-level ra-
diation is tested by studying the variation of lung cancer mor-
tality rates (m) with average exposure to radon (r) in various 
U.S. states and counties. The data indicate a strong tendency 
for m to decrease with increasing r, in sharp contrast to the 
theory prediction of a strong increase of m with increasing r. 
To explain this discrepancy by a strong tendency for areas of 
high radon to have low smoking prevalence, and vice versa, 
would require almost 100% negative correlation between radon 
and smoking, whereas current information indicates a corre-
lation of only a few percent. Several other possible explanations 
for the discrepancy are explored, but none seem to be effective 
in substantially reducing it. 

TTHE CANCER RISKS FROM LOW-LEVEL RADIATION are usually estimated 
by use of a linear theory, assuming that risk is proportional to ex
posure. Our purpose here is to test that theory by studying the re
lationship between lung cancer risk and exposure to radon in homes. 

The lower part of Figure 1 shows plots of age-adjusted lung cancer 
mortality rates for males and females vs. average radon exposure in 

0065-2393/95/0243-0067$08.00/0 
© 1995 American Chemical Society 
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68 RADIATION AND PUBLIC PERCEPTION 

Average radon level, r(pCi L"1) 

Figure 1. Data for states. Lower plots show lung cancer mortality rate, 
m, vs. average radon level, r. Upper plots show m/m0 vs. r in which 
m0 is the correction for smoking frequency (eq 5). Solid lines are the 
best fit of the data to eq 5, and dashed lines are the predictions of 
BEIR-IV theory; these predictions are calculated in the lower plots, with 

m0 for each state taken to be the national average. 

various U.S. states. The data suggest a negative slope, lung cancer 
rates decreasing with increasing radon exposure, whereas the theory 
predicts a positive slope (dashed line)—radon causes lung cancer, so 
increasing radon exposure should increase lung cancer rates. We refer 
to this difference between the expected positive slope and our ob
served negative slope as our discrepancy. 

The lower part of Figure 2 shows similar data for more than 900 
counties, except that rather than showing more than 900 data points, 
we have divided the abscissa into intervals, as shown at the top mar-
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6. C O H E N & COLDITZ Lung Cancer Mortality and Radon Exposure 69 

Figure 2. Data for counties. Similar to Figure 1, except that rather 
than shotving points for separate counties, the abscissa is divided into 
intervals, and plots show only characteristics of the distribution of 
counties in the interval: the mean value of the ordinate and its standard 
deviation and the value of the ordinate for the first and third quartiles. 

Figures at the top are the number of counties in each interval. 

gin, and have plotted the characteristics of the distribution of data 
points in each interval—its mean ordinate, the standard deviation (SD) 
of the mean, and the first and third quartiles. Again, the data indicate 
a strong negative slope, but the theory requires a strong positive slope. 

This discrepancy with theory, although surprising, could be ex
plained if there were a strong negative correlation between radon and 
smoking; that is, if areas with low radon had a greater population of 
smokers than areas with high radon. To develop a quantitative treat
ment of this explanation, we start at a basic level. 

The National Academy of Sciences Report (J), known as BEIR-IV, 
predicts a lifetime mortality risk, m', to an individual due to his life
time exposure to radon, r', as 

m' = ail + br') (1) 
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70 RADIATION A N D PUBLIC PERCEPTION 

where b = 10.8% per pieocurie per liter and a is the risk with no 
radon exposure, which varies by substantial factors for smokers and 
nonsmokers, both male and female. We then sum equation 1 over all 
the people in the county (or state) and divide by the population, P. 
The sum of the risks to all individuals divided by Ρ is the mortality 
rate, m. The sum of the radon exposures to all individuals divided by 
Ρ is the average radon exposure, r. If the fraction of the adult pop
ulation that smokes is S, and hence the fraction that does not smoke 
is (1 — S), our sum gives 

m = [Sas + (1 - S)an] (1 + br) (2) 

where the subscripts refer to smokers (s) and nonsmokers (n). With a 
correction for migration (2)—the fact that people do not spend their 
entire lives in their county of residence at time of death—equation 2 
becomes 

m/m0 = 1 + Br (3) 

where m0 and Β are mathematical expressions arising from the con
version of equation 2 to equation 3 with numerical values (for 1970 
to 1979 mortality rates) 

Β = 0.073 for counties and 0.083 for states (4) 

m0 = 9 + 99S for males and 3.7 + 32S for females (5) 

Equation 3 provides the correction for smoking frequency we are 
seeking. 

A Bureau of Census Survey (3) contains reasonably good data on 
smoking frequency for states. These are used to calculate m0 from 
equation 5, and the upper parts of Figure 1 are plots of m/m0 vs. r. 
The discrepancy between theory and observation remains. In the lower 
part of Figure 1, the discrepancies in the slopes are 6.8 SD for males 
and 5.7 SD for females, and in the upper part, the discrepancies are 
7.3 and 7.1 SD, respectively. 

The reason the correction for smoking does not resolve the dis
crepancy is that a very low correlation exists between radon levels and 
smoking frequency. The correlation (R2) is only 6.7% for males and 
0.7% for females. 

The Bureau of Census Survey (3) gives our best estimates of S 
(we refer to these as our "preferred" S values), but a completely in
dependent set of data comes from cigarette sales tax collection in var
ious years (4), which we take to be an indicator of S for males. The 
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r-S correlations are 1960—6.4%, 1970—2.1%, and 1975—1.3%, and 
the discrepancies between theory and observations are larger than for 
our preferred S values. Another source of data on S was tried, and it 
gave an r-S correlation of 1.8%. 

We had no direct data on S for counties, but a crude approxi
mation would be to assume it to be the same as for the states. A 
better approximation is to apply a correction for the well-known rural-
urban difference in smoking frequency. When values of S thus de
rived are used to calculate m 0, the dependence of m/m0 on r is as 
shown in the upper parts of Figure 2. Again, the discrepancies in the 
slopes Β are little affected—22 SD for males and 19 SD for females 
in the lower part of Figure 2 vs. 21 and 17 SD, respectively, in the 
upper part. The r-S correlation is only 4.3% for males and 4.5% for 
females. 

However, perhaps our data on S are erroneous, and the r-S cor
relation really is strongly negative. How strong a correlation would be 
necessary to explain our discrepancy? We worked this out by using a 
model and found that elimination of the negative slope observed in 
Figure 2 would require a 65% r-S correlation, but even a perfect r-S 
correlation would not give a positive slope as strong as that predicted 
by the theory. 

Even if we had no information on S, how likely is an r-S cor
relation of 65% or higher? The fraction S is, to a large extent, a so
cioeconomic variable (SEV), and we have data for each country on 
many SEVs. We considered 37 of these variables* and determined 
their correlations with r. The three largest correlations were 17.7, 12.4, 
and 7.4%; 5 SEVs had correlations between 5.5 and 4.4%; and none 
of the other 29 SEVs had a correlation larger than 3%. This finding 
makes the 4.3% correlation between r and S in our data seem quite 
reasonable, and it would appear to be essentially incredible for the 
errors in our data to be large enough and systematic enough to give 
an r-S correlation of 65% or higher. 

We conclude that problems with our data on S cannot explain our 
discrepancy. 
*Population: total, percent increase from 1970 to 1980, per square mile, males/fe
males; Income: median household, per capita, average wage for manufacturing work
ers, dollars per capita retail sales, percent below poverty level, percent unemployed, 
percent with more than one car; Age: median, percent over 65, percent of births to 
mothers younger than 20; Education: percent high school graduates, percent college 
graduates, dollars per capita for education; Housing: percent owner occupied, percent 
under 10 years old, percent over 50 years old, median value, building permits/100 
units, average persons per household; Medical: physicians per capita, hospital beds 
per capita, percent of budget for health; Urbanization: percent living in urban areas, 
percent of labor force in manufacturing, percent of land in farms, farm earnings as 
percent of total; Social: crime rate, percent white, divorce rate; Government: dollars 
per capita local taxes, percent of budget for police, percent of budget for welfare, 
percent of vote to leading party (1984). 
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Perspective on Our Discrepancy 

Some perspective on our discrepancy can be obtained by studying the 
relationship between radon and smoking for various types of cancer. 
We studied those types of cancer that have been tentatively linked to 
radon in published papers (5). Because there are no theories of the 
details of this linkage, we used double regression, fitting the data to 

m = e +fr + gS (6) 

where e, f, and g are parameters adjusted to fit the data. The results 
are listed in Table I including the t ratios, t(r) and t(S), the number 
of SD by which / and g in equation 6 differ from zero, and R 2, the 
percentage of the variation of m that is explained by equation 6. 

Table I shows that not only is t(S) large and positive for lung can
cer, as expected, but t(r) also is several times larger for lung cancer 
than for any other cancer type. The effect of omitting the S depen
dence in equation 6 is shown in the last two lines of Ύφ\β I in which 
R 2 is still much higher for lung cancer than for other cancer types. 
Clearly, the relationship between radon and lung cancer is special; 
this result is expected, but the problem is that the sign of the rela
tionship is negative rather than positive. Our discrepancy is a unique 
phenomenon, with nothing comparable to it in other types of cancer. 

Table I. Results for Various Cancer Types 
Cancer Type Sex t(r) t(S) R 2 

Lung M -8.5 13.4 26.0 
Lung F -8.9 10.2 20.0 
Leukemia M 2.2 1.0 0.6 
Leukemia F 0.3 0.8 0.1 
Melanoma M -2.4 4.7 3.6 
Melanoma F -1.8 0.2 0.4 
Kidney M -0.2 -1.5 0.2 
Kidney F 2.4 1.0 0.7 
Prostate M -0.1 -3.5 1.4 
Lymphoma M 2.0 -0.8 0.6 
Lymphoma F 2.6 0.2 0.8 
Lung M -10.6 — 11.0 
Lung F -10.8 — 11.0 
NOTE: These are 
to 

the results of fitting our data for counties NOTE: These are 
to 

τη = c0 + cxr + c2S 
The values of t(r) and f(S) represent the number of SDs by 
which Ci and c2, respectively, duTer from zero; R2 is the per
cent of the variations of m that is explained by this equation. 
The last two rows are the results with c2 set equal to zero. 
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Is Our Discrepancy Due to Coincidences in Our Data 
Set? 

Possibly, the negative slopes Β are a property of our particular data 
set, arising from some unrecognized coincidence. The simplest way to 
test for this possibility is to divide our data into subsets in various 
ways and to analyze each subset independently. This step was done 
by stratifying on an individual SEV and dividing the data set into 
quintiles. For example, in stratifying on population (P), the first quin-
tile (Q-l) consists of the 20% of our counties with the lowest popu
lation (most rural), and the fifth quintile (Q-S) consists of the 20% with 
the highest population (very urban). The data for each of these subsets 
are then fit with equation 3 to derive the value of the best-fit slope 
B. We stratified in this way on each of our 37 SEVs in turn to obtain 
(5 quintiles X 2 sexes X 37 SEVs =) 370 different data subsets, giving 
370 Β values. Of these 370 Β values, 369 are negative and the single 
exception is easily explainable as a statistical fluctuation. The average 
of these Β values is very close to the values from the total data set: 
-0.047 vs. -0.050 for males and -0.072 vs. -0.077 for females. 

Thus, the phenomenon of large negative Β values applies sepa
rately and independently if we consider only the very rural or very 
urban counties, if we consider only the richest or poorest, if we con
sider only the fastest growing or those with declining population, if 
we consider only the most educated or least educated, if we consider 
only those with the best health care or those with the poorest health 
care, and so on, and it also applies to all the strata in between. It 
clearly is not caused by some unusual coincidence. 

As further evidence of this matter, we have analyzed data col
lected by the Environmental Protection Agency in 22 states and found 
a negative slope similar to the slope we found for our data in those 
states. A similar negative slope also was reported (6) for the counties 
in England and Wales. 

Confounding Factors 
As in any epidemiological study, results can be influenced by con
founding factors (CFs) that correlate strongly but for unrelated reasons 
with both m and r and thereby introduce an apparent correlation be
tween m and r that is not caused by a direct cause-effect relationship. 
Smoking prevalence is ab initio the best candidate for a C F because 
of its known strong correlation with m, but we have investigated its 
effects earlier. Most other potential CFs that we can imagine would 
correlate with SEVs. For example, air pollution might be a C F , and 
it correlates with several of our SEVs, like population density and 
percent urban. These SEVs then act as surrogates for the C F and can 
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be substituted for it in mathematical analyses. We therefore consider 
each of our SEVs to be a potential C F . 

Stratifying our data on a C F would greatly reduce the problem of 
confounding, as each data subset (i.e., each stratum) would have quite 
similar values for the C F . The average slope Β obtained from the five 
quintiles should then approximate the correct value, free of the con
founding effect. 

The stratification studies described in the previous section include 
tests of this process for each of our 37 SEVs. In no case is the average 
slope Β substantially different than the value of Β derived from the 
entire data set. If our problem is a C F , none of our 37 SEVs comes 
close to serving as a surrogate for it. 

This still leaves the possibility that several of our CFs combine to 
give a large effect. The best available method for studying this is through 
multiple regression, assuming that 

m/m0 = 1 + Br + cxXi + c2X2 + . . . + C37X37 (7) 

where Xl9 X 2 , . . . , are our 37 SEVs and cu c2, . . . , are adjustable 
parameters selected, along with B, to give the best fit to the data. 

Fitting our data with equation 7 rather than with equation 3 re
duces the derived value of Β from -0.050 to —0.015 ± 0.005 for males 
and from -0.077 to -0.027 ± 0.010 for females, discrepancies with 
theory of 16 and 10 SD, respectively. These values appear to sub
stantially reduce our discrepancy. 

However, the literature on multiple regression is full of warnings 
against the foregoing procedures and rarely are more than four or five 
variables considered appropriate in seeking causal relationships. The 
reason for this caution is easily understood. Because r is correlated 
with m, any new variable that is correlated with m will be somewhat 
correlated with r and therefore drain away some of the dependence 
of m on r in finding the best fit to equation 7. 

We investigated this effect with a model in which the SEVs were 
constructed as a linear combination of m and a random number, with 
relative weights selected to give the same correlation with m as our 
actual SEV. They were not constructed to have any correlation with 
r, so they are not CFs. Using these constructed SEVs, we obtain val
ues of Β very similar to those obtained with the actual SEV. This 
result indicates that the reduction in our discrepancy by use of mul
tiple regression analyses, using equation 7 rather than equation 3, is 
largely due to the mathematics of multiple regression rather than to 
the true effects of confounding. 
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Stratification on Geography 

Geography is the only factor known to correlate strongly with r; there
fore, we stratified on it. The U.S Bureau of Census divides the nation 
into four regions, with each region consisting of two or three divisions. 
The results of treating each of these as a separate data set are listed 
in Table II. 

Table II shows that for each of the four national regions, the slope 
Β is negative by more than 2 SD for both males and females, and the 
average values of Β for the four regions are not significantly different 
from the values obtained for the nation as a whole, —0.042 vs. —0.050 
for males and -0.072 vs. -0.077 for females. Stratifying on geography 
to the level of national regions does very little to reduce our discrep
ancy. 

However, Table II shows that stratifying further to the level of 
divisions does have an appreciable effect; 5 of the 18 Β values are 
positive, and the average values of Β are substantially reduced, to 
—0.023 for males and -0.053 for females. This result reduces the dis
crepancy with the prediction of BEIR-IV theory, Β = +0.073, by 22 
and 16%, respectively, from the discrepancy without stratification. 

This finding suggests that finer stratification on geography might 
be useful. For 18 states, our data file contains mean radon levels in 
20 or more counties. We treat the counties in each of these states as 

Table H. Regional and Divisional Results 
Number 

Region of M a l e Female 
—Division Counties Β t Β t 

Northeast 202 -0.050 -4.6 -0.087 -5.4 
—New England 63 +0.016 +0.5 +0.045 +0.9 
—Mid Atlantic 139 -0.055 -4.3 -0.113 -6.4 

North Central 358 -0.019 -2.3 -0.030 -2.6 
—East NC 196 +0.012 + 1.1 +0.017 + 1.1 
—West NC 162 -0.015 -1.3 -0.034 -2.1 

South 235 -0.047 -3.1 -0.095 -4.4 
—South Atlantic 155 -0.030 -1.2 -0.068 -2.0 
—East S. Central 54 -0.042 -2.7 -0.071 -2.5 
—West S. Central 26 -0.131 -3.5 -0.198 -3.7 

West 116 -0.051 -2.4 -0.074 -2.1 
—Mountain 97 -0.020 -0.8 -0.055 -1.3 
—Pacific0 19 +0.051 + 1.2 -0.003 -0.0 

Averages 
Regions 228 -0.042 -3.1 -0.072 -3.6 
Divisions 101 -0.023 -1.2 -0.053 -1.8 

"Pacific includes only Washington and Oregon. 
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a separate data set, and the results of analyzing them are listed in 
Table III. Nine of the 36 Β values are positive and the average Β 
values are slightly less negative than those for the divisions, Β = —0.015 
vs. -0.023 for males and -0.051 vs. -0.053 for females. On the whole, 
finer stratification on geography from divisions to individual states does 
relatively little to reduce our discrepancy, but it does achieve the 
maximum reduction of the discrepancy we have found, 28% for males 
and 17% for females. 

Stratifying on geography per se introduces important risks of con
founding problems. For example, an ethnic group that is unusually 
susceptible to lung cancer may happen to live in a high radon area, 
a situation leading to a positive value of B. On a national scale, effects 
of such chance correlations would strongly tend to average out, but 
in a limited area, they could be very important. 

An obvious problem with stratifying on geography is poor statis
tics. Four of our nine geographic divisions have fewer than 64 data 
points, and 12 or our 18 individual states provide fewer than 40 data 
points. With a small number of data points, a fit to a line of various 
slopes can more easily occur by chance. 

The results in Tables II and III indicate that geography is prob
ably a reasonably important confounding factor, but the negative slopes 
Β and the large discrepancy with theory still remain. On the other 

Table III. Results for Individual States 
Male Female 

State Number Β t Β t 
CO 25 -0.041 -0.8 -0.072 -0.9 
GA 20 -0.102 -1.0 -0.290 -2.4 
ID 39 -0.003 -0.1 -0.120 -1.4 
IL 37 +0.004 +0.2 -0.058 -1.7 
IN 33 +0.013 +0.6 -0.001 -0.03 
IA 88 -0.021 -1.3 -0.012 -0.5 
MD 22 -0.072 -1.6 -0.098 -2.1 
MI 35 +0.050 +2.0 +0.029 + 1.5 
MN 41 -0.015 -1.1 -0.021 -0.9 
NJ 21 -0.009 -0.2 -0.0004 -0.01 
NY 55 +0.010 +0.4 -0.043 -1.2 
NC 34 -0.024 -0.6 +0.002 +0.1 
OH 52 -0.001 +0.1 +0.010 +0.5 
PA 63 -0.008 -0.5 -0.054 -2.4 
TN 29 -0.002 -0.1 -0.007 -0.1 
VA 46 +0.018 +0.4 -0.123 -1.5 
WV 22 -0.022 -0.5 -0.072 -1.3 
WI 39 -0.055 -1.6 +0.008 +0.1 

Average -0.015 -0.32 -0.051 -0.79 
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hand, these results suggest the desirability of obtaining much more 
data to do a better job of stratifying on geography. 

Other Linear-No-Threshold Theories 

All of the preceding treatments are based on the BEIR-IV theory. 
Several other linear-no-threshold theories have been proposed, dif
fering principally in their treatment of smoking, which is not well es
tablished from the data on miners. Other parameters, based on total 
risk of lung cancer and increased risk to miners with high radon ex
posure, are subject to much less uncertainty and therefore to much 
less variation among different theories. 

We have shown that the discrepancies described previously with 
the BEIR-IV theory apply equally to all other theories. The reasons 
for this are easily understood. Smoking is essentially not correlated 
with radon exposure; therefore, the treatment of smoking makes no 
difference; based on the miner data, all theories predict a similar strong 
positive slope for m vs. r, whereas the data in Figures 1 and 2 clearly 
show a strong negative slope. 
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7 

Evidence of Cancer Risk 
from Experimental Animal 
Radon Studies 

Fredrick T. Cross 

Pacific Northwest Laboratory, Box 999, Richland, WA 99352 

Epidemiologic data from underground miners confirm that ra
don decay products are carcinogenic, but evidence for the 
quantitative risks of these exposures, especially for indoor air, 
is less conclusive. Experimental animal studies, in conjunction 
with dosimetric modeling and molecular-cellular level studies, 
are particularly valuable for understanding the carcinogenicity 
of human radon exposures and the modifying effects of expo
sure rate, the physical characteristics of the inhaled decay 
products, and associated exposures to such agents as cigarette 
smoke. Similarities in animal and human data, including com
parable lung cancer risk coefficients, tumor-related dosimetry, 
and tumor pathology, presently outweigh their differences. The 
animal models, therefore, appear to be reasonable substitutes 
for studying the health effects of human radon exposures. 

IN THE 1940S IT WAS BELIEVED THAT THE RISKS of exposure to radon 
were potentially important only to underground miners extracting ores 
containing radium and uranium (J). Since that time occupational stud
ies of uranium and other underground miners have yielded consistent 
estimates of the lung cancer risk associated with exposure to radon 
(2-4). That evidence has also been substantiated by studies of animals 
exposed to radon (5). The potential hazards of indoor radon exposure, 
essentially unrecognized in the 1940s, have been studied only com-

0065-2393/95/0243-0079$08.00/0 
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80 RADIATION A N D PUBLIC PERCEPTION 

paratively recently (6), particularly since the discovery in 1984 of a 
house in Pennsylvania containing radon concentrations several thou
sand times greater than levels in most houses. Even more recent is 
the presumed association of radon exposure and cancers of organs other 
than the lung (7, 8). 

Studies of radon-induced lung cancer in experimental animals are 
particularly valuable for understanding the carcinogenicity of human 
radon exposures in the home and workplace. Animals can be exposed 
to a variety of agents under carefully controlled conditions and then 
sacrificed for the study of developing lesions or observed throughout 
their life span for tumor development. The doses to critical cells in 
the respiratory tract can be determined, and these in turn can be 
related to doses to critical cells in the respiratory tract of humans ex
posed to similar aerosols. 

The study of radon-induced mutations, changes in expression of 
oncogenes and tumor suppressor genes, and growth factors and growth 
factor receptors during tumor progression in animals also provides 
valuable evidence on the underlying mechanisms of radon carcino
genesis. This evidence, particularly that of the efficiency for oncogenic 
transformation at low dose rates, is crucial to the determination of the 
risk of lung cancer from exposure to indoor levels of radon. 

This chapter reviews the evidence for radon-induced cancer in ex
perimental animals and emphasizes the carcinogenicity of radon ex
posures in rats. The few mechanistic data on radon-induced lung tu
mors in rats currently available are not reviewed here. 

Health Effects Data 

Radon health effects data, developed primarily in adult male animals, 
are provided by the Pacific Northwest Laboratory (PNL) and the 
Compagnie Générale des Matières Nucléaires (COGEMA) laboratory 
in France (5). Approximately 800 Syrian Golden hamsters, 6000 SPF 
Wistar rats, and 100 beagle dogs were exposed to mixtures of radon, 
radon progeny, diesel engine exhaust, uranium ore dust, and cigarette 
smoke in PNL studies; about 10,000 SPF Sprague-Dawley rats were 
exposed to mixtures of radon, radon progeny, ambient (outdoor) aero
sols, and cigarette smoke in C O G E M A laboratory studies. Additional 
French radon carcinogenesis modeling studies have employed intra
muscular injections of the promoter 5, 6-benzoflavone to further clarify 
the role of promoters in radon-induced cancers (9). The rat data from 
the two laboratories are discussed as a whole, primarily because of 
their similarity; emphasis, however, is placed on the PNL data. Data 
from other animal species, discussed only briefly here, were presented 
in greater detail in the report to the U.S. Department of Energy (5). 
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7. CROSS Evidence of Cancer Risk from Animal Radon Studies 81 

Major biological effects produced in the radon studies were re
spiratory tract tumors [adenomas, bronchioloalveolar (BA) carcinomas 
or adenocarcinomas, epidermoid carcinomas, adenosquamous carci
nomas, and sarcomas], pulmonary fibrosis, pulmonary emphysema, and 
life-span shortening (5). Appreciable fibrosis, emphysema, and life-span 
shortening, although somewhat species dependent, did not occur at 
exposure levels less than 3.5 J h m~3 [1000 working-level month (WLM); 
working level (WL) is defined as any combination of short-lived radon 
decay products in 1 L of air resulting in the ultimate emission of 1.3 
Χ 105 MeV of potential alpha energy (1 W L = 2.08 X 10"5 J m"3). 
Working-level month is defined as an exposure equivalent to 170 h at 
1 W L concentration (1 W L M = 3.5 X 10~3 J h m"3)]. However, ex
cess respiratory tract tumors were produced in rats at exposures con
siderably less than 0.35 J h m~ 3 (100 WLM), even at levels compa
rable to typical life-span exposures in homes (20 WLM). Further, tumors 
were produced in exposures to radon decay products alone; thus, as
sociated exposures to other irritants, such as uranium ore dust or cig
arette smoke, are not necessary for carcinoma development. With a 
few exceptions, the incidence of adenomas and sarcomas (both rarely 
found in control animals) was considerably less than 10%. 

A decrease in exposure rate at a given exposure level not only 
increased the overall incidence of lung tumors but specifically in
creased the incidence of epidermoid carcinomas; a similar finding was 
noted in studies of the Colorado Plateau miners with protracted ex
posures (JO). Protraction of exposures in rats also produced a signifi
cantly higher incidence of multiple primary lung tumors (more often 
of a different rather than the same type) and fatal primary lung tumors 
(11). Most (>70%) epidermoid carcinomas but only about 20% of ad
enocarcinomas were classified as fatal. Finally, most (—80%) radon-
induced lung tumors in rats are considered to originate peripherally 
and to occur at the bronchiolar—alveolar junction, in contrast to hu
man lung tumors, which generally are more centrally located. The 
remaining 20% of rat lung tumors are considered to be centrally lo
cated (bronchi associated); the actual percentage depends on exposure 
rate and possibly exposure level (11). 

With the exception of the greater prevalence of solid alveolar tu
mors and bronchioloalveolar carcinomas [and the absence of small cell 
(K-cell) carcinomas] observed in rats, the evidence on cancer in rats 
and humans is reasonably consistent. Regional differences in sites of 
tumor formation are explained, in part, by dosimetry modeling (12). 
The doses to rat distal bronchioles and alveoli are generally quite high 
in comparison to doses to these locations in humans (miners). On the 
other hand, doses to miner proximal bronchi are generally quite high 
compared with those in the rat; thus, one might postulate that regions 
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of tumor development coincide with regions of high dose and high 
sensitivity. Although the rat does not develop small cell carcinoma per 
se in response to radon exposures, the bombesin staining is similar in 
both rat epidermoid and human small cell carcinomas. This similarity 
suggests exploration of growth factor and growth factor receptor in
volvement in human and animal radiation-induced tumors. 

Extrapulmonary lesions, including tumors, were produced primar
ily in the nose, particularly with high unattached fractions of radon 
decay products. Significant excess nonrespiratory neoplasms associated 
with radon exposure were previously noted primarily in the kidneys; 
however, recent data from the C O G E M A laboratory show significant 
increases in bone, liver, and soft tissue cancers (13). The increase in 
bone sarcoma and liver cancer was noted at very low exposures com
parable to lifetime exposures in most homes. The implications for hu
man exposure are uncertain and will not be known until the suscep
tibilities, biokinetics, and dosimetry are compared across species. In 
exposures of C O G E M A laboratory female Sprague-Dawley rats to 1600 
W L M , the incidence of breast cancer doubled despite a significant 
reduction in life span attributable to mammary tumors. Again, the im
plication for human exposures is unclear. The scientists at PNL have 
exposed female Wistar rats but have not yet examined the resulting 
histopathology. 

Other experiments at P N L have been performed to determine if 
prenatal effects could be produced by prolonged inhalation exposures 
to high concentrations of radon and radon decay products throughout 
gestation (14). Neither teratological nor reproductive effects were pro
duced when pregnant SPF Sprague-Dawley rats were exposed to ra
don-progeny levels about 10,000 times the typical annual levels in 
houses. Thus, the human fetus is not expected to suffer teratological 
effects from typical indoor radon levels. 

Factors Influencing Risk 

The major factors found to influence the tumorigenic potential of ra
don exposures in laboratory rats include radon-progeny cumulative ex
posure, exposure rate, and unattached fraction (radon progeny not at
tached to airborne dust); associated cigarette-smoke exposures; and 
"time-since-exposure" (15). Respiratory tract cancer risk increases as 
radon-progeny cumulative exposure and unattached fraction increase 
and, as discussed previously, decreases with increase in radon-progeny 
exposure rate. Details of the cumulative exposure and exposure rate 
data are presented in the following section on risk modeling. The in
creased risk with high unattached radon progeny is particularly rele
vant to indoor radon exposures, where the unattached levels are gen-
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7. CROSS Evidence of Cancer Risk from Animal Radon Studies 83 

eraJly much higher than those in underground mines. The PNL animal 
data project an approximate twofold increase in risk per W L M ex
posure for the typically five- to tenfold higher levels of unattached 
radon progeny in homes compared to mines. 

The influence of associated cigarette-smoke exposures depends, in 
part, on the temporal sequence of radon-progeny and cigarette-smoke 
exposures. In the C O G E M A laboratory experiments, the risk was syn-
ergistically increased when smoke exposures followed completed radon 
exposures, but the risk remained unchanged from radon-only expo
sures when the sequence of mixed exposures was reversed (16). The 
promotional effect of cigarette smoke was also seen for the preneo
plastic lesion adenomatosis but not for lung tumors in recent PNL 
serial-sacrifice initiation-promotion-initiation (IPI) studies (17). Al
though analysis of the life-span IPI tumor data is not complete, cur
rent evidence suggests antagonism. Earlier PNL dog experiments (18) 
and recent mouse experiments at Harwell Laboratory (United King
dom) (19) also showed antagonism in tumor production with alpha-
particle radiation and cigarette-smoke exposures, possibly as a result 
of overly high radiation doses that obscured the promotional effect of 
cigarette smoke. 

Considering the composite data, it now appears that radon and 
cigarette-smoke exposures are synergistic only under certain condi
tions of exposure. Preneoplastic lesions induced by radon exposure are 
promoted by cigarette smoking, but the incidence of tumors may not 
be increased if the exposure to cigarette smoke is not sufficiently pro
longed. It is becoming increasingly clear that the duration of cigarette 
smoking is at least as important as, if not more important than, the 
number of cigarettes smoked daily. An earlier article by Doll and Peto 
(20) regarding British doctors who smoked presented the same con
clusion, but this conclusion was not shared by other modelers of the 
data (21). 

The time-since-exposure effect in radon carcinogenesis is also dis
cussed in the following section. 

Risk Modeling of Animal Data 

Quantitative modeling of data from animal studies supplies risk coef
ficients that can be compared with similarly derived coefficients from 
epidemiologic data. Statistical analyses of lung tumor data from rats 
have been used to model the hazard using the Weibull function for 
the baseline risk. These baseline, age-specific risks, which have been 
estimated for experimental rats, are uncertain, in contrast to human 
lung cancer rates, which have been more carefully determined (22, 
23). Figure 1 summarizes the results of analyses of PNL data based 
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Figure 1. Lifetime risk coefficients for radon-progeny exposure of rats. 
(Adapted with permission from reference 22. Copyright 1989 NCRP 

Publications.) 

on the linear relative risk model; in these analyses lung tumors are 
considered incidental to the death of the animal. As seen in the anal
ysis of the C O G E M A laboratory data, there is little indication of a 
decrease in risk per unit exposure with increasing total exposure, even 
to very high exposure levels. The analyses clearly show the influence 
on risk of exposure rate; the corresponding exposure-rate data are sig
nificantly different from each other, differing by factors of 2 to 3, with 
the exception of exposures at 1.1 J h mf 3 (320 WLM). 

The estimated linear-lifetime lung tumor risk coefficient, based on 
the combined exposure-rate data, was about 0.086 per J h m~3 (300 
tumors per 106 rats per WLM) for adenomas and carcinomas com
bined. Excluding adenomas, the risk is reduced to about 0.071 per J 
h m 3 (250 cancers per 106 rats per WLM). These values may be com
pared to the overall (smokers and nonsmokers) National Research 
Council's Committee IV on the Biological Effects of Ionizing Radia
tions (BEIR IV) value of 0.10 per J h m" 3 (350 cancers per 106 persons 
per WLM) and 0.040 per J h m 3 (140 cancers per 106 persons per 
WLM) for nonsmoking males (22). Estimates based on studies of male 
rats, therefore, are comparable to those obtained from human studies. 
Analyses based on the assumption that tumors are fatal produce risk 
coefficients about half as large. The lowest exposure-rate data [0.018 
J h m~ 3 week - 1 (5 W L M week -1)] in Figure 1 suggest that the ex
posure-rate effect (but not the risk) tapers off at lower exposure levels; 
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7. CROSS Evidence of Cancer Risk from Animal Radon Studies 85 

this effect will be tested in future epidemiologic analyses of exposures 
less than 1.1 J h m" 3 (320 WLM). 

The effects of exposure rate and time-since-exposure in the PNL 
experiments cannot be entirely separated. Figure 2 shows the risk versus 
age at which exposure stopped for the three exposure-rate groups. 
Although the pattern is not entirely consistent, the largest risks oc
curred in groups where exposure was protracted to older ages. The 
data in rats, therefore, appear to parallel the time-since-exposure ef
fect observed in epidemiologic analyses of underground miners (4). 

Even though there are differences in risks observed in rats with 
high exposure rates [1.8 J h m - 3 week - 1 (500 W L M week -1)] com
pared with those observed at lower exposure rates [0.18 J h m - 3 week - 1 

(50 W L M week -1)], the implications for risks at typical residential ex
posure rates [-1.8 x 10"5 J h m - 3 week - 1 (~5 X 10 - 3 W L M week -1)] 
are not known and cannot be directly tested in a short-lived species 
such as the rat. The lowest exposure rate studied is somewhat com
parable with those in former underground miners. 

The two-mutation (recessive oncogenesis) model of Moolgavkar and 
Knudson (24) was tested with a PNL tumor data set similar to that 
used in the statistical analyses by Gilbert (22). This carcinogenesis model 
postulates transitions from a normal to an intermediate to a malignant 
cell with quantifiable transition rates and takes into account the growth 
characteristics of the normal and intermediate cell populations. The 
model describes the rat lung cancer data well (25). Briefly, the find-
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Figure 2. Lifetime risk in rats vs. age radon-progeny exposure stopped. 
(Adapted with permission from reference 22. Copyright 1989 NCRP 

Publications.) 
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ings are that the first mutation rate is very strongly dependent on the 
rate of exposure to radon progeny and the second mutation rate is 
much less so, suggesting that the nature of the two mutational events 
is different. The model predicts the following: 

1. Radon doubles the background rate of the first mutation 
at an exposure rate of approximately 0.005 J h m~3 week - 1 

(1.35 W L M week - 1), an exposure rate definitely in the 
range of miner exposures. 

2. Radon doubles the background rate of the second mu
tation at an exposure rate of about 1.4 J h m - 3 week - 1 

(400 W L M week - 1) (consequently, the hypothesis that 
radon has no effect on the second mutation rate cannot 
be rejected). 

3. The net rate of intermediate cell growth is doubled at a 
radon exposure rate of about 0.12 J h m" 3 week - 1 (35 
W L M week - 1). 

4. A drop occurs in hazard after radon exposures cease, 
paralleling the exposure-rate or time-since-exposure ef
fect noted in the statistical risk analyses. 

5. There is an optimal exposure schedule for producing tu
mors. Fractionation of exposure is more efficient in pro
ducing tumors, but further fractionation leads to a de
creased efficiency of tumor production. 

The implications of these findings for human risk assessment are also 
unclear at this time. 

Discussion and Conclusions 

A broad multilevel approach to radon cancer risk assessment includes 
mechanistic, animal, dosimetric, statistical, and carcinogenesis mod
eling data to infer risks to humans exposed in occupational and resi
dential settings. The similarity of current adult rat and underground 
miner exposure-response data suggests that the rat model is particu
larly valuable for reducing scientific uncertainties in the human data
base, particularly in regard to the complex interactions of radon and 
cigarette-smoke exposures and the risks associated with childhood ex
posures. The effort to measure radon levels in schools in the United 
States demonstrates the concern for the latter type of exposures, al
though the observed drop in hazard with time-since-exposure would 
tend to discount early (e.g., childhood) exposures. The rat model is 
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7. CROSS Evidence of Cancer Risk from Animal Radon Studies 87 

also valuable for delineating the mechanisms of radon carcinogenesis, 
as evidenced by recent studies on oncogene and growth factor—recep
tor involvement in radon-induced lung tumors in rats (26, 27). 

Observations made in animal systems that have not been un
equivocally found in human exposures to radon are (1) the increase in 
tumor production with increase in radon-progeny unattached fraction, 
(2) the importance of the temporal sequence of exposures to cigarette 
smoke and radon progeny, and (3) the occurrence of extrapulmonary 
and extrathoracic (head and neck) carcinomas. However, few data are 
available from epidemiologic studies on these aspects of the health 
effects of radon. 
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Evaluating the Safety 
of Irradiated Foods 

George H. Pauli 

Division of Food and Color Additives, Center for Food Safety and 
Applied Nutrition, U.S. Food and Drug Administration, 
Washington, DC 20204 

Health agencies throughout the world have evaluated the safety 
of irradiated foods by considering the likelihood that irradia
tion would induce radioactivity, produce toxic radiolytic prod
ucts, destroy nutrients, or change the microbiological profile of 
organisms in the food. After years of study, researchers have 
concluded that foods irradiated under the proper conditions will 
not produce adverse health effects when consumed. 

SAFE FOODS ARE IMPORTANT FOR ALL OF US. An adult eats approxi
mately 1000 kg of food (solid and liquid) per year. Considering the 
total quantity, even small concentrations of harmful components are 
significant. Food safety is a many-faceted issue, however, and a va
riety of ideas exist regarding what is most important to ensure the 
safety of foods. Surveys often show a wide disparity in opinion be
tween consumers and food scientists on what is most important. Gen
erally, food scientists list overall dietary considerations (such as total 
calories or fat intake) and food-borne pathogens as much more im
portant health factors than food processing, pesticides, or food addi
tives, which are the primary concerns of consumers. 

In addition, the concept of food safety can vary. For example, the 
safety standard is less strict when applied to inherent food components 
than when applied to added components. In the United States, the 
legal requirements for establishing safety or hazard depend on the sit
uation. This variation greatly affects what is meant by safety. For ex-

This chapter not subject to U.S. copyright 
Published 1995 American Chemical Society 
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ample, the law allows foods to be sold as long as the natural com
ponents that might be toxic are not present in such large amounts as 
to make that food ordinarily injurious [Federal Food, Drug, and Cos
metic Act, Section 402(a)(1)]. Sale of a food may be prohibited, how
ever, if added substances, such as environmental contaminants, are 
present in amounts whereby the food may be injurious [Federal Food, 
Drug, and Cosmetic Act, Section 402 (a)(1)]. Intentional use of sub
stances, including radiation sources, that are reasonably expected to 
become components of food or to affect the characteristics of the food 
is prohibited until such use is demonstrated to be safe and a regu
lation is issued authorizing it [Federal Food, Drug, and Cosmetic Act, 
Sections 402(a)(2)(c) and 402(a)(7)]. Although the purpose of the law in 
each case is to ensure safe foods, the safety standard differs according 
to the situation. 

Because there are several standards for safety, we must explicitly 
state which standard we are using when we discuss food safety. If 
something has caused observable harm, it is easy to conclude that it 
is unsafe. But it is impossible to prove the absolute absence of any 
potential for harm. Many natural components of food can be harmful 
under some circumstances. One can always hypothesize scenarios for 
harm that have not been, or cannot be, proven false with absolute 
certainty. If one were to insist on an absolute standard that excludes 
all possibilities for harm, one would have to conclude that nothing is 
safe and the word safety would become meaningless. Generally speak
ing, however, food safety scientists focus on whether there is any rea
sonable basis for presuming that a food is less safe than the food it is 
replacing in the diet. 

Since 1958, irradiated foods may not be sold in the United States 
unless their safety has been demonstrated and regulations have been 
issued prescribing safe conditions of irradiation. The safety standard 
to be applied is a reasonable certainty that no harm will result from 
consuming such foods. Congress was explicit in recognizing that ab
solute certainty is an impossible, and thus meaningless, standard. The 
safety concerns for irradiated foods are the same concerns that apply 
to all foods. Food scientists have reached consensus that four areas 
need to be addressed: radiological safety, toxicological safety, micro
biological safety, and nutritional adequacy. 

Many studies throughout the world were begun in the 1950s to 
address these safety concerns. In the United States, the Department 
of the Army and the Atomic Energy Commission took the lead in 
sponsoring research. Internationally, committees of experts were es
tablished by the Food and Agricultural Organization (FAO) of the United 
Nations in Rome, the International Atomic Energy Agency (IAEA) in 
Vienna, and the World Health Organization (WHO) in Geneva. These 
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Joint (FAO-IAEA-WHO) Expert Committees on Food Irradiation 
(JECFI) met in 1964, 1969, 1976, and 1980 to provide guidance for 
research and to evaluate results. A unified worldwide program, the 
International Project in the Field of Food Irradiation, which began in 
1970, was sponsored by the IAEA, the FAO, and the Organization 
for Economic Cooperation and Development in Paris. The W H O par
ticipated as a consultant. Eventually the resources of 24 countries were 
pooled for this program. 

In this chapter I will only briefly discuss the resolution of the four 
safety concerns, summarizing what various expert groups have con
cluded. Several books comprehensively discuss the various technical 
studies done on irradiated foods (1—9). One book presents an excellent 
evaluation of the safety issues (9). 

Radiological Safety 

In the early days of research, radiation sources were still being de
veloped. Fuel rods from nuclear reactors, containing a variety of 
radionuclides, were sometimes used. High-energy photons (or thermal 
neutrons) from some of these radionuclides had the potential to induce 
radioactivity in foods. Also, linear accelerators were used to produce 
electron-beam irradiation. Although electrons from machine sources 
have limited penetration capability, this capability can be increased 
by raising the voltage. 

Research showed that electron-beam energies above 12 MeV in
duced detectable radioactivity in foods. Researchers rapidly settled on 
^Co and 1 3 7 Cs as safe gamma sources whose photon energies are too 
low to induce radioactivity. Energies of electron beams were restricted 
to 10 MeV. Later, recommendations of 5 MeV maximum voltage were 
established for X-ray sources (10). Countries permitting irradiation of 
food adopted these restrictions to ensure that radioactivity would not 
be induced in foods. Radiological safety of foods has not been an issue 
of concern with food scientists since these limitations were accepted. 

Toxicological Safety 

Toxicological safety testing often means animal testing, although this 
is but one aspect of toxicological safety evaluation. By using a com
plex, integrated biological system to represent the human response to 
a substance or mixture of substances, animal testing provides a com
prehensive assessment of the many factors (dose, metabolism, and 
competing biochemical reactions) that combine to cause toxicity. Such 
a comprehensive testing approach, if sufficiently sensitive, may iden
tify problems that could not otherwise be predicted. 
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Animal Studies. Test Design. Unless complemented by other 
types of safety testing, however, appropriate animal studies are diffi
cult to design. In particular, careful attention must be given to whether 
the substances to be tested differ sufficiently from the control sub
stances for toxicity to be assessed in the animals. In other words, money 
and time spent for animal toxicity testing are wasted unless the effects 
of irradiation on food are so large that the radiolytic products formed 
have a reasonable potential to produce a toxic effect when the food is 
fed in the largest amount compatible with good nutrition. 

Moreover, animal testing of whole foods can be misleading be
cause small differences in animal health between treated and control 
groups, which can occur by random statistical variation, can be con
fused with adverse effects caused by treatment. Normally, whether 
such differences are random or caused by treatment can be evaluated 
by noting whether consumption of larger amounts of the substance 
causes an increase in the effect. However, this cannot be done with 
foods because of physical and nutritional limits on the amounts that 
can be consumed. 

Effect of Dosage. Toxicological testing is usually conducted by 
administering the test substance in amounts far in excess of what hu
mans would consume. This excess dosage is intended to provide a 
safety factor (or uncertainty factor) to compensate for insufficient 
knowledge about which species best represents humans and for in
sufficient statistical power to detect small increases in the incidence 
of adverse effects. However, attempts to provide a safety factor by 
use of excess dosage can pose problems. For example, increasing the 
dose of radiation may result in a test with a food that is inedible, or 
increasing the amount of an irradiated food in the diet may result in 
a diet that does not meet basic nutritional needs. Many tests have 
been done under conditions that were, in retrospect, unrealistic for 
assessing safety (11). Thus, any evaluation of safety that uses animal 
tests must be consistent with basic principles of safety evaluation, which 
include the following points: 

• The dose makes the poison. 
• If an effect is real and of general importance, it will be 

reproducible under a variety of circumstances. 
• If no adverse effects are seen under severe test conditions 

(e.g., high dose or continuous exposure), they are very 
unlikely to occur under milder conditions. However, ef
fects seen under severe conditions may or may not reflect 
what happens under milder conditions, although they do 
indicate a need for caution. 
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• The effort spent to test for safety should be commensurate 
with the potential risk. 

Nutritional Requirements. To draw valid conclusions from animal 
testing, one must thoroughly know and understand the test systems 
used, the chemical composition of the substances tested, and the needs 
and susceptibilities of the test animals. In the early days of irradiated 
food testing, when relatively little was known about the chemical ef
fects of irradiating foods or of the nutritional needs of animals, ap
propriate feeding tests were difficult to design. The likelihood of elic
iting toxic effects from feeding irradiated food depends on the 
concentrations and toxic potential of the radiolytic products in the food. 
With little knowledge about the identities or concentrations of ra
diolytic products, and without a large historical control database gained 
from years of animal studies, it was difficult to determine whether an 
animal feeding study would be helpful in assessing the safety of the 
food. 

Likewise, an attempt to compensate for these difficulties by feed
ing large amounts of a particular irradiated food often led to nutri
tional problems such as unbalanced diets, which adversely affected 
treated and control groups, or diets of marginal nutritional adequacy, 
which resulted in nutritionally significant differences between treat
ment and control groups even though a relatively small amount of 
nutrients was lost because of irradiation. As a result, many of the early 
animal-feeding studies raised more questions than they answered and 
led to stricter requirements for permitting the sale of irradiated foods. 

Chemical Effects of Radiation on Food. Until more could 
be learned about the chemical effects of irradiation and about the cause 
of adverse effects in these early studies, attempts were made to im
prove study designs, test more foods, and use more experimental an
imals. In the United States, lifetime feeding studies in rats and mice, 
chronic feeding studies in dogs, and reproduction studies in both of 
these species were conducted. 

Toxicological Safety. Increased knowledge of radiation chemistry 
and animal nutrition, however, contributed greatly to our understand
ing of toxicological safety. A better understanding of nutrition showed 
that the adverse effects occasionally reported in animal studies may 
be caused by nutritional deficiencies resulting from inappropriate test 
design. Food irradiation studies may have contributed more to the 
knowledge of animal nutrition than vice versa (12). 

In this regard, toxicity and nutrition issues must be separated. In 
toxicity studies, the animal is fed the test substance in the largest 
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amount it can tolerate so that subtle effects can be discerned. How
ever, when food is used as the test substance, other foods are dis
placed, and nutrient deficiencies can result. Similarly, if the radiation 
dose is increased, the amount of radiolytic products and, thus, the 
sensitivity of a toxicity test are likewise increased. However, nutrient 
loss is dose-dependent. Therefore, unless the diet contains an excess 
of nutrients, an increased radiation dose can result in nutritional de
ficiencies. 

Test Design. A greater understanding of radiation chemistry al
lowed researchers to design tests that can resolve specific questions, 
interpret specific tests, and reduce speculation. Several examples il
lustrate the usefulness of this knowledge. 

Within the dose range applicable to food irradiation, the quantity 
of radiolytic products is proportional to the irradiation dose. The iden
tity of radiolytic products does not change appreciably if the food and 
radiation conditions remain constant. These results may seem obvious, 
but until reliable data were obtained, there was sometimes a reluc
tance to extrapolate from one dose to another or to evaluate one test 
in light of other tests in similar foods. 

Direct and Indirect Effects. The chemical effects of radiation on 
food can be either direct or indirect. The food molecule that absorbs 
the energy can react directly, or free radicals formed by the absorbing 
species (such as water) can diffuse through the food and react with 
other molecules. The relative proportion of these two types of reac
tions can vary with physical conditions. For example, in rigid matrices 
such as dry foods or frozen foods, indirect effects become minor and 
the overall chemical effect is substantially reduced. 

Indirect effects, thus, depend not only on the radiant energy but 
also on diffusion properties and the reactivities and concentrations of 
various components in the food. Therefore natural food components, 
such as antioxidants, can inhibit some types of reactions. In addition, 
although research with model systems may be useful for understand
ing the process, oversimplified model systems may not always rep
resent the response of foods to irradiation. For example, the effects 
of radiation on food components in dilute aqueous solutions are much 
greater for each radiation dose than on the same components in com
plex matrices. Because nearly all the absorbed energy is eventually 
transferred to the diluted solute, the effective dose for the solute is 
much greater than the dose for the solution as a whole. 

Early genetic toxicity testing with simple models such as irradiated 
sugar solutions showed reproducible mutagenic effects in vitro that 
were not duplicated by tests in more complex systems (13). Appar-
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ently either the mutagens are formed in much smaller concentrations 
in complex food matrices or they decompose more quickly. Similarly, 
radiation effects on nutrients are much larger in simple solutions than 
in whole foods. 

Food Safety Assessment. So far, it may not be apparent how 
this chemical knowledge has enhanced our ability to assess safety. Af
ter all, considering the enormous chemical complexity of food, one can 
never understand all the chemical reactions that take place when food 
is irradiated. It is also impossible to identify all the radiolytic products 
and measure their toxicities. A wide variety of chemical reactions re
sults from the immense number of chemical components in food. Ir
radiation of them will create an enormous number of radiolytic prod
ucts at extremely low concentrations. For this reason, it is as impractical 
to assess the safety of an irradiated food on the basis of its components 
as it is to assess the safety of that food before irradiation based on its 
individual natural components. However, one can compare irradiated 
and nonirradiated foods to assess the significance of any changes. Two 
different approaches to this assessment were used by the U.S. Food 
and Drug Administration (FDA) and by several other countries. 

FDA Toxicological Principles. In the early 1980s, the F D A pub
lished the toxicological principles that it applies to food safety (14). It 
is impossible to know everything about safety, so the F D A concen
trates its efforts on those issues with the greatest risk potential. Be
cause radiation can affect a whole food and thus a substantial portion 
of the diet, irradiation could pose a significant risk if its effect were 
large or unusual. Current knowledge of radiation chemistry, however, 
allows estimation of how great an effect irradiation will have on food. 
The effect is directly proportional to dose, all other things being equal. 
The wide diversity of radiation-induced reactions and the complexity 
of food ensure that individual radiolytic products will be formed in 
extremely low concentrations. 

Bureau of Foods Irradiated Food Committee. An F D A commit
tee, the Bureau of Foods Irradiated Food Committee (BFIFC), was 
assembled in 1979 to recommend appropriate criteria for evaluating 
the toxicological safety of irradiated foods (15). BFIFC found that ra
diolytic products formed in foods were essentially the same as sub
stances found in other foods that were not irradiated. Any differences 
were not remarkable; specific compounds formed as a result of irra
diation but not found in other foods were essentially similar chemically 
to other food components. 
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However, minor constituents of foods are not well characterized 
at the low concentrations comparable to those of radiolytic products. 
Therefore, a comparison of the concentrations of substances formed 
by radiation with those of the substances present in other common 
foods will be incomplete. Thus, as a caution to prevent underesti
mation of potential for risk, this committee assumed that 10% of the 
concentration of radiolytic products formed would be substances not 
otherwise consumed in food. These products were called unique ra
diolytic products because they may not be present in food that is not 
irradiated, although there was no evidence that they could be unique 
in any other regard. This name has caused some confusion, because 
some people have misinterpreted it as meaning unique to nature or 
unique in regard to potential toxicity. 

On the basis of its experience with toxicity testing and its obser
vation from chemical analyses, BFIFC concluded that any properly 
conducted animal-feeding test (of any duration) of a food irradiated at 
a dose below 1 kilogray (kGy) would not show a toxic effect. Recog
nizing that this is equivalent to saying that such foods are safe to eat, 
the committee recommended that foods irradiated at such doses be 
considered toxicologically safe without explicit confirmatory animal 
testing. A corresponding recommendation was issued for minor food 
ingredients irradiated at doses as high as could be foreseen (50 kGy), 
because the consumption of such foods was sufficiently small to make 
any risk from radiolytic products negligible. BFIFC also recommended 
that safety decisions on major food components irradiated at a dose 
above 1 kGy be based on 90-day animal-feeding studies and a genetic 
toxicity screen, with further testing if necessary to clarify inconclusive 
results from basic screening tests. These recommendations served as 
the basis for F D A decisions in the 1980s. 

Joint Expert Committees on Food Irradiation. The JECFI was 
also making recommendations to the Codex Alimentarius Commission, 
a United Nations-sponsored organization established to promote har
monization of food regulations and thereby encourage world trade. In 
1976 it recommended that several irradiated foods be considered safe 
(16). In 1980 JECFI concluded that the irradiation of any food com
modity up to an overall average dose of 10 kGy presents no toxico
logical hazard (17). This conclusion was based on the chemiclearance 
principle, integrating the results from animal-feeding and in vitro studies 
with what is known about the chemical effects of irradiation. This con
clusion, often supplemented by evaluations of national committees, to
day serves as the basis for irradiated food laws in many nations. For 
example, the United Kingdom Advisory Committee on Irradiated and 
Novel Foods (ACINF) concluded that there is no evidence to suggest 
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that any toxicological hazard to human health would arise from food 
irradiated up to an overall average dose of 10 kGy (18). 

Animal-Feeding Studies. In the United States an F D A task force 
reviewed all animal-feeding and in vitro studies for which it could 
obtain data, a total of several hundred studies. Because of the large 
volume of data, the F D A established a screening procedure to identify 
those animal-feeding studies that met 1980 criteria for design, con
duct, and reporting. These studies were then used for in-depth review. 
In addition, all studies that reported adverse effects were evaluated 
carefully, even those that were deficient in some regard. Therefore, 
a study that reported adverse effects was not overlooked simply be
cause it did not meet all of the standards for testing. Finally, the task 
force looked for trends in reported effects to determine whether any 
alleged but unproven adverse effects were confirmed by further test
ing. 

The task force concluded that none of the studies showed adverse 
toxicological effects attributable to irradiated food (19). For the reasons 
discussed earlier, some of the studies reported adverse effects that 
appeared, on further consideration, to be nutritional effects caused by 
improper diet. The task force reported that its findings were consis
tent with BFIFC's conclusion that toxic effects should not be observed 
from foods irradiated at a dose below 1 kGy and concurred that such 
foods are safe. It also concluded, however, that few irradiated-food 
animal-feeding studies met all 1980 test standards. 

It recommended that safety decisions for foods irradiated at higher 
doses and consumed in significant amounts be made on a case-by-case 
basis, after considering data specific to the situation. Since the task 
force review, F D A has completed an evaluation of animal-feeding studies 
using irradiated chicken. On the basis of these data, the F D A con
cluded that no toxicological hazard exists from poultry irradiated at a 
dose below 3 kGy. 

Microbiological Safety 

Food poisoning usually refers to food contaminated by microorganisms 
or by toxins from microorganisms. Indeed, microbiological safety is the 
most important safety concern for most foods. Although one would 
expect irradiation, which kills microorganisms, to improve the micro
biological safety of food, this safety concern also needs careful evalu
ation. 

Processing Method. As with other food-processing methods, the 
effects of irradiation vary with the type of food and microorganism. 
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Some microorganisms are very susceptible to irradiation, whereas oth
ers are resistant. With any food-processing method, one must ensure 
that reduction or elimination of one organism does not promote the 
growth of other organisms of greater health concern. This could occur 
either through elimination of competition or by apparent extension of 
shelf life so that pathogens could grow without apparent signs of spoil
age. 

We are familiar with these problems in the commercial steriliza
tion of heat-treated food. It must be heated sufficiently, without re-
contamination, to eliminate the most heat-resistant of pathogens, Clos
tridium botulinum. Pasteurized food is not treated so severely but 
requires continued refrigeration. The same issues arise with irradiated 
food. 

Mutations in Organisms. A second issue common to irradia
tion and thermal processing is whether irradiation could cause mu
tations in organisms, making them pathogenic or more virulent. Al
though mutations can be caused by irradiation or heat, such mutations 
generally are not beneficial to the organism and there is no evidence 
of any problem caused by irradiation-induced mutations. F D A con
cluded in 1986 that there is no reason to expect that mutants resulting 
from irradiation would be any different or more virulent than those 
created in nature (19). 

Surviving Pathogens. With regard to pathogens that survive 
radiation treatment, JECFI concluded in 1980 that the microbiological 
safety achieved by irradiation is fully comparable to that of other cur
rently accepted treatments (17). ACINF concluded in 1986 that "al
though irradiation up to an overall average dose of 10 kGy would not 
kill all pathogenic microorganisms, and could allow continued growth 
of surviving pathogens, the same possibilities arise with all of the ac
cepted non-sterilising methods of food processing . . ." (IS). 

The F D A requires evidence that irradiation under prescribed con
ditions will not prevent spoilage that would allow a resistant pathogen 
to grow undetected to hazardous levels (20). This requirement is part 
of establishing good manufacturing practices that are necessary for any 
food-preservation method. The F D A also recognized that an irradia
tion dose below 1 kGy will destroy few spoilage bacteria in food and 
thus will not change normal spoilage patterns (21). 

Nutritional Adequacy 

Nutritional issues apply not so much to individual foods as to the over
all diet. Thus nutrient losses, which occur in all food processing, must 
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be understood in the context of the diet. With irradiation, the only 
nutrient losses of concern are of micronutrients, such as vitamins. The 
amount of macronutrients, such as protein, in a food is so large that 
the amount lost by irradiation is negligible. 

Processing Conditions. Nutrient losses can also be mitigated 
by processing conditions. For example, because freezing minimizes in
direct chemical effects, fewer nutrients are lost by frozen meats ir
radiated at very high doses in the absence of air than by meats ir
radiated at lower doses without such precautions (17). Similarly, because 
of the radiation protection provided by some food components, the 
effects of irradiation on a specific vitamin may vary with the individual 
food. 

One needs to assess the likelihood that irradiation could affect the 
nutritional quality of the diet rather than simply measuring nutritional 
losses in individual foods. A relatively large loss of a nutrient from a 
food that is not a significant source of that nutrient may be of little 
importance. A smaller relative loss from a food that is an important 
source of a nutrient results in a greater absolute effect. 

Evaluation of Nutritional Loss. At this time, all evaluations 
of specific irradiated foods have concluded that nutrient losses caused 
by irradiation are insignificant to human nutrition. In 1980 JECFI 
concluded that the effect of irradiation on the nutritional value of food 
should be compared with other processes, and a considerable body of 
data gives no cause for concern (17). In 1984 the F D A concluded that 
available data demonstrate that food irradiated up to 1 kGy has the 
same nutritional value as a comparable food that has not been irra
diated (21). In 1986 ACINF concluded that irradiation at the appro
priate dose, up to an overall average dose of 10 kGy, does not have 
any special adverse effect on the nutritional content of food. It rec
ommended, however, that use of irradiation processing and any nu
tritional consequences in the light of consumption patterns should be 
monitored (18). 

Summary 

A large body of physical, chemical, microbiological, toxicological, and 
nutritional data on irradiated foods was generated over a 40-year pe
riod and reviewed by health agencies worldwide. On the basis of these 
data and the advice of scientific experts, the Codex Alimentarius Com
mission adopted the Recommended International Standard for Irra
diated Foods, which recommends allowing foods to be irradiated up 
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100 RADIATION AND PUBLIC PERCEPTION 

to an overall average dose of 10 kGy. Governments of individual coun
tries took different regulatory approaches. Some adopted the Codex 
Standard in toto, whereas others saw no need for the technology. In 
general, even those countries that express reservations about the po
tential misuse of the technology have not disagreed in principle on 
the safety of food treated in accord with adequate standards (22). The 
F D A position is that there are no safety concerns at a dose below 1 
kGy and that safe conditions for irradiation at higher doses should be 
established on a case-by-case basis. 
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9 
Cancer Incidence and Mortality 
after Iodine-131 Therapy 
for Hyperthyroidism 

Per Hall and Lars-Erik Holm 

Department of General Oncology, Radiumhemmet, Karolinska Hospital, 
Stockholm, Sweden 

Cancer risk was studied in 10,552 Swedish hyperthyroid pa
tients treated with 131I between 1950 and 1975. Patients were 
followed for an average of 15 years (range 1-35 years) and 
were matched with the Swedish Cancer Register (SCR) and the 
Swedish Cause of Death Register (SCDR). The overall stan
dardized incidence ratio (SIR) was 1.06 [95% confidence inter
val (CI) = 1.01-1.11], and the overall standardized mortality 
ratio (SMR) was 1.09 (95% CI = 1.03-1.16). The stomach was 
the only site for which cancer risk increased over time (p < 
0.05) and with increasing activity of 131I administered (p = not 
significant). No increased incidence of leukemia was found, which 
adds further support to the view that a radiation dose deliv
ered gradually over time is less carcinogenic than the same to
tal dose received over a short time. A possible excess owing to 
radiation was suggested only for stomach cancer. 

IoDINE-131 THERAPY FOR HYPERTHYROIDISM WAS FIRST INTRODUCED in 
the 1940s (1, 2) and, in many clinics, is considered to be the treat
ment of choice for this disease, largely because serious side effects are 
uncommon. However, concern still exists as to the possible carcino
genic effect of 1 3 1I. 

Reports on increased risks of breast (3, 4) and thyroid cancer (3) 
among hyperthyroid patients treated with 1 3 1I are in contrast to others 

0065-2393/95/0243-0103$08.00/0 
© 1995 American Chemical Society 
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104 RADIATION AND PUBLIC PERCEPTION 

that failed to detect increased cancer risks among such patients (5-8). 
In a recent study of 1762 hyperthyroid women, 80% of whom received 
1 3 1I, overall mortality was significantly elevated, but the standardized 
mortality ratio (SMR) for cancer did not differ from unity (4). 

Although several studies of patients treated with 1 3 1I were con
ducted, no clear pattern of risk was observed. Leukemia was never 
found to be in excess following 1 3 1I therapy for hyperthyroidism. How
ever, the risk of leukemia was elevated in three studies of thyroid 
cancer patients treated with larger doses of 1 3 1I (9-11), but the num
ber of leukemias was small in these studies with 2, 3, and 4 cases, 
respectively. 

The purpose of the present study was to analyze the incidence 
and mortality of cancer and leukemia in a large Swedish population 
treated with 1 3 1I for hyperthyroidism. 

Subjects and Methods 

The patients were admitted to seven university hospitals between 1950 
and 1975 and were all under the age of 75 years at the time of first 
1 3 1I treatment. Ninety-four cases were excluded due to insufficient in
formation on names and dates of birth. Mean age at the time of first 
1 3 1I treatment was 57 years (range 13-74 years). 

Case records from the hospitals were used to obtain information 
on thyroid disorder and treatment. Some patients had previously re
ceived external radiotherapy toward the head-neck region (3%), thy
roid hormone supplement for nontoxic goiter (2%), surgery for non
toxic goiter (3%), antithyroid drugs (24%), or surgery for hyperthyroidism 
(14%). 

Fifty-nine percent of the patients received only one 1 3 1I treatment, 
and 41% received two or more treatments. The mean total activity 
administered was 506 MBq (range 37-19,980 MBq). A total 1 3 1I activ
ity of 220 MBq or less (mean 150 MBq) was given to 30% of the 
patients, 221-480 MBq (mean 315 MBq) to 38%, and >480 MBq (mean 
1063 MBq) to 32%. The mean number of treatments in each group 
was 1.1, 1.5, and 2.3, respectively. 

The dose to the thyroid gland aimed at 60-100 Gy. In calculating 
mean organ doses, the International Commission on Radiological Pro
tection (ICRP) tables (12), mean administered activity of 1 3 1I, and mean 
24-hour uptake of 1 3 1I were used. The stomach wall received a mean 
dose of 0.25 Gy, and the urinary bladder wall and small intestine each 
received 0.14 Gy. No other organ received more than 0.10 Gy. The 
mean total body dose was estimated to be 0.08 Gy and the mean bone 
marrow dose to be 0.05 Gy. 
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9. HALL & HOLM Cancer Incidence and Mortality 105 

The total cohort was matched with the Swedish Cancer Register 
(SCR) from 1958 to 1985 and the Swedish Cause of Death Register 
(SCDR) from 1952 to 1986 to identify cancer incidence and mortality 
in the cohort. The SCR receives notifications on newly diagnosed can
cers, not only from clinicians but also from pathologists and cytolo-
gists. More than 96% of all cancers in Sweden are reported to the 
SCR (13). All deaths are certified by a physician. The matching con
cept for both record linkages was the unique identification number 
that is given to all individuals in Sweden. 

Patients were considered to be at risk 1 year after the initial 1 3 1I 
treatment until death or end of follow-up period. Attained age, sex, 
and calendar year were taken into consideration when the expected 
incidence and mortality were calculated using data from the SCR and 
the SCDR. The expected incidence and mortality were thus based on 
findings from the whole Swedish population (i.e., indirect standard
ization). Standardized incidence ratio (SIR) and SMR were defined as 
the ratio between observed and expected numbers and were calcu
lated using the methods suggested by Breslow and Day (14). The 95% 
CI was determined by assuming the observed number of cases to be 
distributed as a Poisson variable. 

Results 

Within the first year of follow-up, 345 patients died, and the analyses 
were thus based on 10,207 patients. The patients were followed for 
an average of 15 years (range: 1-35 years). 

A total of 1543 cancers were observed more than 1 year after ex
posure (SIR = 1.06; 95% CI = 1.01-1.11). More than 10 years after 
exposure, 830 cancers were seen (SIR = 1.10; 95% CI = 1.02-1.17; 
Table I), and significantly elevated risks were seen for cancer of the 
stomach (SIR = 1.33; 95% CI = 1.01-1.71; η = 58), kidney (SIR = 
1.51; 95% CI = 1.06-2.08; η = 37), and nervous system (SIR = 1.63; 
95% CI = 1.10-2.32; η = 30). 

Deaths due to cancer or leukemia were observed in 977 cases. 
Fifty-three percent of the diagnoses were confirmed at autopsy, and 
an additional 46% were reported from hospitals but not based on au
topsy findings. The overall SMR for malignant tumors and leukemia 
was 1.09 (95% CI = 1.03-1.16). Sites significantly elevated after 10 
years of follow-up were cancer of the stomach (SMR = 1.41; 95% CI 
= 1.06-1.85; η = 54; Table I) and lung (SMR = 1.80; 95% CI = 
1.39-2.31; η = 63). 

A total of 37 leukemias occurred more than 1 year after exposure, 
and the SIR was 0.81 (95% CI = 0.57-1.12; Table II). Chronic lym
phatic leukemia (CLL), a condition not known to be increased after 
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106 RADIATION A N D PUBLIC PERCEPTION 

Table I. Observed Number of Cancers and Deaths from Cancer, 10 
Years after Exposure, in 10,207 Hyperthyroid Patients Receiving 1 3 1I, SIR, 

SMR, and 95% CI for Selected Organs 
Incidence Mortality 

Cancer Site Obsd SIR 95% Cl Obsd SMR 95% CI 
Stomach 58 1.33 1.01- 1.71 54 1.41 1.06- -1.85 
Lung 50 1.17 0.87- 1.54 63 1.80 1.39- -2.31 
Breast 134 1.04 0.87- 2.33 39 0.77 0.54--1.05 
Kidney 37 1.51 1.06- •2.08 15 0.90 0.51- -1.49 
Bladder 28 1.13 0.75- 1.63 8 0.71 0.31^1.40 
Nervous system 30 1.63 1.10- -2.32 8 0.97 0.42--1.91 
Thyroid 9 1.32 0.61- 2.50 2 0.66 0.08--2.37 

Total* 830 1.10 1.02- 1.17 510 1.14 1.04--1.24 
eAlso includes all sites not listed in the table. 

Table Π. Observed Number of Leukemias 1 Year 
after Exposure in 10,207 Hyperthyroid Patients 

Receiving 1 3 II, SIR, and 95% CI in Relation 
to Type 1 of Leukemia 

Type of Leukemia Observed SIR 95% C7 
Non-CLL 25 0.85 0.55-1.25 
CLL 12 0.75 0.39-1.30 
All leukemias 37 0.81 0.57-1.12 

irradiation, had approximately the same risk (SIR = 0.75) as non-CLL 
(SIR = 0.85). Risk of leukemia did not vary by sex, age, time, or dose 
of 1 3 I I. 

Table III shows the cancer incidence for some selected organs in 
relation to follow-up. Except for stomach cancer there were no sig
nificant time trends for any of the cancer sites or for all cancers com
bined. 

The mortality for stomach cancer and for all cancers combined in
creased with the increasing administration of 1 3 1I activity (Table IV). 
These trends, however, were not statistically significant. No trend was 
seen for lung cancer, although the highest risk was seen in patients 
receiving >481 MBq. Similar patterns were seen when incidences were 
analyzed. The elevated risk for thyroid cancer (n = 8) among patients 
given >481 MBq included six thyroid cancers diagnosed during the 
first 5 years of follow-up. 

Discussion 

Patients receiving 1 3 1I therapy for hyperthyroidism had an overall can
cer incidence (6%) and cancer mortality (9%) slightly greater than ex-
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9. H A L L & H O L M Cancer Incidence and Mortality 109 

pected in the general population. Only stomach cancer revealed both 
increased incidence and mortality figures and was also the only site 
where the risk increased with increasing dose. The stomach wall re
ceived the highest dose, 0.25 Gy, and it is possible that the 1 3 1I ex
plains the excess. 

The increased medical surveillance of the patients could have led 
to detection of cancers not causing symptoms, thus indicating a higher 
risk for cancer. Many studies showing elevated cancer risks after ex
posure to low doses of ionizing radiation have been based on studies 
of children. Only 5% of the patients in the present study were younger 
than 40 years at the time of 1 3 1I exposure. The risk associated with 
protracted whole-body exposure of 0.08 Gy from 1 3 1I may not be com
parable to the high dose rate situations in other studies in which in
creased cancer mortality was observed. The latency period for solid 
tumors is usually at least 10 years (15, 16). The mean follow-up period 
was 18 years among the 7818 patients surviving 10 years, and it is 
possible that this follow-up period was not sufficiently long to detect 
an increased cancer mortality due to radiation exposure. 

The study population represented a select group, as young pa
tients and women of fertile age generally were not likely to receive 
1 3 1I because of the potential hazards of such therapy. The study group 
also consisted of patients unfit for surgery because of cardiac or re
spiratory diseases. Some of the risk factors for these diseases, such as 
diet and smoking, might have influenced the cancer risk. A reference 
population of nonirradiated patients with hyperthyroidism would have 
been preferable, instead of the country as a whole, even if this method 
also would have included a selection bias because there was always a 
reason why some patients were given radiotherapy and others not. 
The strengths of the study were the few patients lost to follow-up, the 
accuracy of the SCR and SCDR, and data on individually administered 
1 3 1I activity. 

The puzzling finding that more patients died of lung cancer (n = 
63) than received the diagnosis (n = 50) is explained by the fact that 
the autopsy often defined a more specified diagnosis than was indi
cated in the clinical records. It was shown that when an autopsy, dis
proving the original diagnosis, was delayed, the death certificate was 
not amended (17). 

The SMR for cancer of the stomach and lung was highest among 
those receiving the highest 1 3 1I activity. In a study by Darby et al. 
(18) patients receiving radiotherapy for ankylosing spondylitis, a be
nign condition of the spine, showed increased mortality from esoph
agus, stomach, and lung cancer. These organs received >10 Gy, and 
no decreasing risk with increasing age at exposure was noticed. A se
lection bias could partly explain our findings because the prevalence 
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of smokers is expected to be higher among patients with hyperthy
roidism than in the normal population (19). 

In a study of thyroid cancer patients (11), an elevated risk for 
stomach cancer was also found in those treated with 1 3 1I in contrast 
to thyroid cancer patients receiving other types of treatment. The risk 
increased over time, and the mean dose to the stomach was 2.1 Gy 
compared with 0.25 Gy in the present study. 

A mean dose of approximately 0.5 Gy to the thyroid gland was 
received by 35,000 patients examined with 1 3 1I (20). No increased risk 
related to the exposure was found. The dose to the thyroid in the 
present study aimed at 60-100 Gy, and it is likely that this dose had 
a cell-killing instead of a carcinogenic effect because no increased mor
tality was seen in patients followed for more than 10 years after ex
posure. Because the cure rate of thyroid cancer is high, incidence data 
instead of mortality data should be used. However, no significantly 
increased incidence of thyroid cancer was noticed. 

Patients receiving the highest 1 3 1I activity had the highest cancer 
mortality and probably also the most severe hyperthyroidism, as re
flected by the higher number of treatments. In a recent study of the 
present cohort, elevated risks for most causes of death were found 
among those receiving the highest amount of 1 3 1I (21). It was con
cluded that the underlying disease rather than the 1 3 1I therapy was 
the reason for this. If these patients also had a cancer, although not 
the cause of death, they would have been reported as dying from a 
malignant disease. This probably contributes to our findings of a slighdy 
increased overall risk in the group receiving the highest 1 3 1I activity. 

The induction of leukemia by ionizing radiation has been well doc
umented, and excess mortality seems to reach a peak within 10 years 
after exposure (15, 16). Among the atomic bomb survivors, elevated 
risks were found among those with an absorbed dose to the bone mar
row of >0.5 Gy but not among those with absorbed doses lower than 
0.5 (22). In patients treated with X-ray for ankylosing spondylitis, el
evated risks of leukemia were found (18), and excess mortality became 
detectable within 2 years of exposure and peaked within the first 5 
years. In our study 37 leukemias were found more than 1 year after 
exposure, and SIR was 0.81. Using data from the atomic bomb sur
vivors (22) of an excess relative mortality per Gy organ-absorbed dose 
of 5.21 and an estimated bone marrow dose of 0.05 Gy, the SMR in 
our study would be 1.26. The lack of correspondence is probably ex
plained by the large difference in dose rate, because the biological 
half-life of 1 3 1I is at least 8 days. 

Our observations suggest that (a) low doses of ionizing radiation 
are less effective in inducing cancer than higher doses, (b) the pro
tracted nature of the 1 3 1I exposure makes the isotope a less effective 
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carcinogen probably because of the opportunity of cellular repair of 
the radiation damage, (c) the dose was so low that a detectable in
crease in cancer or leukemia was unlikely, and (d) extrapolating from 
high doses to low doses and dose rates does not seem to underesti
mate the risk. 
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The Genetic Effects of Human 
Exposures to Ionizing Radiation 

James V. Neel 

Department of Human Genetics, M4708 Medical Science II 0618, 
University of Michigan, Ann Arbor, MI 48109-0618 

The data on the potential genetic effects of atomic bombs col
lected over the course of the past 46 years are reviewed. No 
statistically significant effect of parental exposure to the ion
izing radiation of the bombs on the frequency of congenital 
malformations, stillbirths, survival, physical growth and de
velopment, malignant tumors with onset prior to age 20, cer
tain chromosome abnormalities, or mutations involving the 
structure and function of a battery of proteins was found. The 
effect of exposure averaged over all indicators, however, is 
slightly positive. This finding appears to be the current best 
estimate of the genetic effect of the exposure of humans to ion
izing radiation. From the data on the control children in this 
study, the contribution of spontaneous mutation each genera
tion to each of these indicators was estimated, and we calcu
lated the amount of acute ionizing radiation necessary to in
rease this spontaneous rate by 100% (the so-called doubling 
dose). This is estimated to be between 1.7 and 2.2 Sv equiva
lents, with an error term difficult to estimate. It is argued that, 
for exposures to chronic ionizing radiation, the doubling dose 
is approximately 3.4-4.4 Sv equivalents, again with an error 
term extending well beyond this interval. Our review of the 
experimental data from mice with respect to eight specific locus 
and phenotype systems suggests good agreement with the es
timate for humans. This estimate is about four times higher 
than the estimate employed in most past treatments of the ge
netic risks of exposure to ionizing radiation. 

0065-2393/95/0243-0115$08.00/0 
© 1995 American Chemical Society 
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SINCE 1946 A CONTINUOUS EFFORT has been underway to collect data 
on the potential genetic effects of the atomic bombs detonated over 
Hiroshima and Nagasaki in 1945, as well as data on other potential 
delayed effects of the bombings. This has involved a joint U.S.-Jap
anese effort, the principal organization involved on the U.S. side being 
the National Academy of Sciences, with funds from the Department 
of Energy, and on the Japanese side, their Ministry of Welfare. The 
study has been the labor of many people. In this chapter I propose 
the following: first, to describe the results of these studies; second, to 
present our effort to estimate a "genetic doubling dose" from these 
data; third, to compare these findings and estimates with the extensive 
body of data on the genetic effects of radiation available for mice; and, 
fourth, to contrast these results with the results of the recent, so-
called Sellafield study (1). Because the intellectual background of this 
readership is primarily chemical rather than biological, I will avoid 
abstruse genetic terminology where possible but, at some points, will 
necessarily be rather technical. 

Design of Study 

Over the years a roster was established of all the children bora in 
Hiroshima and Nagasaki to parents one or both of whom were within 
the zone of significant radiation at the time of the bombings (ATB), 
the so-called proximally exposed parents. Two matching rosters with 
respect to city, sex, and year of birth were also established. One ros
ter was composed of children at least one of whose parents was in 
Hiroshima or Nagasaki ATB but sufficiently far from ground zero that 
they received no increased radiation ATB, and the other roster was 
composed of children whose parents were not in either city ATB but 
moved in subsequently (2-4). The zone of significantly increased ra
diation exposure from the bombs did not extend beyond 2500 m from 
the hypocenter; the position of the parents with respect to the hy-
pocenter and their shielding ATB were the primary bases for the es
timation of the precise radiation exposure of each parent. Now, 47 
years after the bombings, the roster of children ever to be born to 
proximally exposed survivors is essentially complete, totaling approx
imately 31,000 children, and all the rosters are closed. I shall refer 
to each of these rosters as a cohort. Because these children were reg
istered at birth—and, indeed, in the early years of the program (1948-
1954), registered prebirth, when for ration purposes the mothers reg
istered their pregnancies—this was a prospective study, an important 
methodological point. 

These three cohorts were studied in various ways. At the outset 
attention centered on congenital malformations, stillbirths, and neo-
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natal deaths, which separately or in combination are referred to as an 
"untoward pregnancy outcome" (UPO). Sex of the child, of course, 
was recorded. The program that evaluated congenital malformations at 
birth and at age 9 months was abandoned in 1954, but all of these 
children plus subsequent accessions to the cohorts were followed with 
respect to survival of the live-born children and with respect to the 
diagnosis of a malignant tumor. A subset of the live-born children in 
the cohorts who survived to age 13 was examined for the occurrence 
of cytogenetic abnormalities, such as an abnormal number of sex chro
mosomes or an exchange of segments between (or within) chromo
somes. Another subset, overlapping in part with the previous subset 
and also restricted to children reaching age 13, was studied for the 
occurrence of mutations altering the electrophoretic behavior or ac
tivity of a battery of 30 proteins found in serum plasma or red blood 
cells. Finally, there are data on birth weights for the children ex
amined for an untoward pregnancy outcome, data on physical devel
opment at 9 months on a subset of these children, and data on de
velopment at ages 6-17 for a further subset that overlaps with the 
first two. I emphasize that, from the outset of these studies, a major 
effort was made to respect Japanese sensibilities. 

Summary of Findings 

The data that result from these examinations are basically of three 
types. With respect to UPO, death of live-born infants, and cancer 
before the age of 20, there are many causes, of which mutation in the 
preceding generation is only one. Furthermore, with respect to the 
evaluation of mutational damage, we cannot determine which among 
the individuals who exhibit a congenital defect or fail to survive or 
develop a malignancy owes this to the atomic bomb-induced mutations 
whose frequency we are seeking to measure and which ones owe the 
finding to some other cause. We must for these data obtain the 
regression of the indicator on radiation exposure and then attempt to 
estimate the fraction of the control data that results from spontaneous 
mutation in the preceding generation, that being the fraction expected 
to increase in consequence of the radiation exposure and to which the 
regression term applies. For the cytogenetic abnormalities and protein 
variants, on the other hand, we can by the appropriate family studies 
determine exactly which individuals exhibiting the trait are mutants, 
whose occurrence should be analyzed in relation to parental exposure 
to radiation. Finally, studying physical development is essentially a 
matter of comparing the means and variances of the several measure
ments in relation to parental exposure history, on the thesis that an 
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increased mutation rate in the exposed parents will be reflected in 
the poorer physical development of their children. 

Before presenting the data, it is important to convey some idea 
of the radiation exposures involved. In the early 1980s the question 
of the organ doses sustained by survivors underwent a thorough re-
evaluation, resulting in what is called the Dose Schedule 1986 (DS86). 
All of the genetic data were analyzed on the basis of radiation expo
sures to the testes or ovaries, as estimated by the DS86 schedule. 
The radiation from the bombs was predominantly gamma in type, akin 
to the exposure from X-rays, but there was a small neutron compo
nent. Neutron radiation is more effective than gamma radiation in pro
ducing genetic effects; on the basis of the experimental literature (5), 
we assigned the neutron component a relative biological efficiency (RBE) 
of 20 for genetic effects. 

Because the spectrum of radiation is mixed neutron and gamma, 
doses to the testes and ovaries must be expressed in sieverts (Sv) [1 
Sv equivalent equals 100 roentgen equivalent units (rem)]. In general, 
the average conjoint parental gonad exposure for those parents re
ceiving increased radiation ATB is about 0.4-0.5 S ν equivalents. This 
is not a large dose by the standards of the experimental geneticist who 
works with radiation. We appreciated from the beginning of our study 
the fact that gonadal radiation doses would be much smaller than those 
employed by experimentalists and realized that we would be searching 
for small effects. This fact made it very important that the study be 
structured so that the parents who did not receive increased radiation 
at the time of the bombings be as well matched as possible to the 
parents who did receive increased radiation. 

We now proceed with the discussion of our data. The regression 
on conjoint parental dose (Sv equivalents) of UPOs was 0.00264 ± 
0.00277 and of mortality (exclusive of cancer) of live-born infants through 
an average age of 26 years, 0.00076 ± 0.00154 (6, 7). Each of these 
regressions is based upon all the data of the three cohorts. The regres
sion term is derived from a simple linear dose-response model, where 
the background characteristics to be factored in usually include city, 
sex of child, and age of the father and mother, and the risk factors 
are, usually, conjoint parental gonad dose, birth year, and (where 
available) consanguinity of parents. Both regressions are positive but 
smaller than their standard errors (i.e., do not approach statistical sig
nificance). 

Because of a recent report that will be discussed later, particular 
attention will be paid to the data on cancer incidence (8). As shown 
in Table I, there were 92 reports of malignant tumors diagnosed prior 
to age 20 in 72,216 subjects for whom the radiation exposures of their 
parents could be estimated. For purposes of analysis, these reports 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
3.

ch
01

0

In Radiation and Public Perception; Young, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1995. 



Ta
bl

e 
I.

 R
es

ul
ts

 o
f 

a 
Li

ne
ar

 M
ul

tip
le

, 
Le

as
t-S

qu
ar

es
 R

eg
re

ss
io

n 
A

na
ly

si
s 

of
 th

e 
In

ci
de

nc
e 

of
 C

an
ce

r 
be

lo
w

 t
h

e 
A

ge
 o

f 
20

, 
b

y
 C

on
jo

in
t 

Pa
re

nt
al

 D
os

e 
(S

v,
 R

B
E 

=
 2

0)
, 

C
ity

, 
S

ex
, a

nd
 B

ir
th

 Y
ea

rs
 (7

2,
21

6 
Su

bj
ec

ts
) 

C
at

eg
or

y 
C

on
jo

in
t 

D
os

e 
(S

v,
 R

B
E 

=
 2

0)
 

H
ir

os
hi

m
a 

M
al

en
es

s 
Y

ea
rs

 s
in

ce
 B

ir
th

 
In

te
rc

ep
t"

 
A

ll 
ca

nc
er

s 
-0

.0
00

08
1 

-0
.0

00
24

7 
0.

00
06

02
* 

0.
00

00
04

 
0.

00
11

34
 

(9
2 

ca
se

s)
 

±0
.0

00
25

2 
±0

.0
00

27
5 

±0
.0

00
26

6 
±0

.0
00

01
7 

±0
.0

00
26

0 
H

er
ita

bl
e 

-0
.0

00
07

3 
-0

.0
00

15
6 

-0
.0

00
04

0 
0.

00
00

07
 

0.
00

03
95

 
(1

9 
ca

se
s)

 
±0

.0
00

11
4 

±0
.0

00
12

5 
±0

.0
00

12
1 

±0
.0

00
00

8 
±0

.0
00

11
8 

Le
uk

em
ia

 
0.

00
00

00
3 

0.
00

00
75

 
0.

00
02

81
 

-0
.0

00
00

7 
0.

00
02

66
 

(3
3 

ca
se

s)
 

±0
.0

00
15

1 
±0

.0
00

16
5 

±0
.0

00
15

9 
±0

.0
00

01
0 

±0
.0

00
15

6 
O

th
er

 
-0

.0
00

00
9 

-0
.0

00
16

5 
0.

00
03

61
* 

0.
00

00
04

 
0.

00
04

73
 

(4
0 

ca
se

s)
 

±0
.0

00
16

6 
±0

.0
00

18
1 

±0
.0

00
17

5 
±0

.0
00

01
1 

±0
.0

00
17

1 
"A

dj
us

te
d 

fo
r 

th
e 

av
er

ag
e 

ye
ar

s 
be

tw
ee

n 
bo

m
bi

ng
 a

nd
 b

ir
th

. 
fe
0.

01
 <

 ρ
 <

 0
.0

5.
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
3.

ch
01

0

In Radiation and Public Perception; Young, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1995. 



120 RADIATION A N D PUBLIC PERCEPTION 

were subdivided into three categories. First are the 19 cancers for 
which there is currently evidence of a familial genetic basis, that is, 
cancers such as retinoblastoma, Wilms tumor, and neuroblastoma, which 
collectively can be termed "heritable". For these cancers a predis
posing factor is often a transmitted mutation from one of the parents. 
The second category is the leukemias, which in humans have not shown 
the inherited genetic predisposition of the first group of tumors (33 
cases). The final category is composed of the 40 remaining cancers. 
The regressions for these three categories and for the combined data 
are shown in Table I. No evidence for any of these categories of a 
radiation effect is shown; the regressions all lay well within the error 
terms. For purposes of comparison, we include in the table the effects 
of some of the other variables included in the analysis. The sensitivity 
of the analysis is indicated by the fact that the well-established, slightly 
greater prevalence of cancer in young males than in young females 
emerges in this study at the 5% probability level. 

Table II summarizes the data on abnormalities in the number of 
sex chromosomes, termed "sex-chromosome aneuploidy" (9). The fre
quency per 1000 children examined was 2.28 for the children of ra
diation-exposed parents and 3.01 for those of nonexposed parents. All 
sex-chromosome aneuploids are presumed to be caused by a chro
mosomal mutation in a parent. This slightly lower frequency in the 
children of exposed parents is counter to the direction of genetic ex
pectation but, of course, is not statistically significant. 

Table III presents the data on rearrangements of the chromosomes 
of the type termed "balanced", in which there is no net gain or loss 
of genetic material (9). In this case, family studies must be performed 
to determine whether the abnormality was inherited or is due to a 
mutation, a de novo event. As Table III shows, there was just one 
de novo abnormality in the children of exposed and one in the chil
dren of unexposed controls. Although we did not feel such a small 
number of positive findings warranted a regression analysis, clearly 
there is no hint of a significant radiation effect. 

Table Π. Sex Chromosome Abnormalities in the Children of Radiation-
Exposed and Unexposed Survivors of Hiroshima and Nagasaki0 

Number Rate per 
City Group Studied Abnormalities 1000 
H Exposed 4716 12 2.54 

Control 5112 17 3.33 
Ν Exposed 3606 7 1.94 

Control 2864 7 2.44 
Η + Ν Exposed 8322 19 2.28 

Control 7976 24 3.01 
"All children were examined subsequent to their 13th birthday. 
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Table III. Frequency and Parent of Origin of Balanced Structural 
Rearrangements" in the Cytogenetic Study of Awa et al. (9) 

Hiroshima Nagasaki Η + Ν 
Exposed Control Exposed Control Exposed Control 

Studied for parent of 
origin 
De Novo (mutation) 1 1 0 0 1 1 
Inherited 

Father 2 4 2 4 4 8 
Mother 0 1 0 1 0 2 
Undetermined 6 3 0 2 6 5 

Subtotal 9 9 2 7 11 16 
Not studied for 

parent of origin 5 7 2 2 7 9 

Grand total 14 16 4 9 18 25 
Children studied 4716 5112 3606 2864 8322 7976 
"These data include reciprocal and Robertsonian translocations plus pericentric inver
sions. 

Table IV. A Summary of the Search for Mutations Altering the 
Electrophoretic Mobility of Proteins or the Activity of Enzymesa 

Proximally Distally 
Exposed Exposed 
Parents Parents Total 

Electromorphs 
Number of children examined 13,052 10,609 23,661 
Equivalent locus tests 663,494 466,881 
Mutations 3 3 6 
Mutation rate per locus per 

generation 0.45 x 10"5 0.64 x 10"5 0.53 x ΜΓ 5 

Enzyme deficiency variants 
Number of children examined 4,989 5,026 10,015 
Equivalent locus tests 60,529 61,741 122,270 
Mutations 1 0 1 
Mutation rate per locus per 

generation 1.65 x 10~5 0 0.82 x 10"5 

Turther explanation exists in text. 

Table IV summarizes the data on mutations affecting the electro
phoretic mobility or the activity of a series of 30 proteins (10). The 
controls are again drawn from the children of the two groups of unir
radiated parents. With respect to the electrophoretic mutations, there 
are three in the children of exposed parents and three in the children 
of parents receiving no excess radiation. With respect to enzyme de
ficiency variants, the score is one in the children of radiation-exposed 
parents and zero in the children of radiation-unexposed parents. When 
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these findings are combined, the mutation rates are almost identical 
for the two groups (0.55 x 10~5 for the children of radiated and 0.59 
Χ 10"5 for the children of nonradiated parents). When the mutations 
involving proteins and sex-chromosome aneuploids are distributed ac
cording to parental radiation exposures and a regression is obtained, 
it is 0.00001 ± 0.00001/Sv equivalent for the proteins and 0.00044 ± 
0.00069/Sv equivalent for the aneuploids. 

With respect to a seventh indicator to which attention was di
rected in the past, the sex ratio, we now feel that, because of tech
nical considerations that will not be discussed in this chapter, the only 
useful data are those on the sex ratio in the children of radiated moth
ers. These data (not shown) reveal a nonsignificant increase in male 
births in the children of exposed mothers (11); that is, these data are 
not in the direction of expectation if radiation caused an increase in 
mutations occurring on the sex chromosomes of these exposed moth
ers. Likewise (data not shown), based on measurements at birth, at 9 
months, and at school age, there is no evidence of impaired physical 
development in the children of exposed parents (2, 12-16). 

Inferences To Be Drawn from These Data 

In short, we cannot demonstrate in the strict statistical sense that pa
rental exposure to the bombs adversely influenced those attributes of 
their children that we were able to measure. The differences observed 
all could have occurred by chance. Neither, on the other hand, be
cause of the statistical uncertainties surrounding a study of this nature, 
can we exclude a small effect but one of which society needs to be 
aware. Because of the relatively low radiation exposures to the germ 
cells—small by the standards of the experimentalist—we were aware 
of the possibility of an ambiguous outcome from the outset of the studies 
and have devoted a great deal of thought to how best to use these 
data for the public welfare. In this kind of situation, the data can be 
considered at two levels. On one hand, the various studies may be 
regarded as empirical exercises, a body of data to be referred to when
ever the question of the genetic impact of radiation on a population 
arises, with no further attempt at interpretation. In this context we 
want to emphasize that the end points we have studied are those of 
major human concern: congenital defects, premature death, chromo
somal abnormalities associated with sterility or setting the stage for 
defective children in the next generation, and cancer. 

However, an alternative approach to this situation exists. We do 
not regard these studies as testing the hypothesis that radiation pro
duces mutations. This hypothesis has held true in every plant and 
animal species that has been properly studied with regard to this 
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question. Therefore, we can treat the observed results as our best 
current estimate of the genetic impact of radiation on humans and 
consider how to analyze these results to extract the best guidelines 
possible concerning the genetic effects of human exposures to ionizing 
radiation. In this regard, we point out that, for two of the five indi
cators for which regressions were derived, the regression on radiation 
exposure is actually negative. For these indicators, the differences be
tween the children of exposed parents and controls are in fact very 
close to zero; the occurrence of one or two positive outcomes in the 
children of the more heavily exposed parents would create an excess 
frequency of positive outcomes in the children of the exposed parents, 
that is, a positive regression. What this suggests is that, in this pop
ulation, the genetic effects of radiation are sufficiently small so that, 
owing to a combination of sample size, genetic contribution to indi
cator, and sensitivity of that indicator to radiation, by chance, these 
counter-hypothesis observations may occur. 

Before we can use the data to generate an estimate of the dou
bling dose, we must estimate the contribution of each generation of 
mutation in the preceding generation to the indicators we have pur
sued. With respect to this estimate, the indicators fall into two cat
egories. For two indicators, chromosomal abnormalities and the pro
tein variants, the mutational contribution can be derived from the 
appropriate family studies. As regards the role of spontaneous muta
tion in the parental generation in UPOs, in early mortality, and in 
childhood cancer, a more indirect approach is necessary. As men
tioned earlier, we cannot determine which specific affected children 
owe their condition to mutation. We can, however, drawing on the 
genetic literature, estimate the proportion of all such outcomes due 
to spontaneous mutation in the preceding generation. The technical
ities of this effort are rather abstruse and will not be discussed here. 
As shown in Table V, elsewhere (17) we have suggested that in ab
solute terms between 0.0033 and 0.0053 of all pregnancy outcomes 
are characterized by an untoward event or prereproductive death pre
sumed due to spontaneous mutation in the preceding generation. This 
is the fraction of pregnancy outcomes that should increase if radiation 
is responsible for an elevated mutation rate. 

Since the observed total background frequency of these five out
comes in the children of the unirradiated parents was 0.102, this is 
comparable to the suggestion that 3-4% of these events can in the 
pregnancy terminations of the unexposed Japanese population be at
tributed to spontaneous mutation in the parental generation. This fig
ure includes the contribution of the protein mutations to UPOs and 
to the survival of live-born infants, as recorded in this study. Sankar-
anarayanan (18; see also 19) has faulted the analysis for including the 
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Table V. A Summary of the Regression of the Various Indicators 
on Parental Radiation Exposure and the Impact of Spontaneous Mutation 

on the Indicator 
Regression per Contribution of 

Trait Combined Parental (Sv) Spontaneous Mutation 
UPO +0.00264 " 

±0.00277 
Fx mortality +0.00076 

±0.00154 • 0.0033--0.0053 
Protein mutations -0.00001 

±0.00001 
Sex-chromosome +0.00044 0.0030 

aneuploids ±0.00069 
Fi cancer -0.00008 0.00002--0.00005 

±0.00028 
0.00375 0.00632--0.00835 

nongenetic causes of UPOs and early death in this baseline figure of 
the impact of spontaneous mutation; he is in error. With respect to 
the remaining mutational damage detected in this study, there is an 
additional relatively large contribution by the sex chromosome aneu
ploids as well as a relatively small contribution of parental mutation 
to childhood cancer. The total impact of newly arisen spontaneous mu
tation on these indicators is placed at 0.00632 to 0.00835. 

Since all the regressions evaluate the effects of essentially non-
overlapping indicators (i.e., are independent of each other) and are 
based on the same total material or subsets thereof, it is legitimate to 
combine these additively; the sum of the individual regressions is 
0.00375/Sv equivalent. The error term, of course, is relatively large 
for each of the individual regressions, but collectively these regres
sions constitute a considerable body of data. 

A convenient way to express the genetic effects of radiation is as 
a doubling dose. This is the amount of radiation that will produce the 
same frequency of mutation as occurs spontaneously each generation. 
In these data the estimated total contribution from spontaneous mu
tation in the preceding generation to the sum of the various end points 
we have pursued is between 0.0063 and 0.0084 (Table V). The com
bined regression term is +0.00375/Sv equivalent. The doubling dose 
is simply the figure obtained by dividing the total mutational contri
bution to the indicators by the summed regressions per Sv equivalent. 
With these input values, the doubling dose is estimated at between 
1.68 and 2.22 Sv equivalents (17). From these various regressions we 
have calculated that the minimal doubling dose at the 95% probability 
level that results from pooling the estimates for UPOs, Fx cancer, and 
Fx mortality is 0.63-1.04 Sv equivalents; the similar estimate for the 
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sex-chromosome aneuploids and protein mutations is 2.71 Sv equiv
alents (17). 

With allowance for the errors in the individual regressions, these 
limits, of course, would be even wider. We emphasize that this esti
mate is time and place specific and carries a considerable but inde
terminate error. In particular, the infant mortality was substantially 
higher in the immediate postwar years in Japan, when the bulk of the 
data were collected, than it is now, when it is very similar to the 
infant mortality in Europe and the United States. This implies that, 
in the early years of the study, selection against genetically deter
mined disease resulting in early death was higher than at present. 
Caution in extrapolating from these results to other populations is in
dicated. On the other hand, inasmuch as the findings on several in
dicators that for technical reasons were not incorporated into the anal
ysis (reciprocal chromosomal translocations, sex ratio, growth, and 
development) also failed to suggest a radiation effect, we feel our es
timate is conservative. 

Most of the radiation humans experience is not high dose rate, 
short duration exposures resulting in gonadal doses between 0.01 and 
3.0 Sv equivalents, as in Hiroshima and Nagasaki, but low level, in
termittent, or chronic exposure. The most extensive body of data on 
the genetic yield of low dose-rate exposures is derived from the well-
known mouse 7-locus test system of Russell (20), where, at low dose 
rates, only one-third as many mutations are recovered as at high rates 
(21). Some of the other test systems in mice have yielded dose-rate 
factors of 5-10. Because the Japanese gonadal exposures were so much 
lower than the gonadal exposures employed in the experiments with 
mice, we believe it is appropriate to apply a dose-rate factor of 2 in 
extrapolating from the results of this study to the cumulative effects 
of intermittent or chronic low-level exposures (detailed argument in 
reference 17). Then the doubling dose for the kind of radiation ex
posures we receive occupationally, medically, or naturally becomes 
approximately 4.0 S ν equivalents. 

A Contrast of These Findings with the Results 
of Studies on Mice 

For the past 40 years our thinking about the genetic implications of 
radiation has been guided largely by the results of experiments with 
mice, as it should have been while the human data were coming in. 
Furthermore, there are aspects of human radiation risks that for the 
foreseeable future will continue to be guided by experimental results. 
I refer especially to the demonstration that an increased mutation rate 
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is not observed in the late litters born to irradiated female mice (22) 
and the demonstration, already mentioned, that a given dose of ra
diation administered in small accretions or chronically has roughly one-
third to one-fifth or perhaps even less the genetic impact of the same 
dose administered acutely (21). However, now that the human data 
are in, the view of the genetic risks of radiation just presented differs 
to a nontrivial degree from that which was extrapolated to humans 
from the mouse data and incorporated into numerous national and in
ternational evaluations of radiation risks (cf. references 23 and 24). This 
extrapolated doubling dose for acute radiation has commonly been set 
at 0.4 Sv equivalents, and for chronic radiation, at 1.0 Sv equivalents. 
The most recent report of the U.S. National Research Council Com
mittee on the Biological Effects of Ionizing Radiation (BEIR V), issued 
when the analysis of the Japanese data was still incomplete, moves 
somewhat in the direction of our findings, suggesting, for chronic ra
diation, a doubling dose not less than 1.0 Sv equivalents (25). Taken 
at face value, our estimate of the doubling dose for chronic radiation 
is approximately four times greater than that usually projected for hu
mans from experiments on mice. This means the genetic risk of ra
diation, if we are correct, is four times less than the estimate previ
ously projected from the mouse data. This constitutes a rather major 
revision in our understanding of the genetic effects of radiation. 

This discrepancy led Lewis and me to attempt 2 years ago a point-
by-point comparison of the data on mouse radiation genetics with the 
Hiroshima-Nagasaki data (26). We soon found such a comparison to 
be extremely difficult, because (1) mice are born in litters in which 
pre- and postnatal competition must be severe, (2) mice are born at 
a developmental age roughly equal to a 100-day-old human fetus, and 
(3) certain data available for humans are lacking in mice (and vice 
versa). The most appropriate comparison we could generate involved 
contrasting the results of all the specific locus-specific phenotype tests 
carried out thus far on mice with the estimate we generated for hu
mans. The simple, unweighted average of the estimates of the dou
bling dose for acute ionizing radiation yielded by eight different spe
cific locus-specific phenotypes systems was 1.35 Gy. These results are 
derived from experiments with male mice; the data do not exist to 
make an adjustment for a bisexual population. Following the prece
dent set by geneticists working with mice, it seems appropriate to 
apply a dose-rate factor of 3 to the mouse data when extrapolating 
from the relatively high acute exposures of mice to the doubling dose 
of chronic radiation. The result is an estimate of 4.05 Gy, in excellent 
agreement with the human data. 

How could Lewis and I derive so different an estimate than that 
generated, for example, by the United Nations Scientific Committee 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
3.

ch
01

0

In Radiation and Public Perception; Young, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1995. 



10. NEEL Genetic Effects of Exposures to Ionizing Radiation 127 

on the Effects of Atomic Radiation (UNSCEAR) (23; see also 27)? First, 
the eight specific locus and phenotype data sets we employed in
cluded some data either not available to, or ignored by, the commit
tee. Second, we felt one of the indicators employed in the UNSCEAR 
estimate, semisterility, was inappropriate for humans. But, finally, we 
did not place the heavy emphasis the committee did on the results 
of the well-known Russell 7-locus test. Elsewhere, we have argued 
that, in developing this system, Russell inadvertently selected for genes 
with relatively high mutability (26). 

My intention in this chapter is not to overemphasize the apparent 
correspondence between the doubling-dose estimates for humans and 
mice that we have derived. I already emphasized the error to be at
tached to our estimate, and the error to be attached to the mouse 
extrapolation is also considerable. The two values may yet be shown 
to differ by a factor of 2. On the other hand, the data probably ex
clude a doubling-dose value for chronic radiation of less than 2 Sv 
equivalents for either species. 

The Sellafield Data 

In a recent case-control study attempting to elucidate the cause of a 
cluster of cases of childhood leukemia in the vicinity of the Sellafield 
nuclear reprocessing plant located in West Cumbria, United King
dom, the most significant finding was an association between the oc
currence of leukemia and the employment of the affected child's father 
in the plant (1). It was expected that 0.6 of the fathers of the four 
children with leukemia would be employed in the plant, whereas, in 
fact, there were 4, yielding a statistically significant relative risk of 6.2. 
The total estimated external dose of chronic ionizing radiation during 
employment at Sellafield for these fathers prior to the conception of 
the children who developed leukemia averaged about 0.15 Sv equiv
alents; the gonadal dose was perhaps two-thirds of the external dose. 
The investigators placed a genetic interpretation on the finding. The 
report has attracted a great deal of popular, scientific, and legal at
tention over the past several years. 

Elsewhere, I have discussed in some detail why the genetic sen
sitivities to radiation implied by this finding are in flat conflict both 
with the experimental data on mice and the results of the studies in 
Japan and will not repeat these arguments here (28, 29). Little (30), 
equating film badge exposures to gonadal doses, concludes that the 
data from Sellafield imply genetic sensitivities 50-80 times greater than 
the Japanese data. With respect to apparently relevant animal exper
iments, Gardner and associates (1) quote with approval the studies of 
Nomura (31) on the increase in tumors, including leukemia, in the 
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offspring of radiated male mice but neglect to mention that many mouse 
strains have been selected to exhibit high cancer frequencies, that is, 
represent a sensitized soil from which extrapolation to a heterogeneous 
human population may be inappropriate (31). 

In Nomura's studies, the frequency of leukemia in the control mice 
of series 2 was 0.4 ± 0.4%, with an average dose of about 2.5 Gy of 
ionizing radiation to spermatogonia; this frequency increased to 3.9 ± 
1.2%, a 9.8-fold increase (32). With allowance for the factor of 3 to 
be introduced in extrapolating from acute to chronic effects, the Sel
lafield data suggest a sensitivity roughly 46-fold greater than the re
sults of these experimental studies on an animal that is probably es
pecially sensitive to this particular effect. While the error to be attached 
to the foregoing calculation is difficult to assess, the fact that even the 
Nomura studies do not support the Sellafield findings seems beyond 
doubt. 

The Gardner report has sparked a number of supplementary stud
ies, some still ongoing, but of the two that have come to fruition, one 
so overlaps with the Gardner study that it cannot be regarded as in
dependent (33) and the other offers no support to the results of the 
Sellafield study (34). I conclude that either the relative risk obtained 
by Gardner and associates (1) is an example of the instability of rel
ative risk calculations when expectation is so small that the classifi
cation of a single individual can make the difference between a sta
tistically significant and nonsignificant result, or that, if the association 
is real, it cannot be genetic. 

The current policy of the U.S. government, administered by such 
agencies as the Environmental Protection Agency, is that the citizens 
of this country as a group should not receive an average accumulated 
dose of radiation up to about age 30 of more than 0.05 S ν equivalents 
from nonmedical man-made sources; those who are occupationally ex
posed should not receive more than 0.25 S ν equivalents. To provide 
some perspective, all of us on average receive during that 30-year 
period about 0.05 Sv equivalent from natural sources of radiation— 
the soil, principally as radon, cosmic rays, radioactivity from the burn
ing of fossil fuels, and the natural radioactivity of our own bodies (25). 
Various types of monitoring reveal that, in fact, man-made, nonmed
ical exposures are running well below these permissible limits, the 
most current estimate being about 0.02 Sv equivalents. From the ge
netic standpoint, these recommendations, developed some 30-35 years 
ago, were dominated by the mouse data. In light of what is presented 
in this chapter, they now seem quite conservative. Even so, no ge
neticist claims these exposures are genetically completely harmless but 
only that, considering the benefits received from the processes that 
generate these exposures, the trade-off seems justifiable. 
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What Can Be Done To Improve Our Current 
Understanding of the Importance of Environmental 
Mutagens? 

The issue of the significance of the mutagens in our environment will 
remain with us indefinitely. With respect to radiation, during the past 
6 years, the groundwork has been laid at the Radiation Effects Re
search Foundation for a major new study directed at detecting mu
tation at the D N A level. Should that study yield results consistent 
with the present estimates of the genetic doubling dose of ionizing 
radiation and should the role of ionizing radiation in the Sellafield 
leukemias be laid to rest by the additional studies already completed 
or in progress, then the totality of the studies in Japan will have pro
vided a solid perspective on the genetic risks of ionizing radiation to 
humans. The situation is much more ambiguous with respect to the 
chemical mutagens for which there are environmental, occupational, 
or therapeutic exposures. 

It is very possible that public concern will force epidemiological 
studies of the somatic and genetic effects of some of these exposures 
within the next decade. It is hoped that, if these studies occur, a 
positive interaction between the government, the chemical industry, 
and the scientific community will result in one or more major and 
definitive studies rather than a series of small studies of low resolving 
power, where the occurrence of one or two people in a particular data 
cell is the difference between no effect and a statistically significant 
finding. My suggestion is that, if public concern were to provoke such 
studies, the initial major effort should be directed toward a "worst 
cases" analysis, which in effect is what was done for radiation in the 
follow-up studies in Japan. At the moment such an analysis would be 
represented by a careful study of the offspring of individuals treated 
for childhood malignancies with such potent mutagens as nitrogen 
mustard, procarbazine, cyclophosphamide, or doxorubicin. The rela
tively high frequency of secondary tumors in these individuals (35-
39) suggests that somatic mutations have been induced; what about 
germinal mutations? A study pursuing all the end points employed in 
Japan is indicated, except that studies at the D N A level can now re
place the electrophoretic studies. The number of such children is not 
large, but the unfolding D N A technologies are such that even a single 
individual and his or her parents can be highly informative. If no germ-
line genetic effect is observed, then the risk of lesser exposures is 
negligible; if an effect is observed, the first steps are taken toward 
defining the potential problem of lesser chemical exposures. 

In closing I stress that the thrust of this chapter should not be 
misunderstood. If our hypothesis is correct, the genetic risks of ra-
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diation are substantially less than projected. However, this does not 
mean we should stop worrying, but only worry less. The risks are 
lower than presumed earlier, and current official guidelines for ex
posure are quite adequate. 
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Studies of Children In Utero 
during Atomic Bomb Detonations 

Y. Yoshimoto, M. Soda, William J. Schull,1 and K. Mabuchi 

Radiation Effects Research Foundation, Hiroshima 732, Japan 

Although the study of mental retardation among children ex
posed to atomic radiation in utero has clearly shown an effect 
of exposure on the developing brain, the cancer risk among 
these individuals remains to be determined and will only be 
established through continued follow-up of the subjects. To this 
end mortality and morbidity surveys of about 1800 persons ex
posed in utero to the atomic bombings of Hiroshima and Na
gasaki were undertaken at the Radiation Effects Research 
Foundation (RERF). In the years 1950-1984, when these in
dividuals were under the age of 40, a significant excess cancer 
risk was observed. The relative risk at 1 Gy was about 3.8. 
However, in the most recent 5 years (1985-1989), there was 
no apparent excess of cancer, and the overall relative risk for 
the years 1950—1989 decreased to about two based on the 
2 dozen cancer cases with DS86 dose estimates that have been 
seen thus far. 

Al LONG-TERM FOLLOW-UP OF MORTALITY among the atomic bomb (A-
bomb) survivors of Hiroshima and Nagasaki has been underway at the 
Atomic Bomb Casualty Commission (ABCC) and its successor, the Ra
diation Effects Research Foundation (RERF), since 1950. However, 
the cohort of survivors on which this surveillance rests, known as the 
Life Span Study (LSS) sample, does not include individuals exposed 
prenatally. Since the human fetus is thought to be particularly sen
sitive to exposure to ionizing radiation, a separate group of in utero 
exposed persons is also under surveillance (1). 

Current address: Epidemiology Research Center, School of Public Health, University 
of Texas Health Science Center, Houston, TX 77225 
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134 RADIATION A N D PUBLIC PERCEPTION 

As reviewed by Miller (2) there is no doubt that prenatal exposure 
to atomic bomb radiation induced adverse effects, such as small head 
size and mental retardation. However, earlier studies of childhood cancer 
among these survivors failed to reveal a significant increase in mor
tality attributable to malignancy (3), a finding that seems contradictory 
to data from the Oxford Childhood Cancer Survey in England that 
shows an association between diagnostic radiography of pregnant women 
and childhood cancer risk (4). Although only 13 cancer cases in the 
>0.01-Gy-dose atomic bomb survivor group and five in the O-Gy-dose 
group were identified during the period 1950-1984, cancer risk ap
peared to increase significantly as maternal uterine dose increased (5). 
We hypothesize that this apparent excess cancer risk is caused by ex
posure to atomic bomb radiation, but to determine more reliably 
whether the pattern of adult-onset cancer has been altered, follow-up 
of this cohort is continuing at the RERF. 

One of our interests is determining how the cancer risk among 
the in utero exposed survivors compares with that of survivors who 
were less than 10 years old at the time of the bombings (ATB). To 
date, based on the LSS mortality data, the relative risk of cancer at 
1 Gy appears to be substantially higher among the latter age ATB 
group than in any other age group ATB (6). 

Pregnant Women ATB 

The Hiroshima bomb exploded on Monday, August 6, 1945, and the 
atomic bomb dropped on Nagasaki on Thursday, August 9. Efforts to 
reconstruct the probable number of pregnant women exposed to these 
bombings, based on the distribution of houses in the two cities, are 
not simple. Hiroshima is built on a fan-shaped, flat delta. However, 
Nagasaki is more mountainous, and the houses there stood at various 
levels on the mountainsides. In Table I the number of dwelling houses 
within 2 km of the hypocenters is calculated assuming that, at the 
time of the bombing, 51% of the 76,000 buildings in Hiroshima and 
25% of the 51,000 buildings in Nagasaki where within this distance 
(7)-

In 1945 most births in Japan occurred at home and were attended 
by a midwife. [In 1947, for example, in urban areas, only 6.5% of the 
births were hospitalized deliveries (8)]. The estimated number of preg
nant women ATB ranges between 2200 and 4400 for Hiroshima and 
between 900 and 1800 for Nagasaki (Table I). The lower value is based 
on the number of survivors known to the A B C C / R E R F to be exposed 
in utero between 2.0-2.9 km from the hypocenters; there are 822 
such individuals in Hiroshima and 445 in Nagasaki (1). The upper value 
is based on the number of live births reported in 1947—67,757 in 
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Table I. Number of Children In Utero ATB within 2 km 
from the Hypocenters Identified by the ABCC/RERF Compared 
with the Crudely Estimated Number of Dwelling Houses and the 

Expected Number of Pregnant Women 
Parameter Number 
Hiroshima 

Dwelling houses 39,000 
Pregnant women 2,200 
Deaths of mother < 2 0 days 991 
Deaths of mother 2 0 - 2 8 0 days 66 
Miscarriages and stillbirths but mother alive 204 
Children in utero ATB identified by ABCC/RERF 939 

Nagasaki 
Dwelling houses 13,000 
Pregnant women 900 
Deaths of mother < 2 0 days 635 
Deaths of mother 2 0 - 2 8 0 days 27 
Miscarriages and stillbirths but mother alive 59 
Children in utero ATB identified by ABCC/RERF 179 

Hiroshima Prefecture and 53,021 in Nagasaki Prefecture. The absolute 
number of live births in 1945, at the end of World War II, is assumed 
to be 0.85 of that in 1947. Although the atomic bombing was at 8:15 
a.m. in Hiroshima, the Nagasaki bombing was closer to noon (11:02 
a.m.). Thus, some pregnant women may have been outside of their 
homes at the time of the bombing, particularly in Nagasaki. However, 
we assume that the distribution of pregnant women ATB by distance 
from the hypocenter was similar to that of the general population es
timated by the Joint Commission of Japanese and American investi
gators (9). We ignore the fact that some pregnant women were com-
pulsorily evacuated from these cities prior to August 1945. 

Table I provides the numbers of pregnant women estimated to 
have died within the first 20 days after the bombings and those who 
died in the following 20-280 days. These are based on the studies by 
the Joint Commission (9) and Ishida and Matsubayashi (10). We as
sume that most of the children in utero ATB within 2 km were as
certained by the A B C C / R E R F , and they number 939 in Hiroshima 
and 179 in Nagasaki (1). To support the belief that ascertainment is 
relatively complete, the number of miscarriages and stillbirths among 
pregnant women who survived the first 280 days after the bombings 
was calculated; the rates are assumed to be 0.179 for Hiroshima and 
0.248 for Nagasaki. A statistical survey of 20-day survivors (11) and a 
later study (12) by Yamazaki et al. conducted in 1951 show that the 
rate of miscarriages and stillbirths within 2 km was about 0.102-0.357. 
This large range indicates the uncertainties due to incomplete ascer
tainment of the pregnant women in the studies. 
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Atomic-Bomb Survivors Exposed In Utero 

Survivors exposed in utero are denned as those individuals born to 
atomie-bomb-exposed pregnant women between the time of the 
bombings and May 31, 1946. Studies of these survivors were initiated 
in Nagasaki through the registration of pregnancies associated with the 
genetic studies (12). In Hiroshima the first survey was conducted in 
1950, but it included only those children who were presumably ex
posed in the first half of their gestational development (13). Over the 
years a clinical sample has been established in which the observations 
for severe mental retardation are complete (14). In this sample the 
number of children exposed in utero within 2 km is 537, about half 
of the total 1118 (=939 + 179) children determined by A B C C / R E R F 
in Table I. 

In 1960 an in utero mortality cohort was established, and a sys
tematic ascertainment of cause of death was begun retrospectively (1). 
This cohort is the basis for the follow-up studies of cancer incidence 
as well as mortality. Details concerning the selection of this sample 
are given elsewhere (5). The results to follow are based on the 1791 
individuals, including 161 deaths observed before October 1950, in
dicated in Table II, because atomic-bomb radiation doses for these 
individuals were estimated based on the previous dosimetry system 
(T65D; see the subsequent discussion). This cohort includes most, if 
not all, of the atomic-bomb survivors exposed in utero within 1.5 km 
from the two hypocenters. About one-fourth of the 1118 children ex-

Table H. Number of Children Exposed In Utero 
Including 161 Deaths Observed before October 1950 
Parameter Number" 
City 

Hiroshima 1534 (1401) 
Nagasaki 257 (229) 

Sex 
Male 852 (765) 
Female 939 (865) 

Data source 
Birth records 1263 (1102) 
Others 528 (528) 

Trimester ATB 
First 574 (532) 
Second 687 (622) 
Third 530 (476) 

Total 1791 (1630) 
"The values in parentheses are the number of children who 
were alive on or after October 1950. 
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posed in utero within 2 km in Table I are not included, because some 
were not selected or because of insufficient information on dose es
timates. Since 70% of the in utero survivors were identified through 
birth records, some mortality data for the first 5 years after the bomb
ings are available. The other members of the sample were ascertained 
through the master file of all survivors registered with A B C C / R E R F 
and the 1960 national census. 

The trimesters of pregnancy ATB in Table II are based on the 
reported birth date and are defined as follows (the numbers in pa
rentheses are for Nagasaki): first trimester: 7(10) February 1946-May 
31, 1946; second trimester: 7(10) November 1945-6(9) February 1946; 
and third trimester: 6(9) August 1945-6(9) November 1945. 

Dosimetry and Methods 

Radiation-related risks among the atomic-bomb survivors are now ana
lyzed using the Dosimetry System 1986 (DS86) (15). Since DS86 fetal-
absorbed doses (the actual doses delivered to fetuses) are not yet avail
able, maternal uterine doses are used as a surrogate. DS86 Version 3 
dose estimates were computed in 1989, and there were some minor 
changes in the assigned doses from those used in previous publications 
(5). However, if the analysis is to be extended to all subjects in Table 
II, ad hoc uterine doses must be assigned to 12.7% of the individuals. 
These ad hoc doses were computed on the basis of an empirical con
version from the previously assigned Tentative 1965 Doses (T65D and 
revised T65DR) (15, 16). One thousand and forty-seven children are 
thought to have been exposed to a maternal uterine dose of 0.01 Gy 
or more (the mean dose is 0.295 Gy), and the doses of the remaining 
772 are 0 Gy. In the comparison to follow of the findings on the pre-
natally exposed children with those on survivors exposed in the first 
decade of life, DS86 shielded kerma doses are used for the survivors 
exposed when less than 10 years old ATB. 

The relative risk at 1 Gy of maternal uterine dose (total dose of 
neutron and gamma) was calculated using an additive relative risk model 
in a Poisson regression analysis (17). The model was used for testing 
a hypothesis that mortality or cancer risk increases with increasing 
dose. Deaths, cancer incident cases, and associated person-years were 
stratified by city, sex, dose (0, 0.01-0.09, 0.10-0.49, 0.50-0.99, >1.00 
Gy), and attained age (<1, 1-4, 5-14, 15-24, 25-34, ;>35 yr old). 
Finally, we assume that the large errors are included in the doses of 
some individuals for convenience. 
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Results and Discussion 

Mortality among Atomic-Bomb Survivors Exposed In Utero. 
Deaths in the sample were determined by searching the official Jap
anese family registries, known as koseki, in which each child is reg
istered at birth. Using the koseki, ascertainment of deaths occurring 
throughout Japan is considered to be 99% complete, and cause of death 
can be obtained from the death certificates. The first report on mor
tality among in utero exposed children born alive failed to demon
strate a significant relationship between mortality and distance from 
the hypocenter (1). However, a subsequent report (18) using T65D 
dose estimates found significant increases in mortality with increasing 
dose among those dying in the first year of life and at or after age 
10. 

Through December 1989, 237 deaths occurred among the 1791 in 
utero survivors in Table II, about 43% of these deaths occurring in 
the first year of life. The relative risk at 1 Gy for all deaths (1945-
1989) is higher than one when the data are restricted to the subcohort 
of 1563 persons with DS86 Version 3 dose estimates (Table III). The 
difficulty in determining the cause of death for 47 of the children in 
Table III is partly due to the fact that the systematic confirmation of 
cause of death did not begin until 1960 and was initially retrospective 
and partly because the vital statistics records are incomplete for the 
period immediately following the atomic bombings. All but two of these 
47 deaths occurred before October 1950. 

A significant increase in mortality from all causes with increasing 
dose is observed. At face value the relative risk at 1 Gy for fatal cancer 
seems to be higher than that for other diseases. However, the only 
specific cause of death found to be related to radiation dose is peri
natal death among those 1135 persons who were identified through 
birth records. Mortality during the first year of life in the >1.0 Gy 
dose group is about three times higher than in the 0 Gy dose group, 
but 9 of the 11 deaths in the >1.0 Gy dose group occurred among 
survivors exposed in the third trimester, and mechanical injury may 
have played a role in their deaths. These data shed no light on the 
hypothesis that individuals whose reticuloendothelial systems were 
damaged by radiation would presumably be more prone to cancer, 
resulting in selective elimination (19). 

In the subcohort on Table III there is one individual, a male, who 
was previously diagnosed as a cancer incident case of histiocytosis X 
(5) but who died at age 41 in 1986 of Wegener's syndrome (autopsy 
report). He was exposed in the third trimester ATB to 0.58 Gy ma
ternal uterine dose. At age 6 he received radiotherapy to the spleen 
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Table III. Updated Number of Deaths and Cancer 
Cases, 1945-1989, among the Survivors Exposed 

In Utero When Restricted to the Subcohort 
of 1563 Persons with DS86 Doses 

Parameter Number 
Deaths, total 219 
Cause of death 

All diseases 147 
Fatal cancer 13(2) 
Other diseases 134 

External causes 25 
Unknown causes 47 

Cancer incident cases, total 24(2) 
By sex 

Male 6(1) 
Female 18(1) 

By trimester 
First 4(1) 
Second 10 
Third 10(1) 

By attained age 
<35 year 13(2) 
>35 year 11 

NOTE: Number of cancer incident cases include fatal cancer 
cases. Numbers in parentheses are the numbers of leukemia 
cases. 

for splenomegaly, and 5 years later he had a splenectomy for Banti's 
syndrome. His experience is unusual, but it is impossible to deter
mine whether his illness was caused by atomic-bomb radiation expo
sure. This case has been excluded in the following analysis of cancer 
risk because of the autopsy findings. 

The subcohort in Table III includes 17 individuals who were ex
posed in utero within 1.5 km from the hypocenter based on the DS86 
Version 3 dosimetry and are (were) mentally retarded (14, 20). Six of 
these persons, 35%, died between the age of 5-24 years. This pro
portion is roughly three times higher than the 10% of deaths before 
age 25 seen in the 0 Gy dose group. Generally, the life expectancy 
of individuals with mental retardation is shorter than that of the av
erage individual in the average population (21). In addition to these 
cases 20 individuals among the children within the 1.5 km zone (22) 
were identified as having small head size without mental retardation, 
but only one death was observed. However, these children had to 
have survived until the circumference of their head was measured. 
This occurred in the period from 9 to 19 years of age, that is, after 
the force of mortality has lessened in children. 
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Finally, no cancer deaths were observed in the first 5 years of 
life, that is, before October 1950, although there were many deaths 
from unknown causes. 

Cancer Risk among Atomic-Bomb Survivors Exposed In 
Utero, Cancers were ascertained through death certificates and 
through the tumor registries in Hiroshima and Nagasaki. Nonfatal can
cers are ascertained in the registry catchment areas only. Ideally, the 
cancer risks would take into account the effect of migration, but the 
observed cases are too few to suggest that adjusting the data for 
migration would make much difference in the findings. Thus, our 
analysis does not take migration into account. Here we evaluate the 
cancer risk based on the person-years accumulated in the period 1950-
1989, because we want to compare this risk with that of the survivors 
exposed when less than 10 years old ATB. 

In 1950-1989, 24 cancer cases were identified among the subco
hort of 1413 in utero exposed atomic-bomb survivors (Table III). For 
cancer risk in 1950-1984 a significant excess risk was observed, and 

Table IVA. Cancer Occurrence of Children Exposed In Utero and Those 
Exposed at Age <10 ATB 

In Uteroa Age <10 ATBb 

Parameter 0 Gy <0.01 Gy 0 Gy <0.01 Gy 
Number of subjects 710 920 6901 8994 
Number of cancer cases 5(or 13(2) 49(7) 93(24) 

aCaneer occurred between 1950 and 1984. 
&Cancer occurred between 1950 and 1985. 
cNumber of leukemia cases is shown in parentheses. 
SOURCE: Adapted from reference 5. 

Table IVB. Previously Estimated Cancer Risk of Children Exposed 
In Utero and Those Exposed at Age <10 ATB 

Risk 

Exposure In Utero 
Exposure at Age 

<10 ATB 

Risk Cancer Type 
Estimated 

Values Cancer Type 
Estimated 

Values 
Relative risk 

at 1 Gy All cancers 3.77 Leukemia 17.1 
Other Cancers 2.35 

Excess risk All cancers 6.57 Leukemia 2.93 
per 104 Other cancers 2.29 
person-year-Gy 

NOTE: Estimated cancer risk is based on an additive risk model in which the differ
ences by city and sex in the background were stratified and the risks determined using 
a Poisson model. 
SOURCE: Adapted from reference 5. 
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the relative risk at 1 Gy was about 3.8 (5) (Table IV). In the most 
recent 5 years (1985-1989), no excess of adult-onset cancer is seen, 
and no new case occurred in the ^0.50 Gy dose group. No additional 
leukemia cases were observed either. The overall relative risk de
creases to about two when the observation period is extended to the 
end of 1989. Thus far, more cancer cases have been observed among 
women than men, but no clear change in the cancer risk estimate is 
observed even when the analysis is restricted to females only. No evi
dence exists that the risk of cancer associated with radiation exposure 
differs by gestational period ATB. The 24 cancer cases are briefly dis
cussed in the following sections. 

Cancer in Childhood. During the first 14 years of life, there were 
only two cancer cases; both cases were exposed to relatively high doses 
and were reported by Jablon and Kato (3). The first case was a girl 
who died of liver cancer at age 6 and who was reported to be mentally 
retarded. She had been exposed to 1.39 Gy in the first trimester. The 
second case was a female who developed Wilms' tumor at age 14 and 
subsequently died of stomach cancer at age 35. She had been exposed 
to 0.56 Gy in the second trimester. 

Leukemia. Thus far, Ishimaru et al. (23) identified two cases of 
leukemia among the in-utero-exposed individuals. Both cases were ex
posed to low doses. One involved acute myelogenous leukemia in an 
18-year-old woman (exposed to 0.02 Gy in the third trimester) and 
the other, acute lymphatic leukemia in a man aged 29 (exposed to 
0.04 Gy in the first trimester). 

Other Cancers in Adulthood. Nine cancer cases have occurred 
in the 0 Gy dose group (four breast, two stomach, and one each of 
uterus, lung, and metastatic). The age at onset ranged from 29 to 43 
years (the mean was 37.6 yr). 

In the >0.01 Gy dose group, 11 cancer cases were observed (five 
stomach, two breast, and one each of bladder, choriocarcinoma, thy
roid, and ovary). The age at onset ranged from 22 to 42 years (the 
mean was 32.8 yr). Of these cases, two are in the >0.50 Gy dose 
group, one each of stomach (exposed to 0.90 Gy in the second trimes
ter) and ovarian cancer (exposed to 2.13 Gy in the third trimester). 
One case previously diagnosed as histiocytosis was deleted in the anal
ysis (see the earlier section on mortality). 

Comparison of Cancer Risk between the In Utero Exposed 
and Survivors Exposed When Less Than 10 Years Old 
ATB. Two questions have motivated this comparison. First, why does 
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the leukemia risk among the in utero population not increase even 
though the excess risk of leukemia among atomic-bomb survivors is 
the typical risk associated with radiation-induced cancers? Second, is 
the pattern of adult-onset cancer altered among the prenatally exposed 
survivors? Here, we discuss only issues associated with the first ques
tion, since the second cannot be answered with the data currently 
available, and an answer must await further observations on this group 
of survivors as they age. 

Jablon et al. (24) examined the observed cancer cases for the pe
riod 1950-1969 among the less than 10-years-old-ATB group, and Biz-
zozero et al. (25) examined the leukemia risk for 1946-1964 among 
the atomic-bomb survivors. Based on these data all of the childhood 
cancer cases occurring before age 15 among the survivors less than 10 
years old ATB in the LSS sample were diagnosed as leukemia (Table 
V). About 80% of the 14 childhood leukemia cases were estimated to 
have received a shielded kerma dose of >0.50 Gy. No childhood leu
kemia was observed in the in utero group. Thus, there was no evi
dence that leukemia risk in childhood had been altered more in the 
in utero group than the less than 10-years-old-ATB group. Apart from 
leukemia there was no increased fatal cancer risk before 1965 in either 
group of survivors (24). For the less than 10-years-old-ATB group, by 
1985 the relative risk of leukemia at 1 Gy shielded kerma was about 
17, whereas it was about two for fatal cancers except leukemia (6). 

Table V. Number of Childhood Cancer Cases (<15 
Years Old) among the Survivors Exposed When 

In Utero or When Less than 10 Years Old (ATB) 
in the ABCC/RERF LSS Sample 

Maternal Uterine or Kerma 
Age ATB D o s e (Gy) 
(years) 0 0.01-0.49 >0.50 Total 
In utero 0 0 2a 2 
<1 yr 0 0 1 1 

1 0 0 2 2 
2 0 1 2 3 
3 1 0 3 4 
4 lh 0 1 2 
5 0 0 1 1 
8 0 0 1 1 

NOTE: The rough values of the sample sizes in the ^0.50 Gy 
dose groups were given in the text. No childhood cancer cases 
were noted for the other ages ATB, that is, 6, 7, and 9 years. 
eThe two cancers observed among the survivors were one 
case of Wilms' tumor and one case of liver cancer. All other 
cases of cancer in this table were diagnosed as leukemias. 
foThis dose is based on the previous T65 dose estimates. 
SOURCE: ABCC TRs 17-65 and 7-71 and RERF TR 4-88. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
3.

ch
01

1

In Radiation and Public Perception; Young, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1995. 



11. YOSHIMOTO E T AL. Children In Utero during Α-Bomb Detonations 143 

There are two cases of leukemia at ages 18 and 29 among the in utero 
exposed survivors, but both cases were exposed to doses of 0.05 Gy 
at most. 

When the estimation of cancer risk rests on a 1-year birth cohort, 
such as the survivors exposed in utero, the observations tend to be 
inherently unstable because of the small sample size. (The rough val
ues of the sample sizes in the >0.50 Gy dose groups follow.) Most of 
the proximally exposed in utero survivors were identified by birth rec
ords. In 1950 identification of survivors less than 10 years old ATB 
was made more difficult by (a) early migration out of Hiroshima and 
Nagasaki and (b) early death. We know that the mothers (aged 15-50 
years ATB; mean age: 28.7 yr) of in-utero-exposed survivors who were 
<1.5 km from the hypocenter exceed in number those selected for 
the LSS sample by a factor of 2.03 for Hiroshima and 1.46 for Na
gasaki. These figures may be useful in estimating the number of prox
imally exposed children less than 1 year old ATB, because most chil
dren of this age and their mothers were probably at close proximity 
to one another at the time of the bombing. 

The in-utero-age ATB groups receiving a dose of 0.50 Gy or more 
(maternal uterine or shielded kerma) number about 130-150 survivors, 
whereas the less-than-l-year-old-exposed group totals about 70. In 1985 
the LSS was extended to include more distally (beyond 2000 m) ex
posed survivors in Nagasaki and is now known as the LSS-E85 (6); 
this extension did not alter the number of proximally (within 2 km) 
exposed subjects who are the same ones originally followed up since 
1950 (26). The relative risk of cancer varies for each specific site as 
well as time. Here, we calculated the relative risk at 1 Gy for cancers 
of all sites for each 1-year birth cohort. Based on unpublished results 
of cancer risk in 1950-1989, the highest risk appears to occur in the 
3-5-years-old age ATB group; the relative risk at 1 Gy is about four. 
This higher value is influenced partly by the leukemia risk. There is 
no strong evidence that the risk of leukemia is highest among survi
vors exposed in the first year of life. 

The observation that the radiogenic cancer risk, thus far mainly 
due to leukemias, is highest in the less than 10-years-old-ATB group 
and may be related to the peak age observed for acute lymphoblastic 
leukemia in childhood (27). The major site of hematopoiesis changes 
as the embryo or fetus develops. Hemoglobin synthesis is initiated in 
the yolk sac (28), but then erythropoiesis shifts to the liver and finally 
to the bone marrow. Human blood lymphocyte counts are well above 
adult levels at birth, rising further during the first year of life and 
then gradually falling to adult levels by about the early teens (28). 
Although Greaves' speculations on the etiology of childhood acute 
lymphoblastic leukemia are general and not specific with respect to 
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radiocarcinogenesis, they are derived from the developmental biology 
of the immune system (29) and are presumably applicable to exposed 
individuals as well. 

Further Remarks on the Follow-Up of the In Utero Ex
posed Survivors. Although clear evidence exists showing an effect 
of radiation on the developing fetal brain, cancer risk among the atomic-
bomb survivors exposed in utero remains to be determined and this 
occurs only through continued follow-up of the subjects. However, it 
seems unlikely that an excess of leukemia will appear in the remaining 
lifetime of these survivors, considering the latent pattern of radiogenic 
leukemia. But, for solid tumors, further careful study will be needed, 
because these subjects are now entering the cancer-prone ages. An 
unequivocal excess of solid tumors may not appear until later in life. 

The attained height of the survivors exposed in utero, as well as 
the height of the survivors exposed when less than 10 years old ATB, 
appears to be lower than that of the controls (30, 31). Given this ap
parent impairment of growth, it is important that the health status of 
these individuals continues to be monitored as they approach middle 
age to determine whether other late effects of exposure to ionizing 
radiation, aside from mortality or cancer risk, emerge. 
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Cancer Risks among Atomic Bomb 
Survivors 

William J. Schull 

Epidemiology Research Center, School of Public Health, 
University of Texas Health Science Center, Houston, TX 77225 

Forty years of study of the life experiences of the survivors of 
the atomic bombing of Hiroshima and Nagasaki have estab
lished a dose-related increased risk involving a variety of can
cers. This list includes leukemia and cancers of the breast, co
lon, esophagus, liver, lung, ovary, stomach, thyroid, and urinary 
bladder. There is evidence too of an increase in cancers of the 
salivary glands and skin, and possibly multiple myeloma, al
though the data on the latter are limited. Risk is clearly a func
tion of the age of the individual at the time of exposure, the 
young being generally at higher risk. For solid tumors, this in
crease does not manifest itself until those ages at which cancer 
normally increases in frequency. 

STUDIES OF THE HEALTH EFFECTS OF EXPOSURE to the atomic bomb
ing of Hiroshima and Nagasaki, begun in 1947, still continue. They 
focus largely on mortality and morbidity in a series of fixed cohorts, 
two of which are of interest here, namely, the Life Span Study sam
ple, and the Adult Health Study sample (1). Virtually complete mor
tality surveillance is possible in Japan because of a unique record re
source. A system of obligatory household registration has existed since 
the 1870s (2). All vital events affecting the composition of a family— 
adoptions, births, deaths, and marriages—must be reported to the of
fice having custody of a family's register. Under the Life Span Study, 
on a cyclic basis, the register of every individual alive at the end of 

0065-2393/95/0243-0147$08.00/0 
© 1995 American Chemical Society 
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the last cycle is examined anew to determine whether he or she is 
still alive. If a person has died since the last cycle, the fact and place 
of death are recorded in the register. A copy of the death schedule 
filed at the regional Health Center can be obtained to learn the cause 
of death. Follow-up is virtually complete; only rarely is an individual 
lost to the study, generally as a result of migration out of Japan. 

Leukemia 

The first malignancy to be unequivocally associated with exposure to 
atomic radiation was leukemia (3, 4). Retrospectively, the frequency 
of new cases among the survivors reached a peak about 1952 and has 
declined steadily since then. The excess of cases had not, however, 
completely disappeared as recently as 1985. This rate suggests a risk 
period of at least 40 years following exposure (5). Moreover, when 
incidence is examined in relation to dose, age at the time of the bombing 
(ATB), and the calendar time of disease onset, it seems that the higher 
the dose, the greater was the radiation effect in the early period (be
fore October 1955) and the more rapid was the decline in risk in sub
sequent years. The leukemogenic effect occurred later among individ
uals who were relatively older ATB, but it still persisted when the 
last comprehensive review of the leukemia incidence data occurred. 

The risks of malignancy among the survivors are customarily couched 
in terms of exposure to 1 Gy (or 1 S ν in the case of mixed irradiation). 
This expression is largely a matter of convenience, and the unit could 
be different. However, if the risk increases in direct proportion to the 
dose (i.e., linearly, as appears true for all cancers as a group except 
leukemia), conversion to any other dose is simple. In terms of the 
older system of classification of leukemias but the new dosimetry and 
doses to the bone marrow, the excess relative risk of dying from leu
kemia is 5.21 per Gy, the excess deaths are 2.95 per 10,000 person-
year-Gy, and the attributable risk among individuals exposed to 0.01 
Gy or more is 58.5% when all ages are combined (5). Here and else
where doses are couched in terms of the DS86 Dosimetry System (6). 
For illustrative simplicity the assertions just made assume that the risk 
of leukemia increases linearly with dose, but this is not strictly true. 
Thus extrapolation of these values to doses of less than 1 Gy would 
overestimate the actual risks to some degree. 

Recently the cases of leukemia occurring among members of the 
Life Span Study were reclassified according to the French-American-
British system, and the accumulated information was reexamined (7). 
This reanalysis clarified some previously puzzling aspects of the data, 
but it also raised some new questions regarding radiation-related leu-
kemogenesis. For example, it has been recognized for some time that 
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cases of chronic lymphocytic leukemia occurred only in Nagasaki. Re
classification reveals that most of these cases are, in fact, instances of 
adult T-cell leukemia. Infection with the HTLV-1 virus associated with 
this form of leukemia is common in areas of Japan's westernmost major 
island, Kyushu—including Nagasaki—but is relatively rare in the part 
of Honshu island where Hiroshima is located. 

This newer analysis does not support the notion that the time to 
onset of leukemia is related to age ATB. However, it does further the 
belief that time to onset is shorter as the dose increases, especially 
for acute lymphocytic leukemia and chronic myelogenous leukemia. It 
also suggests that the effect of exposure is more pronounced on the 
occurrence of these two forms of leukemia than it is on acute my
elogenous leukemia, although the frequency of the latter also rises 
significantly with dose. It further confirms earlier observations that 
survivors exposed before the age of 16 are more likely to develop acute 
leukemia (specifically acute lymphatic leukemia) than older survivors, 
but the latter are more prone to develop chronic myelogenous leu
kemia. 

Death from Cancers Other Than Leukemia 

About 1960 some malignant solid tumors were noticed more fre
quently than expected among the survivors. This increased risk was 
first mentioned when Tomin Harada and Morihiro Ishida, in a study 
of the Hiroshima Tumor Registry data, reported that the incidence of 
lung cancer was significantly higher among those survivors who were 
exposed within 1500 m of ground zero (8). Subsequent studies, par
ticularly of mortality ascribed to lung cancer among members of the 
Life Span Study sample, extended this evidence. The carcinogenic ef
fect thus far seen has been most pronounced among individuals 35 or 
older at the time of exposure. This is not unexpected, however, be
cause the accumulated evidence strongly suggests that radiation-re
lated malignancies increase in frequency at those ages when the spe
cific cancer normally occurs. Leukemia is the only striking exception. 
As most cancers are diseases of middle and later life, the failure to 
see an increase in lung cancer among the young may merely reflect 
the fact that they have not yet reached the ages at which their in
creased risk will be manifested. 

Another malignancy whose relationship to radiation became ap
parent at about this time is cancer of the breast (9). Subsequent in
vestigations focused on all of the women in the Life Span Study sam
ple, some 63,000. The most recent of these studies (10) found that 
the distribution of histologic types of mammary cancers does not vary 
significantly with radiation dose, and that among all women who re-
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ceived at least 0.10 Gy, those irradiated before age 20 will experience 
the highest rates of breast cancer in subsequent years. This signifi
cantly elevated risk is seen even among those females who were ex
posed before the age of 5. Apparently breast cancer can be induced 
by irradiation of stem cells well before breast budding actually begins. 

Retrospectively, breast and lung cancer began to increase about 
10 years after the bombing, in the period between 1955 and 1960, 
but the additional cases were too few at first to make this fact de
monstrable. However, it is now recognized that there is a delay fol
lowing exposure before radiation-related cancers become evident. This 
time interval between exposure and the clinical manifestation of the 
tumor is often called the latent period. Why this period should differ 
for leukemia and other cancers is not known. However, it is generally 
thought to reflect the difference in the rate of cell division, differ
entiation, and loss of hematopoietic stem cells, on the one hand, and 
the cells of nonhematopoietic tissues, on the other. 

In a 1959 study (11) of diseases of the thyroid, Dorothy Hollings-
worth and her associates noted that carcinomas constituted some 7% 
of the total number of cases of thyroid disorders they saw, and that 
these malignancies were found more commonly among the heavily ex
posed individuals. Although thyroid cancer is not usually fatal (less 
than 10% of individuals with this malignancy die from it), a succession 
of studies confirmed the association of this tumor with radiation ex
posure. The most recent study found thyroid cancer increased in every 
exposure group, but the incidence of these cancers is higher in fe
males than in males. 

The risks, whether expressed as excess cases or in relative terms, 
are significantly higher in individuals who were under the age of 20 
years ATB than in survivors who were 20 or more years old when 
exposed. 

Dosage Effect. These various studies showed that mortality from 
cancers of the lung, breast, and stomach increases with increasing dose. 
Recently an increase in mortality from cancers of the colon, esopha
gus, ovary, and urinary bladder appeared (5). Tables I and II show 
the excess relative risk, the excess deaths, and the attributable risk in 
terms of shielded kerma (kinetic energy released in materials) and or
gan absorbed dose. 

Multiple myeloma also increases significantly with radiation dose 
(12). The suggestion that this might be so appeared as early as 1964, 
but several years elapsed before the number of cases was sufficient to 
establish the relationship more securely. Multiple myeloma is a ma
lignancy largely confined to older individuals, persons in their 60s or 
over. There is also an increase in salivary gland tumors and in thyroid 
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Table I. Risk of Site-Specific Malignancies on the Basis 
of Shielded Kerma 

Site Excess Relative Excess Deaths Attributable 
of Cancer Risk per Gy per l(f PYGy Risk (%) 
Leukemia 3.97 (2.89, 5.39) 2.30 (1.88, 2.73) 56.6 (46.3, 67.1) 
All except 

leukemia 0.30 (0.23, 0.37) 7.49 (5.90, 9.15) 8.0 (6.3, 9.8) 
Esophagus 0.43 (0.09, 0.92) 0.34 (0.08, 0.67) 12.8 (3.0, 25.0) 
Stomach 0.23 (0.13, 0.34) 2.09 (1.20, 3.06) 6.4 (3.6, 9.3) 
Colon 0.56 (0.25, 0.99) 0.56 (0.26, 0.91) 15.2 (7.0, 24.9) 
Lung 0.46 (0.25, 0.72) 1.26 (0.70, 1.89) 11.6 (6.5, 17.4) 
Breast 1.02 (0.48, 1.76) 1.04 (0.53, 1.61) 22.4 (11.5, 35.0) 
Ovary 0.80 (0.14, 1.85) 0.45 (0.09, 0.89) 18.6 (3.6, 37.1) 
Bladder 1.06 (0.46, 1.09) 0.56 (0.27, 0.90) 23.4 (11.2, 37.4) 
Multiple 

myeloma 1.89 (0.56, 4.45) 0.22 (0.08, 0.39) 32.9 (11.5, 59.8) 
NOTE: Estimates are based upon mortality in the Life Span Study sample in the years 
1950 to 1985. These estimates are based upon shielded kerma, a linear response model 
over the whole dose range, and only those members of the sample on whom DS86 
doses exist (both cities, sexes, and all ages ATB combined). This table has been adapted 
from Table 6 in reference 5. Numbers in parentheses indicate the 90% confidence 
interval. 

Table H. Risk of Site-Specific Malignancies Correlated to Organ Dosages 
Site Excess Refotive Excess Deaths Attributable 
of Cancer Risk per Gy per 104 PYGy Risk (%) 
Leukemia 5.21 (3.83, 7.14) 2.94 (2.43, 3.49) 58.6 (48.4, 69.5) 
All except 

leukemia 0.41 (0.32, 0.51) 10.13 (7.96, 12.44) 8.1 (6.4, 10.0) 
Esophagus 0.58 (0.13, 1.24) 0.45 (0.10, 0.88) 13.0 (3.0, 25.5) 
Stomach 0.27 (0.14, 0.43) 2.42 (1.26, 3.72) 5.7 (3.0, 8.7) 
Colon 0.85 (0.39, 1.45) 0.81 (0.40, 1.30) 16.3 (8.0, 26.2) 
Lung 0.63 (0.35, 0.97) 1.68 (0.97, 2.49) 12.3 (7.2, 18.3) 
Breast 1.19 (0.56, 2.09) 1.20 (0.61, 1.91) 22.1 (11.3, 35.0) 
Ovary 1.33 (0.37, 2.86) 0.71 (0.22, 1.32) 22.3 (6.9, 41.4) 
Bladder 1.27 (0.53, 2.37) 0.66 (0.31, 1.12) 21.5 (9.8, 35.7) 
Multiple 

myeloma 2.29 (0.67, 5.31) 0.26 (0.09, 0.47) 31.8 (11.0, 57.6) 
NOTE: Estimates are based upon mortality in the Life Span Study sample in the years 
1950 to 1985. These estimates are based upon organ doses, a linear response model 
over the whole dose range, and only those members of the sample on whom DS86 
doses exist (both cities, sexes, and all ages ATB combined). This table has been adapted 
from Table 7 in reference 5. Numbers in parentheses indicate the 90% confidence 
interval. 

tumors. An increase in mortality attributable to lymphoma remains 
uncertain. 

No increase has been seen in cancers of the bone, gallbladder, 
nose and larynx, pancreas, pharynx, prostate, rectum, skin (except 
melanoma), small intestine, and the uterus. Present mortality evi
dence also fails to suggest an increase in brain tumors, and it is equiv-
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ocal with regard to tumors of the central nervous system other than 
the brain. Whether an increase in deaths ascribed to cancer of the 
liver occurs is unclear. When the analysis is restricted to those cancers 
known as primary, liver cancers do not increase significantly with dose; 
however, if the cancers termed "unspecified" are included, there is a 
dose-related increase (5). The liver is a common site of metastasis for 
cancers arising elsewhere (in the breast or lung, for example). The 
unspecified tumors might be metastatic ones that should be assigned 
to other organs where an effect of radiation is known to occur. A later 
analysis based on the tissue and tumor registries suggests that primary 
cancers of the liver increase in a dose-related manner among the sur
vivors (13). To avoid the poor accuracy of diagnoses of liver cancer on 
death certificates, this analysis focused on histologically confirmed cases 
where the excess relative risk at 1 S ν was found to be 0.66 (confidence 
interval [CI]: 0.11; 1.14). 

Effect of Age and Location. The increase in mortality from 
cancers other than leukemia becomes significant, generally, when in
dividuals reach the usual age of onset for a given cancer (5). In ad
dition, the distribution of time from radiation exposure to death does 
not differ significantly by radiation dose for solid tumors, but it does 
vary according to the age of the individual ATB. Both the relative and 
absolute risks for cancers other than leukemia are higher for younger 
ATB cohorts at the same attained age. Among individuals over the 
age of 20 when exposed, and certainly over the age of 30, the relative 
risk has changed little with time, although the absolute risk has con
tinued to rise. In the two youngest groups of survivors—those indi
viduals who were 0-9 or 10-19 years old ATB—the relative risk has 
been declining, significantly so among those 0-9, whereas the absolute 
risk has steadily increased (5). These findings are not inconsistent sta
tistically because if the relative risk is declining with age while the 
baseline rate is increasing (as it does with age), even a smaller relative 
risk applied to a larger baseline may produce a larger absolute risk. 

Earlier studies suggested significant differences in the frequency 
of death attributed to cancer in the two cities following exposure to 
the same amount of radiation (14). These differences were thought to 
be due to the far greater exposure to neutrons in Hiroshima than in 
Nagasaki. Experimental work suggests that an absorbed dose of neu
trons is appreciably more carcinogenic than the same absorbed dose 
of gamma rays. Analyses using the newer individual doses show these 
city differences to be no longer statistically significant. However, at 
the same dose, mortality remains generally higher in Hiroshima than 
in Nagasaki. This fact, coupled with similar findings for the occurrence 
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of epilation and chromosomal abnormalities, suggests that city differ
ences might still exist (15-17). 

What do these measures of risk and statements about cancer mor
tality mean to members of the Life Span Study sample, and to the 
survivors generally? In the years from 1950 to 1985, 202 individuals 
in the Life Span Study who were assigned DS86 doses died of leu
kemia. Of these individuals, 141 were exposed to 0.01 Gy or more, 
and 83 (slightly less than 59% of these deaths) were attributable to 
radiation exposure. These same years saw 5734 deaths from cancers 
other than leukemia among the members of the Life Span Study sam
ple, and 3172 of these deaths involved survivors who had been ex
posed to 0.01 Gy or more. Approximately 8%, or 254, of these 3172 
deaths presumably stemmed from radiation exposure. These numbers 
are merely estimates, and they must be interpreted in this light be
cause it is presently impossible to separate a radiation-related cancer 
from one resulting from some other cause. Even so, there is clearly 
no epidemic of cancer deaths among the exposed population. Most 
survivors who will die of cancer will do so as a result of exposure to 
other factors (e.g., tobacco smoking or alcohol consumption) and not 
from their exposure to atomic radiation. 

Incidence of Solid Tumors 

Estimates of cancer risk based on the tumor and tissue registry data 
(and hence on incidence rather than death) have not been generally 
available in the past, although these data have been used in the study 
of specific tumor sites, such as the breast and thyroid. This situation 
is changing. Recently, for example, a comprehensive assessment was 
published (13) of solid tumor incidence in Hiroshima and Nagasaki in 
the years from 1958, the inception of the registries, through 1987. 
Some 8613 cancers were identified among members of the Life Span 
Study sample and enrolled in the registries during these years. This 
total shows 3080 more cancers than were identified through death cer
tificates in the same years and sample. Much of this difference in
volves cancers of the stomach (795 more cases), the breast (386), the 
thyroid (182), the skin (152), and the uterus (347), but other sites con
tribute as well. Some of the discrepancy undoubtedly results from un
derreporting of cancer on the death certificates and thus reflects the 
limitations of death certificate data. Other differences arise from the 
registration of a malignancy that, although not yet fatal, will in time 
be so. 

Broadly speaking, the incidence data support most of the findings 
in a study of the death certificates. For example, neither set of data 
reveals a significant difference between the cities in the estimates of 
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radiation-related cancer risk, both suggest that the best fitting dose-
response model is a linear one, and both reveal the risk to be higher 
among those survivors exposed early in life (before the age of 20) than 
at later ages, although the difference declines with time. 

There are differences, however, some expected and some not. Thus, 
the incidence data generally lead to risk estimates with smaller errors, 
as would be expected, because the number of incident tumors seen 
is greater than the number of deaths caused by malignancy at the 
same site. These data also show a significant increase in thyroid tu
mors and nonmelanomatous tumors of the skin with increasing dose; 
this increase has not been clearly seen in the mortality data, presum
ably because these tumors are not commonly the cause of death. But 
the incidence data do demonstrate a significant increase in primary 
cancers of the liver, a finding that has been equivocal in analyses of 
the mortality data. 

Although the estimates of the excess relative risk at 1 Sv do not 
differ greatly, the attributable risk, based on the tumor registry data, 
is often higher than that calculated on the basis of the death certifi
cates. The difference is particularly noticeable for organs such as the 
breast, for which the incidence data suggest an attributable risk of 
32% as contrasted with about 22% for the mortality data. Overall, the 
attributable risk is about 12% when calculated with the registry data 
and about 8% with the mortality findings. That the former should be 
higher than the latter is not unexpected because the mortality findings 
include deaths from cancer in the years 1950 to 1958, before the be
ginning of the registries, when the contribution of radiation-related 
cancers to all cancers seen was small. 

Uncertainties in the Estimates of Cancer Risk 

Many fundamental uncertainties surround these estimates of the car
cinogenic effects of radiation. They are both general, in that they are 
common to all studies of the carcinogenic effects of ionizing radiation, 
and specific, in that they apply only to the investigations of the sur
vivors. Among the general uncertainties is the absence of a compelling 
biological model of the underlying process involved not only in radia
tion carcinogenesis, but in carcinogenesis more broadly. Insofar as ion
izing radiation is concerned, the need for a good theoretical model is 
greatest where the data are weakest—at low doses and low dose rates. 
At this level our ability to estimate the risk is severely limited and 
will undoubtedly continue to be so because the excess risk is appar
ently small and the sample size that would be needed to demonstrate 
an effect is prohibitively large. 
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Risk Factors. Most cancers appear to be environmental in the 
sense that exposure to environmental factors is involved, but such ex
posures often embrace a multiplicity of different agents and the nature 
of their interaction is unknown. In addition, many host factors (such 
as a person's genes, gender, age, developmental stage, or hormonal 
status at the time of exposure) affect risk. In any population exposed 
to ionizing radiation, variation is expected in exposure to these other 
risk factors as well. At low levels of radiation exposure the effect of 
this variation might be greater, perhaps much greater, than the risk 
produced by the radiation exposure itself. It is not surprising, there
fore, that it is difficult to estimate risk at low doses or that differing 
results often occur. The methods used to estimate risk tacitly assume 
that all exposed individuals in a given category (e.g., age, gender, or 
dose) have equal risk, which seems unlikely to be true. 

The importance of these extraneous modifiers of radiation risk was 
well demonstrated in the case of breast cancer. Charles Land and his 
associates detailed the role of reproductive factors in altering the risk 
of this malignancy in Hiroshima and Nagasaki (personal communica
tion). They showed, for example, that a woman exposed to 2 Gy of 
atomic radiation in the first decade of life, who has her first child at 
the age of 18, has a risk of breast cancer that is only one-sixteenth 
that of a similarly exposed woman whose first child is born when she 
is 32. Presumably the observed differences in risk are ascribable to 
hormonal changes subsequent to the woman's exposure, but precisely 
how these changes and radiation interact is unknown. 

Another important risk factor is tobacco smoking. Based on the 
experience of the survivors, and specifically with respect to cancer of 
the lung, smoking does not multiply the effect of exposure to irradia
tion, but merely adds to it (5). Whether this will be true for other 
sites of cancer that are related to smoking (for instance, cancer of the 
urinary bladder) is still not known. However, the relationship between 
smoking, dose, and lung cancer that is seen among the survivors may 
not apply to other exposures to irradiation such as uranium mining, 
in which particles are actually deposited in the lung and serve as foci 
of irritation. 

Problems in Epidemiological Studies. Most of the other un
certainties that attend the estimates of risk resulting from the mor
tality surveillance in Hiroshima and Nagasaki are not unique to the 
atomic-bomb data. They are common to all epidemiological studies of 
the effects of ionizing radiation in humans. Some relate to the doses 
assigned to specific survivors, but others are more general. We will 
focus on the latter group because the survivor-specific uncertainties, 
dependent as they are upon an individual's ability to recollect pre-
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cisely the details of his or her exposure—where he or she was at the 
time of the bombing, the presence of shielding, and the like—will 
never be fully resolved. 

Unreconciled differences between the two cities remain. These 
differences include not only the increased mortality seen in Hiroshima 
as contrasted with Nagasaki for the same presumed dose, but also the 
frequency of epilation, chromosomal aberrations, and lenticular opac
ities. Whether these differences imply residual inaccuracies in the do
simetric system itself or still unrecognized extraneous sources of vari
ation has yet to be determined. Nonetheless, their existence has 
prompted some controversy about the estimated yield of the Hiro
shima weapon, as well as the neutron flux itself. 

Although a linear relative risk model is a simple, suitable descrip
tor of the actual observations to date on cancers other than leukemia, 
it is unclear whether an alternative dose-response model would be 
better. Generally, we are unable to discriminate between it and other 
plausible alternatives, such as a linear-quadratic model. All of these 
models are, however, merely convenient descriptions of what is ob
served and might have no deep causal meaning. Radiobiological con
siderations could suggest a particular dose-response relationship based 
upon cellular or molecular events, but it does not follow from this 
pattern that the same dose-response will be seen when measured in 
terms of case occurrences or relative (absolute) risk of death. The pros
pects of early clarification of the "true" dose-response relationship seem 
poor. Presumably as a larger and larger proportion of the lifetime ex
perience of the atomic bomb survivors accrues, some clarification will 
occur. (Only 28,737 (38%) of the 75,991 members of the Life Span 
Study sample included in the last mortality analysis, spanning the years 
1950-1985, were dead; the number of deceased continues to increase 
and had reached 42% in 1990.) However, it is debatable whether the 
appropriate model can ever be defined solely on the basis of epide
miological data. 

Radiation Dose and General Health. The Life Span Study 
sample represents a selected group, conditioned by the changing 
probability of survival as a result of changing dose. At high doses rel
atively few individuals survived, whereas at low doses most did. These 
facts have a number of implications. It has been argued, largely on 
statistical grounds, that as a consequence of these differences in sur
vival, doses may be overestimated at the higher levels and underes
timated at the lower levels (18). This situation could lead to an under
estimation of the risk, which would obscure the true dose-response 
relationship (19-21; see also references 22 and 23). 
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Other investigators have contended that exposure resulted in a 
compromising of the immune system. Consequently, individuals who 
might eventually have succumbed to cancer died instead of infectious 
or other diseases in which immune competence is important (see, for 
example, reference 24). It is difficult to test this thesis rigorously be
cause so little is known about the causes of death in the first 9 months 
following the bombings. Nonetheless, the pattern of mortality has cer
tainly changed with time, and the risk of death of a survivor in the 
surveillance sample who is now 50 years old is not the same as that 
of one who achieved his or her 50th birthday 2 decades ago. 

This potential selection of unusually healthy individuals is often 
called the healthy worker effect. In occupational cohorts, workers are 
often healthier than the general population of which they are mem
bers. Thus their baseline cancer rates might differ from population 
rates and complicate the estimation of the expected number of cases 
in the exposed cohort. Although the possibility of such selection in 
the Life Span Study cannot be peremptorily rejected, the healthy worker 
effect is most pronounced in the early years of an investigation and 
wanes with time. Thus if there were an effect on the data from the 
Life Span Study it would involve leukemia primarily, because the on
set of this malignancy occurred early. In contrast, it would have little 
impact on the risk of solid tumors, for which a significant increase did 
not occur until 10 or more years after the bombings. 

Tumor and Tissue Registries. Although tumor registries were 
established in Hiroshima and Nagasaki more than 30 years ago and tis
sue registries have existed for almost 2 decades, the available risk es
timates are based mainly upon mortality. Thus they might underesti
mate the risk at specific sites, as they certainly must for those cancers 
that are not commonly fatal. However, about 4900 of the 16,000 or so 
Life Span Study subjects who died between 1961 and 1975 were au-
topsied (25). These postmortem examinations served as the bases for a 
succession of evaluations of the reliability of death certificate diagnoses 
of cancer and other causes of death. As a rule autopsies have confirmed 
the cancers reported on death certificates. Confirmation rates vary with 
cancer site, gender, the age of the individual at death, and whether death 
occurred at home or in a hospital. However, the confirmation and de
tection rates appear essentially independent of radiation dose. 

The confirmation rate represents the frequency with which an au
topsy verifies the cause of death stated on the death certificate, whereas 
the detection rate is the actual frequency of a specific cause of death 
as revealed by autopsy. Most studies of the reliability of death cer
tificates, in Japan and elsewhere, have shown that when the death 
certificate states that cancer was the cause of death, it is usually cor-
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rect. However, these studies have also shown that possibly one out 
of every four cancers (all sites combined) goes unreported on the death 
certificate. Among those frequently not recorded are malignancies of 
the prostate, the thyroid, and those other organs that are rarely the 
actual cause of death. Some commonly fatal cancers go unrecognized 
too. For example, only about one out of every six malignancies of the 
gallbladder or bile ducts was detected in the years of the autopsy pro
gram, and no more than one in five cancers of the cervix of the uterus 
was diagnosed. 

The detection rate can range from as low as 15% for cancers of 
the liver, gallbladder, and bile ducts to as high as 78% for cancer of 
the breast. Detection rates do not vary significantly with dose, but 
may vary with age at occurrence of the cancer, declining as age in
creases. Underreporting will not affect the estimation of the relative 
risk importantly if underreporting itself is merely a reflection of the 
general standards of medical diagnosis and is not related to dose. But 
it would affect the estimation of the number of excess deaths. 

Even the estimates that are now becoming available through the 
tissue and tumor registries have their limitations because the registries 
are geographically based and cannot provide incidence cases on the 
full Life Span Study sample. As yet no national registry exists to sup
plement local data and provide information on survivors who have mi
grated to other areas of Japan since the establishment of the Life Span 
Study. To some extent these limitations can be offset by appropriate 
statistical techniques (26), and a judicious use of the registry and mor
tality information should provide a more balanced perspective on risk 
than the one we have had. 
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A Health Assessment 
of the Chernobyl Nuclear Power 
Plant Accident 
Fred A. Mettler, Jr., and Jonathan E. Briggs 
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Albuquerque, NM 87131-5336 

In 1989 the then Soviet government requested that the Inter
national Atomic Energy Agency (IAEA) assess the steps it took 
to protect the health of villagers in areas surrounding the site 
of the 1986 Chernobyl nuclear power plant accident. The In
ternational Chernobyl Project (ICP) performed the assessment. 
"Task 4" of the ICP studied sample populations from three So
viet republics. Teams of physicians from several nations visited 
seven "control" (uncontaminated) and six "contaminated" vil
lages to obtain in-depth medical histories on and to perform 
extensive physical examinations of over 1300 persons. No ad
verse health effects directly attributable to radiation were found 
by Task 4. Many of the villagers demonstrated increased stress 
and anxiety related to the accident, but no significant differ
ences were seen between residents of the contaminated and the 
control villages. However, a high incidence of hypertension, poor 
dental health, and obesity in the population samples from all 
the villages did exist. Although it was too early to see increases 
in leukemia and solid tumors in the populations examined, the 
authors expect that there will be increases in the incidence of 
both these types of cancers over the next several decades. 

The Accident 
The release of radioactive and other materials from the Chernobyl nu
clear power plant began at approximately 1:23 a.m. on Saturday, April 
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26, 1986, just after the roof was blown off of the Unit 4 building. 
Smoke, fumes, vaporized elements, and debris continued to rise out 
of the reactor fire for the next several days. The plume that rose from 
the fire reached a maximum height of 1800 m, decreasing during the 
first 6 days but increasing from the seventh to the tenth day. Surface 
winds were light but variable during the release, and there were heavy 
rains on some days. 

Radioactive iodine and cesium were carried to the greatest heights 
and detected outside Russia. Heavier elements, such as cerium, zir
conium, neptunium, plutonium, and strontium, were deposited in sig
nificant amounts only within Russia. Estimates of the amount of ra
dioactivity freed from the reactor core are about 50 million curies (1.9 
X 1018 Bq), including nearly 10 million curies (37.0 X 1016 Bq) of 
iodine and 2 million curies (74 X 1016 Bq) of cesium. 

Because of the magnitude of the accident, the duration of the re
lease, the fire and resulting plume, and the weather, hundreds of 
thousands of people were exposed to a variety of radioactive materials 
through many and varied pathways. Several exposed population groups 
can be identified. First, workers at the plant at the time of the ac
cident received high doses from lengthy exposure to the open reactor, 
contaminated water, and fallout. About 200-300 workers suffered from 
beta burns and acute radiation syndrome, and about 30 of these died. 
After the fire was extinguished, about 650,000 workers assisted in the 
cleanup of the plant and construction of the sarcophagus. These so-
called "liquidators" were exposed to dose rates that were high but 
were limited by time. Finally, villagers in thousands of settlements 
and towns surrounding the plant received low but continuous expo
sure from fallout and contaminated food. 

Little information is available as to how much exposure most of 
the people in the first two groups received. Consequently, what health 
effects were and will be attributable to the accident will remain dif
ficult to assess for these people. However, we may assess to a limited 
degree the medical status of some of the villagers living in settlements 
around the plant. This information is useful not only in determining 
the current health of these people, but also as a baseline for future 
assessments. 

Medical Assessment by Task 4 of the International 
Chernobyl Project 

The actual and potential medical effects of the Chernobyl accident 
greatly concern those people directly involved, former Soviet and 
present Confederation of Independent States (CIS) authorities, and 
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people all over the world. Soon after the accident stories of increased 
illness of all types were reported in the press, although it was very 
difficult to verify these confusing and often conflicting reports. The 
complexity and scope of the accident made it difficult for the author
ities and politicians to determine if what they did and were still doing 
to protect the people living in areas contaminated from fallout was 
appropriate and effective. 

In late 1989 representatives of the former Soviet government re
quested the International Atomic Energy Agency (IAEA) to assess the 
steps it took to protect settlement residents (1). The IAEA proposed 
that experts and consultants from a large number of countries should 
perform a radiological evaluation, and the International Chernobyl 
Project (ICP) was born. Participating agencies included The Commis
sion of the European Communities, The Food and Agriculture Or
ganization of the United Nations, The International Labour Office, the 
United Nations Scientific Committee on the Effects of Atomic Radia
tion, the World Health Organization, the World Meteorological Or
ganization, and representatives from more than a dozen nations. One 
of the five parts or "tasks" of the project was to evaluate the health 
effects from radiation exposure and health in general. "Task 4", as the 
health evaluation of the general population was called, conducted its 
assessment in three affected areas: the Ukraine, Byleorus, and the 
Russian Soviet Federated Socialist Republic. 

The Scope of Task 4. The health evaluation focused on four 
basic questions. 

1. What was the current health status of the general pop
ulation? 

2. What health problems were related to the Chernobyl ac
cident? 

3. What health effects were directly caused by radiation ex
posure? 

4. What health effects may be expected in the future? 

Task 4 leaders used a two-point attack to answer these questions. 
First, there was a review of Soviet data that was gathered since the 
accident. These data were analyzed using standard epidemiological cri
teria. Second, medical examinations were performed of persons from 
the three republics. 

To obtain the existing Soviet data, project physicians met with 
over 70 scientists in Moscow, Kiev, and Minsk. These data and meet
ings established the goals of the field studies. A review of Soviet data 
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on nutrition in the area studied was also performed. This review was 
followed by an independent, though limited, evaluation of the partic
ipating settlements' nutritional statuses. 

The selection of settlements to be studied was made by the Task 
4 leaders with the intent to include communities that were represen
tative of the study areas, especially in terms of socioeconomic factors. 
Thirteen settlements ranging in population from 3000 to 15,000 were 
chosen. Of these, seven were "control" settlements and six were "con
taminated" settlements. Control settlements were defined as having 
ground level contamination of less than 1 Ci/km 2 (37 kBq/m2), and 
contaminated settlements were defined as having more than 15 C i / 
km 2 (555 kBq/m2) of cesium. 

Because time and resources limited the number of persons who 
could be examined, a representative sample from each settlement was 
selected. To create such a sample the individuals who underwent ex
amination in the small settlements were selected by the year of their 
birth, and those in the larger settlements, by the month and year of 
their birth. Samples from five age groups (2, 5, 10, 40, and 60 years 
old) numbering about 20 people each were used. This typically re
sulted in 10-80% of a settlement's population being represented, de
pending on the settlement's size. Approximately 250 persons from each 
settlement were examined, totaling 1356 for the overall study. The 
examinations were conducted in 1990, and thus the 2-year-old chil
dren examined had not been born at the time of the accident and the 
5-year-old children were under a year old when the accident oc
curred. 

This methodology has some limitations: only those people still re
siding in the areas selected were examined (it was not possible to 
identify, locate, and examine those who had left); only small- and me
dium-sized settlements were visited, and thus urban areas with rela
tively minor contamination were not represented; and, finally, official 
data on health prior to the accident were very limited. 

Physical Examinations and Data Gathering, The field teams 
included specialists from the following disciplines: radiation effects, 
pediatrics, hematology, thyroid disease, ultrasonography, and internal 
medicine. A World Health Organization representative also was pres
ent on each trip, and on one trip a specialist in psychological disorders 
was also included. The examinations focused on the following areas: 
the person's past medical history, general psychological state, general 
health, cardiovascular status, growth parameters, nutrition, thyroid 
structure and function, and hematological status, as well as the pres
ence of cataracts or neoplasms. An assessment of biological dosimetry 
was also made from the blood samples taken. 
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The medical examinations were performed during three 2-week 
field trips. In all nearly 3000 people were examined. Of these more 
than half were self-referred. If, after examination, a disorder was felt 
to be present, the person was referred to their local health care pro
viders for treatment. Only the findings from the examinations of those 
selected by age sampling as described previously were included in the 
project results. 

The examinations were quite thorough. First, specially trained in
terpreters assisted the settlement residents who had been selected in 
filling out an extensive questionnaire consisting of more than 100 in
quiries. Data, such as height, weight, blood pressure, and pulse, were 
measured, and information about the persons diet was recorded. Then 
a Task 4 physician performed a physical examination, including a re
view of the person's medical history, again assisted by an interpreter. 
Thyroid ultrasonography was done, and thermal images were made of 
all examinations. Blood samples were taken. These samples underwent 
a variety of analyses to establish levels of thyroid hormones, hemo
globin, leukocytes, lymphocytes, and levels of potentially toxic ma
terials, such as lead, cadmium, mercury, and boron. (Food samples 
were also examined for these contaminants.) 

Results 

Review of nutritional and medical data from Soviet institutions and 
individual investigators is, in most cases, inconclusive at best. When 
specific areas of interest were looked at, such as hematology, often a 
conclusive determination could not be made from the Soviet data as 
to whether abnormalities had occurred before or since the accident. 
For example, although levels of hemoglobin were reported to be low 
in some children from contaminated settlements, there were no data 
from these children nor were there data for children from comparable 
but uncontaminated villages. Methodologies for evaluating conditions 
varied greatly, and terminology was not standardized. In cases where 
comparisons could be made, the Soviet data studies rarely used con
trols or standards so that the significance was limited. 

The Soviet data did not show a significant increase in the inci
dence of leukemia or cancers. However, because the Soviet system of 
typing tumors used categories larger than those of the international 
system, it was not possible to determine if there were increases in 
the number of some rare types of tumors nor was it possible to rule 
out an unseen increase. As for the future it is unlikely that hereditary 
effects or increases of cancers above the natural incidence can be as
certained using dose estimates and current radiation risk estimates, 
even if long-term studies are carefully performed. 
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General Health. No disorders affecting the general health of 
any of the individuals examined or of any of the population samples 
taken as a whole could be directly attributed to the Chernobyl acci
dent. It was determined, however, that 10-15% of the adults exam
ined needed to see a doctor for existing conditions, such as hyper
tension, obesity, or dental problems. Children were generally found 
to be healthy and growing in accordance with both Russian and cur
rent U.S. standards, despite differences in nutrition and health care. 

The only generalized finding that could be interpreted as a result 
of the accident was the high levels of stress and anxiety seen in the 
settlement residents. This anxiety was most often produced by indi
vidual concerns about the future, the prospect of having to relocate, 
or both. These conditions were much more prevalent than the bio
logical threat of the contamination would warrant. Many of the people 
examined believed or suspected they had physical problems from the 
contamination. Relocation also induced anxiety in many of these peo
ple, as evidenced by the fact that, although most had lived in the 
same place since birth, 72% of the adults in the contaminated settle
ments wanted to relocate. In contrast only 8% in the control settle
ments wanted to leave. 

Toxicology. Blood levels of several toxic materials other than 
radionuclides were measured. In addition there was particular concern 
about the possibility of lead poisoning from food and water contami
nated by lead that was dumped into the reactor and vaporized by the 
fire. Levels of cadmium, mercury, and lead were low when compared 
to those found in the general populations of Italy, Sudan, and the 
United States. 

Hematology. Hematocrit, hemoglobin, erythrocyte number, and 
erythrocyte mean corpuscular volume were obtained for persons living 
in control and contaminated settlements. No significant differences were 
found between control and contaminated settlements. Low hemoglo
bin levels and low red cell counts were seen in some children. How
ever, no statistically significant difference in values for any age group 
in either contaminated or control settlements was found. There also 
was no difference in leukocytes and platelets between the control and 
contaminated populations nor was there any apparent significant effect 
on the immune systems of these populations, as determined by the 
levels of lymphocytes and the prevalence of other diseases. 

Thyroid Gland. The thyroid is particularly susceptible to ra-
dioiodine and so was of particular interest to the Task 4 investigators. 
Blood levels of both thyroid stimulating hormone (TSH) and thyroid 
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hormone (free T4) were normal in the children examined. A compar
ison of these levels from children in the control settlements with those 
from children in contaminated settlements showed no significant dif
ference. A comparison of thyroid sizes and size distributions of these 
two groups also showed no differences. The incidence of thyroid nod
ules in both children and adults was similar to those reported in other 
countries. 

Neoplasms. The incidence of cancer began rising in Russia be
fore the accident. Task 4 did determine that reporting had been in
complete but could not determine if this was due to methodological 
differences, improvements in detection, or some other cause. Al
though the data did not show a striking increase in leukemia or thy
roid tumors since the accident, this possibly was the result of several 
factors, including the classification method used. Thus, an increase in 
such tumors must be considered a possibility. 

Potential Health Effects in the Future. Overall, there are 
two future health concerns for the villagers affected by Chernobyl, one 
more immediate than the other. The first and current effect is the 
stress produced by the accident itself combined with that induced by 
the prospect or actμality of relocation. The majority of these people 
have lived in remote, rural areas for generations, and relocation, even 
to areas similar in geography and with similar lifestyles, is not easy 
for them. 

The second potential effect is more long-term: the possibility of 
radiation-induced problems, particularly cancer. How long it will take 
for this effect to be observed and to what degree it will be seen de
pend on many factors, such as the duration of exposure, the age at 
exposure, degree of exposure, means of exposure, and so on. The po
tential carcinogenic risk is greater for children than it is for adults. 
Because exposure for the villagers is low and at a low rate, their risk 
is less for cancer induction than the risk for those people who received 
high doses in short periods of time (e.g., at the plant). It is nearly 
impossible to calculate the risk for individuals, because their doses 
varied so greatly. There will, however, certainly be an increase in the 
number of cases of leukemia and solid tumors in the next several years. 
A typical estimate for a village of 10,000 persons is that the number 
of such deaths is estimated to possibly increase from 1700 to 1750 
during the next 10-50 years. 

Conclusions 
Technological disasters like the accident at the Chernobyl nuclear power 
plant present unique and enormously complex problems in terms of 
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assessing their effects on health. Unlike natural disasters high-tech ac
cidents often include hazards that are invisible and arcane, and there
fore the people affected have different attitudes about the event than 
they do about more familiar natural disasters. In addition there is a 
tremendous sense of loss of control. Much of the anxiety seen in the 
villagers examined by Task 4 physicians, for instance, was the result 
of no information or conflicting information. 

The tremendous increase in adverse health effects reported by much 
of the media after Chernobyl was not confirmed by the Task 4 in
vestigation. There are two fundamental reasons for this. The first rea
son is that not enough time has elapsed since the accident for those 
effects that will become manifest to be seen. The second reason is 
that the original dose estimates for the people in contaminated villages 
were much too high. A major factor in the revision of these dose es
timates was the ability of the Soviet authorities to bring uncontami-
nated food to the villages. 

The new Confederation of Independent States is undergoing enor
mous political, social, and economic change. What can and will be 
done in the future by the government is uncertain. The International 
Chernobyl Project, in general, and Task 4, in particular, made rec
ommendations concerning the need for more and better equipment, 
improved methodology, increased education, and continued health care 
efforts. 
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Health Studies of U.S. Women 
Radium Dial Workers 

A. F. Stehney 

Environmental Research Division, Argonne National Laboratory, 
Argonne, IL 60439 

Follow-up studies of U.S. radium dial workers traced 1322 women 
first employed between 1913 and 1929, 1403 women first em
ployed between 1930 and 1949, and 744 women first employed 
between 1950 and 1979. Many women who worked during the 
earliest period ingested large amounts of radium, because prac
tices such as tipping radium-laden brushes with the lips were 
not prohibited until about 1925. Early effects included acute 
anemias and bone destruction. The principal chronic effects 
among the dial workers were 62 cases of bone sarcoma and 24 
cases of carcinoma of the paranasal sinuses or mastoid air cells 
("head carcinomas"), but no bone sarcomas or head carcino
mas were diagnosed in women who began painting dials after 
1925. Deaths caused by leukemias or other specific causes are 
not established as related to internally deposited radium. 

TTHE TRAGIC STORY OF THE RADIUM DIAL PAINTERS needs little intro
duction. The earliest identified manifestation of radium poisoning was 
a painful and disfiguring destruction of the jaws of some young women 
who worked at a factory in Orange, New Jersey. Further reports of 
bone damage, severe anemias, and deaths brought widespread cov
erage in newspapers of the period, and five of the dial painters sued 
their former employer in 1927. During subsequent trials news stories 
made known to a horrified public that radium had become part of the 
bone structure of these women and that they were probably "doomed 
to die" early and painful deaths. 

0065-2393/95/0243-0169$09.80/0 
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A similar story of anemias and crippling bone destruction devel
oped somewhat later among employees of a radium dial company in 
Ottawa, Illinois. During a trial that was settled in 1938, the chilling 
appellation of "society of the living dead" was coined by a newspaper 
reporter. The same phrase sometimes appears in the news media when 
former dial painters die or when residual radioactivity is found at the 
former site of a radium dial factory or radium refinery. 

The purposes of this chapter are to provide a brief review of de
velopments that led to the establishment of a tolerance level for oc
cupational exposure to radium and to summarize quantitative findings 
about radiation effects that were reported or assumed to occur in the 
dial workers. 

Early Developments 

The U.S. luminous radium dial industry began in about 1913 and grew 
rapidly—from about 8500 dials in 1913 to 2.2 million in 1919 (1). The 
paint, consisting of zinc sulfide made luminous by the addition of ra
dium and small amounts of impurities, was usually applied to dial hands 
and numerals by brush. During the early years of the industry, it was 
common practice for the dial painters to point their brushes by mouth. 
This practice was probably the principal route by which many of the 
painters acquired large body burdens of radium, although inhalation 
of radium-laden dust in the work place is also cited (2, 3). 

Indications of possible occupational poisoning among women em
ployed by a radium dial plant in Orange, New Jersey, began to appear 
in the early 1920s. Severe, nonhealing deterioration of the jawbone 
of a dial painter was reported by a dentist who, with remarkable pre
science, coined the term "radium jaw" in 1924 (4). This report was 
followed by publication of the results of a medical study that found 
severe anemias and bone necrosis in several of the women employed 
at the plant (5). During this period an industrial survey of the plant 
noted jaw necroses among the dial painters and recommended that 
the shaping of brush tips by mouth be stopped (3). 

The most thorough and longest studies were done by Martland, 
Medical Examiner of Essex County, New Jersey. Martland et al. (2) 
were the first to show the presence of radioactivity in the bodies of 
former dial painters and to blame unequivocally internally deposited 
radium for the blood dyscrasias and bone necroses that occurred in 
dial painters. In 1929 Martland and Humphries (6) reported two cases 
of osteogenic sarcoma among 15 women whose deaths were attributed 
to radium poisoning; these authors promptly characterized these ma
lignancies as radium induced on the grounds that 2 of 15 "is too large 
to be passed over as due to coincidence". Martland soon came to the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
3.

ch
01

4

In Radiation and Public Perception; Young, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1995. 



14. STEHNEY Health Studies of U.S. Women Radium Dial Workers 171 

opinion that, in the absence of additional intake of radium, bone sar
comas and radiation osteitis would replace the acute anemias and jaw 
necroses seen in the earlier cases in New Jersey (7). In effect he dis
tinguished the acute effects of massive doses of radiation from delayed 
effects and from the chronic effects of continuing irradiation from re
sidual radium in the body. Another major chronic effect, carcinomas 
of the paranasal sinuses, began to appear somewhat later (8). In 1929 
Martland published a remarkably clear and complete account of "oc
cupational poisoning" in the New Jersey radium cases (9), including 
numbers of persons employed at the plant, the nature of the luminous 
paint and the application methods, the action of radium on body tis
sues, findings of deleterious effects, measurements of radioactivity, court 
cases, newspaper stories and editorials, and community action. 

Because of unfavorable publicity, the radium company closed its 
New Jersey plant in 1926 and moved to New York City, where it 
continued work on a smaller scale. The following year, after much 
agitation by community organizations and support from Martland, ra
dium poisoning was declared an occupational disease in New Jersey. 

Employees of the New Jersey company were the earliest and most 
publicized of the radium cases, but there were other companies using 
radium during this period. Flinn (10) reported severe bone necroses 
and much radium in the body of a woman who painted dials in Wa-
terbury, Connecticut, and Martland (7) described the case of a woman 
who died with osteogenic sarcoma 5 years after painting dials in New 
York and Connecticut plants. A major rival to the New Jersey com
pany operated dial painting plants in Ottawa, Illinois. No serious ra
dium effects among the Illinois painters were reported during the 1920s, 
and the company claimed that its operations were safe because its 
luminous paint contained only radium (226Ra) as the activator, whereas 
the New Jersey company had used a mixture of radium and meso-
thorium (228Ra) in its paint. However, severe bone necroses in some 
of the Illinois dial painters became apparent by the end of the decade, 
and the company discontinued its Illinois operations in the early 1930s. 
Several former employees of the company sued for compensation in 
1938, and the attendant publicity generated much the same fears for 
the dial painters that had developed in New Jersey 10 years earlier. 
Interestingly enough another company took over the Illinois dial painting 
business at a nearby site in 1934 and flourished for many years. 

In 1929 the U.S. Department of Labor issued the report of an 
investigation of 31 plants engaged in radium dial painting or other 
commercial applications of radioactivity (1) in which it estimated that 
"not more than 2000 individuals in all" had engaged in luminous dial 
painting "during the 16 years the industry has existed in the United 
States". The survey found 23 deaths believed to have been caused by 
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radium poisoning and 19 living persons with effects also attributed to 
radium. Most of these cases were dial painters from the New Jersey 
plant. Between June 1929 and March 1930, the U.S. Public Health 
Service investigated seven factories, which at that time were "all the 
dial painting factories in the United States" except for a few very small 
plants (11). Radium painting had gone on for periods varying from 8 
to 15 years at the factories, but only 14 men and 228 women still 
employed at the time of the investigation worked with or were work
ing with radium, and no serious health effects were found in those 
individuals examined. 

World War II brought a considerable upsurge in the luminous dial 
industry, and by 1941 the U.S. National Bureau of Standards thought 
it advisable to establish a tolerance value of 0.1 of radium fixed in 
the body in order to protect the "many hundreds of individuals who 
have entered the dial painting profession during the present war" (12, 
13). The tolerance value of 0.1 μg radium (0.1 μ Ο ^Ra) was based 
in great part on measurements by Evans and others at the Massa
chusetts Institute of Technology (MIT) of individuals with 0.5 μ% ra
dium or less and no clinical symptoms of radium damage 7-25 years 
after radium intake. Continuation of these studies resulted in the pub
lication of a definitive paper by Aub et al. in 1952 (14) on the "clinical 
study of 30 patients . . . " and the "physical aspects of radium and 
mesothorium toxicity". 

Of particular interest to nuclear chemists is the fact that the tol
erance level for radium was established at a time when concern about 
safe standards for internal emitters was about to spread far beyond 
the radium industry. A 1943 publication by Evans also was very timely 
because of its many recommendations for safe handling of radioactive 
materials in the laboratory and for monitoring of radiation exposures 
of personnel (13). 

Methods 

Radium Populations and Follow-Up Croups. Comprehensive 
studies of the health effects of radium in humans were initiated during 
the 1950s with the support of the U.S. Atomic Energy Commission 
(AEC). Large numbers of radium-exposed persons were located and 
studied by the Radioactivity Center (RC) at MIT, by a joint project 
of Argonne National Laboratory and the Argonne Cancer Research 
Hospital (ANL-ACRH) and by the New Jersey Radium Research Proj
ect (NJRRP) (15) in the New Jersey State Department of Health (1957-
1967). The RC was a continuation and expansion of studies by Evans 
on the measurement and toxicity of radium that dated back to 1934 
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at MIT. Follow-up efforts of the three projects were somewhat related 
to geographic location: the RC tended to concentrate on radium cases 
in Connecticut and Massachusetts, A N L - A C R H on cases in Illinois, 
and the NJRRP on cases in New Jersey and New York. 

At a symposium in 1967 Evans proposed that the radium studies 
be combined and continued at a center that would be responsible for 
follow-up of all radium-exposed persons and carry out research on ra
dioactivity in humans (16). This concept was accepted by the A E C , 
and, at the recommendation of an advisory committee, a unified pro
gram was established at Argonne National Laboratory as the Center 
for Human Radiobiology (CHR). During 1970-1972 the CHR acquired 
the case files, or copies, and tissue samples of the three earlier A E C -
supported radium projects. These files provided the names of some 
2600 radium-exposed individuals, including not only women dial 
painters, but men and women who had been exposed to radium as 
laboratory workers, through medical use, and from commercial nos
trums. Measurements of radium body burden had been made in 1100 
of these persons, and the status of about 700 others had been deter
mined. By June 1984 the C H R and its predecessors had identified 
5784 radium-exposed persons by name, determined the radium bur
dens and health histories of 2374 of these persons, and determined 
the vital status of 2401 others among those known by name (17). At 
the end of 1984 follow-up of radium-exposed persons was sharply re
duced, and the C H R was absorbed into the Biological, Environmen
tal, and Medical Research Division of Argonne National Laboratory. 

Table I shows numbers of women, by year of first employment, 
who were exposed to radium-activated luminous materials in the United 
States as dial painters or in other nonlaboratory jobs, such as making 
luminous light pulls. Because they had similar types of exposure, the 
common practice is to refer to all these women as radium dial workers 
or painters unless more precise job distinctions are required and known. 

Radium Metabolism and Dosimetry. Both ^Ra (half-life 1600 
yr) and 2 2 8 Ra (half-life 5.7 yr) are precursors of long radioactive decay 
chains that include alpha-particle, beta-particle, and gamma-ray emit
ters, and each has an isotope of radon in its decay chain (3.82-d 2 2 2 R n 
from m R a and 55.6-s ^ R n from M8Ra). Outside the body the radium 
decay chains are hazardous because of gamma-ray irradiation and the 
accumulation of radon and radon daughters in the air. Within the body 
the radiation doses from beta particles and gamma rays are negligible 
compared to that from alpha particles in the decay chains. However, 
determinations of the amount of radium in living persons are made 
by measurement of gamma rays that escape the body and measure
ment of radon in the breath (18). 
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Table I. Numbers and 1985 Status of Women 
Radium Dial Workers by Year of First Employment 
Year Total Living Dead Unknown 
1910-1914 19 4 12 3 
1915-1919 517 89 303 125 
1920-1924 552 159 345 48 
1925-1929 471 230 180 61 
1930-1934 73 40 32 1 
1935-1939 88 63 18 7 
1940-1944 1207 654 229 324 
1945-1949 477 291 76 110 
1950-1954 412 301 64 47 
1955-1959 190 163 21 6 
1960-1964 104 93 7 4 
1965-1969 179 160 6 13 
1970-1974 28 26 0 2 
1975-1979 1 1 0 0 

1910-1979 4318 2274 1293 751 
Note: Data from files of radium study, ANL. 

Several studies show that about 20% of ingested radium is quickly 
transferred from the gastrointestinal tract to the blood (19, 20), and 
about the same fraction of inhaled radium is transferred from the lungs 
to the blood within a few months after intake (21). After radium enters 
the blood a large fraction is excreted in a few weeks, but the rate of 
excretion diminishes rapidly with time. Whole-body retention of a ra
dium isotope after entry into the blood can be described as a power 
function of time after entry, as in the empirical relationship obtained 
by Norris et al. (22): 

R = 0.54r 0 5 2 éTX i ( f>lday) (1) 

Here, λ is the radioactive decay constant of the isotope and R is the 
fraction remaining in the body at t days after a single injection of 
radium into the blood. This equation indicates that retention of 2 2 6 Ra 
is about 2.5% at 1 year and about 0.33% at 50 years after injection; 
much less 2 2 8 Ra would be present at 50 years because of its relatively 
short physical half-life. From data given by Norris et al. (22), one may 
also estimate that about 60% of the 2 2 2 R n produced by 2 2 6 Ra in the 
body at 50 years is exhaled. As an alkaline-earth element, radium has 
metabolic properties similar to calcium and, in particular, deposits 
preferentially in bone. Numerous analyses of radium in autopsy sam
ples and studies of the metabolism of alkaline earth elements show 
that the skeleton contains more than 95% of the radium still in the 
body 20 years after intake (20, 23). 
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The amount of radium swallowed or inhaled by individual dial 
painters is not known directly, but the amount of radium that enters 
the blood during the exposure period ("systemic intake") can be es
timated from measurements of body burden at later times ana ex
trapolation back to the time of intake by the use of equation 1 or by 
more detailed retention functions. The number of radioactive trans
formations accumulated in an organ after intake can then be calculated 
from the time integral of the organ retention function, and the radia
tion dose to the organ can be calculated as the product of the number 
of transformations and the specific effective energy absorbed in the 
organ per transformation (24). Evans (25) and Evans et al. (26) have 
described in considerable detail methods of calculating the average 
skeletal dose ("cumulative rads") from ^ R a and 2 2 8 Ra. 

Dose and dosage parameters that correspond to a residual burden 
of 1 μΟί ^ R a in the body 50 years after exposure to radium are shown 
in Table II. The values for systemic intake and skeletal dose were 
calculated with the retention function of Norris et al. (22). However, 
recent work by Keane et al. (27) indicates that radium is retained less 
tenaciously at lower levels of systemic intake than at the levels of 70-
450 μΟί that were studied by Norris et al., so systemic intake and 
radiation dose relative to a residual burden of 0.1 μΟί at 50 years 
would be greater than the ratios implied in Table II. Some reassess
ment of radium doses may be necessary, and this possibility is under 
study at A N L (28). The estimate of soft tissue dose is from a 1983 
article by Keane and Schlenker (29). 

Computations. Several of the studies of health effects among 
women dial workers described in this chapter were concerned with 
deriving dose—response relationships by fitting equation parameters to 
observed data. These studies usually employed least-squares fitting 
routines of the type available in standard statistical packages (30, 31), 
and statistical significance was determined from the number of degrees 
of freedom and the sum of the chi-square differences. For these anal-

Table H. Radioactivity and Radiation Doses Associated with the Presence 
of 1.0 μ€1 2 2 6 Ra (37 kBq) in the Body 50 Years after a Short Period 

of Intake 
Quantity Classical Units SI Units 
2 2 2 Rn in breath 10 pCi L" 1 370 Bq m" 1 

Systemic intake (̂ Ra) 300 μ α 11 MBq 
Body intake 1500 μΟί 55 MBq 
Average skeletal dose (female) 
Average soft-tissue dose° 

4000 rads 40 Gy Average skeletal dose (female) 
Average soft-tissue dose° 10 rads 0.1 Gy 
"Estimate based on data in reference 29. 
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yses the figure of merit was the "p value", that is, the probability of 
a poorer fit from merely statistical fluctuations, and dose-response re
lationships fitted with ρ values less than the 0.05 were not considered 
acceptable. 

The other studies of health effects described in this chapter usu
ally compared the observed numbers of cases with the numbers ex
pected from age-, year-, and cause-specific rates for the general pop
ulation of U.S. white females (32). The results were expressed as 
standardized mortality ratios (SMR = observed/expected X 100), and 
statistical significance was shown in various ways. In the summaries 
of findings given in this chapter, some uniformity of presentation was 
achieved by showing the observed and expected numbers and using 
them in tests of significance. The tests were based either on the sum
mary chi-square [χ2 = (\% obs- — Σ exp.| — 0.5)2/Σ exp.], from which 
a ρ value was calculated for 1 degree of freedom (33), or on the Pois
son probability (Ρ) that a number equal to or greater than the ob
served number would have been obtained by chance if the true value 
was the expected number (34). For these tests small values of ρ or Ρ 
were indicative of a significant difference between observed and ex
pected numbers. 

Health Effects 

Bone Sarcomas and Head Carcinomas. A high incidence of 
bone sarcomas was noted not only among radium dial painters, but in 
numerous other populations of persons who accumulated large body 
burdens of 2 2 6 Ra or 2 2 8 Ra (16, 25, 35, 36) or 2 2 4 Ra (37, 38). A compi
lation to mid-1988 by Schlenker et al. (39) showed a total of 62 con
firmed and three doubtful cases of bone sarcoma among women dial 
painters in the Argonne radium study (including one confirmed case 
first diagnosed in 1981 and another in 1988). All of these women en
tered the dial industry before 1926. The obvious increase of incidence 
of bone sarcomas with the amount of body radium, the low natural 
incidence, the absence of life-style factors, the low incidence among 
atomic-bomb survivors, and the fact that radium deposits preferen
tially in bone leave little doubt that the high incidence of bone sar
comas in radium-exposed populations was caused by internal deposits 
of radium. 

Characteristics of radium-induced head carcinomas were described 
in detail by Littman et al. (40). These cancers are thought to be caused 
by 2 2 6 Ra but probably not by 2 2 8 Ra, because they occurred in persons 
with large burdens of 2 2 6 R a and little or no 2 2 8 Ra but not vice versa 
(16). The mechanism is believed to involve the accumulation of 2 2 2 R n 
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in air spaces adjacent to bony structures in the paranasal sinuses and 
mastoids (41). The 1984 C H R list of "radium-induced malignancies" 
(42) showed a total of 24 women dial painters with head carcinomas, 
including two cases first diagnosed in the 1980s, all of whom were 
first employed before 1926. 

Because it was well accepted that radium caused bone sarcomas 
and head carcinomas in radium-exposed persons, the principal scien
tific objective of studies of these two types of tumors during the last 
2 decades was to derive dose-response relationships, with particular 
attention to the probability of these tumors occuning at very low doses. 

Evans (43) observed 33 bone sarcomas and 10 head carcinomas in 
605 men and women in the combined MIT-NJRRP series for whom 
radium burdens were known. This group included dial painters, per
sons who received radium medically or as nostrums, laboratory work
ers, and others. A total of 102 persons received more than 1000 cu
mulative skeletal rads, and all tumors of the two types definitely 
associated with internal radium occurred in these high-dose people. 
A plot of time from radium exposure to appearance of the 43 radio
genic tumors versus cumulative rads showed a tendency for an in
crease in time to appearance of tumor as the dose decreased. Evans 
suggested that this finding supported the concept of a practical thresh
old dose; that is, at very low doses the time from radiation exposure 
to appearance of tumor might exceed maximum lifespans. In obtaining 
a dose-response relationship, Evans combined both types of tumors 
in a response parameter called "cumulative tumor incidence", that is, 
the number of tumors of either kind in a dosage cohort divided by 
the number of people in the cohort. After Evans removed cases he 
deemed to be "epidemiologically unsuitable" because of possible se
lection on the basis of symptom, 67 persons with skeletal doses of 
more than 1000 rads remained, and among them there were 12 cases 
of bone sarcomas and seven cases of head carcinomas. Dividing these 
cases into four dose groups in the range of 1000-50,000 rads resulted 
in a mean value of 28 ± 6% cumulative tumor incidence for doses 
above 1000 rads and zero incidence below 1000 rads (Figure 1). 

Rowland et al. (44) examined the incidence of bone sarcomas in 
radium cases separately from that of head carcinomas and considered 
only women radium dial workers when deriving quantitative relation
ships between incidence and radium intake. The study population at 
the end of 1979 included newly located cases in addition to the cases 
studied by the earlier radium projects, and radium burdens were mea
sured in 1468 women whose employment in the radium dial industry 
began before 1950. Among these women were 42 cases of bone sar
coma, all in women first employed before 1930. Rowland et al. tested 
dose-response relationships by attempting to fit to the radium data 
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Figure 1. Cumulative occurrence of bone sarcomas and head carci
nomas in "epidemiologically suitable" radium cases vs. average skeletal 
dose. The shaded region corresponds to the mean occurrence of 28 ± 
6% between 1,000 and 50,000 rads. (Reproduced with permission from 

reference 43. Copyright 1974 Health Physics Society.) 

equations of the general linear-quadratic-exponential (LQE) form, I = 
(C + aD + β Ρ 2 ) e~lD, where I is the observed incidence, C is the 
natural incidence, and D is the dose. After the cases were divided 
into dose groups, equations such as I = C + aD, I = C + βΟ 2 , and 
so on were fitted to the data points by a weighted least-squares pro
cedure (30, 31), and the goodness of fit was evaluated from the sum 
of the chi-square differences between calculated and observed values 
of incidence in the dose groups. The incidence variable was bone sar
coma cases per person-year at risk, and the dose parameter was sys
temic intake, that is, the calculated quantity (μΟί) of radium that en
tered the blood during the period of exposure (45). Radium intake was 
used in preference to average skeletal dose, because it allowed the 
cases to be grouped by intake level (the usual procedure in toxicity 
studies), it did not vary with time after exposure, and it avoided the 
possible implication that it represented the (unknown) true dose to 
critical tissues at risk. For induction of bone sarcomas, 2 2 8 Ra was 
weighted by a factor of 2.5 compared to 2 2 6 Ra; that is, μΟί Ra = μΟί 
^ R a + 2.5 Χ μΟί 2 2 8 Ra (36). All the bone sarcomas were in women 
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with systemic intake greater than 100 μΟί Ra (about 1200 cumulative 
rads in long-term survivors).* 

Rowland et al. (44) addressed the question of bias due to symp
tom-selected cases not by deciding to exclude individual cases, but by 
defining the population for analysis in two radically different ways. 
The first method (date of employment) was to accept all women dial 
painters with measured body burdens and to count years at risk from 
time of first employment; with these criteria 124 women with a total 
of 4025 person-years at risk were in the dose groups above 100 μΟί 
that contained the 42 sarcoma cases. The second method (date of first 
measurement) was to accept only women who had survived at least 2 
years without bone sarcoma after first measurement and to count only 
those person-years occurring after the 2 years; this left 68 women with 
890 person-years and 13 bone sarcomas in the dose groups above 100 
μΟί. The dose group ranges and the total numbers of persons are 
shown in Table III. 

A summary of the results of the least-squares analyses by Rowland 
et al. (44) is given in Table IV. Only dose—response functions that 
could be fitted to the radium data with positive coefficients and greater 
than 5% probability of a poorer fit (p > 0.05 by chi-square test) were 
accepted. When the test population included all women workers with 
radium measurements, only the dose-squared exponential form (Fig
ure 2) was acceptable (p = 0.73). When the analysis was based on 
date of first measurement, the dose-squared exponential and the linear 
form of the dose-response function were both acceptable. Analyses in 
which the coefficient of the linear term was held constant showed that 

Table III. Case Distribution of Women Radium Dial Workers First 
Employed before 1950 for Whom Radium Measurements Were Made 

by the End of 1979 

Systemic 
Intake 
(μα Raf 

Number of 
Dose Groups 
in Analysis 

All Women 
with Measurement 

2-Year Survival 
after Measurement 

Systemic 
Intake 
(μα Raf 

Number of 
Dose Groups 
in Analysis Women Bone S.b Women Bone S.b 

100+ 5 124 42 68 13 
0.25-99 8 824 0 730 0 
<0.25 0 520 0 459 0 
Totals 13 1468 42 1257 13 
NOTE: Adapted from Table 2 of reference 44. 
'Systemic intake = μΟί m R a + 2.5 μΟί ^Ra. 
feBone sarcomas. 

*Two new cases of bone cancer in former radium dial painters were diagnosed after 
the close of this study at the end of 1979. Average skeletal doses of about 460 and 
8100 rads were estimated for the two cases (39), but the ^Ra dose to the former 
possibly was underestimated (42). 
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Table IV. Dose-Response Functions with Acceptable Least-Squares Fits 
to Incidence of Bone Sarcomas in Women Radium Dial Workers First 
Employed before 1950 (Positive Coefficients and Chi-Square, ρ ^ 0.05) 

Equation Results 
All coefficients free 

Based on year of first employment (C = 0.7 Χ Κ Γ 5 py_ 1): 
/ = (C + βϋ2) e~yD β = (7.0 ± 0.6) x ΙΟ"8 ρ = 0.73 

7 = (1.1 ± 0.1) x 10 - 3 

Based on date of first measurement (C = 1.75 X 10"5 py_ 1): 
I = C + aD α = (2.0 ± 0.6) x 10~b ρ = 0.26 
I = (C + βΟ2) β~ΊΌ β = (1.8 ± 0.4) x ΙΟ - 7 ρ = 0.27 

I = (C + aD + βΟ2) e~yD model with 
7 = (1.5 ± 0.2) x 10"3 

I = (C + aD + βΟ2) e~yD model with only β and y free 
Based on year of first employment: 
a = 0 (fixed) to α = 1.3 x 10"5 (fixed) 
β = (7.0 ± 0.6) X 10"8 β = (4.3 ± 1.2) x 10"8 

7 = (1.1 ± 0.1) x 10"3 7 = (0.9 ± 0.1) x 10"3 

ρ = 0.58 ρ = 0.05 
SOURCE: Adapted from Table 3 of reference 44. 

Figure 2. Bone sarcomas per person-year at risk vs. systemic intake 
of radium in women radium dial workers employed before 1950. The 
curves show the dose-squared exponential function and the range of 
values covered by ±1 S.D. of the fitted coefficients. (Reproduced with 
permission from reference 44. Copyright 1983 Health Physics Society.) 
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acceptable fits of the complete L Q E function to the data for all the 
cases could be obtained if the coefficient was held to values no more 
than 1.6 X 10~5 bone sarcomas per person-year per μΟί Ra. The coef
ficient of the linear function fitted to the analysis based on the date 
of the first measurement had a similar value (2.0 Χ 10~5). 

In an earlier analysis of dose-response relationships, Rowland and 
co-workers (36) examined the incidence of head carcinomas among 
women radium dial painters first employed before 1930 in much the 
same way as described previously for bone cancers. The study pop
ulation comprised 749 women whose radium burden was measured. 
Since ^ R a was known to be much less effective than ^ R a in inducing 
head carcinomas, the dose parameter (D) for these cancers was de
fined as systemic intake (μΟ) of ^ R a only. There were 17 cases of 
head carcinoma in 134 women in dose groups above 25 μΟί, and no 
head carcinomas in women with smaller intakes of 2 2 6 Ra. When the 
various forms of the dose-response function were tested for fit to head 
carcinomas per person-year versus μΟί ^Ra , only the quadratic form 
(I = C + $D2) and the linear-quadratic form (I = C + aD + β ϋ 2 ) 
were rejected by the least-squares procedure. The simplest form, I = 
C + aD, with a = (1.6 ± 0.2) Χ 10"5, provided the best fit. As a 
means of reducing bias due to nonrandom selection, each case in which 
the body was exhumed for radioactivity measurement was excluded 
from the analysis of data. This exclusion resulted in the removal of 23 
persons and one head carcinoma from the study, but the results ob
tained by least-squares were almost identical to those obtained pre
viously. Rowland et al. (36) also showed that, for bone sarcomas and 
head carcinomas, the same forms of the dose-response function were 
favored by least-squares tests when the dose parameter was average 
skeletal dose (rads) as when it was systemic intake (microcurie). 

Skeletal Impairment. Destruction of bony tissue was among 
the earliest deleterious effects ascribed to radium. Blum (4) described 
mandibular osteomyelitis in a dial painter as radium jaw, and Hoffman 
(5) published a review of the medical records of dial painters under 
the title of "Radium (Mesothorium) Necrosis". Martland (9) subse
quently determined that bone necroses occurred not only in the jaws, 
but throughout the body of dial painters and drew attention to clinical 
similarities of these necroses to what Ewing (46) described as "radia
tion osteitis" in bones exposed to large doses of radiation from external 
sources. 

Follow-up studies of radium cases usually included radiographic 
examination of the skeleton for early signs of bone sarcoma or head 
carcinoma. These X-ray studies revealed changes in bone structure 
that were characteristic of radium deposition (14, 47), and quantitative 
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measures to rank relative amounts of bone necrosis began being de
veloped in about 1960 (48). Radiologists at A N L - A C R H and the RC 
then adopted a standardized scoring system to quantify the severity 
of skeletal damage seen on X-ray plates (25, 49). The types of bone 
damage scored include coarsening of trabeculation, areas of decreased 
or increased bone density, spontaneous fractures, and bone or head 
cancers. Studies done with this scoring system indicated that scores 
below 5 were of no clinical significance. A so-called "reduced X-ray 
score" was also defined by considering only changes in trabeculation 
and bone density. The severity of these changes varies with dose, so 
the reduced score is a measure of a nonstochastic effect (50). 

Keane et al. (49) compared the reduced X-ray scores of two groups 
of women dial workers: 201 former employees of a plant in Illinois, 
whose radium intake was predominantly m R a (more than six times the 
intake of ^Ra), and 159 former employees of a plant in Connecticut, 
whose radium intake was predominantly ^ R a (about seven times more 
than m Ra) . Figure 3 is a plot of reduced score versus systemic intake 

2 2 6 R a Group 

τ ι ι ι 11111 1—I 1 I 1 I l l | 1—I I 1 1 I 11 j 1—i 1 I I I 11 

ο 

Systemic Intake, pCi 

Figure 3. Reduced score versus systemic intake for women radium dial 
workers with predominantly 226Ra exposure. Reduced score is a measure 
of non-neoplastic damage to bone. (Reproduced with permission from 

reference 49. Copyright 1983 International Atomic Energy Agency.) 
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(μΟί 2 2 6 Ra + μ€ί 228Ra) for the 2 2 6 Ra group; the corresponding plot for 
the ^ R a group was similar in appearance. For both isotopes the scores 
decreased strongly with decreasing dose to levels deemed "clinically 
insignificant" (no symptoms expected) at about 25 μα and to levels 
found in a group of control subjects at 10 μΟί. The spread in reduced 
score values was greater for ^ R a than for 2 2 8 Ra, but the mean scores 
at most intake levels were about the same. 

l i f e Shortening. Stehney et al. (51) examined the survival times 
of women radium dial workers for evidence of life shortening that could 
be ascribed to illnesses other than the known radium-related tumors 
(bone sarcomas and head carcinomas). The study population comprised 
1235 women employed in the dial industry before 1930 whose year of 
birth and vital status at the end of 1976 were known. The analysis 
used life-table methods to record the time sequence of events in 1-
year intervals after the start of employment and compared the ob
served numbers of deaths with the numbers of deaths expected on 
the basis of age-time-specific mortality rates for U.S. white women 
(32). The survival probabilities that may be observed in the absence 
of risk from bone sarcomas and head carcinomas were estimated by 
methods given by Chiang (52), with the assumption of independence 
among causes of death. Because specific mortality rates were not avail
able for age 85 and older, follow-up time and deaths after age 84 were 
not counted; this restriction caused 28 women to be withdrawn from 
the analysis at age 85, including 11 who died at age 85 or later. 

A condensed summary of the findings, shown at 10-year intervals 
in Table V, reveals that deaths from bone sarcomas were three times 
more numerous than those from head carcinomas and started to occur 

Table V. Net Observed and Net Expected Deaths in Pre-1930 Women 
Radium Dial Workers after Removal of Deaths with Tumor Types Known 

To Be Radium Related 
Interval Number of During Interval 
since Year 
of Entry 
(Years) 

Persons 
at Start 

of Interval0 

Deaths 
with Bone 
Sarcoma 

Deaths 
with Head 
Carcinoma 

Other 
Deaths 

Observed 

Other 
Deaths 

Expected 
Observed 
Expected 

0-9 1235 8 0 48 37.5 1.28 
10-19 1179 15 1 45 42.2 1.07 
20-29 1118 15 3 44 50.6 0.87 
30-39 1055 9 7 72 79.9 0.90 
40-49 968 9 4 139 141.5 0.98 
50-59 649 2 3 106 106.1 1.00 
60-61 37 0 0 1 2.4 0.42 

0-61 1235 58 18 455 460.3 0.99 

NOTE: Adapted from Table III of reference 51. 
Trevious number less deaths and live withdrawals during previous interval. 
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earlier (5 years vs. 19 years). The observed mean and standard error 
of the survival times of the dial workers from first employment to 59.5 
years later was 48.5 ± 0 . 5 years. Since the expected mean survival 
during this period was 50.3 years, the mean life shortening in this 
population was 1.8 ± 0.5 years. Most of the loss of lifetime was due 
to deaths from bone sarcomas and head carcinomas. Although an ex
cess of other deaths occurred in the first 10 years, the differences 
between other deaths observed and other deaths expected were not 
significant at the 5% level in the total or in any of the intervals. How
ever, differences in the early years possibly were reduced by the so-
called "healthy worker" effect. 

Probabilities of survival in the absence of risk from the known 
radium-related tumors are plotted at 5-year intervals in Figure 4 as 
observed and expected cumulative net probabilities of survival. The 
ratios of observed to expected probabilities (square symbols) indicate 
less than expected net survival in the early years and more than ex
pected in the later years, but the differences are not statistically sig
nificant. 

Stehney et al. (51) also examined numbers of deaths in subgroups 
of dial workers on the basis of radium intake. For this analysis μΟί 
Ra was set equal to μΟί ^ R a + μΟί ^Ra , and only person-years and 
deaths that occurred after first measurement of body radium were 
counted. The results are summarized in Table VI for the 718 dial 
workers first employed before 1930 whose radium burden was mea
sured while they were living; the average time from first employment 
to measurement was 40 years, at age 58. Only one death with radium-
related tumor occurred at less than 50 μΟί, whereas 14 of the 16 
deaths in the highest dose group were with bone sarcoma or head 
carcinoma. The difference between other deaths observed and other 
deaths expected was not significant at the 5% level for any of the dose 
groups, but comparison of the 50-500 μΟί group with the lowest dose 
group suggests a dose effect. 

Leukemia. Although it is well known that radiation causes leu
kemia, that the leukemias begin to appear soon after exposure, and 
that the red marrow is subject to irradiation from deposits of radium 
in bone, there is little evidence of excess cases of leukemia among 
radium dial workers. The autopsy reports and case histories described 
by Martland and his colleagues in the 1920s and 1930s (6-9) identified 
no cases of leukemia, although detailed studies of blood and bone 
marrow were made and severe anemias were observed. Aub et al. (14) 
reported that one woman in their series of 30 radium cases had leu
kemia listed as a cause of death. Finkel et al. (35) reported three cases 
of leukemia, including a case of chronic lymphatic leukemia and the 
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0 10 20 30 40 50 60 70 

Years after First Exposure 

Figure 4. Observed and expected net probabilities of survival of women 
vs. time (years) after first employment as a radium dial worker, when 
risk of bone sarcomas and head carcinomas is eliminated. Ratios of ob
served net survival to expected net survival are shown as square sym
bols. The error bars represent one standard error. (Reproduced with 
permission from reference 51. Copyright 1978 International Atomic 

Energy Agency.) 

case mentioned by Aub et al., among 250 women who had painted 
radium dials in Illinois during the 1920s; the investigators tentatively 
attributed these leukemia eases to radium deposition, but it is not 
clear whether this was because of an apparently high incidence or 
because of an association of bone marrow with radium in bone. 

In what was probably the first published study of dial painters that 
was made with methods commonly employed in epidemiology, Poled-
nak et al. (53) examined the causes of death (from certificates) among 
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Table VI. Net Observed and Net Expected Deaths in Pre-1930 Women 
Radium Dial Workers by Radium Dose Group When Entry Is at First 

Measurement While Living 
Dose Range (μΟί Ra Intake) 

<0.5 0.5-5 5-50 50-500 >500 Total 
Number of persons 202 265 152 80 19 718 
Mean date of entry 1965.4 1962.5 1961.0 1957.7 1950.4 1962.2 
Mean age at entry 61.1 58.3 57.4 54.3 50.3 58.2 
Person-years 2062 3328 2100 1073 144 8707 
Deaths 39 63 37 40 16 195 
Deaths with 

Bone sarcoma 0 0 0 11 10 21 
Head carcinoma 0 0 1 6 5 12 

Other deaths observed 39 63 36 24 2 164 
Other deaths expected 44.8 64.2 38.8 16.9 2.2 166.9 
Observed/Expected 0.87 0.98 0.93 1.42E 0.91 0.98 

SOURCE: Reproduced with permission from reference 51. Copyright 1978 International 
Atomic Energy Agency. 
aChi-square, ρ = 0.20. 

634 women who were identified from employment lists and similar 
records as having worked in the U.S. radium dial painting industry 
between 1915 and 1929. Three deaths were coded to leukemia, whereas 
the number expected from sex-, age-, and year-specific rates was 1.41. 
In a similar study of women identified from all available sources, Steb-
bings et al. (54) found three deaths coded to leukemia in 1285 pre-
1930 dial workers and four coded to leukemia in 1185 dial workers 
first employed in 1930-1949, whereas the expected numbers were 4.1 
and 1.8, respectively. These findings are not indicative of leukemias 
caused by internal radium, because the apparent excess of leukemias 
was observed in the later group, and women in that group generally 
had much lower radium burdens than did earlier workers. 

In a study of leukemia incidence, Spiers et al. (55) included 226 
women dial workers first employed in 1950-1969 in addition to those 
employed before 1950. They found a total of nine incident leukemias 
in the combined population of 2696 women dial workers, including 
four cases of chronic lymphatic leukemia, a type not thought to be 
induced by radiation. The number expected from natural incidence 
rates was 7.97. Spiers et al. also calculated red marrow doses to 693 
women whose radium burdens were measured while they were living 
and applied risk estimates given by the International Commission on 
Radiological Protection (56); the numbers of leukemias expected from 
alpha particles (quality factor of 20), beta particles, and external gamma 
rays were 2.63, 0.03, and 0.11, respectively. In this population the 
expected number of natural leukemias was 2.05, so the expected total 
of natural and radiation-induced leukemias was 4.82—somewhat larger 
than the actually observed number of two. 
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Loutit (57) and Mole (58) suggested that cases of aleukemic leu
kemia possibly were missed in the 1920s. However, Mole also sug
gested that the continuing absence of excess leukemias is evidence of 
a low leukemogenic effect from radium in bone. 

Breast Cancer. In their study of mortality among 634 women 
identified from objective records as employed in the radium dial in
dustry before 1930, Polednak et al. (53) found no evidence of excess 
mortality from breast cancer. About 60% of the women had worked 
in Connecticut, 30% in Illinois, and 10% in New Jersey. Among all 
the women there were nine deaths from breast cancer versus 9.45 
expected. Among 360 women in the cohort whose radium burdens 
had been measured, there were three breast cancer deaths (vs. 2.79) 
in those with less than 50 μα Ra intake and one death (vs. 0.62) in 
those with higher systemic intakes of radium. 

Adams and Brues (59) studied breast cancer among all women dial 
workers employed before 1930 whose radium burdens were measured 
while they were alive (736 women). Follow-up was from year of first 
measurement to death or 1979. They found excess mortality (6 vs. 
1.04 expected) and incidence (9 vs. 2.72) with chi-square ρ values less 
than 0.001 in women with radium intakes greater than 50 μΟί but no 
significant difference between observed and expected numbers of breast 
cancer among women with smaller radium intakes. Analyses by age 
at first employment, duration of exposure, and parity (no live births 
vs. one or more live births) showed no relationship between breast 
cancer and any of these risk factors. From this study Adams and Brues 
concluded that breast cancer in females may be induced by high levels 
of internally deposited radium. 

Several inconsistencies in findings on breast cancer were noted by 
Stebbings et al. (54) when they examined cancer mortality in women 
radium dial workers by place and period of employment in addition 
to systemic intake of radium and length of employment. Among 1285 
women employed before 1930, there were 36 deaths from breast can
cer versus 25 expected (chi-square ρ < 0.05) on the basis of U.S. 
mortality rates and follow-up from year of first employment, but the 
difference was not significant when adjusted for county rates (30 deaths 
expected). Extreme variation by work place was found in the mortality 
from breast cancer of women who worked at the three major places 
of employment. Many more deaths from breast cancer than expected 
were reported for women who worked at the Ottawa, Illinois, plant 
(15 vs. 6.55), more than expected at Orange, New Jersey (13 vs. 7.47), 
and many fewer than expected at Waterbury, Connecticut (1 vs. 6.67). 
Review of incidence data (also low at Waterbury) indicated that the 
quality of ascertainment of breast cancer at Waterbury was as good as 
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at the other locations, so no ready explanation for the deficit at Wa
terbury is available. 

For comparison with internal radium, Stebbings et al. (54) counted 
breast cancers and person-years in women with measured radium bur
dens from 1957 or from 2 years after first measurement, whichever 
was later. Radium-228 was weighted by a factor of 6 relative to 2 2 6 Ra 
in soft tissue, because it delivers about six times the radiation dose 
to soft tissue per μΟί of initial intake; however, little change in dose-
response comparisons occurred when the two isotopes were weighted 
equally. Duration of employment was used as a possible indicator of 
exposure to external gamma-ray radiation and radon and radon daugh
ters in the work place. Because women first employed after 1930 gen
erally had much lower radium burdens than those employed earlier, 
they were a valuable comparison group for tests of the association of 
internal radium with induction of cancer. 

Numbers of breast cancers in cohorts of women employed before 
1930 and first employed in 1930-1949 are shown by place and period 
of employment in Table VII and by radium intake and duration of 
employment in Table VIII. The data in both tables are from the ar
ticle by Stebbings et al. (54). Of special interest is the excess of breast 
cancers in both cohorts of Illinois women, although they were em
ployed at different factories, and the apparently dose-related excess of 
breast cancers among women in both time periods, although radium 
intakes were 10-100 times lower in the 1930-1949 cohort. No rela
tionship to duration of employment was found for either cohort. (Al
though most of the breast cancers in the later cohort occurred among 
women who had worked a year or more, most of the women in that 
cohort had also worked a year or more.) Stebbings et al. (54) also 
found that, for both cohorts, the excess of breast cancers was not higher 
in those employed before age 20 and pointed out that this finding was 
inconsistent with induction by external radiation. Thus, the findings 
on breast cancer presented somewhat of a puzzle; a significant in
crease of breast cancers with increase of body radium in the pre-1930 

Table VII. Observed and Expected Breast Cancer Deaths in Women 
Radium Dial Workers, by Factory and First Year of Employment 

All Cases Measured Cases (1957+) 
<1930 1930--1949 <1930 J930--1949 

Factory Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp. 
Orange, NJ 13 7.48 — 1 1.72 — — 
Waterbury, CT 1 6.58 1 0.51 0 3.21 1 0.07 
Ottawa 1, IL 15 6.56 0 0.43 8 2.89 0 0.14 
Ottawa 2, IL — — 9 4.05 — — 5 1.04 

NOTE: Data are from reference 54 and A. F. Stehney, A N L , unpublished data. 
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Table VIII. Breast Cancer Deaths (1957+) among Measured Women 
Radium Dial Workers by First Year of Employment, Radium Intake, and 

Employment Duration 
<1930 1930-1949 <1950a 

Obs. Exp. Obs. Exp. Obs. Exp. 
Radium intake (&Ci)b 

<0.5 0 2.02 1 1.11 1 3.13 
0.5-4.9 2 2.47 5 0.77 7 3.24 
5.0-49 3 2.27 c — 3 2.27 
>50 6 1.35 c — 6 1.35 
P(>Obs.)d P(>6) = 0.01 

(0.005)e 

P(̂ 5) = 0.10 
(0.046)e 

P(>6) = 0.03 

Weeks of employment 
<5 0 1.02 0 0.13 0 1.15 
5-49 5 2.90 1 0.37 6 3.27 
>50 6 4.19 5 1.40 11 5.59 
P^Obs.)** P(>6) = 0.54 P(-5) = 0.50 P(>11) = 0.25 
NOTE: Data are from reference 54 and A . F. Stehney, A N L , unpublished data. 
This column was added during the present review. 
feMesothorium f^Ra) weighted by a factor of 6 relative to ^Ra. 
Only four individuals at risk above 5 μΟί (0.3 expected total deaths). 
^Poisson probability of at least the number of observed deaths in the group at highest 
risk, given the total number observed and the distribution of expected deaths. 
"Probabilities shown in reference 54. 

cohort was seen, but the similar correlation seen at much lower ra
dium levels in the 1930-1949 cohort and other inconsistencies gave 
reason to doubt that internal radium caused an increase of breast can
cers among the dial painters. However, the recalculated probabilities 
shown in Table VIII and the probabilities calculated for the combined 
cohorts indicate that the overall distribution of breast tumors is not 
necessarily inconsistent with an effect of internal radium on breast tu
mors. Further study is needed to determine whether radiation, life
style, environment, or other factors are principally responsible for the 
apparently elevated number of breast cancers in some groups of ra
dium dial workers and the apparent deficit in the Waterbury workers. 

Somewhat ambiguous results also were found in studies of breast 
cancers among radium luminisers in the United Kingdom, and the 
findings show the advisability of continued follow-up of dial painters 
exposed as long ago as World War II. In 1981 Baverstock et al. (60) 
reported a small excess of breast cancers among U.K. luminisers and 
suggested that accumulated absorbed doses of more than 20 rads from 
external gamma rays were the cause, but several years later (1989) 
Baverstock and Papworth (61) reported that the excess found after 
continued follow-up was no longer significant at the 5% level. United 
Kingdom investigators (62) also discounted the possibility that a sig-
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nificant fraction of the breast cancers were caused by the small amounts 
of internal radium in members of their study population (at levels sim
ilar to those found in women who painted dials in the United States 
during the 1940s). 

Rowland et al. (63) compared mortality in U.S. radium dial work
ers with estimates of external radiation doses. The study population 
comprised 1261 women first employed in the industry before 1950 
whose dates and duration of employment were known. Women who 
died with bone sarcoma or head carcinoma were excluded. On the 
basis of reports on levels of gamma-ray radiation and estimates of the 
amounts of radium in workrooms, Rowland and co-workers assumed 
that average external radiation dose rates to dial painters were 8 
rads/year before 1939 and only 2 rads/year during 1940-1949. Com
parison of dose groups of 0-10, 10-50, and 50+ rads showed no trend 
with dose in the ratio of cancers to deaths or in the distribution of 
types of cancer. A detailed examination of the amounts and locations 
of the radium used by the dial painters led to an estimate that the 
absorbed breast doses were of the order of 15 rads/year. The analysis 
indicated that breast dose rates at twice the previously estimated ex
ternal rates might account for half of the ten excess deaths from breast 
cancer found in the three dose groups combined (26 observed vs. 16 
expected). 

Multiple Myeloma. Cuzick (64) compiled data from a large 
number of studies of cohorts exposed to various types of radiation and 
showed that a nontrivial excess of observed over expected cases of 
multiple myeloma occurred in most of the cohorts. Included were six 
deaths of U.S. radium dial painters and seven deaths among Thoro-
trast patients in Europe. Cuzicks estimates of expected myeloma deaths 
for the dial painters and Thorotrast patients were 0.86 and 1.86, re
spectively, indicating that both groups exposed to internal alpha-par
ticle radiation had a significant excess. 

Stebbings et al. (54) suggested that Cuzick's estimate of expected 
numbers of deaths among the dial painters was too low because of a 
misunderstanding about cause-of-death code numbers and changes in 
code numbers between the seventh and eighth revisions of the In
ternational Classification of Diseases (ICD). However, their analyses 
still showed a significant excess of multiple myeloma deaths (six ob
served vs. 2.08 expected, ρ < 0.025) and incidence (seven vs. 2.93, 
ρ < 0.05) among dial painters first employed before 1950. There were 
four incident cases, all in the pre-1930 cohort, whose radium burden 
was measured. Comparison of incidence with radium intake and with 
duration of employment (Table IX) indicated a closer association with 
length of employment than with internal radium. 
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Table IX. Multiple Myeloma Incidence (1957+) among Measured Women 
Radium Dial Workers First Employed before 1930, by Radium Intake 

and Employment Duration 
Radium Intake 
(ματ Obs. Exp. 

Weeks of 
Employment Obs. Exp. 

<5 2 0.47 <50 0 0.35 
>5 2 0.25 >50 4 0.38 
P(>Obs.f P(>2) = 0.41 P(^Obs.)fe P(̂ 4) = 0.16 P(^Obs.)fe 

(0.075)c 

NOTE: Data are from reference 54. 
eMesothorium f^Ra) weighted by a factor of 6. 
6Poisson probability of at least the number of observed deaths in the group at higher 
risk, given the total number observed and the distribution of expected incidences. 
Trobability given in reference 54. 

Cancers of Body Sites Directly Exposed to Radium. Like 
all soft body parts, the lungs and the gastrointestinal (GI) tract are 
exposed to external radiation and to radiation from the small fraction 
of body radium in soft tissue. In addition these organs are directly 
exposed to the radium contained within their walls, the lungs to in
haled radium, radon, and radon daughters (65) and organs of the GI 
tract to ingested radium and radium being eliminated from the body. 
The lungs are also exposed to exhaled radon which comes from radium 
in the body, but this radon is probably only a minor contributor to 
the lung dose, because it is exhaled too rapidly for accumulation of 
daughter products. Also, as indicated in Table II, the concentration 
of ^ R n in the breath of a subject with a large body burden of 1 μΟί 
^ R a is about 10 pCi L~\ which is not much larger than the average 
concentration of 3.4 pCi L " 1 that was reported for a large number of 
ordinary houses in the United States (66); exhalation of 10 pCi 2 2 2 R n 
LT 1 would eventually add about 0.3 pCi LT 1 to the air of a small room. 

Polednak et al. (53) found a significant excess of deaths from colon 
cancer in 634 women radium dial workers first employed before 1930 
(ten vs. 4.96 expected, ρ < 0.05 for chi-square), but no excess of 
deaths from cancers of the stomach, other digestive organs, or the 
lung. Because most of the radium that enters the body is soon elim
inated through the large intestine, the finding of excess colon cancer 
suggested a causal relationship with radium. However, in a further 
study of 360 women in the cohort whose radium burden was mea
sured, Polednak et al. found excess colon cancer deaths among 302 
women with intake amounts of less than 50 |xCi Ra but not among 58 
women with higher intakes of radium. 

The study of cancers among women dial workers by Stebbings et 
al. (54) showed that deaths from colon cancer were higher than ex
pected on the basis of U.S. rates (24 observed vs. 15.4 expected, ρ 
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< 0.05) in 1285 women employed before 1930, but the difference was 
not significant when adjusted for county rates (19.2 expected). Deaths 
from cancers of other digestive organs or from the lung did not differ 
significantly from the numbers expected. Tests of the distributions of 
cancers of the stomach, colon, rectum, and lungs versus radium intake 
and versus duration of employment are summarized in Table X for 
the 693 women in this cohort with measured radium burdens. The 
values of Ρ shown in the rows for 50 or more μΟί and 50 or more 
weeks are the Poisson probabilities of the occurrence of the observed 
number or greater in those rows, given the total number observed 
and the distribution of expected numbers. No statistically significant 
dose-response relationships were observed for any of these cancer sites, 
but there were indications of an effect of radium intake on lung cancer 
and an effect of duration of employment on cancers of all four sites. 
Among 1185 dial painters first employed in 1930-1949, a small excess 
of deaths from colon cancers (eight observed vs. 5.37 expected) and 
a significant excess of deaths from stomach cancers (seven vs. 1.80 
expected) were found. 

Cancers of the Central Nervous System. In a survey of cen
tral nervous system (CNS) tumors among radium dial workers, Steb
bings and Semkiw (67) found six deaths (vs. 2.84 expected) coded to 
malignant CNS tumors among 1298 women employed before 1930, 

Table X. Observed and Expected Deaths (1957+) in Pre-1930 Measured 
Women Radium Dial Workers from Cancers of Directly Exposed Sites, 

by Radium Intake and Employment Duration 
Stomach Colon Rectum Lung 

Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp. 
Radium intake (μΟ)° 
<0.5 0 0.48 3 1.65 0 0.37 0 1.02 
0.5-4.9 2 0.72 3 2.45 2 0.55 0 1.52 
5.0-49 2 0.43 3 1.50 1 0.34 4 0.94 
>50 1 0.20 0 0.66 0 0.15 2 0.40 
P(>Obs.)fc P(>1) = 0.44 P(>0) = 1.0 P(̂ 0) = 1.0 P(>2) = 0.12 

Weeks of employment 
<5 0 0.23 0 0.78 0 0.17 0 0.51 
5-49 1 0.63 3 2.18 0 0.49 0 1.40 
>50 4 0.98 6 3.30 3 0.74 6 1.96 
P(>Obs.)fo P(>4) = 0.23 P(>6) = 0.31 P(̂ 3) = 0.15 P(>6) = 0.09 

(0.017)c 

NOTE: Data are from reference 54 and A . F. Stehney, A N L , unpublished data. 
"Equal weights for ̂ Ra and 2 2 8Ra. 
&Poisson probability of at least the number of observed deaths in the group at highest 
risk, given the total number observed and the distribution of expected deaths. 
"Probability given in reference 54. 
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three deaths (vs. 1.79) among 1007 women first employed in 1930-
1944, and one death (vs. 1.22) among 1207 women first employed 
after 1944. However, study of the medical records showed that one 
of the deaths in the pre-1930 cohort actually involved invasion of a 
mastoid carcinoma into the brain, and no mention of CNS tumor was 
found in the hospital records and autopsy report of another case in 
the same cohort. Three (vs. 0.77 expected) of the four authenticated 
cases in the pre-1930 cohort occurred among 331 women who worked 
in Ottawa, Illinois, and two (vs. 0.54) of the 1930-1944 cases occurred 
among 335 women who worked at a different plant in the same town. 

Stebbings and Semkiw also found no malignant CNS tumors re
ported among 190 women exposed to radium as laboratory workers or 
as patients who had received radium for supposed therapeutic effects. 
On the basis of these findings and literature reports of low sensitivity 
of the nervous system to radiation, these investigators speculated that 
factors other than radiation might be involved in the etiology of the 
CNS tumors, but they also pointed out that an unusually high pro
portion of deaths from CNS tumors in the pre-1930 cohort had oc
curred outside the brain near bone (four out of a total of seven deaths 
authentically coded to all types of CNS tumors)—a finding suggestive 
of an effect from skeletal deposits of radium. 

Summary and Discussion 

Early studies indicated that bone sarcomas, head carcinomas, and de
structive bone changes were likely to be the principal chronic effects 
of internally deposited radium, and follow-up studies of about 2500 
women who worked in the U.S. radium dial industry before 1950 con
firmed and quantified these findings. New cases of bone sarcoma and 
head carcinoma continued to appear among the dial workers into the 
1980s, and by 1989 there were 62 known cases of bone sarcomas and 
24 cases of head carcinomas, all of them in women who had started 
work as dial painters before 1926. The incidence of bone sarcomas 
versus systemic intake of radium was best fitted as a dose-squared 
relationship, but a low-dose linear component of about 1.3 Χ 10"5 sar
comas per person-year per microcurie of Ra intake could be added. 
The head carcinomas were best fitted by a linear relationship of (1.6 
± 0.2) X 10~5 py"1 μΟΓ 1 . 

Rowland et al. (44) used the dose-response equations fitted to the 
bone sarcomas to estimate the risk from 1 year's consumption of water 
that contained 5 pCi 2 2 6 Ra LT 1 , the maximum level proposed by the 
U.S. Environmental Protection Agency. Based on 2.2 L/day and 21% 
absorption of radium from the gut, the systemic intake in 1 year would 
be 843 pCi and the corresponding lifetime risk would be 1 Χ 10"8 
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bone sarcoma/person-year if the low-dose linear component were used 
and only 5 Χ 10~14 p y - 1 4 if the pure dose-squared relationship were 
used. The risk of head carcinomas would be about 1.3 X 10 - 8 py - 1 . 
These calculations illustrate the obvious: there may not be a dose 
("threshold") below which effects do not occur, but there are doses 
below which the risk of an effect is negligible. 

From the study of radiographs, clinically significant bone changes 
were found at systemic intakes of more than about 25 μΟί ^ R a or 
^Ra. Intakes at these levels correspond to the smallest amounts of 
radium proven to cause deleterious effects in humans, so comparison 
with the occupational tolerance value of 0.1 μΟί radium in the body 
(12) is in order. Rowland and Lucas, (68) used the retention equation 
developed by Marshall et al. (20) to show that maximum systemic in
take of ^ R a over a 50-year period without exceeding 0.1 μΟί at any 
time during this period was 16.6 μΟί. Thus, the radium standard still 
retains credibility 50 years after its formulation, if one keeps in mind 
that the requirement is never to exceed 0.1 μΟί. It is of interest to 
note that the apparently independently derived limit on annual intake 
(1.9 μ Ο ^Ra) proposed by the International Commission on Radio
logical Protection (69) implies a total systemic intake of 19 μΟί and 
maximum body burden of 0.12 μΟί in 50 years (20, 68). 

Examination of the survival times of 1235 women first employed 
in the radium dial industry before 1930 showed average life shortening 
of 1.8 ± 0.5 years from date of employment to 59.5 years later. Nearly 
all of the loss could be ascribed to early deaths from bone sarcomas 
and head carcinomas, and the life spans of dial workers who did not 
suffer these malignancies were about the same as those of women con
temporaries in the general U.S. population. These findings indicate 
that, contrary to public perception, most dial painters lived normal 
life spans, even those who had worked during the period of highest 
exposures to radium. 

Detailed studies showed that leukemia incidence and mortality in 
the radium dial workers were not greater than expected on the basis 
of year- and age-specific rates for U.S. white women. Elevated levels 
of multiple myeloma and breast cancer were found, but examination 
of related factors led to doubts of a causal relationship with internal 
radium. Multiple myelomas were better correlated with duration of 
employment (a surrogate for exposure to external radiation and radon) 
than to systemic intake of radium, but no relationship to duration was 
found for breast cancers. Further study of multiple myelomas and breast 
cancers in dial workers is needed. 

Cancers of body sites directly exposed to radium (lungs, stomach, 
colon, and rectum) were not significantly correlated with either ra
dium intake or employment duration, but stomach, colon, and rectal 
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cancers increased with duration and lung cancers increased with ra
dium intake and with duration. 

Findings on CNS tumors in radium-dial workers were not indic
ative of a radium or radiation effect, but an unusually high proportion 
was noted of CNS tumors that occurred near bone outside the brain. 

In conclusion it may be said that numerous follow-up studies failed 
to prove any radiation effects on radium dial workers other than bone 
damage and the bone-related malignancies that first focused attention 
on radium hazards more than 60 years ago. These effects obviously 
are the direct result of irradiation from internal deposits of radium in 
the skeleton. However, other parts of the body receive some radiation 
from internal radium and its daughter products, and some dial work
ers were probably exposed to nontrivial amounts of external radiation 
and radon in the work place. Therefore, other health effects possibly 
were present but at incidences too small to prove in this limited pop
ulation. As mentioned earlier, further study of breast cancers and mul
tiple myelomas in the dial workers may be worthwhile. Somewhat 
paradoxically, leukemia, almost the very embodiment of a radiation 
effect, probably is the effect most convincingly established as absent 
among the dial workers. Among Japanese atomic-bomb survivors, leu
kemias are the most prominent radiation effect and bone cancers prob
ably the least prominent (70). 
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15 
Evaluating Health Risks 
in Communities near Nuclear 
Facilities 

A. James Ruttenber 

Department of Preventive Medicine and Biometrics, University 
of Colorado School of Medicine, Denver, CO 80217 

Recent critical reviews of published epidemiologic studies sug
gest that these studies are not capable of evaluating causal re
lations between exposure and disease in communities near nu
clear facilities. In the United States the combination of dose 
reconstruction and risk assessment is being tried as an alter
nate method for assessing health risks. This chapter reviews the 
limitations of epidemiologic studies, outlines the process of dose 
reconstruction and risk assessment, and describes a number of 
dose reconstruction projects underway in the United States. 

INiuCLEAR FACILITIES AROUND THE WORLD are subjected to intense 
public scrutiny regarding health risks from past, current, and future 
operations. Over the years the most popular response to public con
cern by public health researchers was to conduct epidemiologic stud
ies in populations near these facilities. This approach resulted in nu
merous studies of disease rates in these communities (Figure 1). Taken 
separately or as a group, these epidemiologic studies do not provide 
much clarity regarding the relation between nuclear plants and health 
risks. 

Dose reconstructions and risk assessments are being conducted by 
independent scientists for communities near nuclear facilities in the 
United States in an attempt to estimate health risks more accurately 

0065-2393/95/0243-0201$08.00/0 
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Figure 1. Cancer studies in populations near nuclear facilities. 

than with epidemiologic studies. Similarly, such techniques are used 
to evaluate health risks from the Chernobyl reactor explosion in the 
former Soviet Republics and in Eastern European countries. 

This chapter summarizes the weaknesses of epidemiologic studies 
of populations around nuclear facilities and describes how modern 
techniques of dose reconstruction and risk assessment can be used to 
help clarify health risks. 

How Useful Are Epidemiologic Studies? 

A recent review of epidemiologic studies around nuclear facilities in
dicates that most studies were not able to establish or reject causal 
relations between exposure and disease in nearby communities (I). 
Commonly, these studies failed to establish dose-response relations 
between environmental exposure and disease—perhaps the most im
portant of the criteria used to demonstrate causal relations (2). The 
major reason the dose-response analyses were inadequate was the ab
sence of reliable estimates of exposure or dose. 

Most epidemiologic studies estimate exposure with a combination 
of physical distance and geopolitical boundaries. A common practice 
is to draw a series of concentric circles around a nuclear facility and 
base exposure on whether geopolitical units, such as counties or ad
ministrative districts, are within these circles. Another popular ap
proach is to use the linear distance from a nuclear facility to the ad-̂  
dress of a research subject as an indicator of exposure status. 
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These measures are inadequate for two reasons: (1) the dynamics 
of ecosystems do not follow political boundaries, and distance is only 
one of the many factors that contribute to exposure; and (2) the lo
cation of the residence of a research subject at the time a disease is 
diagnosed may not be the same as the residence location for the pe
riod when the disease was induced by an environmental exposure. 

Studies of the dispersal of radionuclides and the distribution of 
radiation doses from the Three Mile Island (TMI) nuclear power plant 
accident (3, 4), the early operations of the Hanford nuclear facility (5-
7), and the Chernobyl nuclear power plant accident (8) showed that 
the distribution of radiation doses, as estimated from models and en
vironmental measurements, did not conform to concentric circles. In 
fact researchers studying the health impacts of the TMI accident pro
posed that distance from a nuclear facility can be used as a measure 
of stress in the population following a nuclear accident, not exposure 
to ionizing radiation (9). 

In a study of cancer in counties near nuclear facilities in the United 
States (JO), four of the nine counties selected as the unexposed con
trols for the Hanford nuclear facility in southeastern Washington ac
tually received exposure from Hanford via both atmospheric and food 
chain pathways (5-7). Such an error in classification usually makes 
false-negative results more likely than false-positive ones. 

Another problem common to epidemiologic studies is low statis
tical power—a measure of the probability that a finding of no asso
ciation between exposure and disease is actually correct. Statistical power 
increases with the size of the population in a study, the size of disease 
risk associated with the magnitude and duration of exposure, and the 
prevalence of the disease of interest in the unexposed population. Be
cause nuclear facilities are usually located in rural areas and because 
offsite exposures are generally low, most epidemiologic studies have 
predictably low power. It is important, therefore, to report the sta
tistical power of such studies if no association is found between ex
posure and disease—a practice that is rare in the scientific literature. 
The results from studies with low power or from studies with power 
that is not reported should not be interpreted as evidence for no effect 
between exposure and disease. 

An example of this problem is the aforementioned study of cancer 
mortality in counties near nuclear facilities in the United States (JO). 
This study found no suggestion of a risk in counties near nuclear fa
cilities and concluded that, if any excess cancer risk was present, it 
was too small to be detected with the methods employed. Although 
the authors acknowledged that they did not prove the absence of any 
effect, they did not report the power of their study so that readers 
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could estimate the likelihood of accepting a null hypothesis when it 
should have been rejected. 

The reported exposures around nuclear facilities during normal op
erating conditions usually produce low risks for cancer in surrounding 
communities, and these populations are usually too small to reliably 
assess disease, even with the best of epidemiologic techniques. These 
limitations can be predicted before beginning a study and should not 
be used as excuses for not being able to interpret results. 

Using epidemiologic studies to screen for health risks and to guide 
future research is a flawed strategy. Because of the limited statistical 
power of epidemiologic studies, negative findings cannot reliably rule 
out the presence of health risks. Moreover, multiple studies with flawed 
or limited methods are no more convincing than a single study with 
a good design—particularly in the field of radiation biology where such 
studies must be compared with a number of well-designed ones. The 
criteria scientists use for establishing causal relations (2, J J) do not 
include recognizing quantity as superior to quality. 

The fact that the scientific community has not accepted the results 
from existing community studies supports this assessment. In spite of 
the many studies identifying disease increases in populations near nu
clear facilities (i), the health risks are still being debated. Moreover, 
the evidence from community epidemiologic studies supporting the 
risks from nuclear facilities is not convincing enough to be used by 
the national and international agencies responsible for evaluating and 
setting radiation protection standards. 

On the other hand, multiple analyses showing no risk do not con
vince the public or scientists of the absence of any risk. In the case 
of the study of all nuclear facilities in the United States (10), critics 
can easily agree with the authors' own stated limitations. It is inter
esting to note that the one positive finding in this study—a slight but 
significant elevation in the incidence of leukemia around the Millstone 
nuclear power plant in New London County, Connecticut—has spurred 
additional epidemiologic analysis in communities around this facility, 
while the nuclear facility with the most convincing evidence for off-
site exposure and health risk—the Hanford facility during its early 
operational years (5—7, 12)—showed no epidemiologic evidence of in
creased health risks in surrounding communities (10). 

The primary reason epidemiologic studies are difficult to interpret 
is because they usually set out to evaluate simultaneously two alter
natives to the null hypothesis: (1) environmental exposures are higher 
than reported, and (2) the risks from radiation are higher than cur
rently acknowledged. For studies that have not explicitly measured 
exposure, it is impossible to determine which of the two hypotheses 
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is supported by evidence of increased disease in communities around 
nuclear facilities. 

In spite of the limitations of epidemiologic studies of populations 
around nuclear facilities, scientists and the public still advocate their 
use. Some argue that even more studies of these communities are 
needed to help clear up the debate about whether nuclear facilities 
present health risks to the public: 

After an initial report of a cluster of childhood leukemia near 
one nuclear plant in northern England, subsequent inves
tigations revealed that there is a consistent pattern in the 
United Kingdom of a small but elevated risk of leukemia 
for children living near nuclear establishments. These clus
ters differ from many others investigated in that a source 
of environmental contamination exists near the initial clus
ter, and it is possible to identify other similar sources of 
contamination elsewhere for further hypothesis testing. 

Identifying several similar sources of environmental 
contamination and examining for consistent increases in dis
ease rates around them may, in general, be more likely to 
yield interprétable epidemiologic results than in-depth stud
ies of isolated clusters. In doing this, however, clear prior 
hypotheses need to be specified before the investigation be
gins (13). 

In summary, advocates for epidemiologic studies take two posi
tions: (1) the studies, no matter how limited by methodology, help 
determine whether additional research is needed; and (2) although a 
single study may not produce convincing results, many studies around 
different nuclear facilities, analyzed separately or combined, will im
prove our knowledge of health risks from these facilities. 

Dose Reconstruction and Risk Assessment: Useful 
Alternatives to Epidemiologic Studies 

Dose reconstruction provides estimates of health risk based on esti
mates of radiation exposure that depend, in part, on the distribution 
of radionuclides in the environment. Quantitative information about 
radiation exposure from nuclear facilities to persons living around them 
helps solve the three biggest problems of epidemiologic studies: dose-
response analysis, misclassification bias, and low statistical power. 

The steps in dose reconstruction are outlined in Figure 2. The 
type of dose reconstruction described in this chapter involves state-
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Review Production and Environmental 
Monitoring Data 

Identify Radionuclides and Chemicals 
That May Pose Health Risks 

Collect and Review Production and 
Monitoring Data for Selected Agents 

i 
With Models and Environmental Data, 

Make Preliminary Estimate of 
Risk For Each Agent 

For Agents Producing the Highest Risks, 
Develop Databases and Models For Making 

Best Estimates of Dose and Risk 

Compare Dose and Risk Estimates 
With Environmental Data and 
Estimate Their Uncertainty 

Τ 
Present Final Dose Estimates and 

Their Uncertainties 

Figure 2. Dose reconstruction: the major steps. 

of-the-art techniques applied to site-specific conditions and is far more 
detailed than techniques of dose estimation used for many risk as
sessments, such as those for compliance with the Resource Conser
vation and Recovery Act (RCRA) and the Comprehensive Environ
mental Response, Compensation, and Liability Act (CERCLA) (14). I 
will use the terms dose estimation and dose evaluation to apply to 
these less detailed approaches and the term dose reconstruction for 
more detailed analyses. 

The first step in a dose reconstruction is a thorough review of 
production and environmental monitoring data to identify radio
nuclides and chemicals that may pose health risks. Environmental 
monitoring data, appropriately collected and analyzed, are the best for 
reconstructing doses. Because such data usually are not available, par-
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ticularly for early years of operation, dose reconstruction must rely 
heavily on models of radionuclide movement in the environment. 

These models usually depend on a source term—the quantity of 
radioactive material released to the environment over a defined period 
of time. Source terms are estimated by extensively reviewing data from 
production records, recordings from stack monitoring, and mass-bal
ance analysis, a technique that compares quantities of starting mate
rials with the quantities of finished products. 

The radionuclides and chemicals that may provide off-site expo
sures are then assessed with screening models that assume conditions 
that maximize doses and risk estimates to the public in order to select 
the ones that require more detailed modeling and uncertainty analy
sis. 

The screening process can involve different levels of effort, de
pending on the particular site and on trie availability of funds. One 
popular approach is to establish a level of risk below which there is 
little concern. Doses from chemicals and radionuclides that result in 
risks above this level receive more careful analysis, while those pro
ducing lower risks receive less attention. 

The models used in dose reconstruction incorporate the latest ad
vances in modeling techniques and rely on large data sets obtained 
by in-depth investigations. The increased availability of large micro
computers and advanced software has stimulated improvement in, and 
access to, state-of-the-art models. These models are designed to de
scribe atmospheric dispersion of agents based on local and regional 
weather patterns, terrain, and the release characteristics of the facility. 
Models are also available for the surface, groundwater, and food chain 
transport of radionuclides and chemicals. 

Dose reconstructions can be performed for toxic chemicals as well 
as for radionuclides, although the risk for cancer per unit dose is usu
ally computed differently for chemicals than for radionuclides. Fur
thermore, there is little guidance in the scientific literature for de
termining the combined risk from chemicals and radionuclides. 

In order to be meaningful from a public health standpoint, the 
doses estimated in the reconstruction process are converted to esti
mates of disease risk. This conversion is accomplished by multiplying 
the doses by estimates of disease risk per unit dose, which are avail
able in the scientific literature for cancer, genetic damage to offspring 
from radiation exposure, and some acute and chronic diseases caused 
by chemical exposures. When using dose reconstruction results for as
sessing health risks, extensive analyses of the combined uncertainty 
from all variables are required to establish the upper and lower bounds 
for risk as well as to estimate the median risk for the exposed group 
(15). 
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Independent Scientific Oversight and Public Involvement 

In the past, nuclear facilities usually did not provide the public with 
verifiable data on health and environmental impacts. Therefore, a large 
effort is required for confirming the data used to reconstruct doses to 
the public (14). When doses from nuclear facilities were reported they 
usually were prepared by the operators of the facilities and often were 
tainted by assumptions and language that conveyed a bias toward min
imizing health risks. Moreover, these dose reports were usually based 
on simplistic models with few estimates of uncertainty. They also lacked 
peer review of procedures and results and had no public review. 

In some cases—particularly for weapons facilities in the United 
States, Great Britain, France, and the former Soviet Republics—im
portant data documenting health risks to the public and to workers 
were classified for purported security reasons, and official reports to 
the public from agencies and scientists with knowledge of the classi
fied material misrepresented health risks to be far lower than they 
actually were (16-18). 

In order for the results of a dose reconstruction to be acceptée} 
by the public and the general scientific community, each step should 
be planned, carried out, and reviewed by members of the public and 
by independent scientists. Many of the dose reconstructions now un
derway for Department of Energy (DOE) facilities in the United States 
are performed with ongoing independent scientific review by panels 
composed of scientists and representatives of the public. Although some 
of these dose reconstructions do not involve the public to the greatest 
extent possible, they are overseen by the public and independent sci
entists to a degree never before seen. Since dose reconstructions for 
nuclear weapons facilities may require some data that are still classi
fied, extensive efforts should be made to identify classified material 
that may be relevant to dose estimates and to declassify these data 
whenever possible. 

In most cases scientists and members of the public involved in 
recent dose reconstructions for the D O E facilities demand that all data 
be accessible for review by the public and independent researchers, 
often requiring extensive declassification efforts. 

Risk estimates can be made from reconstructed doses for specific 
areas around a nuclear facility and for particular periods in time. It is 
therefore possible to identify groups in the exposed population with 
the highest risk for disease. Such data are also important for deter
mining the feasibility of epidemiologic studies. An example of this ap
proach is the feasibility analysis performed for the study of thyroid 
neoplasia in persons exposed to 1 3 1I releases from the Hanford nuclear 
facility (12). In this analysis only preliminary data were available and 
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worst-case conditions were used to estimate statistical power. Because 
worst-case doses were used, feasibility was evaluated for a range of 
risks below the maximum, thereby adjusting for overestimates of dose 
that may erroneously raise statistical power. 

The data from this analysis suggested that an epidemiologic study 
was feasible, and these data were also used in designing an epide
miologic study, which is now underway. The initial worst-case dose 
estimates also helped to justify a thorough analysis of doses from early 
Hanford operations—the Hanford Environmental Dose Reconstruction 
(HEDR) project (19). Preliminary dose estimates from the H E D R project 
helped epidemiologists identify those who were at highest risk for thy
roid neoplasia—children who consumed milk from cows that grazed 
on contaminated pastures. 

The question of whether to conduct a dose reconstruction or an 
epidemiologic study may be one of timing rather than the superiority 
of one procedure over another. In the United States many federal and 
state agencies have decided to conduct dose reconstruction before ep
idemiologic analysis. This decision was made after determining that, 
in the many instances where epidemiologic studies preceded dose 
analysis, both additional epidemiologic analysis and dose reconstruc
tion were ultimately required. The relative merits of these two ap
proaches are summarized in Table I. 

Dose Reconstruction Projects in the United States 

The best examples of state-of-the-art dose reconstructions are those 
underway at selected D O E facilities (Table II). These studies were 
initiated in response to public concern over health risks arising from 
the entire operational histories of the facilities. To assess health risks 
from these sites, dose reconstructions were chosen instead of epide
miologic studies for two reasons: (1) usually, epidemiologic studies de
signed and conducted without dose and statistical power estimates were 
not interprétable; and (2) dose reconstructions provide estimates of 
health risk that can stand alone or be used to design future epide
miologic studies. 

Nevada Test Site. Many efforts were made to estimate radia
tion doses from the atmospheric weapons tests conducted at the Ne
vada Test Site (NTS). Most recently the D O E sponsored the Off-site 
Radiation Exposure Review Project (ORERP), which estimated inter
nal and external exposures for persons who lived near the NTS. The 
ORERP developed a number of databases with information on fallout 
deposition. Although the project was monitored by a scientific advi-
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Table I. Dose Reconstruction and Epidemiology: A Comparison 
Dose Epidemiologic 

Comparison Reconstruction Study 
Time 

Identify periods of high and low 
exposure Y Ν 

Estimate exposures for past, 
current, and future operations Y Ν 

Space 
Identify areas impacted by offsite 

releases Y M 
Identify areas exposed to different 

agents Y M 
Identify pathways for exposure Y Ν 
Identify areas in need of cleanup Y Ν 

Disease risk 
Rank risks from multiple sources Y M 
Estimate cumulative risk from 

exposures Y Y 
Estimate risks for specific 

populations Y M 
Estimate disease rates in study 

population N Y 
N O T E : Y is yes; N is no; M is maybe. 

sory committee, which included independent scientists, most research 
was conducted by D O E scientists and contractors and had no public 
oversight. 

The data from the ORERP were used in more comprehensive dose 
reconstructions conducted in conjunction with epidemiologic studies 
of childhood leukemia and thyroid disease, sponsored by the National 
Cancer Institute (20, 21). These studies employed extensive checks on 
D O E data and rigorous evaluations of models. Estimates of uncer
tainty were also reported with the doses. 

Three Mile Island. Following the accident at the TMI nuclear 
power facility, many different groups initiated projects to estimate doses 
received by the public (22). The majority of these studies were con
ducted in the first year or two after the accident, and four compre
hensive reports were prepared by governmental agencies (23-26). 

In addition, a thorough and independent dose reconstruction was 
commissioned by the TMI Fund (3). The atmospheric dispersion data 
from this reconstruction were used in an epidemiologic study of cancer 
incidence (4), but actual radiation doses were not employed in this 
analysis. Because the doses predicted by the model were relatively 
small, relative atmospheric concentrations predicted by the model were 
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used instead of doses. This approach was designed to look for health 
effects that might be associated with higher releases that were not 
correctly or honestly reported by official sources and for effects that 
might be due to synergism between radiation and chemicals released 
during the accident. This technique is unique and provides a way to 
conduct exposure-response analysis without detailed knowledge of the 
quantity of radionuclides released to the environment. 

Fernald Feed Materials Production Center. Efforts to es
timate off-site radiation doses from the Fernald Feed Materials Pro
duction Center (FM PC) began in 1986 in response to a request to the 
Centers for Disease Control (CDC) for an epidemiologic study of res
idents around the F M PC. The request was based on evidence of large 
off-site releases of uranium over the operational history of the plant, 
which produced uranium oxides and metal ingots from uranium ore 
concentrates or other uranium-containing materials. The F M P C also 
processed thorium and stored uranium ore that released radon to the 
atmosphere around the site. 

Instead of conducting an epidemiologic study immediately, the C D C 
first recommended a dose reconstruction in order to determine the 
region of potential exposure, to estimate possible radiation doses to 
the public in this area, and to provide data for determining the fea
sibility of an epidemiologic study. The D O E , along with staff from the 
F M P C and other contractors, began a dose reconstruction study in 
1986. There were many delays in this project, and there were also 
many inconsistencies in estimates of the quantities of uranium that 
were released, as reported in draft versions of the research. In 1989, 
after discovering a substantial underestimate in the source term for 
uranium, there was clear evidence that so many errors had been made 
in the D O E estimates that the final product would not be believed 
by the public. 

In 1990 the C D C contracted with the Radiological Assessment 
Corporation (RAC) to conduct a thorough dose reconstruction. The 
completion date is planned for 1994. Draft reports for this project have 
been released (27-29), and the methodology has been reviewed fa
vorably by a committee of the National Academy of Sciences (30). 
Oversight has been provided through advisory groups of technical ex
perts and by periodic meetings between RAC scientists, the C D C , 
and the community around the F M P C . 

Hanford. In 1986 the states of Washington and Oregon, with 
the assistance of the C D C and under the sponsorship of the Nez Perce 
Tribe, the Yakima Indian Nation, the Confederated Tribes of the 
Umatilla Indian Reservation, and the Indian Health Service, estab-
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lished the Hanford Health Effects Review Panel to evaluate the pos
sible human health effects associated with the past, current, and fu
ture operations of Hanford. The panel was also directed to assess the 
feasibility and utility of conducting epidemiologic studies around Han
ford. 

Following a freedom of information request for classified docu
ments about the early operations of Hanford filed by local citizens 
groups and in compliance with a State of Washington request for the 
D O E to cooperate with the review of Hanford health risks, several 
hundred previously classified documents were made public in 1987. 
Scientists from the State of Washington and the C D C reviewed and 
summarized these data and made preliminary worst-case estimates of 
the radiation doses that could have resulted from these exposures. Af
ter reviewing these data the Hanford Health Effects Review Panel 
recommended that more detailed dose estimates be developed for 
persons living near Hanford during the years of highest radiation re
lease. 

In 1988 the D O E established a dose reconstruction project for 
Hanford—the H E D R project. With the help of representatives of area 
universities, the D O E selected an oversight panel, which then elected 
to closely supervise the work of D O E contractors rather than merely 
provide peer review. In 1991 the C D C assumed responsibilities for 
funding the H E D R project under its new responsibility for managing 
and conducting energy-related epidemiologic health research, as spec
ified in a memorandum of understanding between the D O E and the 
Department of Health and Human Services. 

The H E D R project relies heavily on modeling the atmospheric 
dispersion of all radionuclides released to the environment. It also in
corporates analyses of dairy and agricultural practices to estimate doses 
to the thyroid from 1 3 1I and will incorporate data on fish consumption 
and recreational activities to estimate doses received from radio
nuclides in the Columbia River. This project is also employing state-
of-the-art techniques to model the spatial distribution of doses that 
could have resulted, as well as to estimate the range of doses received 
by exposed groups, based on the combined uncertainty of all model 
parameters. The H E D R project will provide dose estimates from all 
types of radiation exposure for individual members of the public, based 
on history of residence and life-style. These data can be used to es
timate cancer risks for individuals in the region surrounding Hanford 
and will be employed in an epidemiologic study of thyroid neoplasia 
that is being conducted by the C D C and the Fred Hutchinson Cancer 
Research Center in Seattle, Washington (19). 

Rocky Flats. In 1989 the D O E funded the Colorado Depart
ment of Health (CDH) to assess health risks around the Rocky Flats 
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facility, which produced plutonium components and other products for 
nuclear weapons. The C D H relied heavily on the lessons learned from 
the dose reconstruction at Hanford to establish a multiphased dose 
reconstruction process with an independent oversight panel. Phase I 
of the Rocky Flats Toxicologic Review and Dose Reconstruction Proj
ect, which was completed in the spring of 1993, was a review of 
chemicals and radionuclides that possibly were released off-site and a 
ranking of agents based on risks for cancer in the exposed public (14). 
Data on source terms and exposed populations were then developed 
for a detailed dose reconstruction. Phase II of this project, begun in 
1993, will involve extensive modeling of releases to the environment, 
validation of these models with historical and current environmental 
measurements, and analysis of the uncertainty in dose and risk esti
mates. These data will also be used to assess the feasibility of epi
demiologic studies. 

Idaho National Engineering Laboratory. In 1990 the D O E 
completed a historical dose evaluation of the Idaho National Engi
neering Laboratory (INEL)—a facility that tested nuclear reactors and 
other devices and processed spent fuel from the U.S. Navy's nuclear 
submarines. This analysis was less comprehensive than the dose re
constructions underway at Hanford, Fernald, and Rocky Flats for the 
following reasons: (1) it did not include chemicals; (2) it did not eval
uate groundwater contamination, which is a possible route of expo
sure; (3) it estimated doses for realistic worst-case conditions but did 
not provide estimates of uncertainty for these doses; and (4) it was 
performed by the D O E and its contractors and was not reviewed by 
the public or independent scientists while it was being conducted. 

Because of these deficiencies, which were highlighted by an in
dependent peer review panel convened by the D O E and another in
dependent review panel formed by the state of Idaho, the state re
quested a more complete dose reconstruction to be performed by the 
C D C . The C D C began the data collection and evaluation phase of 
this project in the fall of 1992. At the time of this writing, neither 
the state of Idaho nor the C D C had provided for adequate public 
oversight for this project. 

Other DOE Facilities. The D O E funded the Tennessee De
partment of Health to conduct a feasibility study for health-related 
research at its facilities in Oak Ridge, Tennessee. A review of records 
that could be used in a dose reconstruction project was started in 
1992, overseen by a panel of citizens, scientists, and governmental 
representatives. Data from this project indicate that a detailed dose 
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reconstruction is technically feasible, and work on this project will be
gin in 1994. 

In 1991 the C D C was given the responsibility for conducting anal
yses of health effects in populations around all D O E facilities through 
a memorandum of understanding with the D O E . Under this arrange
ment the C D C began a similar initial evaluation for the Savannah River 
site in South Carolina in the fall of 1992. To date neither the state of 
South Carolina nor the C D C has established ongoing, independent 
oversight for this project. The C D C is also considering the need for 
reconstruction efforts around other D O E facilities. 

Conclusion 

The utility of dose reconstruction for quantifying and explaining health 
risks will be decided by the success or failure of the studies now un
derway at Hanford, Fernald, and Rocky Flats. Already, it is clear that 
dose reconstructions are expensive and time-consuming, ranging in cost 
between 3 and 10 million dollars or more per site and requiring from 
5 to 10 years to complete. 

At the conclusion of the aforementioned studies, results will be 
interpreted by public health experts and the feasibility of epidemio
logic studies will be evaluated. Based on the reasons discussed earlier, 
it is likely that epidemiologic studies will be deemed infeasible at one 
or more of these facilities. 

Although past experience has not shown epidemiologic studies to 
produce convincing conclusions, it is not yet clear whether the public 
will be satisfied with risk estimates based solely on data from dose 
reconstructions. The public may demand epidemiologic studies re
gardless of their feasibility. Also unclear is whether federal public health 
agencies will continue to support epidemiologic studies under such 
conditions, as funds are not available to study every possible disease 
around every nuclear facility—particularly with well-designed studies 
that may cost a few million dollars each and take from 5 to 10 years 
to complete. 

What is clear is that the dose reconstructions currently underway 
in the United States are setting new standards for conducting envi
ronmental health research, with regard both to improving analytical 
techniques and to involving the public and independent scientists in 
the research process. Hopefully, the advances being made in these 
dose reconstructions will be applied to other areas of environmental 
health, such as risk assessment for Superfund sites. 

It is encouraging that epidemiologists and public health policy 
makers recognize the usefulness of dose reconstruction and that they 
seem to agree that these studies are necessary regardless of whether 
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epidemiologic studies are initiated. The value of dose reconstruction 
will also be recognized at the conclusion of any epidemiologic study 
that is performed, as that study's results will have to be interpreted 
for a wider population than those selected for study, and only by using 
data from a dose reconstruction w       ill such interpretation be possible. 
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Health Effects on Populations 
Exposed to Low-Level Radiation 
in China 

Lüxin Wei 

Laboratory of Industrial Hygiene, Ministry of Public Health, 
2 Xinkang Street, P.O. Box 8018, Beijing 100088, China 

Several large-scale Chinese investigations on radiation epide
miology are overviewed, and a long-term cancer mortality study 
in high-background radiation areas (HBRA) is described. Some 
site-specific cancer incidences were higher among X-ray work
ers, and a higher mortality rate caused by lung cancer was 
found among uranium and tin miners who started their work 
before 1970. An increase in cancer mortality rate was not found 
among workers in nuclear facilities and inhabitants who lived 
near the nuclear test site. A cancer mortality study was begun 
in 1972 in the HBRA whose radiation levels are about three 
times that of the nearby control areas (CA). About 1 million 
person-years in HBRA and as many in CA were observed; no 
increase of site-specific cancer mortalities was found except the 
cancer of cervix uteri. Data for environmental carcinogens other 
than natural radiation and data on leukemia and thyroid nod
ularity were analyzed. 

Overview of Several Large-Scale Epidemiological 
Investigations 

Recently, Wang et al. (J) reported their long-term investigation on the 
incidence of malignant tumors among Chinese medical diagnostic X-

0065-2393/95/0243-0219$08.00/0 
© 1995 American Chemical Society 
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ray workers in 1950-1985. In a retrospective study, 27,011 X-ray 
workers from 24 provinces or large cities in China were observed with 
a control group of 25,782 medical workers other than radiologists. The 
authors found that the incidences of leukemia, skin cancer, cancer of 
the esophagus, and cancer of the liver were statistically greater in the 
study group than in the control group. A higher incidence of leukemia 
was seen in X-ray workers who started their work before 1970, when 
radiological protection practices were less stringent. The incidence de
creased afterward with the improvement in radiological protection. Skin 
cancers were few; however, in most cases (six of nine), they occurred 
on the hands and in eight of nine cases were in those who started 
their radiological work before 1965. Concerning cancer of the esoph
agus and the liver, the authors noted that, because the cases were 
few and other factors that might influence the incidence of these can
cers were not investigated, it was difficult to relate these higher in
cidences to ionizing radiation exposure (Table I). 

Finally, the authors emphasized the problem they encountered in 
their investigation: it was difficult to get accurate dose estimations for 
these X-ray workers who started their work more than 20 years ago. 
Further work on dose assessments is needed in the ongoing investi
gation. 

Another type of long-term epidemiological investigation on occu
pational exposure to ionizing radiation was that related to radon daughter 
exposure and lung cancer in uranium mines. Yuan et al. (2) investi
gated a uranium mine in the Hunan Province and reported the re
sults. 

A population of 2149 underground uranium miners who tunneled 
and excavated and started work before 1971 (and who worked for at 
least 1 year) was observed. Up to 1985 11 of these miners died of 
lung cancer [person-years (pyr) observed: 31,305] with a crude mor-

Table I. Relative Risk (RR) Estimate of Malignant Neoplasms for X-ray 
Workers Who Started Work in Different Years 

Before 1959 1960--1969 1970--1985 
Site or No. of No. of No. of 
Disease Cases RR Cases RR Cases RR 
All 193 1.3 90 1.3 49 0.8 
Esophagus 13 5.5 4 5.3 2 3.8 
Stomach 26 1.1 7 0.7 3 0.2 
Liver 37 1.8 20 2.2 8 1.2 
Lung 23 0.7 16 1.6 6 0.7 
Skin 7 2.9 1 1.6 1 4.8 
Breast 10 1.7 6 1.3 4 1.3 
Thyroid 5 2.4 2 1.2 1 1.0 
Leukemia 17 2.6 13 3.0 4 1.3 
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tality rate of 35.14 per 100,000 pyr. Compared with the average rate 
of middle-size cities of China in 1973-1975 (3), a standard mortality 
ratio (SMR) of 3.17 was estimated (age adjusted). All the miners with 
lung cancer died before 1963. The average interval from the beginning 
of underground work to the occurrence of lung cancer clinically was 
18.5 years. The distribution of accumulated exposure (WLM) of the 
miners and the SMR are shown in Table II. 

The authors emphasized that, since the person-years observed were 
not numerous and the lung cancer cases were few, the confidence 
intervals of SMR were very wide, especially those in the categories 
with W L M below 70. 

A greater incidence of lung cancer was also found in nonuranium 
miners. However, the etiology is complicated because of the existence 
of both radon daughters and other carcinogens in nonuranium under
ground mines. Since the early 1970s several researchers or research 
groups investigated the cumulative exposure of tin miners to the ra
don daughters and the contamination of arsenic-containing ore dust in 
the underground mines. In the meantime they studied the mortality 
rates of the miners with lung cancer. Sun et al. (3) reported the ac
cumulated exposure of tin miners to radon daughters and estimated 
the SMRs of lung cancer between the observed and expected rates 
(Table III). 

The relative risk estimated by Sun was similar to that estimated 
by other authors for the same tin mines (3-9) but slightly higher than 
those estimated by the National Institute of Health (NIH, 1985) and 
by the Committee on Biological Effects of Ionizing Radiation (BEIR-
IV, 1988), who analyzed the data from investigations in uranium mines 
of the United States, Canada, and Czechoslovakia and an iron mine 
in Sweden (Table IV). 

Table H. Distribution of Accumulated Exposure (in WLM) of the Miners 
and the SMR 
No. of Lung No. of Lung 

Cancer Cancer 
Category of Person-Years Deaths Deaths SMR 
WLMa Observed Observed Expected (90% CI)b 

<15 (8.77) 9958 2 0.78496 2.55 ( 9.19-0.31) 
15-70 (27.06) 16,431 4 1.68953 2.37 ( 6.06-0.65) 
71-200 (125.90) 3800 3 0.76522 3.92 (11.46-0.81) 

201-500 (275.04) 1116 2 0.23026 8.69 (31.36-1.05) 
Total (43.14) 31,305 11 3.46538 3.17 ( 5.68-1.58) 

Tigures in parentheses are the averages; to convert these figures to SI units, multiply 
WLM by 3.5 Χ 10 - 3 J h m - 3 . 
bCl = confidence interval. 
SOURCE: Data are from reference 2. 
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Table IV. Relative Risk (Percent per WLM) Estimated by Various Authors 

Author Source 
Relative 

Risk Reference 
U.S., N I H Uranium miners (U.S., 1.2-1.5 4 

(1985) Czechoslovakia) 
U.S., B E I R - I V Uranium mines in U.S. and 1.3-1.5 5 

(1988) Canada and iron mine in (1988) 
Sweden 

Li et al. Geological prospecting teams 1.0 6 
(1989) (for uranium mine) 

Mao (1982) Yunnan tin miners 1.7 7 
Wang et al. Yunnan tin miners 1.5 8 

(1984) 
Sun (1987) Yunnan tin miners 1.2-1.7 3 
Lubin et al. Yunnan tin miners 1.7 9 

(1990) 

Based on the preceding observations and comparisons, combined 
with the results from laboratory experiments, Sun suggested that, in 
the case of the Yunnan tin mines, the high concentration of radon 
daughters existing before 1970 was the main contributor to the lung 
cancer of these underground miners; arsenic dust was an additional 
factor of carcinogenesis (3). 

An epidemiological investigation on the detrimental effects of 
workers in nuclear installations (those who work with fuel element 
production and fuel reprocessing) was also conducted in China; no in
crease of cancer mortality was found, as Sun mentioned in his article 
(JO). However, a detailed report concerning this investigation remains 
unpublished. 

Zhou et al. reported the results of their investigation on dose as
sessments and health surveys in the residential areas around the Xin
jiang nuclear test site (II). These areas include the villages and towns 
near the test site (Lop Lake); the nearest inhabitant point is a small 
town (M-Town) 120 km away from the test site. About 300,000 in
habitants who lived in these study areas were observed. The controls 
were selected from the windward areas, partially isolated by the 
mountains from the test site; much less local fallout deposited on the 
control areas during and after the nuclear test. About 200,000 inhab
itants lived there. The geological structure, industrial and agricultural 
production, population structure, living conditions, and medical san
itary facilities were comparable to the study areas. The accumulated 
deposition of ̂ Sr, 1 3 7 Cs, and total plutonium on the surface soil (30-
cm deep) were measured in uncultivated land. The results are sum
marized in Table V. The effective dose commitment from the local 
fallout was estimated to be 58.8 μ8ν. 
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Table V. Accumulated Deposition of ̂ Sr, 1 3 7Cs, and Plutonium 
on the Surface Soil (to 30-em Deep) of Uncultivated Land 

Accumulated Activity 
137Cs Total Plutonium 

Area (Xlti3 Bq/mT2) (Xl(f Bq/m~2) (Bq/m-2) 
Study 1.5 ± 0.3 4.9 ± 4.0 123.6 ± 67.7 
Control 1.3 ± 0.2 3.9 ± 0.5 93.4 ± 15.0 
M-Towna 1.3 ± 0.3 16.7 ± 9.0b 321.7 ± 86.0 

aM-Town—120 km (south west) from test site. 
^Different significantly. 

A retrospective study on cancer mortality (1974-1984 data) in the 
study areas (542,782 person-years) and control areas (756,314 person-
years) was conducted and showed that the overall cancer mortality 
rate (adjusted with the combined population of study and control areas) 
was lower in the study areas (55.51 per 100,000 pyr) than it was in 
the control areas (59.09 per 100,000 pyr), but the difference was not 
statistically significant. Also, no statistical difference for leukemia mor
tality between these two areas was found. Nineteen types of heredi
tary diseases and congenital deformities were examined clinically in 
children born from 1974 to 1984. The prevalence of these diseases in 
the study areas (67 of 9408) was similar to that in the control areas 
(81 of 11,124). Similarly, the incidences of Downs syndrome were 0.6 
per thousand in the study areas and 0.54 per thousand in the control 
areas. 

Cancer Mortality Study in High-Background-Radiation 
Areas of Yangjiang 

The High-Background-Radiation Research Group (HBRRG) began its 
health survey in the high-background-radiation areas (HBRA) of 
Yangjiang in 1972. The purpose of this investigation is to provide in
formation for evaluating whether any detrimental effects exist in a large 
population whose families were continuously exposed to higher natural 
radiation for many generations. 

The investigated HBRA are two separated areas that cover a total 
area of about 500 square kilometers (Figure 1). The sources of higher 
background radiation are nearby mountains, whose surface rocks are 
granites from which fine particles of monazite are washed down con
tinuously year after year by rain and are deposited in the surrounding 
basin regions. The geological structure in these two areas also plays 
an important role. The control areas (CA) with normal radiation back
ground were selected not far from the HBRA [the closest points were 
about 10 km away (Figure 1)]. 
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l l l ^ O ' 112o0CT 112*30· 1 1 3 ° 0 0 ' 

Figure 1. Locations of the investigated areas. 

The results of analyses of soil samples (50-cm deep) by gamma 
spectrometry and radiochemistry, as well as the measurements of field 
gamma spectrometry, showed that the concentrations of natural radio
nuclides in soils of HBRA were significantly higher than those in CA, 
especially those of thorium, which were about six times higher than 
those in CA (12) (Table VI). 

Construction materials of houses in HBRA were also contributors 
to the higher background of gamma radiation, because they came from 
the local earth. Table VII shows the differences in exposure rates mea
sured at various locations. Indoor exposure rates were higher than those 
outside. 

For purposes of estimating the doses from external gamma radia
tion and their distribution among the investigated inhabitants, envi
ronmental gamma exposure rates and individual cumulative gamma 
exposure were measured with various devices and dosimeters. De
tailed information concerning the methodology and procedures was 
published elsewhere (13, 14). The annual measured individual doses 
from gamma exposures in HBRA and CA are shown in Table VIII. A 
preliminary classification of dose groups (gamma radiation only) and 
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Table VI. Concentrations of Natural Radionuclides in Soils of Investigated 
Areas (BqAg) 

Method of Analysis 
(Year of Measurement) 2^Th 226Ra 
HBRA 

Radiochemistry (1975) 93.5 ± 17.2 177.1 ± 82.2 70.3 ± 27.1 
(1979) 93.5 ± 20.9 248.2 ± 115.1 144.3 ± 55.5 

Gamma spectrometry 
of samples (1979) 118.1 ± 34.4 227.3 85.1 136.9 ± 44.4 

(1982) 109.5 40.6 236.3 ± 130.2 122.1 40.1 
Field gamma 

spectrometry (1982) 87.3 28.3 149.2 52.2 
Average 100.4 28.3 207.6 ± 87.5 118.4 41.9 

CA 
Radiochemistry (1975) 20.5 ± 9.8 34.9 ± 13.6 22.2 7.4 

(1979) 20.9 8.6 32.5 ± 12.7 29.6 11.1 
Gamma spectrometry 

of samples (1979) 29.5 ± 11.1 36.6 ± 16.8 29.6 ± 11.1 
(1982) 27.1 ± 8.6 36.2 13.6 29.6 25.7 

Field gamma 
spectrometry (1982) 42.6 ± 7.38 27.1 ± 10.7 

Average 26.3 ± 9.1 33.5 ± 13.5 27.8 ± 13.8 
Ratio of HBRA to CA 3.8 6.2 4.3 

Table VII. Gamma Radiation Exposure Rates Measured at Various 
Locations 

Exposure Rate (Average ± SD) (μΚ/h) 
Area Surface of Bed Indoor Outdoor Farm Field 
HBRA 80.06 ± 13.04 78.14 ± 12.39 49.94 ± 8.87 37.15 ± 8.48 
CA 22.26 ± 4.17 21.74 ± 3.77 13.14 ± 7.55 10.36 ± 2.34 
NOTE: 2512 and 2245 households were measured in H B R A and C A , respectively. "In
door" includes sitting rooms and kitchens; "outdoor" includes yards, lanes, and roads. 

distribution of person-years observed in these groups in 1979—1986 are 
shown in Table IX. 

For purposes of estimating the internal doses from natural radio
nuclides, concentrations of ^ R n , ^ R n , and the potential alpha energy 
of decay products, concentrations of thorium isotopes in human lung 
tissue, and concentrations of ^ R a and 2 2 8 Ra in human teeth and bone, 
activity concentrations of 2 1 0 Po and 2 1 0 Pb in human tissues were mea
sured (15-19). The results are shown in Tables X through XIV. 

Based on the preceding data and those from the investigation on 
intakes of natural radionuclides from food and drinking water (19) and 
using the calculation models of the United Nations Scientific Com
mittee on the Effects of Atomic Radiation [UNSCEAR (20)], the HBRRG 
estimated the annual effective doses from natural radiation sources in 
HBRA and CA (Table XV). 
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Table VIII. Estimate of Annual Individual Dose 
from External Gamma Exposure (10~5 Gy/a) Based 

on Results of Various Measurement Techniques 

Fixed Point 
Measurements 

(Average) 

Dosimeters 
Worn by 
People 

Dosimeters HBRA CA HBRA CA 
RSS-111 211.6 77.6 
FD-71 222.1 79.0 
RPL 203.8 79.8 208.0 79.7 
TLD 

CaS04:Dy 196.1 70.8 208.0 79.7 
CaS04:Tm 220.7 80.5 
LiF:Mg,Ti 208.0 70.0 

NOTE: Average of total data: 2.10 mGy/a for HBRA; 0.77 
mGy/a for CA. 

Table IX. Preliminary Classification of Dose Groups0 and Distribution 
of Person-Years Observed in 1979-1986 

Dose 

Group Area 

Dose 
Range 
(mGy) 

Weighted 
Average 
(mGy) Sex 

No. of 
Person-Years Percentage13 

1 CA 0.58-1.03 0.75 M 298,526 100 
F 289,299 100 

2 HBRA 1.55-2.00 1.85 M 108,087 32.8 
F 97,432 33.1 

3 HBRA 2.01-2.40 2.15 M 153,094 46.5 
F 138,529 47.1 

4 HBRA 2.41-3.10 2.55 M 68,353 20.7 
F 58,076 19.8 

aData analyzed and calculated by Pan (1990). 
^Percentage either for male or female in HBRA or CA. 

The cumulative doses received by individuals will increase with 
the increase in their ages. Fifty-year-old people would receive a cu
mulative dose from natural gamma radiation in HBRA of about 105 
mGy (87-129 mGy) and an effective dose of 274 mSv (248-369 mSv). 

The survey of demographic data has been followed up since 1975 
with the help of local governments. The investigated areas were rural; 
about 94 and 93% of the total inhabitants were farmers (peasants) in 
the HBRA and CA, respectively (22). The population structure and 
male/female ratios of HBRA and C A are shown in Table XVI. As evi
denced by the data the investigated populations were younger than 
the standard population of the world and those in European countries 
(Table XVII reference 23). The difference of age structure may influ
ence the mortality rates of cancer in different population cohorts. 
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Table XI. Concentrations of Thorium Isotopes in Human Lung Tissue 
in HBRA and CA (mBq/kg Fresh Tissue) 

Area 

No. of 
Subjects 

(Autopsy) 
Concentration (Mean ± SD) 

Area 

No. of 
Subjects 

(Autopsy) t2Th 230Th l8Th 
HBRA 

Age < 60 yr 0 
Age > 60 yr 4 222.37 ± 218.67 227.55 ± 204.98 330.41 ± 332.26 
Total 4 222.37 ± 218.67 227.55 ± 204.98 330.41 ± 332.26 

CA 
Age < 60 yr 4 40.70 ± 19.24 30.34 ± 14.06 46.62 ± 34.41 
Age > 60 yr 4 35.15 ± 10.36 28.49 ± 2.22 35.15 ± 2.22 
Total 8 38.11 ± 14.80 29.23 ± 9.25 40.70 ± 23.31 

HBRA/CA 5.84 7.79 8.12 

Table XII. Specific Activities of ^Ra and 2 2 8 Ra in Human Teeth and 
Their Calculated Contents in Bones 

No. of 
Teeth 

Specific Activity 
(Bq/kg Tooth Ash) 

Deduced Contents 
(Bq/kg Bone) 

Area Measured 226Ra 228Ra 226Ra 228Ra 
HBRA 
CA 
HBRA/CA 

1100 
900 

2.78 ± 0.19 1.96 ± 0.33 
0.81 ± 0.33 0.56 ± 0.11 

3.4 3.5 

1.52 ± 0.10 1.07 ± 0.18 
0.44 ± 0.18 0.31 ± 0.06 

3.4 3.5 

Table XIII. Activity Concentrations of 2 2 6 Ra and 2 2 8 Ra in Human Bones 

No. of 
Cases 

Specific Activity 
(Bq/kg Ash) Content (Bq/kg Bone) 

(Autopsy) 226Ra 228Ra 226Ra 228Ra 
HBRA 10 
CA 8 
HBRA/CA 

2.58 ± 0.51 
0.75 ± 0.45 

3.4 

2.16 ± 0.64 
0.77 ± 0.44 

2.8 

1.44 ± 0.29 
0.42 ± 0.05 

3.4 

1.21 ± 0.36 
0.43 ± 0.25 

2.8 

Table XTV. Activity Concentrations of 2 1 0Po and 2 1 0Pb in Human Tissues 
(Autopsy) 

Area Tissue 
No. of 
Cases 

210Po (Bq/kg) 210Pb (Bq/kg) 
Area Tissue 

No. of 
Cases Range Average Range Average 

HBRA Lung 2 0.71-0.82 0.75 1.07-1.37 1.24 
Liver 2 2.11-2.55 2.35 0.63-1.67 1.15 
Rib 1 7.07 7.07 7.27 7.27 

CA Lung 8 0.07-0.33 0.21 0.09-0.51 0.31 
Liver 4 0.41-0.70 0.60 0.31-0.40 0.37 
Rib 3 2.52-3.37 2.93 2.78-3.55 3.20 
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Table XV. Annual Effective Doses Resulting from Natural Radiation 
Sources in HBRA and CA 

Annual Effective Dose (mSv) 
Sources HBRA CAa 

External irradiation 
Terrestrial gamma radiation 1.85 0.52 (0.41) 
Cosmic rays 

Ionizing components 0.23 0.23 (0.30) 
Neutron components 0.02 0.02 (0.05) 

Subtotal 2.10 0.77 (0.80) 

Internal irradiation 
4 0 K 0.18 0.18 (0.18) 
8 7Rb 0.006 0.006 (0.006) 
2 2 6Ra 0.087 0.027 (0.07) 
m R n 0.03 0.009 
Rn's decay products 2.320* 0.960* (1.100) 
^Ra 0.195 0.058 (0.013) 
220Rn + 216p0 0.095 0.011 
212pb + 212Bi 1.360* 0.400* (0.16) 

Subtotal 4.273 1.651 (1.589) 

Total (rounded) 6.4 2.4 (2.4) 
aFigures in parentheses are the world average values reported by UNSCEAR (20). 
èFigures re-estimated using the models of the National Council on Radiation Protection 
and Measurements (21), which are higher than our previous estimates. However, the 
original data are the same. 

However, the population structure in HBRA was similar to that in CA 
(24). 

The HBRRG investigated not only the population structure, which 
may influence the assessment of the carcinogenic effect of radiation, 
but also the factors believed to affect the occurrence of mutation-based 
diseases, either those environmentally caused or those of the host. 
The results obtained from a case-control study using two-stage sam
pling are shown in Table XVIII. Generally, these factors in CA seemed 
comparable to those in HBRA (25, 26). 

The studies of cancer mortalities in HBRA and CA were begun 
in 1972. The early data were obtained by means of retrospective sur
veys (1972 for the start of pilot study, 1975 for the 1970-1974 data, 
and 1979 for the 1975-1978 data). A cancer registry system was es
tablished in 1979 for the investigated areas; in this system local phy
sicians, with the help of section and county hospitals and many health 
administrative organizations, report all cancer cases and cancer-related 
deaths. Diagnoses are checked, sometimes re-examined, and con
firmed by an expert group who meet twice a year at the investigated 
areas to evaluate cases. Meanwhile, deaths from all causes are also 
registered and analyzed. By the end of 1986, 467 cancer deaths were 
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Table XVI. Male/Female Ratio" of the Investigated Populations in HBRA 

and CA (1970-1985) 
HBRA CA 

Male Female Ratio Male Female Ratio 
Age (Pyr) (Pyr) (M/F) (Pyr) (Pyr) (M/F) 

5 124,063 110,312 1.12 96,294 90,794 1.06 
15 120,578 106,736 1.13 112,106 102,288 1.10 
25 79,020 65,256 1.21 89,837 79,416 1.13 
35 52,745 38,115 1.38 54,114 43,458 1.25 
45 43,213 37,770 1.14 40,611 38,918 1.04 
55 32,119 33,853 0.95 35,519 41,360 0.86 
65 20,845 22,678 0.92 21,984 28,766 0.76 
75 9009 13,702 0.66 9091 16,926 0.54 
85 1567 3624 0.43 1721 4416 0.39 
Total 483,159 432,046 1.12 461,274 446,342 1.03 

α M ale/Female ratio: person-years for males/person-years for females. 

Table XVH. Age Structure (Extract) of Inhabitants in HBRA a, CA e , and 
Two WHO* "Standard Populations" 

Percentage 
Age (in Years) HBRA CA World European 

0-29 66.3 62.9 56.0 43.0 
30-69 30.6 33.6 40.0 50.0 
70 and above 3.1 3.5 4.0 7.0 

Total 100.0 100.0 100.0 100.0 
eData averaged from 1970-1986 statistics. 
&SOURCE: Data are from reference 25. 

Table XVIII. Comparison of Factors Known to Affect Diseases Caused 
by Mutation Processes 

Constituent Ratio Odds Ratioa 

(%) Matched Unmatched 
Factors HBRA CA P" Analysis Analysis 

Pesticide use 62.3 63.6 NS 1.00 0.95 (0.72-1.24) 
Occupations involving 1.5 2.0 NS 0.60 (0.15-2.47) 0.77 (0.29-2.09) 

the use of 
poisonous 
and noxious 
substances 

Smoking 37.9 37.6 NS 1.06 (0.71-1.58) 1.01 (0.88-1.16) 
Alcohol consumption 37.2 38.6 NS 0.85 (0.60-1.21) 0.90 (0.64-1.27) 
Medical X-ray 

exposure 20.0 26.4 NS 0.62 (0.45-0.87) 0.70 (0.51-0.95) 
"Figures in parentheses represent 95% confidence intervals. 
^NS: no significance. 
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Table XIX. Crude Cancer Mortality Rates in HBRA and CA (1970-1986, 
per 100,000 Person-Years) 

Crude Mortality Rate Rate Ratioa 

Person-Years (95% Confidence (95% Confidence 
Sex Area Observed Interval) Interval) 
Male HBRA 530,952 56.3 (50.1-63.1) 0.93 (0.81-1.06) 

CA 504,458 65.4 (58.6-77.9) Ρ = 0.65 
Female HBRA 477,817 35.2 (30.1-41.0) 0.96 (0.81-1.14) 

CA 490,612 41.4 (35.9-47.5) Ρ = 0.35 
eAge adjusted by combined population of HBRA and CA. 

Table XX. Order of Ten Site-Specific Cancer Mortality Rates in HBRA 
and CA (Male and Female Data Combined)0 

HBRA CA 
Rateb (per Rateh (per 

Order Site 100,000 pyr) Site 100,000 pyr) 
1 Liver 12.50 Liver 13.92 
2 Nasopharynx 9.81 Nasopharynx 10.45 
3 Stomach 5.60 Stomach 4.45 
4 Bone-marrow 3.02 Bone-marrow 3.39 

(Leukemia) (Leukemia) 
5 Lung 2.65 Lung 3.29 
6 Intestine 1.70 Intestine 2.28 
7 Esophagus 1.40 Esophagus 1.49 
8 Cervix, uterus 1.37 Breast 1.05 
9 Breast 0.75 Bone sarcoma 0.59 

10 Bone sarcoma 0.52 Cervix, uterus 0.45 
SOURCE: Adapted with permission from reference 28. Copyright 1988. 
eIn HBRA, 1,008,769 person-years, in CA, 995,070 person-years were observed. 
fe Adjusted with the combined population of HBRA and CA. 

Table XXI. Order of Nine Site-Specific Cancer Mortality Rates 
in HBRA and CA (Males) 

HBRA CA 

Order 
Site or 
Disease 

Ratea (per 
100,000 pyr) 

Site or 
Disease 

Ratea (per 
100,000 pyr) 

1 Liver 16.67 Liver 21.62 
2 Nasopharynx 11.58 Nasopharynx 13.79 
3 Stomach 7.11 Stomach 5.49 
4 Lung 3.36 Lung 3.39 
5 Leukemia 3.21 Leukemia 3.70 
6 Intestine 1.96 Intestine 2.69 
7 Esophagus 1.92 Esophagus 1.32 
8 Osteosarcoma 0.78 Osteosarcoma 0.77 
9 Breast 0.00 Breast 0.00 
SOURCE: Adapted with permission from reference 28. Copyright 1988. 
aAdjusted for the combined population of HBRA and CA. 
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Table XXII. Order of Ten Site-Specific Cancer Mortality Rates 

in HBRA and CA (Females) 
HBRA CA 

Site or Ratea (per Site or Ratea (per 
Order Disease 100,000 pyr) Disease 100,000 pyr) 

1 Nasopharynx 7.82 Nasopharynx 7.08 
2 Liver 6.67 Liver 6.14 
3 Stomach 3.82 Stomach 3.42 
4 Cervix, uterus 2.94 Lung 3.23 
5 Leukemia 2.80 Leukemia 3.06 
6 Lung 1.82 Breast 2.51 
7 Breast 1.60 Intestine 2.09 
8 Intestine 1.37 Esophagus 1.68 
9 Esophagus 0.68 Cervix, uterus 0.94 

10 Osteosarcoma 0.21 Osteosarcoma 0.40 

SOURCE: Adapted with permission from reference 28. Copyright 1988. 
"Adjusted for the combined population of HBRA and CA. 

found among 1,008,769 person-years at risk in HBRA, resulting in a 
crude mortality rate of 46.29/100,000 pyr. The corresponding figures 
in CA were 533 cancer deaths, 995,070 pyr, and a crude cancer mor
tality rate of 53.56/100,000 pyr. Mortality rates from all cancers are 
shown in Table XIX (27). Orders of site-specific cancer mortalities in 
HBRA and CA for both sexes are shown in Tables XX through XXII. 

From the preceding data it can be seen that the mortality rate for 
all cancers was higher in CA than that in HBRA for males, females, 
and for the combined sexes. However, the differences were not sta
tistically significant (28). For site-specific cancers only small differences 
existed between HBRA and CA; however, mortality rates of cervix 
uteri cancer were found to be significantly different between these two 
areas. The induction of this type of cancer though is difficult to relate 
to ionizing radiation exposure. 

Further analyses of these data by the HBRRG follows. 

1. As the data of age-specific mortalities shows, most cancer 
cases appeared in the 40 years and older age group; these 
data are consistent with those appearing spontaneously. 

For these reasons the Research Group analyzed the 
cancer mortality of all cancers except leukemia of HBRA 
and CA inhabitants aged 40-70 years (27). The results 
(Table XXIII) were somewhat different from those of 
analyses of cancer mortalities for all age groups. The 
mortality rate in HBRA was significantly lower, although 
there is a wide confidence interval. Accumulation of more 
person-years for these older age groups is necessary. 
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Table XXIII. Mortality Rates of All Cancers Except Leukemia of HBRA 
and CA Inhabitants Aged 40-70 Years (1970-1986)° 

Area 
Person-Years 

Observed 
Mortality 

Rate (10'T 
β Value" 
(95% CI) Ρ Value 

HBRA 207,900 143.8 (299) -14.6% 
(-24.8, -3.0%) 0.04 

CA 224,380 168.0 (377) 
(-24.8, -3.0%) 

"The computer program "AMFIT" (Preston, 1987) was used to fit a Poisson regression 
model. R H B (S, T) = RcA (S, T)(l + β). R H B and RC A are the mortality rates in HBRA 
and CA, respectively. S is sex; Τ is age; and β is the "excess" rate of HBRA to CA. 
6Figures in parentheses are numbers of cancer deaths. 

Table XXIV. Comparison of Excess Relative Risk of Cancer Mortality 
in Different Dose Groups of HBRA a 

Dose Group 
(mGy/year) Sex β Value Standard Errors Ρ Valueb 

1.85 M -0.114 0.135 NS 
F 0.045 0.194 NS 

2.15 M 0.004 0.132 NS 
F 0.015 0.163 NS 

2.55 M 0.001 0.170 NS 
F -0.154 0.208 NS 

"From 1979-1986 data only. 
6 β values for these three groups were not different statistically. 

Table XXV. Mortality Rates of Malignant Neoplasms and Leukemia 
in Hong Kong and Some Asian Countries or Areas 

(per 100,000 Population) 
Malignant Neoplasms Leukemia 

Country (AH Ages) (AU Ages) 
or Area Male Female Male Female 
Hong Kong (1986)° 
Japan (1986)° 

YI2.1 116.7 3.4 3.3 Hong Kong (1986)° 
Japan (1986)° 191.1 126.9 5.2 3.7 
South Korea (1985)e 95.0 54.7 2.9 2.4 
Singapore (1986)" 
Sri Lanka (1982)" 

127.5 95.2 3.1 3.2 Singapore (1986)" 
Sri Lanka (1982)" 25.2 24.0 — — 
China (1977)* 84.35 63.16 2.8 2.24 

(119.6) (80.7) 
HBRAC 56.31 35.16 3.20 2.93 
CAC 65.42 41.38 3.57 3.06 
"Data are from reference 23. 
&Data are from reference 29. Figures in parentheses are world standardized mortality 
rates. 
cCrude mortality rate. 
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2. To identify whether a dose-effect relationship exists in 
the HBRA, an internal comparison of excess relative risks 
of cancer mortality (β-value) was made between the dif
ferent dose groups in HBRA (Table XXIV). The result 
showed that there was no statistical difference found. One 
possibility is that a practical threshold exists in such low-
level radiation exposure. Another explanation is that the 
size of person-years of the observation is not large enough 
to identify the minor changes. 

3. Leukemia was recognized by the scientific community as 
a malignancy closely related to ionizing radiation expo
sure, and it has a shorter latency period than do solid 
tumors. In addition, there are fewer missed cases and 
misdiagnoses in the cancer registry. 

Data published by the World Health Organization 
(23) indicated that, although cancer mortality rates fluc
tuated widely in various countries or areas, the mortality 
rates of leukemia in Asian countries or areas closely 
agreed. The mortality rate of leukemia in HBRA was found 
to be within the range of the spontaneous incidence in 
CA and near that in China (Table XXV, references 27 
and 29). 

4. Since the thyroid nodularity may be a kind of predis
position to thyroid cancer, the HBRRG conducted a col
laborative study with the National Cancer Institute of the 
United States to identify if high-background radiation 
would produce a detectable increase in thyroid nodular
ity. Because the female's thyroid is more sensitive to ra
diation and older people receive larger cumulative doses, 
women aged 50-65 (N = 1001 in HBRA and 1005 in CA) 
who resided in HBRA or CA throughout their entire lives 
were selected. Personal interviews and physical exami
nations by experienced physicians of thyroid diseases were 
conducted on all women; thyroid hormone levels, uri
nary iodine, and chromosomal aberrations were mea
sured and analyzed for some women, randomly selected. 
No evidence that nodular thyroid disease was elevated 
among women in HBRA compared to that in CA was 
found. The prevalence of nodular thyroid diseases were 
9.5% in HBRA and 9.3% in C A (30). 

These data as a whole suggest that continuous ex
posure to low-level radiation of the HBRA is unlikely to 
appreciably increase the risk of nodular thyroid disease. 
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Table XXVI. A Comparison of Excess Relative Risk Estimates (per 10 
mSv) With 90% Confidence Limits for All Cancers Except Leukemia 

Group 

Excess Relative Risk per 10 mGy 
with 90% Confidence Limits for All 

Cancer Except Leukemia 
Inhabitants in HBRA, 

Yangjiang, China 
Atomic bomb survivors, 

Hiroshima and Nagasaki0 

-0.71% (<0, 0.31%) 

0.41% (0.32%, 0.51%) 
eAs presented in Shimizu et al. (31). The original values were given as risk per Gray. 

Preliminary statistical analyses of the risk of excess cancer deaths 
were conducted from the data of cancer mortalities in HBRA and CA. 
The excess relative risk estimate (per 10 mSv) with 90% confidence 
limits for all cancer except leukemia is shown in Table XXVI. A com
parison with the Radiation Effects Research Foundation (RERF) es
timate is also shown in the table. The exposure patterns these two 
cohorts were different. Atomic-bomb survivors received acute high dose 
rate irradiation, while HBRA inhabitants received continuous low dose 
rate exposure. The original risk values estimated by the RERF were 
expressed in Gray units (31). 
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Since 1978 follow-up studies of plant-specific and combined 
populations involving ~360,000 current and former employees 
of the U.S. Department of Energy (DOE) and predecessor 
agencies and their contractors at 40 or more sites nationwide 
have been conducted by DOE contract epidemiologists as part 
of the Health and Mortality Study of Atomic Workers. Among 
these populations, death rates to date for all causes of death 
combined and for most specific disease categories generally have 
been found to be similar to or lower than those in the U.S. 
population. No consistent pattern of increases in site-specific 
cancer mortality has been identified thus far across the pop
ulations studied. Although statistical associations have been 
demonstrated between certain cancer increases and employees' 
occupational radiation exposure, it is premature to draw con
clusions about the contribution to their causation of occupational

7Current address: Office of Health, U.S. Department of Energy, Washington, DC 
20545 
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l exposure to potentially hazardous agents given the gen
erally low mortality and other study limitations. A summary 
review is presented of completed and ongoing studies in this 
series. 

Î̂EDICAL MONITORING OF WORKERS employed by contractors oper
ating facilities for the Manhattan Engineer District (MED) was initi
ated with the start-up of operations at individual facilities beginning 
in 1942. These programs were aimed at protecting the health of active 
workers against the short-term effects of exposure to the major toxi
cants present in the workplace. Ionizing radiation from external sources 
or internally deposited radionuclides was the primary hazard of inter
est. However, workers at risk of exposure to certain chemical toxi
cants, including uranium and other heavy metals, were assigned to 
specific medical monitoring or bioassay programs, or both. In the 1950s 
greater awareness of the long-term health risks of exposure to sub
acute levels of radiation and the increasing use of radiation and ra
dioactive materials for industrial and medical purposes, and in related 
research and development activities prompted interest by the Atomic 
Energy Commission (AEC), the MED's successor agency, in con
ducting long-term follow-up studies to better protect the health of cur
rent and future workers overall and with respect to the delayed effects 
of radiation. These and other rationales for and the importance of long-
term studies of populations occupationally exposed to radiation have 
been discussed by Shore (J). 

The purposes of this chapter are as follows: (1) to put the devel
opment of the long-term studies of A E C contractor employees prior 
to 1978 into historical perspective; (2) to describe the scope and nature 
of the studies of this population, which we and other epidemiology 
groups have conducted since 1978 in the Department of Energy's 
(DOE's) epidemiology program as part of its Health and Mortality Study 
(HMS) as described by Thomas (2); and (3) to summarize the findings 
of the studies completed to date and their implications for society. 

Historical Perspective, 1960-1977 

In the early 1960s a series of studies was conducted to evaluate the 
feasibility of using plant personnel and other records as the basis for 
long-term follow-up studies to monitor mortality among employees of 
two contractors of the A E C . The first of these series of studies con
cerned small groups of uranium workers at the M E D and A E C sites 
at Mallinckrodt Chemical Works plants in St. Louis and Weldon 
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Springs, Missouri, and the Feed Materials Production Center oper
ated for the A E C by National Lead of Ohio at Fernald Ohio. The 
studies were conducted for these A E C contractors by the University 
of Colorado, Boulder, and demonstrated the feasibility of using plant 
records for the stated purpose. The results were presented in a series 
of reports (3-7). 

In 1964 the A E C initiated a 5-year pilot project that was more 
broadly based but with objectives similar to those of the earlier stud
ies. This project was conducted by the University of Pittsburgh under 
contract from the A E C with T. Mancuso as the principal investigator. 
Selected for inclusion in this project were the M E D - A E C facilities at 
Hanford, Washington, and Oak Ridge, Tennessee, and several ura
nium feed materials and conversion facilities that were the responsi
bility of the Oak Ridge Operations, including Harshaw Chemical 
Company (Cleveland, Ohio), Mallinckrodt Chemical Works, and the 
Feed Materials Production Center. Manhattan Engineer District con
tractor employees at the University of Chicago's Metallurgical Labo
ratory, and DuPont also were included in the feasibility study (Marks, 
S. A E C , unpublished data). Original plant records were located and 
identified at the Hanford and Oak Ridge sites and at off-site federal 
and other records repositories. Much of the data needed for retro
spective epidemiologic studies was identified among the original hard 
copy employee records compiled for the M E D and A E C by facility 
contractors. At Mancuso's request the A E C placed a moratorium on 
the disposition of such records, and thus preserved them for future 
epidemiologic studies. 

During this period Mancuso established interfaces between the A E C 
and the Social Security Administration (SSA) for determination of vital 
status (alive vs. deceased) for individual workers and agreements with 
the Vital Records Offices of each of the 50 states for the retrieval of 
the corresponding death certificates as sources of cause of death in
formation. The University established an office in Oak Ridge to direct 
the retrieval of plant personnel records and death certificates and the 
processing of relevant data into a machine-readable form. The data 
computerization task was performed under Mancuso's direction at the 
data processing facilities operated for the A E C in Oak Ridge, Ten
nessee, by Union Carbide Corporation-Nuclear Division. 

This work established the apparent feasibility of using existing em
ployee and other facility records as the basis for follow-up studies to 
monitor the health and mortality experience of workers employed at 
its contractor operated facilities and those formerly operated for the 
M E D and to determine if any adverse effects observed were related 
to their employment at these facilities. It also confirmed the suitability 
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of existing records for use in studies designed to estimate the upper 
bound of the cancer risk associated with occupational exposure to low 
levels of ionizing radiation. 

In 1970, and on the basis of the results of the feasibility study, 
the A E C contracted with the University of Pittsburgh to have Man
cuso initiate a long-term study of health and mortality among the pop
ulations identified in the pilot phase. The records used for the fea
sibility study and subsequent epidemiologic studies of these worker 
populations currently are retained for the D O E in accordance with 
regulations governing the D O E Systems of Records whereby they are 
protected under the Privacy Act (1974) (8). 

As the work progressed it became evident that the original data 
did not meet the investigators' initial expectations of immediate usa
bility for epidemiologic purposes and indicated that further editing, 
verification, and other processing of the data would be necessary to 
ensure their completeness, epidemiologic validity, and usability in 
analyses. A major effort then was directed toward preparing the Han
ford worker population data for analysis. Analyses of longevity among 
Hanford workers were begun by B. Sanders, consultant statistician to 
the University of Pittsburgh team. Beginning in 1971 these analyses 
were documented along with other project-related activities in the in
vestigators' annual progress reports to the A E C (9-21); the results 
subsequently were published in the scientific literature (22). During 
this period the investigators proposed extending the scope of the study 
to include workers at other selected contractor facilities. Specifically, 
employee populations from the following facilities were identified as 
priorities for inclusion in the overall study (Marks, S. A E C , unpub
lished data): Los Alamos Scientific (now National) Laboratory (LANL), 
Los Alamos, New Mexico; Rocky Flats Plant, Golden, Colorado; and 
Mound Laboratory, Miamisburg, Ohio. 

In 1974 S. Milham, Washington State Department of Social and 
Health Services, reported finding an increased proportion of deaths 
due to cancer among Hanford workers on the basis of a broad pro
portional mortality analysis by occupation as recorded on death cer
tificates filed in Washington State between 1950 and 1971 (23). Fol
lowing this report, and on the basis of findings of a peer-review panel 
sponsored by the A E C , the Commission decided to terminate its con
tract with the University of Pittsburgh effective at the end of August 
1977. In March 1975 Mancuso was notified informally of this decision. 
In January 1976 Mancuso received written notification of this decision 
(Marks, S. A E C , unpublished correspondence). The interval between 
the notification and the planned termination of the contract was des
ignated as a transition period. During this 18-month period, the A E C 
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prepared to transfer responsibilities for the continuation of work on 
the study to other contractors. 

The actions of the A E C and its successor agency, the Energy Re
search and Development Administration (ERDA), were later investi
gated by the U.S. Comptroller General. The findings of the investi
gation, which generally upheld the ERDA's position, were reported 
to the U.S. Congress in 1979 (24). Initial analyses of mortality among 
Hanford workers alone were conducted by the University of Pitts
burgh team headed by Mancuso, and the results were published in 
1977 (25). The reported findings of increased risks for several different 
cancer types associated with the population's occupational radiation ex
posure were unexpected on the basis of contemporary knowledge. 

At least 20 reviews and critiques of the Mancuso, Stewart, and 
Kneale Study (24), including those by Reissland (26) and Anderson 
(27), and reports of the reanalyses of the Hanford data set using es
tablished epidemiologic and biostatistical methods were generated in 
response to the 1977 publication. The results of the major reanalyses 
of the data set (28, 29) generally did not support the findings reported 
by Mancuso et al. Updated analyses by a team of investigators from 
the Hanford Environmental Health Foundation (HEHF) and Pacific 
Northwest Laboratory (PNL) of mortality among the Hanford worker 
population also failed to support the findings reported by Mancuso et 
al. of increasing risks for several types of cancer with increasing ra
diation dose, except for multiple myeloma, which continued to be as
sociated statistically with occupational radiation dose in subsequent 
updated analyses (30-32). 

Health and Mortality Study, 1977-1990 

During the transition period between January 1976 and July 1977, 
responsibilities for follow-up studies of specific plant populations al
ready selected for inclusion in the HMS were reassigned by the ERDA 
and its successor the D O E to its contractors Oak Ridge Associated 
Universities (ORAU), Oak Ridge, Tennessee, L A N L , and the H E H F -
PNL team, Richland, Washington. The ORAU was charged with de
veloping studies of the worker populations at the production and re
search and development facilities in Oak Ridge, Tennessee [i.e., the 
Y-12 and Gaseous Diffusion (K-25) plants and Oak Ridge National 
Laboratory (ORNL, also known as X-10)]; the Gaseous Diffusion Plants 
in Paducah, Kentucky, and Portsmouth, Ohio; Feed Materials Pro
duction Center; and the M E D / A E C sites of Mallinckrodt Chemical 
Works. Uranium processing, enrichment, and metal fabrication op
erations were common to several of these facilities. 
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In addition, ORAU was assigned responsibility for development of 
a master roster of contractor employees at the identified facilities, 
management of the D O E - S S A interface for the contractor epide
miology groups, and related data collection and management, includ
ing death certificate retrieval and storage. From 1979 ORAU worked 
in collaboration with the University of North Carolina—Chapel Hill 
(UNC—CH), School of Public Health, to provide additional academic 
guidance and assistance in all tasks, except those involving identifiable 
data. At that time ORAU also was charged by the D O E with devel
oping a separate roster of contractor employees reported to have re
ceived whole-body doses of 50 mSv or more of external penetrating 
radiation in any year while employed from 1947 onward at any D O E 
or contractor facility nationwide (Lenhard, J. Α., D O E Oak Ridge Op
erations, unpublished correspondence, May 22, 1978). 

The L A N L was assigned the DOE's National Plutonium Workers' 
Study and studies of the entire workforces of several sites at which 
workers were monitored for exposure to plutonium (i.e., LANL, Rocky 
Flats Plant, and Mound Laboratory). Plutonium workers identified 
among workers at ORNL, the entire Savannah River Plant workforce, 
which was studied collaboratively later by ORAU and L A N L , and the 
Hanford population also were included in LANL's Plutonium Workers' 
Study. The H E H F - P N L team was assigned responsibility for con
tinuing data collection and processing (HEHF) and data analysis (PNL 
and H E H F ) for the total Hanford worker population. 

The results of a survey by the Mitre Corporation, McLean, Vir
ginia, to identify active and former contractor sites of the M E D and 
its successor agencies were published in 1978 (33). This survey also 
included summary descriptions of records of epidemiologic interest that 
were available for facility-specific populations. 

In 1979 the D O E accepted in principle ORAU's proposal entitled 
"The Comprehensive Epidemiology Study of Atomic Workers" to ex
pand the A E C - D O E HMS to include all workers at all active and 
inactive D O E contractor sites. Seventy-six such sites, with an esti
mated total workforce of 600,000, were identified from the Mitre Cor
poration report as being eligible for eventual inclusion in the study. 

The active and inactive facilities, whose present and former em
ployee populations were included in the D O E Comprehensive Epi
demiology Study of the "Atomic Workers" proposal, are identified in 
Figure 1, the so-called "big picture", although not all have come un
der active study. A description of the components of this figure is 
provided elsewhere (34). The capability of bringing all site-specific 
worker populations under active study was a function of the resources 
available for the task. 
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An estimated 360,000 present and former workers comprise the 
portion of the total workforce (600,000) that was the basis for studies 
by ORAU, L A N L , and H E H F - P N L through 1991. Data are not nec
essarily complete for all the estimated 360,000 workers nor have all 
these individuals been included thus far in population-specific analyses 
(see the following sections). However, efforts have been made to fol
low up all race and gender groups in this population to determine 
their vital status in preparation for future analyses. 

Studies Conducted between 1978 and 1990 as Part 
of the HMS 

Scope. Since 1979 investigators from ORAU in collaboration with 
those from the Departments of Epidemiology and Environmental Sci
ences and Engineering of U N C — C H , have been engaged in all phases 
of data collection, verification, editing, processing, and management 
for plant-specific populations as assigned (see the preceding discus
sion). The D O E subsequently assigned responsibility to ORAU for 
studies of mortality among the workforces at six former M E D uranium 
processing and refining facilities in the "Niagara Frontier" area, in
cluding Harshaw Chemical Company, Cleveland, Ohio, and for stud
ies of disease incidence (morbidity) and mortality among the workers 
identified as having received 50 mSv or more in any calendar year 
while employed at any D O E (or predecessor) contractor facility na
tionwide (see the foregoing discussion). In addition, in 1982 and 1986, 
respectively, the D O E directed ORAU to compile data as a basis for 
studies of mortality among workers at the Savannah River Plant (SRP), 
the Lawrence Livermore National Laboratory (LLNL), and the Law
rence Berkeley Laboratory (LBL). The task was completed for the SRP 
population and has been ongoing for the L L N L population in collab
oration with researchers at the L L N L . Initiation of data collection for 
the entire L B L population was postponed pending the availability of 
additional resources. The Oak Ridge Associated Universities' plant-
specific study populations thus totaled approximately 260,000 individ
uals at 10 geographically separate sites, plus the almost 40 sites at 
which workers with 50 mSv or more in a calendar year were identi
fied. Of these, approximately 138,000 (primarily white males) are in
cluded in populations defined in published and ongoing studies. 

Approach. The principal purpose of the HMS was to evaluate 
the effects, on subsequent health and mortality, of occupational ex
posure to low levels of ionizing radiations from external and internally 
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deposited radionuclides (e.g., uranium and plutonium) alone or in the 
presence of chemical toxicants in the workplace (e.g., uranium com
pounds and toxic metals) that may influence radiation-induced effects. 

Early in ORAU's involvement in the HMS, a standardized study 
process (SSP) was developed to ensure consistency in the way in which 
ORAU investigators collected, compiled, and processed workers* data 
for inclusion in the HMS master roster (35). This approach was im
plemented to minimize the potential for introducing systematic bias 
into the data when working concurrently with data from multiple fa
cilities. By this process, identifying, demographic, employment, work 
history, and personal monitoring data were retrieved systematically for 
all individuals ever employed at the facilities of interest irrespective 
of gender or race. Sources of these data were the employee records 
previously compiled by facility contractors for payroll, regulatory, or 
other nonepidemiological purposes. Data items contained in employee 
medical files were abstracted only as needed for specific studies of 
defined populations or subgroups. These data were entered into the 
computerized HMS database that contains one record per individual 
identifiable by an assigned unique numerical identifier (ID) across 
database files and facilities (if employed at more than one D O E con
tractor facility). Deidentification of the data maintained for individual 
employees in the computerized database files ensures their confiden
tiality and facilitates their use in statistical analyses. 

Vital status information also was obtained systematically for all 
gender and race groups identified in the master roster. The SSA has 
been the primary source of information about deaths that occurred 
before 1979. Other sources include states' death indexes, the National 
Death Index (identifies deaths post-1978), states' departments of motor 
vehicles and drivers' license bureaus, the Office of Personnel Man
agement (for federal employees), Pension Benefit Information, Inc., 
the Health Care Financing Agency (for persons aged 65 years and 
over), and the Veterans' Administration. Death certificates for persons 
identified as deceased by these or related institutions were retrieved 
under agreements of confidentiality from the vital records offices of 
the states of death. The underlying cause of death and all contributory 
cancer causes documented on verified death certificates were coded 
to the International Classification of Disease, adapted for use in the 
United States, Eighth Revision, by experienced nosologists trained by 
the National Center for Health Statistics. These data, identified by 
pseudoidentifiers, also are maintained in the HMS database. Mortality 
has been the end point of interest in the majority of studies conducted 
to date. Morbidity, as determined by telephone health surveys or clin
ical examinations, has been studied among fewer and more highly se-
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lectecL study populations (36-38) because of the relative complexity 
and expense of such studies. However, greater emphasis on morbidity 
was planned for future studies of more defined populations. 

Exposures of interest in the study populations have included ra
diation both from external sources and internally deposited radio
nuclides with uranium compounds (a primary interest of the O R A U -
U N C investigators), being chemically as well as radiologically toxic, 
depending on the level of exposure, solubility, and specific activities 
of the compounds involved. Other nonradiological toxicants of interest 
in special studies included elemental mercury and metallic nickel (37, 
39, 40). Nonoccupational exposures such as smoking were taken into 
account in only a few studies completed by any of the contractor ep
idemiology groups through 1990, but the influence of smoking was 
considered in a case-cohort study of lung cancer among Hanford work
ers (41). It also is being considered in a study in progress of lung 
cancer among workers exposed to uranium dust while employed at the 
Y-12, Fernald, and Mallinckrodt facilities. Data for workers identified 
as occupationally exposed to plutonium or polonium at Rocky Flats or 
Mound were analyzed as part of studies of mortality among these pop
ulations conducted by the L A N L epidemiology group (42-44). 

In compliance with the Privacy Act (1974) (8) and the regulations 
governing the release of personally sensitive and confidential data by 
the SSA and states' vital records offices, investigators' access to iden
tifiable and other certified data for individual members of facility-spe
cific populations being studied by O R A U - U N C has been restricted to 
those working at ORAU's Center for Epidemiologic Research and whose 
work requires access to these types of data, for example, for merging 
data retrieved for individuals from multiple sources. 

Study Designs. ORAU-UNC's overall study approach has called 
for initial hypothesis-generating analyses to compare the age- and sex-
adjusted mortality rates in the worker populations, by facility, with 
those among the general (i.e., federal, state, or other regional pop
ulation, as indicated) and other more appropriate comparison popu
lations (e.g., workers at the same site). As occupational data were re
trieved and prepared for analyses, hypothesis-testing studies were 
initiated among subgroups identified within or across plant-specific 
populations to evaluate relationships between exposures or jobs and 
diseases, particularly cancers, having statistical, radiobiological, or ep
idemiological significance. Industry or internal plant-specific popula
tions were preferred comparisons in these analyses. Biostatistical 
methods to support these analyses were proposed initially at a D O E 
Statistical Symposium (45) and later developed in more detail (46-51). 
By this approach preliminary facility-specific mortality analyses could 
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be performed to determine how the workers' mortality experience 
compared with that of the general population and to generate hy
potheses that could be tested as more data became available. Vital 
status information for at least 90% of the study cohort and retrieval 
of over 90% of the death certificates for persons known to be dead 
were prerequisites for a preliminary S MR analysis to proceed. The 
L A N L and H E H F - P N L epidemiology groups have employed gener
ally similar approaches in their studies of other site-specific popula
tions. 

Cohort studies were conducted by the D O E contractor epide
miology groups to evaluate overall mortality among facility-specific 
populations at the Oak Ridge (Y-12 and ORNL) (52-55), Savannah 
River (56), Linde (57), Hanford (29-31), Rocky Flats (42), and Mound 
(43, 44) facilities. Studies of mortality among cohorts of workers aj: the 
Pantex Plant, Amarillo, Texas, and the Gaseous Diffusion Plant, Ports
mouth, Ohio, were sponsored outside the HMS by the National In
stitute for Occupational Safety and Health (58, 59). Several of these 
studies used internal comparison groups, thereby minimizing the so-
called "healthy worker effect'' (60), to evaluate dose—response rela
tionships (51). Cohort mortality studies are in progress for populations 
at all Oak Ridge facilities combined, L A N L , Mallinckrodt Chemical 
Works, and Fernald, while updated mortality analyses are ongoing for 
previously defined populations at the Savannah River, ORNL, Y-12, 
and Hanford facilities. 

Studies of mortality among subcohorts defined on the basis of job 
title or potential for exposure to nonradioactive agents of interest were 
conducted for workers employed in the centrifuge monitored for ex
posure to mercury (39) or phosgene (61) at the Y-12 Plant or nickel 
at the K-25 plant (40). Mortality through 1973 among welders at the 
facilities in Oak Ridge was evaluated and the results were reported 
(62); an updated analysis is in progress and includes deaths among the 
Oak Ridge welder subcohort through 1989. 

Case-control study designs were used to evaluate specific cancers 
of interest found in greater numbers than expected. These include 
studies of deaths due to brain tumors among the Rocky Flats popu
lation (63), brain cancers among the Y-12 and O R N L populations (64), 
and lung cancer among workers employed at Y-12 (65) or Hanford 
(41). Case-control studies of cases of and deaths due to melanoma were 
conducted among employees at the L L N L and L A N L facilities, re
spectively (66, 67). 

Morbidity was evaluated among workers potentially exposed to el
emental mercury at Y-12 (37) and among workers employed in the 
centrifuge process at the K-25 plant (38). To date, morbidity data have 
been collected for workers with 50 mSv or more in a calendar year 
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at 20 of the 31 D O E contractor facilities at which such workers were 
identified. 

As identified in the protocol proposed for the Comprehensive Ep
idemiology Study of Atomic Workers, an ultimate goal of the study 
has been to conduct combined population analyses where feasible and 
epidemiologically appropriate in order to increase the power of the 
analysis and thereby the strength of the results and the precision of 
the estimates of risks for radiation-induced cancers derived from them. 
Progress has been made in this direction with the completion of mor
tality analyses for the combined population of white males employed 
at the Hanford, ORNL, and Rocky Flats facilities (68). Data from al
ready published facility-specific studies of these three populations also 
are included in an ongoing study, sponsored by the International Agency 
for Research on Cancer (IARC), of mortality among nuclear industry 
workers in the United States, Canada, and United Kingdom. Other 
studies completed or in progress involving workers at multiple D O E 
contractor facilities include cohort mortality analyses of workers em
ployed between 1943 and 1947 at any of the Oak Ridge facilities (69) 
and, as previously mentioned, persons in the 50-mSv/year or more 
cohort and the case-control study of lung cancer deaths among work
ers at three uranium processing facilities. The publications referenced 
give the méthodologie details of specific studies. 

Study Findings. Some of the characteristics of the contractor 
facility-specific populations that have been studied to date are dis
played in Tables I—III, grouped according to the primary exposure of 
interest. A summary of the mortality outcomes of interest for which 
statistically significant increases or deficits in the standardized mor-

Table I. DOE Worker Populations Studied 
Facility Total Study Fottow-Up Mortality 
(Years of Operation) Workforce Population (Average Years) (%) 
Hanford 

(1943-1978) 44,100 44,100 23.0 20.0 
ORNL 

(1943-1972) 17,500 8,318 26.0 18.3 
Savannah River 

(1952-1975) 
Rocky Flats* 

18,000 9,860 22.0 11.1 (1952-1975) 
Rocky Flats* 

(1952-1979) 9,500 5,413 14.5 7.6 
Pantex 

(1951-1978) 
Mound Lab* 

5,500 3,564 14.6 7.5 (1951-1978) 
Mound Lab* 

(1943-1979) 6,880 4,182 18.8 14.2 
aExternal ± internal exposures. 
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Table II. DOE Worker Populations Studied: Uranium Dust Exposures 
Facility Total Study Fottow-Up Mortality 
(Years of Operation) Workforce Population (Average Years) (%) 
Oak Ridge Y-12 

(1943-1947) 48,000 18,800 27.0 (minimum) 28.6 
Oak Ridge Y-12 

27.0 (minimum) 

(1947-1972) 16,500 6,477 20.6 13.0 
Niagara Frontier 

(Linde; 1943-1949) 3,000 995 30.0 (minimum) 43.0 

Table III. DOE Worker Populations Studied: Uranium Hexafluoride 
Facility Total Study Follow-Up Mortality 
(Years of Operation) Workforce Population (Average Years) (%) 
Oak Ridge K-25 

(1943- ) 45,000 <« Work in progress • 
Padueah GDP 

(1952- ) 6,000 < Work in progress • 
Portsmouth 

GDP (1954-1982) 7,900 5,773 18/7 8.4 

tality ratios have been found is presented in Table IV. These findings 
simply reflect the populations' mortality experience for all cancers 
combined and site-specific cancers relative to the general population, 
taking age and gender into account. 

Analyses of all or site-specific cancer mortality, taking occupational 
radiation dose into account, have been conducted since 1978 for sev
eral facility-specific and combined facility populations (30-32, 42-44, 
53-55, 57, 64, 65, 68). Statistically significant positive associations be
tween mortality due to certain cancers and occupational radiation dose 
were found in two instances. A positive association between multiple 
myeloma and radiation dose was reported in updated studies of the 
Hanford population (30-32). However, in the third study of this se
ries, the association of multiple myeloma and radiation dose reached 
significance only when deaths were included for which multiple my
eloma was shown on the death certificates but not as the underlying 
cause, when deaths that occurred in the 2 years after the established 
cutoff date for follow-up, or when a 2-year latency period was used. 

Analyses of mortality among a cohort of white males employed at 
the O R N L showed overall and some site- and disease-specific mor
tality to be substantially less than the general population, but a non-
statistically significant elevated SMR for all leukemias was reported 
with follow-up through 1977 (54). This parameter attained statistical 
significance with further follow-up through 1984 (55). However, nei
ther study showed a positive correlation for leukemia with radiation 
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Table IV. Major End Points of Interest for Which the Ratio 
of the Number of Observed to Expected Cases Was Statistically 

Significant (Significance Level Established a Priori) 
Cause of Death Facility" 
I. Increases 

All causes Linde, O.R. WW IIfe 

Cardiovascular disease Linde 
Respiratory disease Linde, O.R. WW II 

Lung Y-12, O.R. WW II 
Cancer (Rocky Flats; Mound) 

Larynx Linde 
Leukemias ORNL (Savannah River) 
Brain (Y-12) 
Melanoma* Livermore 

Accidents (Hanford); O.R. WW II 
II. Deficits 

All causes Y-12; Savannah River; Rocky Flats; ORNL; Mound 
All cancers Savannah River; ORNL; Rocky Flats 

Lung ORNL, Rocky Flats 
Digestive system O.R. WW II 

Cardiovascular disease Savannah River; ORNL; Rocky Flats; Mound; 
Portsmouth 

Respiratory disease Savannah River; ORNL; Rocky Flats; Portsmouth 
Digestive disease Savannah River 
Accidents ORNL; Rocky Flats; Mound; Portsmouth 

"Facility: Indicates statistically significant SMR among a subgroup of the study popu
lation at the facility named. 
^This represents the combined population of workers employed only between 1943 and 
1947 at the Y-12, K-25, and ORNL facilities. 
This corresponds to the incidence of melanoma only. 

dose. However, with follow-up through 1984, a significant positive as
sociation was observed between external radiation, assuming a 20-year 
lag, and all cause mortality that was primarily due to an association 
with all cancer mortality. One death due to bone cancer was reported 
among a group of 26 early plutonium workers (70), but a causal re
lationship between this individual's malignancy and exposure to plu
tonium remains equivocal given the small number. 

The results of the combined population mortality analyses com
pleted to date are generally consistent with those obtained in the mor
tality analyses conducted for the plant-specific populations concerned 
(51, 68). Among the case-control studies of specific cancers completed 
to date, only the study of lung cancer among workers employed at 
Y-12 between 1943 and 1947 showed an increased risk that was sta
tistically significantly associated with the occupational exposure to ra
diation, with cumulative radiation dose to the lung estimated based 
on occupational exposure to uranium dust. The association was sig
nificant only for workers who were more than 45 years old when hired 
at the facility (65). 
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Discussion 

A review of the results of the long-term studies of mortality that have 
been completed to date for 10 plant-specific populations of the D O E 
(and predecessor agencies) contractor employees shows that, with the 
exception of two cohorts of workers employed during World War II 
[i.e., Linde and Oak Ridge WW II (57, 69)] overall mortality due to 
all and specific causes of death, including cancers of all and most spe
cific sites, is generally similar to or substantially less than expected 
among comparable groups in the U.S. population. The mortality ex
periences of the Linde and Oak Ridge WW II cohorts possibly reflect 
relaxed medical standards for civilian employment during the war years. 
Although statistically significant increases in mortality due to specific 
cancers were observed among some of the other plant-specific cohorts, 
no consistent pattern of increased cancer mortality was found across 
facilities. Where statistically significant associations were observed be
tween risks of mortality caused by all cancers combined or type-spe
cific cancers, the associations generally were weak and inconsistent 
across populations. 

In evaluating the reported results of these studies, we need to 
consider the overall strengths and limitations that may contribute to 
uncertainties among the findings to date. Strengths include the fact 
that the populations studied are composed of humans, and the study 
results relate directly to risks to human health. Because they were 
worker populations, we can assume, with the possible exception of 
Linde and Oak Ridge WW II workers, that the study participants were 
healthy when hired and that the mortality deficits observed may be 
attributed to the healthy worker effect. These populations were at risk 
of protracted exposure to radiation, which is in contrast to the high-
dose, high-dose-rate exposures sustained by populations such as the 
atomic-bomb survivors and patient groups on whose mortality expe
rience current radiation risk estimates are largely based. 

Another strength of these studies is that records were available 
that included some individual quantitative measures of radiation dose 
or level of exposure for individual workers. This situation was not the 
case for some populations studied because of their exposure to radia
tion or other hazardous agents on or off the job; for these populations, 
only rough surrogates, (e.g., distance from source of radiation, job ti
de, and location) are available to indicate potential exposure (71). Also, 
all populations for which mortality analyses have been conducted pos
sess more than 90% vital status follow-up and 91-99% retrieval of ver
ified death certificates. Among the limitations of the individual studies 
is the heterogenicity of the populations with respect to socioeconomic 
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status and geographic location. To date there has been only limited 
consideration of the influence on health outcomes of known risk factors 
such as smoking (41), and undoubtedly, several risk factors are un
known. The results of these and future studies of these populations 
are generalizable to males, specifically white males, but they are not 
necessarily generalizable to other age and gender groups in the gen
eral population. However, for the major end points of interest with 
respect to radiogenic cancers, we would not anticipate effects of ra
diation among the populations of female workers to be substantially 
different from their male counterparts. 

The estimated total workforce of 600,000 ever employed at the 
federal contractor sites of interest is one of the largest populations of 
radiation workers available and enumerated for study. However, the 
studies conducted to date have of necessity involved plant-specific 
populations that are relatively small. Studies of these individual worker 
populations are limited statistically in their ability to detect small risks 
to occupational radiation exposures. The power of the studies also is 
limited by the relatively low total population dose, even when pop
ulations are combined. An additional recognized limitation is that to 
date the majority of studies were based on death certificate data which 
in themselves are subject to uncertainty. However, the uncertainties 
in these data are nondifferentially distributed among the study pop
ulations and their comparison populations and, more importantly, among 
exposure groups. Some of these limitations may be overcome or re
duced by inclusion of additional populations in combined analyses and 
the use of incidence data to the greatest possible extent. 

Weighing all the available data to date, including those from stud
ies that have been interpreted as indicating influence by factors not 
considered by other investigators (72, 73), it can be concluded that, 
overall, the D O E worker population exhibits a healthy worker effect 
relative to the general population. The completed studies provide lit
tle evidence that the workers' exposure to radiation on the job has 
significantly increased their risk of dying from cancer in a measurable 
quantity. These studies do not appear to present a strong case in favor 
of more stringent occupational radiation protection standards, although 
they currently may lack the power to detect a risk that could be judged 
unacceptable by today's standards. 

Finally, even though the follow-up of mortality now extends more 
than 40 years for some populations, the mortality is generally less than 
50% in most populations and less than 20% in several others. Thus, 
we recommend that further follow-up be undertaken in order to ob
tain health data on a majority of these workers through their lifespans, 
particularly with regard to the study of cancer rates that increase rap
idly at older ages. The decision to pursue further studies, including 
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any extended combined population studies, rests with the NIOSH, 
the agency now responsible for the management of the DOE's analytic 
epidemiologic studies. 
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18 
Does Nuclear Power Have 
a Future? 

John F. Ahearne 

Sigma Xi, The Scientific Research Society, P.O. Box 13975, 
Research Triangle Park, NC 27709 

Nuclear power for electricity generation is at a standstill in the 
United States. The United States has more nuclear power ca
pacity than France and Japan combined and receives about 20% 
of its electricity from nuclear power. But no new plants have 
been ordered since 1978 and utilities are shutting down older 
plants before the end of their lifetimes. Plant orders stopped 
because electricity demand stopped growing at a high rate, nu
clear plants were taking 12 years to build, were costing over 
$4 billion, and, once built, were not running very well. Safety 
and nuclear waste concerns added to these problems by gen
erating public opposition to nuclear power. This chapter ad
dresses whether new designs that are proposed to meet these 
problems are likely to succeed. 

TTHE QUESTION, "DOES NUCLEAR POWER HAVE A FUTURE?" is tinged with 
pessimism. That there will be a future for nuclear power is implicitly 
doubted. However, this is not a uniformly held assumption. It cer
tainly is not a uniformly desired condition—especially for the nuclear 
industry, which also argues that it is not the view of the American 
public, at least as transmitted by the U.S. Council on Energy Aware
ness (USCEA). The USCEA polling results indicate that the U.S. pub
lic believes nuclear energy should play a role in meeting Americas 
future energy needs. In the spring of 1992, 35% of U.S. adults re-

0065-2393/95/0243-0259$08.54/0 
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sponded that this role should be very important and another 38% 
thought nuclear energy would be somewhat important. However, a 
more significant poll asks Americans what are the most important 
problems facing the United States today. Public concerns about en
ergy peaked at 6% just before the Gulf War. Since then it has dis
appeared from the polls and did not show up in the fall of 1991. Con
sequently, statements about the importance of any energy source must 
take into account that the public is being asked about an area they 
don't see as a problem. 

Nuclear plants had been described by their early supporters as 
being cheap producers of electricity over a long lifetime, so that the 
average annual cost of electricity would be low, although the initial 
capital investment would be high. Although the latter has certainly 
been borne out by experience, the former is being questioned. When 
the operators of Yankee Rowe in Massachusetts, a small, 180-mega-
watt electric (MWe) station that went into operation in 1961, an
nounced they would close the plant rather than meet the Nuclear 
Regulatory Commission (NRC) requirements, many in the nuclear in
dustry expressed concern. This plant was the first to begin the NRC 
procedure to extend its license beyond the original 40-year term. In 
February 1992 an arrangement was announced that would lead to 
shutting down San Onofre-1 in California by 1993, after 25 years of 
operation. Industry proponents urge development of new designs, to 
meet many of the questions raised by the public, investors, and util
ities. 

Before addressing new developments, some background is nec
essary. First, we must assume that nuclear fission will be used to gen
erate substantial amounts of electricity in the future; that is, nuclear 
power will be important. If we do not make this assumption, it does 
not make much sense to discuss how that electricity might be gen
erated. 

Two questions then will be addressed: 

1. Will there be—are there—qualitatively different new 
designs and concepts for nuclear power plants? 

2. Will new plants, perhaps using new designs, be built in 
the United States in the foreseeable future? 

Future Use 

Nuclear power may be important for more than electricity generation. 
Other uses, or potential uses, for nuclear power include space pro
pulsion and district or process heating. 
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Use of nuclear power for space propulsion is receiving renewed 
examination, as interest in missions to the moon and beyond is grow
ing. This use is not for the small radioisotope thermoelectric gener
ators (RTGs), the thermionic power sources that have been used for 
decades, nor is it for the in-space power plants used by the former 
Soviet Union for some of their satellites. Rather, these designs are 
Nuclear Engine for Rocket Vehicle Applications (NERVA) and post-
NERVA designs that provide very high specific impulse rockets. Al
though technologically interesting these are unlikely to support a ma
jor part of the nuclear industry. 

Use of nuclear power for heat generation has not yet proven to 
be economic on a wide scale. Cogeneration, production of electricity 
and process steam, is being done today. In Canada the four units of 
the Bruce A nuclear station in Ontario produce electricity and also 
process heat and steam for the nearby heavy water plants. In Czecho
slovakia a four-unit station generates electricity and produces low-tem
perature heat (70-150°C) for heating, industrial, and agricultural uses. 
In West Kazachstan a breeder reactor is used to provide electricity 
and high-temperature steam to a desalination plant, and both the Rus
sians and the Chinese are working on reactors solely for heating (J). 
Russia recently announced that it will begin construction on two 500-
megawatt thermal (MWt) heat reactors. 

China is reported to be developing two types of reactors to pro
vide heat for district grids: an atmospheric-pressure, swimming pool 
reactor for up to 120 MWt and a low-pressure reactor for up to 500 
MWt (2). The one recent U.S. effort, Midland, in Michigan, ended 
up, after many years of construction problems, being converted from 
a nuclear plant into a natural gas plant. 

However, nuclear power plants are primarily used to generate 
electricity and represent a significant portion of world electricity gen
erating capacity. In 1988 nuclear power represented 12.2% of world 
generating capacity and accounted for 17% of the electricity generated 
(3). 

Although nuclear power is at a standstill in the United States, it 
remains the world leader in the number of plants and total generating 
capacity, as seen in Tables I and II. 

Nuclear power is extremely important in several countries, al
though in no country would a source producing a quarter or more of 
the electricity be unimportant. As is widely known, France is the leader 
in the use of nuclear-generated electricity and exports nuclear-gen
erated electricity to several of its neighbors. Table III indicates that 
nuclear power also is a major source of energy in at least 12 other 
countries. 
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Table I. Operating Nuclear Units as 
of December 31, 1990 

Rank Country Capacity (GWe) 
1 United States 100.6 
2 France 55.8 
3 Former Soviet Uniona 34.7 
4 Japan 30.9 
5 Germany 24.4 
6 Canada 14.0 
7 United Kingdom 11.5 
NOTE: NO other country had at least 10 GWe. 
eData available only for the combined total of all the repub
lics comprising the former Soviet Union. 
SOURCE: Data are from reference 4. 

Table Π. Operating Nuclear Units as 
of December 31, 1990 

Rank Country Number of Units 
1 United States 112 
2 France 56 
3 Former Soviet Union 45 
4 Japan 41 
5 United Kingdom 37 
6 Germany 26 
7 Canada 20 
8 Sweden 12 
NOTE: NO other country had at least 10 units. 
SOURCE: Data are from reference 4. 

The United States has many energy resources and a large distri
bution system in place to transport oil, gas, coal, and electricity around 
the country. We have a national electricity grid, which can transfer 
power within and among pools. Our natural gas pipeline system en
ables gas to be used nationwide, although U.S. gas is produced in 
only a few states and also is imported from Canada. Our rail and road 
network allows coal, gasoline, and liquid gas to be transported 
throughout the nation. 

The U.S. advantages can be seen by comparison with Russia. Ap
proximately 80% of Russia's energy use is in European Russia, but 
80% of the fossil fuel reserves are in Asian Russia. The rail and road 
system is not good. However, the pipelines they already have in place, 
if laid end to end, would reach halfway to the moon. An energy group 
noted that 40% of Russia is hard to reach by road or rail. This group 
is pushing for more nuclear plants to be built in the inaccessible re
gions to compensate for the difficulty of transporting fossil fuels. 

Although nuclear power provided only about one-fifth of the elec
tricity for the United States as a whole, nuclear power represented 
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more than 50% of the electrical generation for five states in 1989 and 
more than 25% for nine others. 

Of course nuclear power does have one major purpose—to gen
erate electricity. Although societies are becoming increasingly electri
fied, electricity generation remains behind other uses of energy in all 
countries. Table IV shows the contribution of nuclear power to the 

Table III. Percent Electricity from Nuclear Power 
in 1990 

Rank Country % Nuclear 
1 France 74.5 
2 Belgium 60.1 
3 Hungary 51.4 
4 South Korea 49.1 
5 Sweden 45.9 
6 Switzerland 42.6 
7 Spain 35.9 
8 Bulgaria 35.7 
9 Taiwan 35.2 

10 Finland 35.0 
11 Germany 33.1 
12 Czechoslovakia 28.4 
13 Japan 27.1 
14 United States 20.6 
15 Argentina 19.8 
16 United Kingdom 19.7 
17 Canada 14.8 
18 Former Soviet Union 12.2 

NOTE: Of the other ten countries with nuclear power plants, 
none obtained at least 6% of their electricity from nuclear 
power. 
SOURCE: Data are from reference 4. 

Table IV. Nuclear Contribution to Electricity and Total Primary Energy 
1990 

Electricity Total Primary Energy 
Rank Country % Nuclear % Nuclear 
1 Sweden 45.9 31.2 
2 France 74.5 29.8 
3 Switzerland 42.6 20.6 
4 Finland 35.0 19.0 
5 Belgium 60.1 18.9° 
6 South Korea 49.1 14.4 
7 Taiwan 35.2 13.1 
8 Spain 35.9 12.7 
9 Japan 27.1 11.2 

"Includes Luxembourg. 
SOURCE: Data are from references 4 and 5. 
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country's total primary energy consumption for those countries for which 
nuclear power contributes at least 10% of total primary energy. Per
haps ironically, Sweden leads. There are eight other countries for which 
nuclear power contributes more than 10% of total primary energy con
sumption. 

Obviously, nuclear power does have a future in supplying elec
tricity, but the industry also has reason for concern, as indicated in 
Table V. Nuclear power no longer seems to be an option for new 
electricity generation. 

New Designs 

Many followers of nuclear power are calling for new designs. These 
calls are coming from both supporters and critics of nuclear power. 
Following are two examples. 

In 1989, Jan Beyea, senior staff scientist of the Audubon Society, 
in testimony to Congress, said (6): 

. . .we are reluctant to put all our long-range, energy-sup
ply eggs in the solar basket, so some level of research into 
the technological potential of "inherendy safe" nuclear power 
is warranted . . . the major goal of any second-generation 
nuclear program must be restoration of public confidence 
. . . it is important that Congress lay out a tough design 
standard for second-generation reactors.. . . If engineers and 
scientists are held to a tough technical standard, they will 
rise to the challenge, meeting the goal, if it is at all possible 
to do so. 

Alvin Weinberg and Charles Forsberg, from Oak Ridge, state (7): 

The accident at Chernobyl . . . conferred respectability 
on the idea of inherently safe reactors * If nuclear power was 
to survive, let alone contribute seriously to amelioration of 

Table V. Nuclear Plants under Construction as of December 31, 1990 
Country Number of Units Capacity (GWe) 
Former Soviet Union 25e 21.3 
Japan 10 9.0 
France 6 8.3 
NOTE: NO other country had at least 4 GWe under construction. 
eAt least three of these were cancelled after the independence movement. 
SOURCE: Data are from references 4 and 5. 
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the greenhouse effect, something new and different, some
thing that would overcome the public's distaste for nuclear 
power was needed . . . the public, or at least the skeptical 
elites who influence public opinion, must be convinced by 
the transparency of a design of a device that the use of that 
device cannot harm the public. 

The following sections briefly describe four classes of new designs. 

Evolutionary Light-Water Reactors. The dominant type of 
nuclear reactor in the world is based on using regular water (light, to 
distinguish it from heavy water,, used in some reactors) both to slow 
down (moderate) the neutrons, which cause and transmit the fission 
reactions, and to transfer heat and cool the reactor. The evolutionary 
reactors are large, 1300 M W (about the size of the largest U.S. re
actors), and are based upon designs that have been built many times. 
Three of these evolutionary designs were discussed for possible use 
in the United States: 

1. The one farthest along is the advanced boiling water re
actor (ABWR) being developed as a joint venture by 
General Electric, Hitachi, Toshiba, and a group of Jap
anese utilities, under the leadership of the Tokyo Elec
tric Power Company (TEPCO), which already has 13 op
erating reactors and three under construction. Two of 
these evolutionary BWRs were ordered, and one is al
ready under construction. 

2. Asea Brown Bovari Combustion Engineering, formerly 
Combustion Engineering, has developed an evolutionary 
version of their last plant, a pressurized light-water re
actor (LWR). Two units of the new design, the System 
80+, have been ordered by South Korea. 

3. The advanced pressurized water reactor (APWR) is an 
evolutionary design being developed by a joint team from 
Westinghouse, Mitsubishi, and a group of Japanese util
ities, led by Kansai Electric Company. Kansai has ten 
operating reactors and one under construction. 

These three designs differ from current LWRs, but the differences 
are readily apparent only to designers, analysts, and, the vendors hope, 
to utility managers. All three plants are designed to be easier to build 
and operate, leading to shorter construction times, lower costs, and 
better operating performance. These plants also are designed to be 
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safer, a characteristic that should be amenable to analysis. However, 
to the general public, and perhaps to investors and utility commis
sions, the differences from current designs are likely to be viewed as 
unimportant, which the term "evolutionary" may imply. 

Smaller Reactors. Beginning at least as early as the mid-1970s, 
some nuclear industry planners questioned the push for ever-larger 
nuclear plants. The argument for increasing the size was that doing 
so would bring "economies of scale", for example, that the amount of 
materials, design work, and construction workers would not go up lin
early with plant size. Therefore, the cost per unit of capacity would 
decrease. For example, supporters of economies of scale believed that, 
if the plant size were doubled, the total cost would go up by less, 
perhaps much less, than a factor of 2. 

Some doubt was expressed by critics, who raised three issues: 

1. Was enough experience gained from midsized plants to 
warrant going to the larger plants or should the industry 
wait 5-10 years to gain experience from building and 
running 500-600 MWe plants before moving on to plants 
twice that size? 

2. The larger plants took longer to build and were more 
expensive in total cost. Could utilities see the future well 
enough to predict when a large addition to generating 
capacity would be needed when that need would be at 
least 8, and perhaps longer, years in the future? Would 
a smaller unit, able to be built in a shorter time, be 
more likely to be needed when completed? 

3. In other countries, particularly developing countries, was 
it more likely that smaller, and hence cheaper, plants 
would be needed rather than the very large, and much 
more costly, designs? 

These questions did not receive serious attention until the past 
several years, when vendors and others in the industry concluded 
something significantly different might lead to new orders. 

Although many may take credit for the examination of smaller de
signs, credit should be given to Juan Eibenshutz and John Taylor. 
Eibenshutz, then deputy director of the Mexican government utility 
(Subdirector, Commission Federal de Electricidad), in the early 1980s 
began to visit IAEA (International Atomic Energy Agency) member 
countries with the hopes of mounting an international effort to design 
and introduce a 200-300 MWe reactor. He argued that this size would 
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be affordable, buildable, and operable in developing countries and would 
fit into the small grids of these countries. Although he received only 
lukewarm support and no financial backing, Eibenshutz did plant the 
seed for the idea that a smaller reactor might be attractive for coun
tries not normally seen as potential markets. 

Taylor directs the Nuclear Power Division of the Electric Power 
Research Institute (EPRI), the research arm of the U.S. electric utility 
industry. At about the same time Eibenshutz was arguing small re
actors were marketable, EPRI was concluding that the evidence did 
not show support for economies of scale. Coupling that indication with 
the difficulty of predicting future capacity needs, Taylor convinced EPRI 
and the vendors to jointly sponsor development of smaller PWR and 
BWR designs, each about 600 MWe. The Department of Energy also 
is a cosponsor, along with utilities from six other countries. 

The Westinghouse AP600 is the closest to completion. However, 
the following estimates are still of a design, not of a pilot or a full-
size built plant. The AP600 design estimates, compared with a con
ventional 600 MWe plant, indicate the AP600 will have 60% fewer 
valves, 35% fewer large pumps, 75% less piping, 80% less control ca
bling, and 80% less ducting. 

The General Electric small boiling water reactor (SBWR) also is 
estimated to have significant reductions from a conventional 600 MWe 
BWR, with 80% fewer fans, 73% fewer large pumps, and 16% fewer 
valves. 

The major change in both of these designs is the introduction of 
a different approach to cooling the reactor in case of an accident. The 
normal method, including the approach taken for the evolutionary de
signs, is to rely on large pumps to force water into the reactor core 
to cool the fuel. (The Three Mile Island accident progressed from a 
difficulty to a disaster when these pumps were turned off and the 
water left the core.) In these new, small designs, cooling is accom
plished by natural circulation. Basically, a large pool of water is placed 
above the reactor. Gravity is used to drive the water into the reactor, 
and the buoyancy of heated water is used to maintain circulation. Air 
flow, also natural, is used to provide cooling to carry the heat away. 
Much of the savings cited previously come from eliminating the sys
tems to force the cooling water through the reactor. 

If these designs are proven to work, they may be an example of 
necessity driving invention. A plausible (and attributed) explanation 
for the development is that designers were asked to reduce the ca
pacity significantly but to keep costs proportional to size. Designers 
were asked to design around economies of scale, that is, to design a 
plant half the size of a big plant that also would cost only half as 
much. The approach decided upon was to eliminate many pumps, 
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valves, ducts, and controls. Systems needed to operate the reactor 
could not be eliminated, leaving as the only candidates those systems 
used for safety shutdown. But if the safety systems were eliminated, 
how could the reactor be shut down? This led designers to the con
cept of using natural forces, the "passively safe" concept. The reactor 
size was then determined by how large the designers could make the 
reactor and still count on passive safety. 

Many questions remain about these designs, including the follow
ing: 

1. Can they be licensed in the United States without major 
changes? Elimination of active safety systems poses a major 
issue to the NRC. The NRC will review these designs 
to determine if they can withstand possible accident se
quences. The NRC may conclude that some active safety 
systems will be required. If so both the savings and the 
concept of something new may be compromised. 

A possible delay may be introduced by the NRC's 
need to verify some of the performance claims by actual 
test, in its own facility. A November 14, 1991, Advisory 
Committee on Reactor Safeguards (ACRS) letter raised 
several concerns about what is necessary for NRC ap
proval of passive designs. The NRC staff is considering 
whether the NRC must construct its own test facilities 
to model the AP600 plant (8). 

2. Can the cost and performance goals be met? Unless pilot 
plants are built and operated, these questions will re
main open. 

3. Are the advantages sufficient to convince a utility to buy 
a plant? Obviously, this is the critical question. So far, 
the answer is no. 

Significantly Different Water Reactors. There are several 
different water reactors. The two most discussed are the following: 

1. The process inherent ultimately safe (PIUS) reactor is a 
640 MWe Swedish design by Asea Brown Bovari Atom. 
Designed in response to the Swedish referendum to close 
down the Swedish nuclear program because of safety 
concerns, the PIUS' core is surrounded by a huge tank 
of water, with the water kept out of the core by a ther
mal barrier. The coolant water is physically in contact 
with the operating water at all times. An upset in the 
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system leads to flooding of the core with coolant. No se
rious interest in this reactor exists except for that of re
actor analysts. 

2. The Canadian deuterium uranium (CANDU) reactor is a 
Canadian design, which is used for all 20 of Canada's 
operating reactors plus the two under construction. The 
reactor uses heavy water (therefore, the deuterium), nat
ural (i.e., unenriched) uranium, and on-line refueling. 
There are several other distinguishing features of these 
reactors. The Canadian designer, Atomic Energy of Can
ada, Ltd. (AECL), proposed an evolutionary design at 
450 MWe. The original plan was to sell these in Canada, 
to the provinces currently without nuclear power, and 
also to market the design in the United States. Both plans 
are moving slowly, at best. 

Other Concepts. Two additional concepts of significant interest 
as follows: 

1. The high-temperature gas reactor (HTGR) has many strong 
supporters, at least in the United States. Also known as 
the M HTGR, where M indicates modular, this reactor 
has been discussed as being built at units of 135-175 
MWe, although a recent suggestion is for units of over 
200 MWe. This design features a graphite core, in which 
the fuel is located, and uses helium as the coolant. Among 
other features the reactor can operate at much higher 
temperatures than LWRs, leading to the possibility of 
providing process steam (540 °C or higher). The most 
notable feature, however, is that the safety is predicated 
upon "containment-in-a-pellet". The fuel is encased in 
small (0.8-mm diam.) pellets, with uranium oxide at the 
center and successive layers of pyrolytic carbon, silicon 
carbide, and pyrolytic carbon. The theory is that, even 
in the case of loss of all coolant, insufficient heat is gen
erated by the amount of fuel in the pellet to melt or 
degrade the coatings. Hence, no radioactive material can 
escape. 

Many issues remain to be addressed regarding this 
reactor, including NRC licensing without a containment, 
ability to manufacture the pellets to the necessary qual
ity, cost of the plant, and whether there are scenarios 
that could lead to radiation release. Economics may be 
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the biggest problem. Nevertheless, this reactor has a 
growing band of ardent supporters, who see it offering 
a truly "inherently safe" design. 

2. The liquid metal reactor (LMR) differs from all other types 
of reactors in both coolant and operation. The coolant is 
sodium and the neutrons used do not slow down before 
they cause fissioning. This feature is the reason this type 
of reactor is called a fast reactor. Using fast neutrons en
ables the reactor to breed. 

Normal uranium contains mostly ^ U and a small amount of 2 3 5 U . 
The Canadian reactor uses natural uranium, which usually is about 
0.7% 2 3 5 U . Most LWRs use enriched uranium, in which the percent 
of ^ U is about 3%. The 2 3 5 U fissions, while the ^ U does not. Hence, 
power generation comes from the ^ U . The Canadian reactor operates 
on so low a percentage of 2 3 5 U by using the improved properties of 
heavy water, which is about 300 times more efficient than light water 
for slowing down the neutrons. In the L M R the fast neutrons interact 
with the 2 3 8 U as well as the ^ U . Whereas slowed down neutrons in
teract well with 2 3 5 U , only higher energy neutrons interact with ̂ U . 
2̂35TJ g s s j o n s ^yjth thermal neutrons; the reaction ^ U plus neutron 

going to ^ P u requires more than 1-MeV neutrons.) The 2 3 8 U is trans
muted into plutonium, which then also fissions. Thus, the reactor breeds 
fuel and is known as a breeder reactor. 

The L M R also offers improved safety characteristics, because it 
operates at low pressures and with a very efficient coolant. The prin
cipal advantage, however, is the ability to use the ^ U , thereby in
creasing the available fissionable resources by about 100 times. The 
major questions with respect to the L M R are economics and sensitiv
ity to proliferation. 

Table VI. Reactor Characteristics 
Reactor Safety Economics Market Development Licensing 
ABWR High High High High High 
APWR High High High High- High 
80+ High High High High- High 
AP600 (High) (High) Medium Medium Medium 
SBWR (High) (High) Medium Medium Medium 
CANDU High High Low Medium Low 
PIUS (High) ? Low Low Low 
HTGR (High) ? ? Medium— Medium 
LMR High ? Low Medium Medium+ 
NOTE: Parentheses indicate more uncertainty in the estimate. 
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Table VI gives a simplified summary of the relative characteristics 
of these reactors. The measures are my opinions based on a recent 
National Academy Report (9). 

Future U.S. Nuclear PL·nts 

Both widespread use of nuclear power and new designs exist. The 
United States uses nuclear power on a large scale, and plants are get
ting older. Why are new nuclear plants not being ordered? For plant 
orders there must be a need. Utility planners must see a need for 
new, large generating plants. Nuclear power must be seen as a good 
and wise choice by utility planners. Money must be raised for new 
plants. Therefore, nuclear power also must be seen as a good and wise 
choice by whoever finances these plants. For most U.S. utilities this 
group is the financial community and large stockholders. The plants 
must be approved, explicitly by the state regulatory commission and 
the NRC and implicitly by the public. 

The final question is whether new nuclear plants will be ordered 
in the United States. To answer this question an understanding of why 
plants have not been ordered is required. Several factors are involved. 

Demand for Electricity. In the early 1970s the Atomic Energy 
Commission estimated that over 1000 large nuclear plants would be 
in operation in the United States by the year 2000. The number is 
likely to be about 110, and many of these will be smaller plants. Many 
utility planners shared this estimate of 1000, which was predicated 
upon an electricity demand growing at about 7% per year. The first 
oil shock, in 1973, caused fundamental shifts in energy consciousness, 
energy use, and electricity growth. In 1974 the 10-year average annual 
growth rate for electricity use still was predicted to be 7.6%. In reality 
it was 2.9%. By 1978 some appreciation of the reduction in demand 
could be seen in plant cancellations and stretch-outs, and the esti
mated 10-year average was down to 5.2% annual growth; but, in real
ity, it was only 2.3%. Current estimates for the next 10—20 years range 
from 1.5 to 2.5%. 

Many utilities over-built with plants that were started before the 
oil shock. This led to U.S. national reserve margins of as high as 27% 
by 1979. Of even more interest to utility planners was the growing 
use of prudency reviews by state regulatory commissions. Already by 
the late 1980s, some plants were becoming well known within the 
industry for the results of these reviews and for disallowances (money 
spent to build a reactor but that the rate commission refused to allow 
the utility to recover from ratepayers). Some examples are as follows: 
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Waterford, $260 million; San Onofre, $340 million; Limerick, $370 
million; Callaway, $380 million; and Wolf Creek, $640 million. Others 
would reach over a billion dollars. By the end of the 1980s, nuclear 
plant capital disallowances approached $14 billion. Not lost on utility 
planners was that, over the same period, capital disallowances for non-
nuclear plants totaled about $700 million. 

The message is clear: Be very sure that a plant will be needed 
when it is completed or be prepared to have the stockholders suffer. 

Construction. Unfortunately, construction time has not been well 
predicted or controlled. Part of the costs of a nuclear plant are the 
carrying charges while the plant is being constructed. A lengthy time 
adds to these charges and makes it more difficult for the planners to 
estimate correctly if the plant will be needed when ready. Table VII 
compares U.S. construction times with those of the other major nu
clear countries. The two time periods could be labeled "Pre-Three 
Mile Island" and "Post-Three Mile Island". I have not included data 
from the former Soviet Union, because I know very little about the 
accuracy of such data. 

Masked in these numbers is a large variation in the U.S. plant 
data. Although the average U.S. plant in the 1980s took about 12 years 
to finish, some took as many as 19 and a few only about 6. A utility 
planner would be hard-pressed to make a défendable estimate of when 
a new plant would come on-line. 

Costs. The costs also were difficult to predict, but it was safe 
to estimate that they would be large. The usual method of comparing 
capital costs for electricity-generating plants is in dollars per kilowatt. 
Since most modern plants are slightly larger than 1000 MWe, the 
numbers in dollars per kilowatt are approximately total costs in mil
lions. (Thus, at $1000/kw, a 1000 MWe plant would cost 1000 million, 

Table VII. Average Construction Time 
1967--1978 1979- -1990 

Number Average Number Average 
Country of Units Months of Units Months 
Japan 20 51 20 56 
France 10 69 48 72 
Canada 10 85 12 94 
Germany 17 58 15 99 
United States 66 69 48 139 
United Kingdom 10 90 10 153 
NOTE: Measured from first pouring of concrete to connection to the grid. 
SOURCE: Data are from reference 4. 
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or 1 billion, dollars.) Table VIII gives some costs that were reported 
in the trade press or by the utilities. 

As can be seen the total costs have reached the 4- and 5-billion-
dollar range. Outside of the Defense Department, these are sobering 
costs for a piece of technology. Some of this cost growth is related to 
general inflation in the U.S. economy, and some is due to the length
ening of construction time. However, these factors can be somewhat 
removed by estimating "overnight costs", a term used to describe the 
costs if there are no time charges. In constant 1988 dollars, to remove 
the inflation effect, the average overnight cost of a 1000+ MWe U.S. 
plant went from $1730/kw m 1981-1984 to $3100/kw in 1987-1988. 
Confounding the utility planner was the fact that the costs were not 
predictable: when the average was $1730, the range of lowest-to high
est-cost plant was from $1300 to $4200. When the average was $3100, 
the range was from $1400 to $4600. 

Furthermore, for plants in operation during the entire decade of 
the 1980s, nonfuel operating and maintenance costs for nuclear plants 
rose 165%; for coal plants, these costs rose 38%. 

Taylor, an ardent nuclear advocate, wrote of the effect of these 
costs (10): 

The rapid escalation of construction costs of those nu
clear plants completed in the United States [since the oil 
shocks] has made them uneconomic compared to coal plants 
at present-day coal prices . . . In addition, the opportunity 
to counter the high capital costs with high operating capac
ity factors and low operation and maintenance costs was 
missed in the United States. Although some U.S. plants have 

Table VIII. Announced Costs of U.S. Nuclear Plants 
Year of Capital Costs ($/kw) 

PUnt Commercial Operation (Current $) 
Susquehanna 2 1984 1620 
Catawba 2 1986 1630 
San Onofre 2 and 3 1983,1984 2050 
Braidwood 1 and 2 1988 2280 
Waterford 1985 2430 
Millstone 3 1986 3300 
Hope Creek 1986 4030 
Fermi 2 1988 4220 
Perry 1987 4260 
River Bend 1986 4360 
Vogtle 1 1987 5160 
Beaver Valley 2 1987 5300 
Nine Mile Point 2 1988 5830 
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operated as well as any in the world, others have experi
enced poor performance. 

The performances were quite poor, in fact, and were probably 
caused by inferior management. 

Performance. The role of a nuclear plant is to generate elec
tricity. The more the plant can run, the lower the price of its elec
tricity, because the capital cost and plant staff costs can be spread over 
more kilowatt-hours. The standard measure of performance is load fac
tor, the percentage of time the plant is generating electricity at its 
full capacity. In the United States all nuclear plants are run as base-
load plants, so that if they can run, they do run. France, with its 
large nuclear capacity, does use some of its plants in a load-following 
mode, so that they are not running at full capacity even when they 
can. This practice reduced the load-factor for France in the late 1980s. 
Table IX presents the lifetime load factors for major nuclear countries. 

As can be seen the U.S. performance has been poor. Why? Is it 
unmerciful regulation? Is it the lack of a few huge utilities, or one 
government utility? Is it too many designs? In 1990 two nuclear en
gineering professors from Massachusetts Institute of Technology wrote 
(12): 

It is notable that LWR plants in the U.S. have been 
able to supply electricity to market for a lower proportion 
of their operating time than has been the case in many other 
countries. A 1986 study . . . found that the disparities result 
from differences in management and professionalism at in
dividual plants, rather than in political or industrial struc
ture. Some U.S. plants performed as well as any in the world, 
but others performed poorly enough to drag down the av-

Table IX. Lifetime Nuclear Power Plant Load 
Factors through 1987 

Load Factor 
Country (percent) 
Canada 78.2 
West Germany 73.6 
Sweden 71.1 
United Kingdom 69.1 
France 68.1 
Japan 68.0 
United States 60.5 
SOURCE: Data are from reference 11. 
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erage. It seems that vigorous anticipation of problems and 
attention to detail are key to good plant performance. Good 
management, therefore, is as important to the success of 
nuclear power as design is. 

The performance of U.S. plants is improving: in the past 3 years, 
performance was 65, 63, and 68%. However, as Table X indicates, 
U.S. performance still lags behind that of many other countries (Table 
X gives the median, not the average). 

Although there was considerable rearranging of rankings between 
1984-1985 and 1987-1989, the United States remained in 13th place. 
As will often be noted by the nuclear industry, many of the world's 
best-running plants are in the United States. That is true. Over the 
period 1987-1989, of the top ten world nuclear plant load factors, 
eight were for U.S. plants (13). This fact merely highlights that, al
though some U.S. plants run very well, a much larger number do 
not. 

Nuclear power advocates thus find it difficult to answer the three 
basic questions that an electric utility planner asks about a proposed 
new plant: (1) How much will it cost? (2) When will it be ready? and 
(3) How well will it run? 

Public Opinion. The final obstacle to nuclear power is public 
opposition. Polls can be quoted by both sides of the debate. A recent 

Table X. Median Load Factors 
1987-1989 1984-1986 

Load Factor 
Rank Country (%) Rank 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Finland 90.8 
Switzerland 84.0 
Spain 83.0 
Canada 82.6 
Belgium 82.5 
South Korea 78.6 
West Germany 78.3 
Sweden 77.0 
Czechoslovakia 76.3 
Bulgaria 75.7 
Japan 73.4 
United Kingdom 72.4 
United States 69.4 
USSR 68.8 
France 65.2 

1 
2 

14 
7 
3 

11 
4 
8 
9 
6 

12 
5 

13 
N A 
10 

SOURCE: Data are from reference 13. 
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cover story in Time focused on nuclear power: "Time to Choose". Time 
reported on two polls. 

One asked "Which one of these energy sources should the U.S. 
rely on most for its increased energy needs in the next ten years?" 
The choices were nuclear, oil, coal, and other. These choices were 
not restricted to electricity use. The vote was 40% for nuclear, with 
the remaining split between oil and coal. Only 5% chose "other". 

The second question was "Do you favor or oppose building more 
nuclear power plants in this country?" Thirty-two percent of the re
spondents were strongly opposed, and 20% were somewhat opposed. 

The public seems to be of two minds. However, one must look 
beyond the questions. Other polls have shown that the public is un
concerned about energy. 

For example (14): 

The number mentioning energy as one of the two most 
important problems [in the United States] dropped from 69% 
in 1979 at the height of the oil crisis to 1% or 0% [in 1991]. 
As of [fall, 1990], only 24% of Americans thought any new 
generating capacity would be needed in the next 10 years. 

The American public is convinced that energy supplies are plen
tiful and that electricity will be available when needed. Hence, when 
they are asked questions about choices of types of energy, Americans 
are being asked to address topics they have already indicated are not 
of much interest to them. Consequently, little weight should be given 
to energy options, either for or against. On the other hand, questions 
relating to siting of facilities, whether they be power plants, industrial 
facilities, hazardous waste dumps, incinerators, or radioactive waste 
sites, do prompt reactions based on strong interest. The public does 
not want such facilities near them. Many acronyms have been formed 
to indicate these attitudes: 

• LULU—locally unwanted land uses; 
• NIMBY—not in my backyard; 
• NIABY—not in anyone's backyard; 
• NIMTO—not in my term of office; 

and so on. 
Nuclear power is afflicted with this problem. Public opposition is 

heightened by any accident, anywhere. The fact that Chernobyl was 
an accident in the former Soviet Union with a completely different 
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type of reactor and a basically unregulated workforce is not significant 
to the public, who views it as an accident involving a nuclear reactor. 

Operators asleep in control rooms, plants shut down because man
agement refuses to take corrective actions, the Tennessee Valley Au
thority's (TVA) nuclear program halted for years, the brittle failure 
questions about Connecticut Yankee—all these occurrences keep in 
front of the public the idea that nuclear power abounds with prob
lems. The costs associated with some recent plants and accompanying 
rate shocks when the plants come on-line exacerbate nuclear power's 
difficulties. 

Nuclear power also is directly related to radiation—correctly so. 
However, radiation is poorly understood and viewed as mysterious and 
dangerous by most of the public. Many opposition groups use this fear 
as a key part of the argument against anything nuclear. Thus, in 1989 
a booklet published by a group opposed to nuclear-waste sites (15) 
described radiation as follows: 

Prominent radiation experts, national and international 
scientific groups, and all U.S. government agencies agree 
essentially that no level of radiation is safe . . . A 1979 Na
tional Academy of Sciences (NAS) report said that virtually 
every type of cancer—blood, breast, lung, digestive system, 
and others—can be initiated by radiation exposure. NAS said 
that research also has linked heart disease, aplastic anemia, 
cataracts, shortened life span, and weakening of the im
mune response system to radiation exposure. 

Perhaps the growing concern about greenhouse warming, and its 
relationship to C O a from burning fossil fuels, may lead to renewed 
interest in nuclear power? Last year a leading U.S. utility executive 
asked for a comparison of the waste from nuclear and coal (16): 

Let's compare two waste alternatives. A 1,000 M W coal-
fired generating unit will produce annually 3.5 million cubic 
feet of ash; 35,000 tons of SO a at emission limits of the 
[amended] Clean Air Act; and 4.5 million tons of C 0 2 . A 
similar size nuclear unit will produce 70 cubic feet of high-
level radioactive vitrified waste. The latter can be stored in 
a deep underground repository in a stable geologic forma
tion. We can monitor it. But we don't know where the gas
eous wastes from coal burning will go or what will be their 
long-term effects . . . 
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However, these arguments have not convinced utility executives 
to order nuclear plants nor have they been sufficiently convincing to 
the opponents (6): "Is there any realistic role for nuclear power in 
preventing climate disruption? Not likely, in Audubon's opinion." 

Even the National Research Council is dubious. In a recent study 
on greenhouse warming, a committee examined many options for mit
igating greenhouse effects. Regarding nuclear power, the report (17) 
states: 

Questions about the appropriateness of current tech
nologies and public opposition to nuclear power, however, 
currently make this option difficult to implement. To the 
extent that concern about greenhouse warming replaces 
concern about nuclear energy and "inherently safe" nuclear 
plants are developed, this option increases in priority rank
ing. 

Some additional points that may have significance in nuclear pow
er's future are discussed in the following paragraphs. 

Much of the world is poor, and most of the world's population is 
struggling for a better life. Last year, William Draper, the adminis
trator of the U . N . Development Program, made these remarks (18): 

. . . the daily battles for survival waged by people of 
the developing world. It is here, in the teeming slums of 
Rio and Calcutta, in isolated villages in Mali and Niger, and 
in the devastated plains of Bangladesh that the future is being 
born. 

Every day, a quarter of a million people are added to 
the planet. Over 90 percent are born in the developing 
countries. Between now and the year 2000, world popula
tion is expected to grow by more than a billion people— 
the size of present-day China. Yet the world cannot ade
quately care for those who are here today. One person in 
every five lives in absolute poverty . . . One in three chil
dren is seriously malnourished. 

The World Bank estimates world population will reach 8.5 billion 
by the year 2025. Eight countries are estimated to have more than 
200 million people: USSR, the United States, China, India, Bangla
desh, Nigeria, Pakistan, Indonesia, and Brazil (19). In 1985 over 1.1 
billion people had an annual income of less than $370 (19). 

As population grows there also is a migration into megacities. In 
1950 there were 78 cities with a population of more than 1 million. 
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In 1990 there were 298. The U . N . predicts 639 such cities by the 
year 2025. 

Chauncey Starr has shown a strong correlation between gross do
mestic product and electricity generation for both the developed coun
tries and the less developed countries (LDCs) (20). 

In the United States interest in nuclear power has been reviving. 
Three headlines from The New York Times over the past 2 years in
dicate this interest. These headlines are in chronological order. 

1. "The Nuclear Industry Tries Again: Reactor Makers 
Promise Safer, Cheaper Designs as Fears Mount over 
the Greenhouse Effect" (21), obviously skeptical. 

2. "Revive the Atom" (22), supporting passively safe plants. 

3. "Reviving Nuclear Power from Its Coma" (23), support
ing evolutionary plants. 

Summary 

Also, electricity use continues to grow: 36 utilities set records for sum
mer peak demand in 1991. 

For new nuclear power plants to be ordered in this country, the 
following must occur: 

• The demand for electricity must be greater than can be 
met by conservation, load management, and renewable 
energy sources. 

• Current nuclear plants must operate without accidents that 
lead to major releases of radiation or loss of a reactor. 

Nuclear proponents often seem to forget that electric utilities are 
in business to provide reliable, low-cost electricity. The source of that 
electricity is of little concern to the consumer and of increasingly little 
concern to the utility. In the future utilities will move toward being 
distribution and transmission companies and will purchase electricity 
from the most cost-efficient source, including conservation (so-called 
"negawatts") (24). Therefore, the following also must occur: 

• Nuclear power must be seen as economically competitive. 
This turnabout can happen if fossil fuels are priced out of 
the market by a carbon tax, for example, or if new nuclear 
designs are perceived to have significantly lower costs. 
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• The utility industry must be convinced that new plants, 
unlike the current generation of plants, will be built within 
a known, and shorter, time; will come on-line at a known, 
and lower, cost; and will run better. 

These differences do not require major new designs. Current plants 
that are well managed and operate efficiently and the successful in
troduction of evolutionary designs could satisfy all the requirements, 
if fossil fuels were constrained. 

Many people in the industry believe that new plants must be seen 
by the public to be much safer than current plants and that a waste 
disposal site must be chosen and, preferably, be under construction. 

In conclusion, 

• There are new designs for nuclear power plants. Although 
they exist mostly on paper, they are new. 

• Nuclear power is very important in many countries and 
in many states. 

• Good operation of nuclear plants and constraints on fossil 
fuel use are needed in the United States for nuclear power 
to recover. 

My concern remains with management. Some utilities do very well, 
but many do not. 

The only publicly expressed interest by a U.S. utility executive in 
nuclear power in the past few years was by the chairman of the TVA. 
The TVA sets its own rates, is publicly financed, and has had a mis
erable record in building and operating a large nuclear program. Re
cently, a more cautious tone was evident in an article by TVA's chief 
financial officer: " . . . the design and construction of nuclear power 
plants continue to present planners with troublesome risks. Such risks 
make a new nuclear power project financially undesirable at this time" 
(25)1. 

I am not optimistic. 
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Science, Society, and 
U.S. Nuclear Waste 

Ginger P. King 

Education and Information Division, Office of Civilian Radioactive Waste 
Management, U.S. Department of Energy, 1000 Independence Avenue, 
SW, Washington, DC 20585 

This chapter discusses nuclear waste generation, its character
istics and location; the components of the waste-management 
system; the characteristics of a permanent geologic repository 
for spent fuel and high-level radioactive waste; and the scien
tific studies and activities required to develop a waste-man
agement system for safe disposal of spent fuel and high-level 
radioactive waste, emphasizing particularly the importance of 
geotechnical and geochemical issues. This chapter presents a 
general overview of the U.S. high-level radioactive waste-man
agement program as mandated by the Nuclear Waste Policy 
Act of 1982, as amended, and further discusses its associated 
task of integrating scientific conclusions with societal concerns. 

THE UNITED STATES AND ALL OTHER MAJOR nuclear electricity-gen
erating countries have policies and plans for the permanent isolation, 
or disposal, of spent nuclear fuel and high-level radioactive waste in 
deep geologic repositories. Scientific consensus determined that this 
method is the safest, most desirable means for protecting the public 
health and the environment. The development of such a waste-dis
posal system is not a simple task. Many complex scientific, techno
logical, and societal issues must be addressed to establish the system. 
One of the biggest challenges in the development of a waste-manage
ment system is to effectively bridge the gap that exists in the nuclear 

This chapter not subject to U.S. copyright 
Published 1995 American Chemical Society 
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field between scientific conclusions and societal acceptance of these 
conclusions. Effective, two-way communication with interested parties 
and affected governments is necessary to build the public's trust and 
confidence in this highly scientific program. Only when the public's 
trust is gained can the waste disposal system, mandated by the Nu
clear Waste Policy Act of 1982 (J), as amended, be successfully im
plemented. 

Commercial nuclear power and nuclear national defense activities 
produce radioactive spent fuel and high-level waste. This radioactive 
spent fuel and high-level waste is temporarily stored in 35 states (in
cluding Idaho, which currently stores spent fuel from the shutdown 
commercial reactor at Ft. St. Vrain near Platteville, Colorado) at the 
locations where they are generated, but so far no facility exists for the 
permanent disposal, or permanent isolation, of these materials. The 
lack of a permanent facility is not unique to the United States. Of the 
approximately 30 other countries with nuclear electricity-generating 
capacity and nuclear-defense activities, none has permanent disposal 
facilities. However, the United States and most of the other major 
nuclear producing countries have the same plans: to permanently dis
pose of spent fuel and high-level radioactive waste in deep geologic 
repositories. 

Nuclear Waste: What Is It and Where Is It? 

Nuclear waste comes from five major sources: 

1. the steps involved in using nuclear energy to produce 
electricity, that is, the nuclear fuel cycle; 

2. national defense activities; 

3. hospitals, universities, and research laboratory activities; 

4. industry; and 

5. mining and milling of uranium ore. 

And, from these sources, there are four basic types of nuclear waste: 

1. spent fuel and high-level, or "long-lived," radioactive 
waste; 

2. low-level radioactive waste; 

3. transuranic, or what some countries may call interme
diate-level, waste; and 

4. mill tailings. 
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These classifications depend on the wastes source, level of radioac
tivity, and potential hazard. 

While the volume of radioactive waste does not indicate its level 
of radioactivity, both the volume of waste and how much radioactivity 
it contains are important. For example, spent fuel is far less than 1% 
of the total volume of radioactive waste, but it contains about 96%. 
On the other hand, low-level radioactive waste adds up to nearly 86% 
of the total volume of radioactive waste but contains less than 0.1% 
of the total radioactivity of all radioactive waste (Figure 1). 

Spent Fuel and High-Level Waste. High-level waste is the 
most radioactive of all nuclear wastes. It includes spent nuclear fuel 
(also referred to as spent fuel) from the nuclear generation of elec
tricity, high-level "residue" from the reprocessing of spent fuel, and 
some wastes from the nation's nuclear defense activities. All of these 
are now in temporary "storage" awaiting permanent disposal. 

Unlike many chemical substances spent fuel and high-level radio
active waste lose their radioactivity (or decay) over time. Some wastes 
decay quickly, while others may take a long time. 

Spent fuel comes from nuclear electricity generation. The fuel for 
nuclear power plants is uranium oxide formed into ceramic pellets. 
Each pellet is about 3/8 in. (0.95 cm) in diameter and 1/2 in. (1.3 
cm) long, about the size of the tip of a child's little finger. The pellets 
are stacked and sealed in fuel rods, hollow metal tubes about twice 
the thickness of a pencil and about 12 ft (3.6 m) long. 

Groups of fuel rods are spaced and bolted together to form a fuel 
assembly. A fuel assembly contains about 200 fuel rods. These fuel 
assemblies are loaded into a reactor. The number of fuel assemblies 
varies and depends on the design of the reactor. 

In the reactor the uranium atoms in nuclear fuel produce the en
ergy needed for a nuclear power plant by fissioning, or splitting, into 
smaller atoms. In the process they release a great deal of heat, or 
electrical power. Fission is the process in which a uranium atom ab
sorbs a neutron and then splits into two smaller atoms, releasing a 
relatively large amount of energy and one or two neutrons. These 
neutrons, in turn, can cause other uranium atoms to fission, releasing 
more energy and still more neutrons. Instantaneously, a nuclear re
action is achieved in which only one neutron from each uranium atom 
that fissions causes another uranium atom to fission. Such a nuclear 
reaction is a "nuclear chain reaction". The nuclear chain reaction pro
duces the energy that is converted to electricity at a nuclear power 
plant. 

Over time, as the reactor operates, the fuel becomes less efficient 
in its fissioning process. After about 3 to 4.5 years in the reactor, the 
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Commercial LWR spent fuel permanently **Commercial LWR spent fuel 
diseharged. Includes spacing between fuel permanently discharged, 
assembly rods. 

Figure 1. Radioactive wastes: volumes and radioactivities (1992). U.S. 
Department of Energy. (Reproduced from reference 5. This report pro
vides historical data as of December 31, 1992. The figure was created 

in March 1994) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
3.

ch
01

9

In Radiation and Public Perception; Young, J., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1995. 



19. KING Science, Society, and U.S. Nuclear Waste 287 

fuel assemblies are removed from the reactor and defined as "spent 
fuer. As a result of the fissioning process, the fuel rods and their 
contents are very radioactive. Some of these fission products decay, 
or lose their radioactivity, within minutes or hours; others may take 
decades or centuries. 

Based on 1992 data, approximately 28,312 metric tons of spent 
fuel will have been generated as a result of commercial nuclear power 
through 1993. Table I shows the amounts of spent fuel generation 
projected by state for 1993 and the amount projected by the year 
2003. 

After being removed from the reactor, the spent fuel is placed in 
specially treated water in deep, steel-lined concrete pools inside a 
building at the power plants. The water helps to thermally cool the 
fuel assemblies while the radioactivity decays, and the water, steel, 
and concrete in the pool shield employees and visitors from the ra
diation. Some utilities are now removing spent-fuel assemblies from 
the pools and placing them in dry storage on-site to provide additional 
storage capacity. 

During the first 3 months of the spent fuel's storage, it loses 50% 
of its radioactivity. In 1 year it loses about 80%. In 20 years radio
activity is reduced by 90%. The remaining 10% forms the long-lived 
radioactive elements and is highly radioactive. 

In the late 1960s and early 1970s, a spent fuel reprocessing in
dustry began in many countries, including the United States. Com
mercial reprocessing plants were built at West Valley, New York, and 
Barnwell, South Carolina. However, in 1976 President Carter placed 
a moratorium on the reprocessing of commercial spent fuel because 
of the concern that the plutonium that is separated from the spent 
fuel by reprocessing would be accessible for nuclear weapons and 
thereby facilitate the proliferation of nuclear weapons. As a result of 
a brief reprocessing business at West Valley between 1966 and 1972 
(no reprocessing occurred at Barnwell), there is a small amount of 
commercial high-level radioactive waste. 

Although President Reagan removed the moratorium on repro
cessing in 1981, today, since the uranium supply in the United States 
is plentiful, it is more cost effective to mine uranium than it is to 
reprocess the waste. In other words it takes less energy to fabricate 
and use fresh fuel than to separate the isotopes from the spent fuel 
for reuse. For this reason commercial spent fuel is not currently being 
reprocessed in the United States. 

In many countries, such as France, Finland, Sweden, and Swit
zerland, utility companies are responsible for both temporary storage 
and permanent disposal of the spent fuel they produce. In the United 
States, while producers of spent fuel and high-level radioactive waste 
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Table I. Commercial Spent Fuel 
Storage, 1993 and 2003 
(metric tons of uranium) 

State 1993 2003 
Alabama 1,334 2,130 
Arizona 430 1,125 
Arkansas 554 884 
California 1,253 2,181 
Colorado 15 15 
Connecticut 1,189 1,752 
Florida 1,320 2,048 
Georgia 915 1,713 
Idaho* 51 51 
Illinois 4,154 6,701 
Iowa 231 360 
Kansas 194 420 
Louisiana 318 790 
Maine 426 580 
Maryland 578 882 
Massachusetts 431 489 
Michigan 1,149 1,951 
Minnesota 610 930 
Mississippi 299 590 
Missouri 242 470 
Nebraska 350 610 
New Hampshire 63 295 
New Jersey 1,080 1,855 
New York 1,792 2,588 
North Carolina 1,460 2,311 
Ohio 395 810 
Oregon 358 359 
Pennsylvania 2,284 4,250 
South Carolina 1,684 2,923 
Tennessee 409 1,066 
Texas 320 1,155 
Vermont 365 502 
Virginia 1,088 1,804 
Washington 191 363 
Wisconsin 779 1,128 

Total 28,312 48,045 
SOURCE: U.S. Department of Energy. Nu
clear Fuel Data; Form RW-859, 1992. 
NOTES: The sums of the entries may not equal 
the totals due to rounding errors. 
Compiled May 1994. 
*No commercial reactor has operated in 
Idaho, but the Idaho National Engineering 
Laboratory currently stores spent fuel from 
the shutdown commercial reactor at Ft. St. 
Vrain, near Platteville, Colorado. 
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are responsible for their temporary storage, permanent disposal is the 
responsibility of the federal government. This responsibility was es
tablished by the Atomic Energy Act of 1954 (2, 3). 

Because U.S. utilities are responsible for the temporary storage of 
the waste they produce, spent fuel and high-level radioactive waste 
from nuclear power plants are currently stored at reactor sites awaiting 
final, permanent disposal. These temporary storage sites are tightly 
controlled by the U.S. Nuclear Regulatory Commission (NRC), a fed
eral agency. 

As producer the U.S. government is responsible for both the tem
porary storage and permanent disposal of high-level radioactive waste 
from U.S. defense activities. This waste, measuring in volume about 
the equivalent of 9000 metric tons, is currently stored at three U.S. 
Department of Energy (DOE) sites: the Savannah River Plant in Aiken, 
South Carolina; the Idaho National Engineering Laboratory in Idaho 
Falls, Idaho; and the Hanford Reservation in Richland, Washington. 

In 1982 the U.S. Congress mandated a national policy for devel
oping the U.S. nuclear-waste-management system for the disposal of 
spent fuel and high-level radioactive waste. This national policy was 
established by the Nuclear Waste Policy Act (NWPA) of 1982 and was 
subsequently amended in 1987 to further focus the national program. 
The act created the Office of Civilian Radioactive Waste Management 
within the D O E to implement the policy and to develop, manage, 
and operate a safe waste-management system. 

Passage of the NWPA was a major milestone in the nation's man
agement of spent fuel and high-level radioactive waste. Since 1957, 
when the first U.S. commercial-generating nuclear power plant, a con
verted U.S. Naval reactor, began operating in Shippingport, Penn
sylvania, studies for isolating spent fuel and high-level radioactive waste 
have been in progress. The National Academy of Sciences (NAS) in 
1957 published results of a study which determined that the safest 
long-term means of disposing of spent fuel and high-level radioactive 
waste for the protection of the public health and the environment is 
in stable, deep geologic formations. 

Despite this scientific finding U.S. policy and funding for pursuing 
such waste management and disposal solutions fluctuated: some 
administrations and congressional appropriations provided funding, while 
some did not. 

Finally, on December 20, 1982, after years of Congressional de
bate and in the waning hours of the 91st Congress, the NWPA was 
passed. This law established a national policy for safely storing, trans
porting, and disposing of spent fuel and high-level radioactive waste. 
Recognizing that permanent disposal of spent fuel and high-level waste 
is both a scientific and societal challenge, the NWPA, as amended, 
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requires a variety of mechanisms to ensure that affected governments 
and interested parties have extensive rights to oversee and participate 
in the program. 

A key feature of the law is the establishment of the Nuclear Waste 
Fund, into which the producers of spent fuel and high-level radio
active waste must pay for the cost of developing the waste-manage
ment system. Commercial utilities pay 1 mill (one-tenth of a cent) per 
kilowatt hour into the fund for nuclear electricity generated and sold. 
Typically, these costs are passed on to utility customers. The federal 
government is required to pay into the Nuclear Waste Fund, because 
it produces U.S. defense high-level radioactive waste. 

In the United States electricity is produced by 109 commercial 
nuclear power plants located in 32 states. Figure 2 shows the locations 
of nuclear power plants in the United States. 

Low-Level Radioactive Waste. Low-level radioactive waste 
usually contains only a small amount of radioactivity within a relatively 
large volume of material. Most low-level radioactive waste does not 
require extensive shielding from people and the environment, but some 
protective shielding may be needed for handling certain low-level waste. 

Low-level radioactive wastes are generated by hospitals, labora
tories, industrial plants, nuclear power plants, and government and 

Figure 2. Location of U.S. nuclear power reactors. U.S. Department 
of Energy and U.S. Nuclear Regulatory Commission. (This figure was 

created in May 1994.) 
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defense laboratories and reactors. These wastes include rags, papers, 
niters, resins, and discarded protective clothing. They are placed in 
containers, such as barrels or drums, which are then placed in shallow 
burial at special landfills licensed by the federal government. Two 
commercial low-level radioactive waste disposal sites are now in use 
in Barnwell, South Carolina, and Hanford, Washington. A third site 
in Beatty, Nevada, closed on December 31, 1992. Low-level radio
active wastes from national defense activities are disposed of at U.S. 
D O E sites. 

In some countries, such as Finland, Sweden, and Switzerland, deep 
geologic disposal is used for low-level radioactive wastes. In the United 
States the policy for disposal of low-level radioactive waste was estab
lished by the Low-Level Radioactive Waste Policy Act of 1980 (4), as 
amended. This policy calls for each state, by January 1, 1996, to be 
responsible for providing for the safe disposal of the low-level radio
active waste produced within the state and for the federal government 
to take responsibility for any low-level radioactive waste resulting from 
federal activities. A state may form a "compact" with other states to 
provide a regional facility for all members of the compact to use. Con
gress must ratify, or approve, such compacts. Once approved a com
pact can refuse to accept low-level radioactive waste from nonmem-
bers. If it prefers a state may operate its own disposal facility with 
the right to exclude waste from other states. 

As of 1992 a number of compacts were ratified by Congress and 
some states established their own disposal policies for disposal of low-
level radioactive wastes. Figure 3 shows existing compacts as of April 
1993 and those states that chose not to join a compact. 

Transuranic Wastes. Like low-level radioactive waste, trans-
uranic wastes are mostly clothing, rags, equipment, containers, and 
tools possibly "contaminated by" or containing radioactivity. Unlike 
low-level radioactive waste, transuranic wastes may contain elements 
with very long half-lives. This means that they lose their radioactivity 
slowly and remain radioactive for thousands of years. 

Most transuranic wastes result from reprocessing nuclear fuel and 
making plutonium weapons. As discussed earlier commercial repro
cessing of spent fuel is not currently practiced in the United States, 
although there is no prohibition against such activities. Reprocessing 
does occur in the national defense activities of the United States for 
the principal purpose of separating plutonium from spent fuel and then 
using the plutonium for the production of nuclear weapons as part of 
U.S. defense activities. The resulting wastes are now being stored at 
U.S. D O E facilities. 
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Figure 3. Regional compact status. U.S. Department of Energy. This 
figure was created in April 1993. 

Plans call for transuranic wastes to be disposed of in a repository 
deep underground. The U.S. government plans to test geologic dis
posal of transuranic wastes at the Waste Isolation Pilot Plant (WIPP) 
faculty in Carlsbad, New Mexico. This geologic disposal facility is carved 
out of salt more than 2000 ft (600 m) below ground. 

Mill Tailings. The fuel used at nuclear power plants comes from 
uranium ore, which has been found in, and mined from, the ground. 
The uranium ore is mined and then "milled", that is, crushed and 
treated to separate and remove the uranium. The residue consisting 
of rocks and soil is called "mill tailings". These tailings contain a small 
amount of radium that decays to radon, a radioactive gas now rec
ognized throughout the world. Radon can be harmful to the health of 
humans who are exposed to it in concentrated amounts. Mill tailings 
are covered with enough soil to prevent wind and water erosion as 
well as to prevent the release of radon. 

The NWPA of 1982, as Amended 

The NWPA laid out a process of and a schedule for identifying a site 
for a geologic repository for the permanent disposal, or isolation, of 
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spent fuel and high-level radioactive waste. The law specified areas of 
scientific study to determine technical suitability of a candidate site 
and called for a comprehensive program known as "site characteriza
tion". Site characterization is a detailed process of scientific investi
gation, data collection, analysis, and evaluation. As defined by the law 
it is ". . . activities, whether in the laboratory or in the field, under
taken to establish the geologic conditions and the ranges of the pa
rameters of a candidate site relevant to the location of a repository 
. . ." (5). 

At the time of the passage of the 1982 law, the D O E was already 
conducting site studies on two federal locations: Hanford, Washington 
(6), and Yucca Mountain, Nevada (7, 8). In February 1983 the D O E 
carried out a requirement of the NWPA by formally identifying nine 
potentially acceptable sites for a permanent repository: one in Loui
siana, two in Mississippi, two in Texas, two in Utah, and the two 
already under study (9-11). Amending the NWPA in 1987, Congress 
directed the D O E to conduct site characterization studies only at the 
Yucca Mountain site in Nevada as the candidate for a repository and 
to terminate site-specific studies at all other sites. 

The purposes of site characterization are to obtain the information 
needed to determine as soon as possible whether Yucca Mountain is 
suitable for development of a repository, to acquire data necessary to 
develop more advanced designs for the potential repository and waste 
package, to conduct the quantitative evaluations or performance as
sessments needed to evaluate site suitability, and to demonstrate that 
a repository at the Yucca Mountain site, if it is found to be suitable, 
will comply with NRC requirements for licensing. 

If the Yucca Mountain site is found suitable, the D O E must then 
demonstrate to the NRC that the site meets NRC regulations in
tended to protect the health and safety of the public both during op
eration of a repository and after the repository is no longer receiving 
spent fuel or high-level waste for disposal. In order to demonstrate to 
the NRC that the repository system at the candidate site will perform 
as required, designs must be developed for the repository, as well as 
for the waste package itself. The waste package consists of the waste 
(spent fuel or high-level radioactive waste) and the container in which 
it is packaged for disposal. 

The Waste Management System 

The U.S. waste-management system includes three elements: a mined 
geologic repository for permanent disposal of spent fuel and high-level 
radioactive waste, a temporary central federal storage facility (a mon
itored retrievable storage (MRS) facility, Figure 4) for temporary above-
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ground storage of commercial spent fuel, and a transportation system 
connecting all elements of the system. 

Monitored Retrievable Storage. The earliest that a perma
nent, underground geologic repository will be available in the United 
States to begin receiving spent fuel and high-level radioactive waste 
for disposal is the year 2010. In the meantime commercial nuclear 
power plants need to keep pace with their ever-growing storage needs. 

An MRS facility, authorized by the NWPA, as amended, can pro
vide the storage space needed for commercial spent fuel until a re
pository is available and ready to begin receiving spent fuel and high-
level radioactive waste for disposal. 

Currently, several possible storage concepts are under consider
ation for an MRS facility. These include concrete and metal con
tainers, multiple-element sealed metal canisters in concrete modules, 
modular vaults, and metal dual-purpose containers for transportation 
and storage. The D O E is also developing a multipurpose canister sys
tem, which could provide containers designed for transportation, stor
age, and disposal. 

Storage of spent fuel in concrete containers on an open concrete 
pad is currently in use in the United States at Virginia Power's Surry 
Plant near Richmond, Virginia. This storage concept, licensed by the 
NRC, is also being used in other countries, such as Canada. These 
concrete storage containers are made of heavily reinforced concrete, 
and their walls are designed to provide radiation shielding. The con
tainers have inner liners of steel and are equipped with racks for hold
ing the spent fuel in place. They are stored vertically on a concrete 
floor in a storage yard. As all of the containers are independent stor
age units, each is modular. The capacity of these containers ranges 
from 24 to 32 spent fuel assemblies; their overall dimensions are 18 
to 22 ft (5.4 to 6.6 m) in height and 11 to 12 ft (3.3 to 3.6 m) in 
diameter, with a loaded weight from 180 to 200 tons. 

Another licensed dry-storage technology currently being used in 
the United States and also licensed by the NRC is a design in which 
spent fuel is placed in a sealed metal canister and placed horizontally 
in a concrete module. This dry storage technology is currently being 
used in the United States in South Carolina at Carolina Power and 
Light's H . R. Robinson Plant and at Duke Power's Oconee Plant. The 
canisters are made of stainless steel and have a storage capacity of 7 
to 24 spent fuel assemblies. 

The law provides for only limited amounts of spent fuel to be stored 
at an MRS facility and guarantees that the facility is not permanent. 
The law calls for a dual approach to siting the MRS. These two ap
proaches are (1) siting by the D O E through a survey and evaluation 
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process and (2) siting through the efforts of the U.S. Nuclear Waste 
Negotiator. 

The negotiator, appointed by the president and confirmed by the 
U.S. Senate, is an independent federal position separate from the D O E . 
The negotiator's role is to seek a state or Indian tribe with a tech
nically qualified site and to negotiate a proposed agreement on rea
sonable terms. Any proposed agreement is submitted to Congress for 
approval before becoming effective. 

Geologic Repository. A geologic repository will resemble a large 
mining complex and combine two types of industrial facilities: a waste 
handling facility at the surface and an underground disposal facility 
built about 1000 ft (300 m) below the surface for the permanent dis
posal of waste in special containers. 

Surface facilities will include waste-handling buildings, office 
buildings, fire and medical stations, water- and sewage-treatment plants, 
warehouses, repair and maintenance shops, a security office, and a 
visitor center. Shafts and ramps will connect the surface and under
ground areas. 

Underground facilities will include main tunnels, called drifts, 
leading to the areas where the waste containers will be placed. The 
disposal area will consist of smaller tunnels with boreholes in the floor, 
and perhaps also in the walls, for the canisters of waste. Figure 5 is 
a conceptual drawing of what the repository might look like if located 
at Yucca Mountain. 

The purpose of a geologic repository for spent fuel and high-level 
radioactive waste is to protect present and future generations and the 
environment from potential hazards of the radioactivity contained in 
spent fuel and high-level waste. United States Environmental Protec
tion Agency (EPA) standards and NRC regulations require that the 
repository be designed to provide reasonable assurance that, during 
the 10,000 years of disposal, cumulative releases of radioactive iso
topes to the environment will be kept within specific limits. In ad
dition the waste packages must provide substantially complete con
tainment of the waste for at least 300 to 1000 years. Thereafter, the 
waste package must be able to limit the rate of release of radionuclides 
to levels below the regulatory requirements for waste isolation. 

The specific characteristic of the geologic repository that will allow 
the waste to be isolated for the required period of time is its multiple 
barrier design. The multiple barrier design, or system, includes both 
engineered (man-made) barriers and natural (geologic) barriers. It con
sists of (1) the waste package; (2) the repository itself; and (3) the "host 
rock", or geologic environment, in which the repository is built. The 
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Figure 5. Conceptual drawing of geologic repository. U.S. Department 
of Energy. This figure was created in August 1994. 

use of man-made and natural barriers is sometimes referred to as "de
fense in depth". 

The waste package will be the principal engineered barrier in the 
repository's multiple barrier system. This package will consist of the 
waste form and a disposal container. Both spent fuel and defense high-
level radioactive waste will be disposed of as solids, either in ceramic 
or glass form. No liquids will be disposed of in the repository. The 
disposal container will separate the waste from the host rock and be 
constructed of corrosion-resistant material. 

The repository portion of the multiple-barrier system will consist 
of engineered barriers that are not part of the waste package. Material 
used to backfill (or refill) underground disposal rooms, passageways, 
ramps, and shafts will limit or control movement of underground water. 

Natural, or geologic, barriers will have an important role in en
suring that waste will be isolated from the accessible environment when 
a repository is built. These barriers include the rock and the water, 
their chemistry, and how they might interact with the waste. For ex
ample, a crucial factor is groundwater movement: the time required 
for groundwater to flow from the repository to the accessible environ
ment. Evidence of long-term geologic stability is desirable. Low and 
slow groundwater flow rates and long pathways from a repository to 
the accessible environment are desirable. In addition the ability of the 
rock to conduct heat away from the waste package is particularly im
portant. Radioactive waste is thermally hot and would heat the waste 
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package, as well as the surrounding rock. Because heated rock tends 
to drive away water, this would help to reduce any migration of nu
clear waste into the environment. Rock properties that prevent or slow 
movement of harmful substances are also desirable. The site selected 
should also have a low possibility of human intrusion. 

As mentioned earlier the Yucca Mountain site in Nevada has been 
designated by law for detailed study (site characterization) to deter
mine as soon as possible whether or not it is suitable for a geologic 
repository for spent fuel and high-level radioactive waste. 

If Yucca Mountain is determined suitable and approved for de
velopment as a repository, the repository complex will use about 5700 
acres (2307 hectares) that will include a controlled area 3 miles (4.83 
km) wide surrounding the outer perimeter. The surface facilities will 
probably cover from 150 to 400 acres (60.7 to 161.9 hectares). Gently 
sloping ramps connecting the underground and surface facilities will 
allow shielded transport vehicles to carry waste packages to the un
derground disposal area. 

The underground facilities will cover an underground area of about 
1400 acres (566.6 hectares) and be about 1000 ft (300 m) beneath the 
surface. 

Transportation of Spent Fuel and High-Level Radioactive 
Waste. Nuclear materials, including spent fuel and high-level ra
dioactive waste, have been safely transported for the past 40 or more 
years. Scientists and engineers worked together to design, test, and 
build the containers that the spent fuel and high-level radioactive waste 
are moved in to ensure the safety of the transporters, the public, and 
the environment. 

The containers, or casks, used to transport spent fuel rods are de
signed and constructed to contain radioactivity under normal travel 
conditions and under severe, although unlikely, accident conditions by 
rail and highway. Safety tests conducted to certify transportation cask 
designs include a 30-ft (9-m) drop onto an unyielding surface; a drop 
onto a 6-in. (15.2-cm)-wide and 8-in. (20.3-cm)-tall steel rod; exposure 
to a 801.6 °C fire for 30 minutes; and submersion in water. In each 
case damage to the casks in computer modeling, scale testing, and 
full-sized tests proved to be superficial, and the simulated radioactive 
contents remained contained, unbreached, and isolated from the en
vironment. 

Site Characterization 

As discussed earlier the purpose of site characterization at Yucca 
Mountain is to obtain the information necessary to determine whether 
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it is a suitable site for a repository and, if so, to obtain NRC author
ization needed to construct a repository. The information to be col
lected, analyzed, evaluated, and reviewed by scientists and the public 
will serve to establish (1) whether a repository can be constructed and 
operated at that site without adversely affecting the health and safety 
of the public during repository operations and (2) whether the waste 
emplaced in the repository will remain isolated from the general en
vironment for thousands of years. 

To determine whether the site is suitable, data are needed on the 
geologic, geoengineering, hydrologie, geochemical, climatological, and 
meteorological conditions at the site. These data will be obtained by 
investigations both on and below the surface. These investigations 
(briefly listed in Table II), their validation, and their review are ex
pected to take a decade. As the repository program is a first-time ef
fort, one of the related benefits of preparing for and conducting site 
characterization investigations is the expectation of advances in science 
and technology. One example of this possibility for scientific and tech
nological advancement resulting from program studies is the devel
opment of the Exploratory Studies Facility (ESF). The ESF basically 
will be an underground laboratory to provide access to the potential 
host rock for a repository and evaluate conditions in the rock and the 
surrounding units. It uses a new, more efficient design than was used 
in the past for similar structures and was developed because of the 
site characterization program (Figure 6). 

Surface-based investigations include tests performed both at the 
surface and in deep and shallow boreholes and trenches. Underground 
investigations require construction of shafts and ramps from the sur
face to below ground, where the repository would be located, so that 
people and equipment can fully explore and examine the geohydrol-
ogy-

Detailed plans for conducting these investigations are included in 
a 6000-page Site Characterization Plan (SCP) for the Yucca Mountain 
Site. The SCP presents general information on the activities to be 
conducted at Yucca Mountain, the sequence of the activities, the 
priorities assigned to the activities, and the general schedules for the 
site-characterization program. Detailed descriptions of specific studies 
and activities are defined in study plans. Although the SCP does not 
include activities that will be performed to collect data on environ
mental and socioeconomic conditions, environmental and socioeco
nomic studies are also important and are required. These studies and 
activities are described in other documents. 

Before discussing the geotechnical aspects that are involved in de
termining whether Yucca Mountain is suitable for a repository, it is 
important to understand a little about the history of the site-screening 
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Table Π. Investigations To Be Conducted in the Site Program 
Characterization 
Program Investigation 
Geohydrology 

Geochemistry 

Rock characteristics 

Climate 

Erosion 

Postclosure tectonics 

Human interference 

Meteorology 

Offsite installations 

Surface characteristics 

Regional hydrologie system 
Unsaturated-zone hydrologie system 
Saturated-zone hydrologie system 
Water chemistry 
Mineralogy, petrology, and rock chemistry 
Stability of minerals and glasses 
Radionuclide retardation by sorption 
Radionuclide retardation by precipitation 
Radionuclide retardation by dispersive, diffusive, 

and advective processes 
Radionuclide retardation by all processes 
Retardation of gaseous radionuclides 
Strategy for integrated drilling program 
Geologic framework of the site 
Three-dimensional models of rock characteristics 
Rates of change in climate 
Effects of future climate on hydrologie 

characteristics 
Locations and rates of surface erosion 
Effects of future climate on locations and rates of 

erosion 
Effects of future tectonic activity on locations 

and rates of erosion 
Volcanic activity 
Waste-package failure due to tectonic events 
Hydrologie changes due to tectonic events 
Changes induced by tectonic processes in the 

geochemical properties of the rocks 
Data collection 
Activities that might affect surface markers and 

monuments 
Value of natural resources 
Effects of exploiting natural resources 
Regional meteorological conditions 
Local meteorological conditions 
Atmospheric and meteorological phenomena at 

the site 
Population centers relative to wind patterns 
Extreme-weather phenomena 
Determination of nearby industrial, 

transportation, and military installations and 
operations 

Potential impacts of nearby installations and 
operations 

Topography of potential locations for surface 
facilities 

Soil and bedrock properties 
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Table II.—Continued 
Characterization 
Program Investigation 
Thermal and mechanical Spatial distribution of thermal and mechanical 

rock properties properties 
Spatial distribution of ambient stress and thermal 

conditions 
Preclosure hydrology Flood recurrence intervals and levels 

Locations of adequate water supplies 
Groundwater conditions within and above the 

potential host rock 
Preclosure tectonics Volcanic activity 

Fault displacement 
Vibratory ground motion 
Preclosure-tectonics data collection and analysis 

NOTE: This table was created in December 1988. 
SOURCE: U.S. Department of Energy. Investigations To Be Conducted in the Site Pro
gram; DOE/RW-0198; Government Printing Office: Washington, DC, December 1988. 

process that resulted in the initiation of studies at Yucca Mountain 
and to have a general description of the site. 

Site Screening 

The process that led to the Yucca Mountain studies began in 1977, 
when the U.S. government decided to investigate the possibility of 
siting a repository at the Nevada test site (NTS). The NTS, about the 
size of Rhode Island and located in southern Nevada, was selected for 
this investigation because nuclear activities were familiar to the area. 
The land that the NTS occupies is federally owned and was withdrawn 
from public use for nuclear defense testing activities. In addition, the 
U.S. Geological Survey (USGS) proposed that the NTS be considered 
for siting a geologic repository for spent fuel and high-level radioactive 
waste for a number of geologic reasons, including the following: 

1. In southern Nevada groundwater does not discharge into 
rivers that flow to major bodies of surface water—the 
most likely pathway for radionuclides to reach people and 
the environment. 

2. The kind of rock formations found at the NTS have geo
chemical characteristics that are favorable for waste iso
lation: they would retard the migration of radionuclides. 

3. The paths of groundwater flow between potential sites 
for a repository and the points of groundwater discharge 
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are long: the water table at the Yucca Mountain area is 
about 2300 ft (690 m) below the crest of Yucca Moun
tain. 

4. Because the region is arid the rate at which groundwater 
is recharged is very low, and therefore the amount of 
moving groundwater is also very low, especially in the 
unsaturated rocks. 

So that geologic repository studies would not interfere with weapons-
testing activities at the NTS and vice versa should Yucca Mountain 
ever become a repository, site screening was eventually limited to the 
southwestern part of the NTS and adjacent land that is also federally 
owned. (The adjacent land is owned by the U.S. Bureau of Land Man
agement, and parts of that land are leased to the Nellis Air Force 
Base.) 

One of the three locations identified on this land was Yucca 
Mountain. Yucca Mountain contains a large block of volcanicaily formed 
rock called "tuft". That block seemed to be large and thick enough to 
be considered for a repository. Previously, in other parts of the coun
try, salt and basalt were the geologic media studied as potential host 
rocks. Since tuff had not previously been considered as a potential 
host rock for a repository, the federal government sought the views 
of the Ν AS. The Ν AS responded favorably. 

At the time of the NAS study, the USGS recommended Yucca 
Mountain be studied as a possible repository candidate after compar
ing the results of preliminary investigations at all three locations in 
the area. 

In 1980 a formal federally directed scientific analysis of 15 poten
tial locations showed that Yucca Mountain was the preferred candidate 
site. In February 1983, following passage of the NWPA, Yucca Moun
tain was formally identified as one of nine potentially acceptable sites 
for a repository. 

In December 1984 the D O E issued a draft environmental assess
ment on Yucca Mountain (as well as on each of the other eight po
tentially acceptable sites) and announced its proposal to nominate the 
Yucca Mountain site as one of five sites suitable for characterization 
and to recommend Yucca Mountain and two other sites as candidates 
for a repository. 

Following public meetings and public hearings on these environ
mental assessments and the proposed nominations and recommenda
tions, in May 1986, the Secretary of Energy issued final environmental 
assessments on Yucca Mountain and the other potential sites and for
mally recommended to President Reagan that Yucca Mountain and 
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two other sites (Hanford in the State of Washington and Deaf Smith 
in Texas) be characterized as candidates for a repository. The presi
dent approved the recommendation. 

Following this action numerous lawsuits were filed by the states 
selected. Some of these lawsuits regarded the process of selection. 
Subsequently, extensive debate occurred within Congress and re
sulted in the introduction of 40 bills to change the national program 
for developing the waste disposal system. Some of these bills rec
ommended the program speed up, some wanted it to slow down, and 
others hoped it would cease and start over. Some bills wanted the 
government to look at more potential sites, and some wanted them 
to study only one site at a time. 

On December 21, 1987, as a result of these public and political 
actions, Congress acted again on the possible repository-siting issue. 
Almost 5 years after the passage of the original act, Congress passed 
the Nuclear Waste Policy Amendments Act of 1987 (12), which, among 
other things, directed the D O E to characterize only the Yucca Moun
tain site as a candidate for the first repository. The Amendments Act 
further directed the D O E to terminate siting activities at all other 
sites. 

Description of Yucca Mountain 

Yucca Mountain is in southern Nevada in Nye County, about 100 miles 
northwest of Las Vegas (Figure 7). It is on three parcels of federal 
land (Figure 8) and lies in the southern part of the Great Basin, an 
arid region with linear mountain ranges and intervening valleys. The 
Great Basin receives very little rainfall (about 6 in. (15.2 cm)/year), 
and has both sparse vegetation and a sparse population. 

At the crest of Yucca Mountain the elevation is about 5000 ft (1500 
m) above sea level. The water table at Yucca Mountain is very deep, 
about 2300-2500 ft (690-750 m) below the surface. Because the rain
fall is so low and evaporation of the rainfall is so high, there is little 
percolation of water downward through the unsaturated rock, the pos
sible location for a repository, about 1000-1200 ft (300-360 m) below 
the surface and about 700-1000 ft (210-300 m) above the water table. 

The origin of the tuff rock found in the Yucca Mountain region is 
from volcanic eruptions that occurred 8 to 16 million years ago. The 
thickness of the volcanic rock that formed from these eruptions is about 
6500 ft (1950 m). The molten materials explosively expanded upon 
eruption and broke into particles of hot glass. These particles spread 
across the surrounding land and eventually came to rest. The particles 
were then subjected to various degrees of compaction and fusion, de
pending on temperature and pressure. In areas where the tempera-
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Figure 7. Map of the United States with Yucca Mountain photograph 
projected. Yucca Mountain has been named by Congress for site char
acterization in the United States. U.S. Department of Energy. This fig

ure was created in August 1991. 

ture and pressure were high enough, a rock known as "welded tuff' 
formed. 

To judge whether Yucca Mountain is geologically suitable for a 
geologic repository for spent fuel and high-level radioactive waste, all 
significant processes and events important to waste isolation must be 
considered. These processes and events include the natural ones that 
are expected to occur at the site over the next 10,000 years and the 
potentially disruptive ones that are not expected but are sufficiently 
credible to warrant consideration. Geologic history of approximately 2 
million years (the Quaternary period in geologic time) is important in 
making judgments about future performance of the site. 

The geologic history of Yucca Mountain suggests that the phenom
ena of special interest are the effects of faulting, seismicity, and vol
canic activity. Understanding past faulting and volcanic activity will 
provide the basis for determining the potential for disruptive tectonic 
events during both the operation (when spent fuel and high-level ra-
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Figure 8. Map of Nevada showing use of federally owned land. U.S. 
Department of Energy. This figure was created in July 1991. 

dioactive waste are being received) and the closure of a repository. 
Information on seismicity at and around a potential site is an impor
tant element in determining the design of the surface facilities of a 
repository. Many other areas also are important to assessing the suit
ability of the site, including the occurrence of natural resources. The 
exploration for such resources could lead to future intentional or un
intentional human intrusion into a repository. 

Although studies of Yucca Mountain as a possible geologic repo
sitory for spent fuel and high-level radioactive waste did not begin 
until 1977, information about the geologic history and conditions around 
Yucca Mountain was collected dating back to the early 1900s. Infor
mation was first collected to support exploration for mineral and en
ergy resources and later to support federal activities at the NTS. 

But only since 1977 was information collected specifically relative 
to siting a geologic repository for spent fuel and high-level radioactive 
waste. This information was obtained by reviewing published data, 
performing detailed geologic mapping of the Yucca Mountain area, 
conducting regional geophysical investigations, recording seismic-mon
itoring data, and conducting other field studies. 

Volcanism, Faulting, and Seismicity 
Yucca Mountain, as mentioned earlier, was formed as a result of a 
volcanic eruption 8 to 16 million years ago; however, there are several 
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other volcanic features in the vicinity of Yucca Mountain that possibly 
formed only 10,000 to 20,000 years ago. Volcanic activity in the area 
is well documented. The data contained in this documentation suggest 
that the probability of major, disruptive volcanic activity occurring at 
Yucca Mountain is negligible. On the other hand, there may be a 
higher possibility that volcanic activity characterized by minor, low-
volume disruptions of short duration may occur over the next 10,000 
years. 

The geologic structure of Yucca Mountain is extremely complex 
and contains a variety of faulting, which mainly occurred in response 
to the tectonic activity associated with volcanism 7-11 million years 
ago. Data on faulting are more important to the design of surface fa
cilities than for underground facilities, and, in this regard, data will 
be collected and evaluated concerning movement during the Quater
nary Period, about 2 million years ago. Evidence of this movement 
can be seen at the surface and in shallow trenches. 

During the period of time that records are available, the past 150 
years, eight major earthquakes (6.5 or more on the Richter scale) have 
occurred within about 250 miles (402.5 km) of Yucca Mountain, which 
is located about 100 miles (161 km) east of the Nevada-California seis
mic belt and about 150 miles (241.5 km) northwest of the Inter-
mountain seismic belt. Six of these earthquakes occurred in the Ne
vada-California seismic belt, and two occurred on or near the San 
Andreas fault. Until 1992 the nearest recorded major earthquake was 
the 1972 Owens Valley earthquake about 90 miles (144.9 km) west of 
Yucca Mountain. This earthquake had a magnitude of about 8.3. 

Geologic field evidence suggests that, in terms of major tectonic 
activity, Yucca Mountain has been relatively stable for the past 11 
million years. Recent seismic data are available from a 47-station seis
mic network that was installed within 100 miles (161 km) of the site 
in 1978 and 1979 and a supplemental six-station network that was in
stalled at Yucca Mountain in 1981. Measurements made since 1978 
show that, within about 6 miles (9.7 km) from the Yucca Mountain 
study area, the release of seismic energy has been 100-1000 times 
lower than that in the surrounding region. 

Preliminary designs developed in the mid-1980s and contained in 
the SCP for Yucca Mountain were based on possible earthquakes with 
a magnitude of 6.8. Based on more recent occurrences and data from 
the 1990 San Francisco earthquake and earthquakes in June 1992 in 
California and at Little Skull Mountain, approximately 40 miles (64.4 
km) from the Yucca Mountain study site, additional seismic monitor
ing stations were installed near Yucca Mountain and increased data 
collection was initiated. The California earthquake which occurred on 
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June 28, 1992, measured about 6 on the Richter Scale, and the Little 
Skull Mountain earthquake measured about 5.6. 

The June 1992 earthquake at Little Skull Mountain caused some 
damage to a temporary building located near Yucca Mountain. Some 
windows were broken and some ceiling tiles fell. The structure where 
damage occurred was a temporary building: it was neither designed 
nor built to withstand surface disturbances. A repository and the sur
face structures associated with the repository can be, will be, and were 
always planned to be designed and built to withstand major earth
quakes. The 1992 earthquakes provided valuable opportunities for sci
entists to collect data and perform analysis of the area. 

Geoengineering 
The behavior of the rock, or tuff, as an engineering material must be 
understood in order to design, construct, operate, and close a repo
sitory. While a repository is, or will be, a "mine", it is different from 
ordinary mines and tunnels for a few reasons, as follows: (1) the spent 
fuel and high-level radioactive waste to be emplaced in it will add 
heat and radiation to the rock mass; (2) a need for long-term stability 
of the rock is necessary; and (3) because of the size and nature of the 
rock mass required for a repository, roof bolts and wire mesh should 
be sufficient to stabilize the openings and no unusual support systems 
should be required during the excavations for exploratory work or for 
a repository. 

The heat from the radioactive waste will change the temperature 
field of the repository, which, in turn, will change the state of stress 
and possibly the distribution and flow of moisture in the rock mass. 
Geoengineering properties are important in the construction and op
eration of a repository, because they control the stability of the waste-
emplacement holes. The latter affects worker safety, waste retrieva-
bility, and the integrity of the waste container. 

The database for the geoengineering properties of the tuff at Yucca 
Mountain is derived from two sources: (1) the results of laboratory 
tests on small-diameter (2.5-in. or 6.4-cm) core samples from Yucca 
Mountain and outcrop samples in the vicinity of the site; and (2) both 
field and laboratory tests on similar tuff units in the region. 

Hydrology 
The hydrologie conditions are critical to long-term performance of a 
repository. They may affect the behavior of the waste package, as the 
movement of groundwater is the principal mechanism for transporting 
radionuclides to the accessible environment. 
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An important and attractive feature of the geohydrology at Yucca 
Mountain is that it is located in the unsaturated zone. The unsaturated 
zone is the rock mass between the surface of the land and the water 
table. At Yucca Mountain the unsaturated zone is believed to be thick 
enough to allow the construction of a repository about 700-1300 ft 
(210-390 m) above the top of the water table. Beginning in the early 
1980s, test holes deeper than 1000 ft (300 m) were drilled into the 
unsaturated zone and used to monitor the ambient water saturation, 
potential, and flux in the rocks above, below, and at the depth of a 
proposed repository. 

At Yucca Mountain, similar to the rest of the Southern Great Ba
sin within which Yucca Mountain is located, the groundwater basins 
tend to be closed, with no external drainage into rivers or major bod
ies of surface water. Furthermore, current estimates of groundwater 
travel time from the proposed repository to the underlying water table 
range from about 9,000-80,000 years. Additionally, no perennial streams 
occur at or near Yucca Mountain. 

Geochemistry 

The geochemical environment of the host rock may also affect the long-
term performance of a repository by affecting the behavior of the waste 
package and by retarding the transport of radionuclides. Geochemical 
data were collected since the late 1970s from rock samples taken at 
or in the vicinity of Yucca Mountain. Samples for minéralogie and 
petrologic studies were taken from drill cores, drill cuttings, and sur
face outcroppings. Data on water chemistry have been obtained from 
groundwater samples taken from deep wells, and information on the 
stability of geochemical conditions was obtained from laboratory ex
periments. 

An attractive geochemical feature of the Yucca Mountain area is 
the existence of minerals with a high sorption capacity that are present 
along potential paths of groundwater flow below the repository and in 
the saturated zone below the potential repository depth. One of these 
features is zeolites. 

Sorption is a process for removing dissolved material from solution 
by attaching the dissolved solids to the surface of another solid. Sorp-
tive capacity of a rock is a measure of the ability of its surfaces to 
remove dissolved material from solutions passing through the rock. 
The sorptive capacity of the rock will work to limit waste movement. 

Sorptive capacity includes both chemical and physical processes. 
The chemical processes include all those mechanisms that can take 
atoms or molecules and attach them to rock (or mineral) surfaces. An 
example of a chemical process of sorption is ion exchange. In an ion 
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exchange, particles with an electrical charge (ions) in water change 
places with ions that are attached to a mineral, such as zeolites. In 
the case of a potential repository where zeolites are present, the ra
dioactive ions are removed from the water, and attached to the zeo
lites, leaving only the harmless ions to go into the water. 

A zeolite is a naturally occurring ion exchanger. Ion exchange is 
based on the simple idea that electrically charged particles with unlike 
charges can attract and neutralize each other. An ion is an atom, mol
ecule, or molecular fragment carrying a positive or negative electrical 
charge. Ion exchange is the process in which an ion in solution takes 
the place of another ion in a natural or man-made material. In other 
words, if rocks surrounding a repository have ion-exchange capability, 
which the existence of zeolites provides, they present a natural barrier 
to the movement of radionuclides by "exchanging" harmless ions within 
their structure for the radionuclides moving past them. Because the 
zeolites are positioned above the water table, radioactive elements 
coming from the repository can be filtered, preventing or delaying the 
migration of radionuclides. The existence of zeolites is significant be
cause the natural process that occurs if zeolites are present in the rock 
surrounding a proposed repository can help protect the environment 
and people by removing contaminants from water. 

Climatology and Meteorology 

The existing climate in the vicinity of Yucca Mountain is classified as 
a midlatitude-desert climate. The general meteorological characteris
tics of such a climate are temperature extremes, particularly during 
the summer months, approaching 49 °C; large ranges in the high and 
low temperatures; and an annual precipitation of less than 6 in. (15.2 
cm)/year. 

Climatic changes that may occur in the next 10,000 years are im
portant to the long-term performance of a repository, because a change 
from the current arid conditions at Yucca Mountain might affect hy
drologie conditions. At Yucca Mountain the potential for a change in 
the amount of groundwater flux through the unsaturated zone and a 
rise in the water table are important, because the thickness of the 
unsaturated zone below the repository could be decreased and the 
amount of water available for contact with the waste containers or the 
waste itself could be increased. 

As with other potential future physical events, climatic trends that 
are expected or predicted into the next 10,000 or more years will be 
based on changes and trends that occurred over the past 2 million 
years. 
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Methods used for determining past climates and climatic changes 
include the study of plant remains left thousands of years ago in the 
middens of pack rats, fossilized plant pollens, evidence of past lake 
positions preserved in marshes and deposits formed along what were 
shorelines, and any glaciation that may have occurred in the area. 

Technological Advances 

In the process of developing this first-of-a-kind system, technological 
advances are expected. Some advances already occurred and are com
mercially used. One prominent advance is the design and fabrication 
of a new deep, dry drill rig. Most deep drilling and coring techniques 
require the use of water as a lubricant and as a drill-bit cooler in the 
operation of the equipment. To understand the geohydrologic char
acteristics of the tuff at Yucca Mountain, core must be obtained with
out introducing water and without changing the geohydrological na
ture of the rock. 

The LM-300 dry drill rig was designed and built for the D O E by 
Lang Drilling Company in Utah. It is capable of drilling dry and ex
tracting core some 3000 ft (900 m) deep. After extensive prototype 
testing and training of personnel, the D O E transported the LM-300 
to Nevada and began drilling in late May 1992. During the first 4 
months of operation, the LM-300 successfully reached a depth of ap
proximately 900 ft (270 m). At depths of 1000 ft (300 m), core rep
resentative of the potential repository-level rock was obtained. Beyond 
that depth, up to 3000 ft (900 m) deep, core was obtained to evaluate 
the rock characteristics below the potential repository. 

External Oversight and Societal Aspects 

The NWPA, as amended (13), made the D O E responsible for devel
oping and operating the system to provide safe and environmentally 
acceptable storage, transportation, and permanent disposal of spent fuel 
and high-level radioactive waste. The law also provides for extensive 
oversight and independent review by special federal bodies, state and 
local governments, and the public. 

Like other countries developing such waste management and dis
posal systems, the U.S. D O E invites scientific and public oversight 
and review. The difference between the U.S. program and the pro
grams of other countries, however, is that the United States actually 
contributes funds for the oversight and review, adding cost and time 
to interact with the overseers and reviewers. 

Since the identification of Yucca Mountain in early 1983 as a po
tentially acceptable site for a geologic repository, the D O E has pro-
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vided grant funds from the Nuclear Waste Fund for the State of Ne
vada to participate in and oversee the national program. However, 
until a U.S. Supreme Court decision in 1991 required the state to 
process the environmental permit requests required before the D O E 
could proceed with necessary site characterization studies from 1986 
to 1991, the D O E was prevented by the State of Nevada from con
ducting new on-site scientific investigations. 

The law also provides that affected local governments or Indian 
tribes also receive grant funds to participate in and oversee the pro
gram. As of early 1993 nine Nevada jurisdictions and one California 
jurisdiction were designated as affected and received grant funds from 
the Nuclear Waste Fund. No Indian tribes had been designated as 
affected as of that date. 

In 1987 the Nuclear Waste Policy Amendments Act authorized the 
establishment of the MRS Review Commission, the Nuclear Waste 
Technical Review Board (NWTRB), repository and MRS review panels, 
and the Office of the Nuclear Waste Negotiator—all funded from the 
Nuclear Waste Fund. 

The MRS Review Commission was charged with preparing a re
port to Congress on the need for an MRS facility as part of a waste-
management system. This was, in effect, a second opinion, since the 
Amendments Act had already authorized an MRS. Following extensive 
public meetings and interactions with the D O E , the MRS Review 
Commission submitted its report to Congress, agreeing that a tem
porary or interim facility, such as an MRS facility, would be beneficial 
to the overall waste-management and disposal system. 

The NWTRB is an independent board that contains 11 members 
appointed by the President from candidates nominated by the U.S. 
National Academy of Sciences. The NWTRB is authorized a staff, 
charged with evaluating the technical and scientific validity of activi
ties of the waste-management program, and must report to Congress 
and the Secretary of Energy at least twice a year. The NWTRB will 
exist until a year after the repository begins operations. Because 2010 
is the earliest a repository might begin operation (if Yucca Mountain 
is found suitable), the NWTRB will exist until at least 2011. 

Many other panels were established by the Amendments Act and 
funded by the Nuclear Waste Fund to review or conduct special stud
ies concerning the waste management and disposal system. Addition
ally, a variety of cooperative agreements between the D O E and na
tional or regional organizations are funded by the Nuclear Waste Fund 
to participate in the program. 

The Amendment Act requires extensive general public involve
ment in the program through document review and public meetings 
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and hearings. The program also receives much attention from the me
dia. 

Even though U.S. policy has been established, the debate con
tinues over the solution to the nuclear-waste-management problem. 
Opposition or concern by individuals and public interest groups re
garding possible radiation exposure at or near proposed facilities and 
as a result of possible transportation accidents continues. Many Amer
icans are concerned about protecting the environment and preventing 
unnecessary disturbances in the future. 

The nuclear-waste-management program in the United States and 
in other countries is an evolving program with many decisions still to 
be made: scientific, technological, and societal. Many questions re
main. 

Increasingly, decisions that effect the long-term well-being of so
ciety and the environment involve complex scientific and technological 
issues. The wise use of technology in solving scientific and societal 
problems is essential. Making decisions about energy and the envi
ronment and successfully protecting both public health and safety and 
the environment relative to nuclear-waste management require the ex
tensive integration of science and society. 
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GLOSSARY 

A B C C 

Abscissa 

ABWR 

ACNS 

Actinides 

Acute exposure 

A E C 

A E C L 

A E D E 

ALARA 

Aleukemic 

ALI 

Alpha particle 

A M A D 

Aneuploids 

Atomic Bomb Casualty Commission. 

The coordinate representing the distance of a 
point from the vertical y-axis parallel to the 
horizontal x-axis. 

Advanced boiling water reactor. 

Advisory Committee on Nuclear Safeguards. 

A series of elements beginning with actinium, 
atomic number 89, through lawrencium, atomic 
number 103; the 5f electronic shell is filled in 
this series. 

The absorption of a relatively large amount of 
radiation in a short period of time. 

Atomic Energy Commission. 

Atomic Energy of Canada Limited. 

Annual effective dose equivalent. 

As low as reasonably achievable. 

An absence of white cells in blood. Leukemia 
without the presence of typical leukemic white 
cells. 

Annual limit of intake; refers to the occupational-
effective-dose-equivalent-limit of a radionuclide 
taken into the body in 1 year. 

The nucleus of a helium atom ejected from some 
radionuclides when they decay. 

Activity median aerodynamic diameter. 

Cells that have numbers of chromosomes not 
equal to multiples of the haploid number; cells 
that have an unbalanced set of chromosomes. 
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Ankylosing 
spondylitis 

A N L - A C R H 

APWR 

ATB 

Basal cell 

BEIR 

Beta particle 

Biokinetic 

Body burden 

Bone seeker 

Bq 

Brachytherapy 

Cancer 

C A N D U 

Carcinogen 

Carcinoma 

C B D 

C D C 

C E D E 

C E D R 

Arthritis of the spine. 

Argonne National Laboratory—American Cancer 
Research Hospital. 

Advanced pressurized water reactor. 

At time of bombing. 

The target cell at risk in lung cancer. These cells 
are the dividing stem cells in the bronchial 
epithelium. 

Biological effects of ionizing radiation. 

An electron or positron (positive or negative 
charge) emitted by an atomic nucleus or neutron 
in a radioactive decay process. 

Rate of uptake, retention, and excretion of a 
radionuclide in various organs of the body. 

The quantity of radioactive material in an 
individual's body at a particular time. 

Any compound or ion that preferentially migrates 
into bone. 

Becquerel, the SI unit of activity; 1 Bq is one 
nuclear disintegration/second. 

A method of radiation therapy in which an 
encapsulated radioactive source is placed or 
implanted within, or close to, the area to be 
irradiated. 

A malignant new growth of tissue that invades 
the body and tends to spread. 

Canadian deuterium uranium (reactor). 

An agent, chemical or physical, that causes 
cancer. 

A malignant tumor. 

Chronic beryllium disease. 

Centers for Disease Control and Prevention. 

Committed effective dose equivalent. 

Comprehensive epidemiologic data resource. 
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Glossary 

Cell 

Cell death 

Cell survival 

Cells, somatic 

C E R C L A 

Chernobyl 

C H R 

Chromosome 

Chronic 

Ci 

Cohort 

Collective dose 

Committed 
dose 
equivalent 

Committed 
effective 
dose 
equivalent 

Confidence 
interval 

Confounding 
factor 

Cosmic rays 

Critical organ 

Cumulative 
dose 

317 

The smallest structural unit of an organism that 
can function independently. It can consist of a 
nucleus, cytoplasm, and various specialized parts 
surrounded by a semipermeable membrane. 

Loss of a cell's structural integrity, reproductive 
ability, or functional activity. 

Ability of a cell to proliferate. 

Body cells. 

Comprehensive Environmental Response, 
Compensation and Liability Act (Superfund). 

A nuclear reactor located in Chernobyl, Ukraine, 
near Kiev. 

Center for Human Radiobiology. 

A linear body in a cell nucleus that contains 
genes, the hereditary information of the cell. 

Continuous over a long period of time. 

Curie, a unit of radiation; see Curie. 

A large homogeneous group of people; an 
epidemiological term. 

The integral dose to a group of people. 

The total equivalent radiation dose to the body, 
or specified part, accumulated over 50 years after 
intake of a source. 

The weighted sum of committed dose equivalents 
to individual organs and tissues. 

The measure of the reliability of a risk estimate; 
a statistical reliability probability. 

Uncontrollable variable that may or may not be 
important in an epidemiological study. 

Ionizing radiation of extraterrestrial origin, which 
can be protons, helium, other atomic nuclei, 
high-energy electrons, or photons. 

That organ in which a particular radiation pattern 
dose would be most significant. 

Total dose resulting from repeated radiation 
exposure to a defined region. 
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Curie 

Cytogenetics 

Cytogenic 

D A C 

Daughter 

De novo 

Decay 

Delta ray 

Depth-dose 
curve 

Deterministic 
model 

Deuterium 

Directly 
ionizing 
radiation 

Distribution 
factor 

D N A 

D O E 

Dose 

Dose, absorbed 

A unit of radioactivity equal to 3.7 Χ 1010 

nuclear transformations per second. 

A study of heredity by cytological and genetic 
techniques. 

Pertaining to cytogenetics. 

Derived air concentration; the concentration of a 
radionuclide in air that if breathed by a 
reference man for 1 year would yield an A L L 

The atomic species that is the product element 
of a radioactive event. 

Anew; fresh; a new occurrence. 

Disintegration of the nucleus of an unstable 
nuclide. 

A secondary ionizing particle ejected by recoil 
when an energetic particle passes through 
matter. 

A profile of the absorbed radiation dose as a 
function of depth into a material. 

A model whose output is predetermined by 
mathematical models and selected single value 
input parameters. 

An isotope of hydrogen containing one proton 
and one neutron in the nucleus. 

A radiation composed of electrically charged 
particles capable of ionizing other matter. 

A factor used for dose equivalent; this factor 
allows for nonuniform internal distribution of 
radioactive nuclides. 

Deoxyribonucleic acid. 

Department of Energy. 

Quantity of radiation energy absorbed, generally 
per unit mass. 

The energy imparted by ionizing radiation to a 
volume element of matter divided by the mass 
of irradiated material in the volume element. 
The unit of absorbed dose is the gray (Gy) or 
rad; 1 Gy = 100 rad. 
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Dose, median 
lethal 

Dose, 

occupational 

Dose, skin 

Dose, threshold 

Dose 
commitment 

Dose equivalent 

Doubling dose 

DS 86 

Dycrasia 

Effective dose 
equivalent 

Effective half-
life 

Electrophoretic 

EPA 

Epidemiology 

Epidermis 

Epilation 

Epithelium 

EPRI 

An absorbed dose that will kill 50% of a species 
in a defined time period, also known as LD50. 

The radiation dose received at the workplace. 

The absorbed dose on an area of skin. 

Minimum dose that will produce a particular 
effect. 

The total dose-equivalent received by a body, or 
part thereof, over a hypothetical 50-year period 
following some initial intake. 

The product of absorbed dose, quality factors, 
and other modifying elements in order to 
normalize the dose to a common scale; units of 
dose equivalent are the rem or sievert. 

The amount of radiation required to double the 
natural incidence of some genetic anomaly. 

Dosimetry system 1986 (see the chapter by 
Yoshimoto). 

A nonspecific pathologic condition usually 
referring to cellular components. 

The sum of the weighted average of organ dose 
equivalents. 

The time required in a biological system for a 
given radionuclide's activity to be halved; this 
reduction takes into account radioactive decay 
and biological elimination. 

Having to do with the motion of charged 
particles or ions in a stationary liquid phase by 
the application of an electric field. 

Environmental Protection Agency. 

The study of health and sickness in divisions of 
human populations. 

The outermost layer of skin. 

Loss of hair. 

The membrane that forms the covering of organs 
and the outer surface of an animal body, usually 
a single layer of cells. 

Electric Power Research Institute. 
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E R D A 

Erythrocyte 

Exposure, acute 

Exposure, 
chronic 

Fallout 

F D A 

Fission 

Free radical 

Caia 

Gamma ray 

General public 

Genetic effect 

Genetics 

Granulocyte 

Gray 

GWe 

Gy 

Half-life, 
biological 

Half-life, 
effective 

Half-life, 
radioactive 

Energy Research and Development 
Administration. 

Red blood cell. 

See Acute exposure. 

Radiation exposure of prolonged duration. 

Radioactive debris deposited from airborne 
particulates. 

Food and Drug Administration. 

The division of a heavy nucleus into two (or 
rarely more) nuclear fragments; neutrons are 
usually released during this type of 
transmutation. 

An atom or molecule having at least one 
unpaired electron. 

The earth. 

High-energy electromagnetic radiation of nuclear 
origin. 

Mass of population not regarded as radiation 
workers. 

A change produced in that part of a cell that 
controls heredity; it can be caused by radiation. 

That branch of biology dealing with heredity. 

A leukocyte whose cytoplasm contains stainable 
granules. 

The SI unit of absorbed radiation dose; 1 Gy = 
1 JAg = 100 rad. 

Gigawatts, electrical; 109 W. 

Abbreviation for gray, a unit of absorbed dose. 

Time required for the body to eliminate one-half 
of an introduced substance. 

See Effective half-life. 

The time required for the activity of some 
radioactive material to be reduced to one-half its 
original value. 
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Half-value 
layer 

Hard radiation 

Health physics 

Healthy worker 
effect 

H E H F 

Hematocrit 

Hematopoietic 

Hemoglobin 

HHS 

HMS 

Hormesis 

HTGR 

Hypertension 

Hyperthyroidism 

IAEA 

IARC 

ICP 

ICRP 

ICRU 

I N E L 

Internal 
dosimetry 

Internal emitter 

Internal 
radiation 

Ionizing 
radiation 

Thickness of an absorber that reduces the 
intensity of a radiation beam by one-half. 

Radiation that has high penetrating character. 

The science concerned with radiation protection. 

The fact that the working population is healthier 
than the average general population. 

Hanford Environmental Health Foundation. 

The percent of red blood cells in a volume of 
blood. 

Blood forming. 

The oxygen-bearing protein in red blood cells. 

Department of Health and Human Services. 

Health and Mortality Study. 

The theory that suggests that a little radiation is 
beneficial to living organisms. 

High-temperature gas-cooled reactor. 

High arterial blood pressure. 

A disease state characterized by an excess of 
thyroid hormones in the blood. 

International Atomic Energy Agency. 

International Agency for Research on Cancer, 
World Health Organization. 

International Chernobyl Project. 

International Commission on Radiological 
Protection. 

International Commission on Radiation Units and 
Measurements. 

Idaho National Engineering Laboratory. 

The measurement or estimate of internal 
radiation dose. 

A radionuclide deposited in the body. 

Radiation emitted by a radionuclide within the 
body. 

Radiation consisting of charged particles or 
particles that can ionize other matter. 
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Isotope 

ITRI 

Kerma 

kg 

kGy 

Koseki 

kW 

L A N L 

Latent period 

Lesion 

L E T 

Leukemia 

Leukemogenic 

Leukocyte 

Linear 
hypothesis 

Linear model 

Linear-quadratic 
model 

L M R 

LSS 

LWR 

Lymphocytic 

Lymphoma 

Malignancy 

Name given to nuclides of a given element that 
have a unique number of neutrons. 

Inhalation Toxicology Research Institute. 

The measure of initial kinetic energy of charged 
particles that are released from the interaction of 
uncharged particles, such as neutrons or X-rays, 
with matter. Units of kerma are grays. 

Kilogram, 1000 g. 

Kilogray, 1000 Gy. 

Official Japanese family registries. 

Kilowatt, 1000 W. 

Los Alamos National Laboratory. 

Period of time between exposure to an agent 
and the start of a measurable response to that 
agent. 

A defined or circumscribed area on or within the 
body that has been injured or is the site of a 
disease process. 

Linear energy transfer. 

A cancerous blood disease in which there is an 
excessive production of white blood cells. 

Causing leukemia. 

White blood corpuscle. 

Hypothesis that risk is proportional to dose. 

Effect is proportional to dose. 

Effect has both linear and higher ordered 
proportionality to dose, the former at low doses 
and the latter at high doses. 

Liquid metal reactor. 

Life span study. 

Light water reactor. 

Pertaining to a variety of white blood cells 
formed in lymphoid tissue. 

Cancer of lymphoid tissue. 

Abnormal growth that can metastasize; cancer. 
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Man-rem 

Mandibular 
osteomyelitis 

Manhattan 
Project 

MBq 

M E D 

Melanoma 

Metastasis 

MeV 

M H T G R 

Microorganism 

Mill tailings 

Monazite 

Morbidity 

Mortality 

M O U 

MPC 

MRS 

mSv 

Mutagen 

Mutant 

Mutation 

MWe 

MWt 

Myelogenous 

Myeloma 

NAS 

The unit of population exposure in rems that is 
the sum of all individual dose equivalents for all 
members of that population. 

Infection of the bone marrow of the jaw. 

The name given to the secret project that 
developed the atomic bomb. 

Million becquerels, 106 Bq. 

Manhattan Engineering District. 

A nonsymmetric, dark cancerous tumor. 

Transfer of cancerous cells from a primary site to 
other locations. 

Million electron volts. 

Modular high-temperature gas reactor. 

A microscopic plant or animal. 

Sediment from a mining operation. 

A phosphate mineral that contains rare earths 
and sometimes uranium and thorium. 

The state of being diseased. 

The frequency of death in a segment of a 
population. 

Memorandum of understanding. 

Maximum permissible concentration. 

Monitored retrievable storage. 

Millisievert. 

An agent that causes a heritable change in the 
genes of an organism. 

An organism that has undergone a mutation. 

A heritable change in the genes of an organism. 

Megawatts, electrical, 106 watts electrical. 

Megawatts, thermal, 106 watts thermal. 

Produced in the bone marrow. 

A malignant tumor composed of cells normally 
found in bone marrow. 

National Academy of Science. 
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NCI 

NCRP 

Necrosis 

Neoplasm 

NERVA 

Neutron 

NIOSH 

NIST 

NJRRP 

Nonstochastic 

NRC 

NTS 

Nuclear 

Nuclear fuel 

Nuclear 
medicine 
physician 

Obesity 

Occupational 
exposure 

O E H S 

ORAU 

Organ burden 

Organ 
weighting 
factor 

National Cancer Institute. 

National Council on Radiation Protection and 
Measurements. 

The death of living tissue. 

A new growth of cells not restrained by normal 
reproductive processes; a tumor, either benign or 
malignant. 

Nuclear engine for rocket vehicle application. 

An uncharged elementary particle that is 
normally located in an atomic nucleus; it is 
similar in mass to the proton. 

National Institute of Occupational Safety and 
Health. 

National Institute of Standards and Technology. 

New Jersey Radium Research Project. 

Not random; describes effects whose severity is 
proportional to dose. 

National Research Council or Nuclear Regulatory 
Commission. 

Nevada test site. 

Related to the nucleus of an atom. 

The fuel for a nuclear reactor. 

A physician who deals with diagnostic and 
therapeutic applications of radionuclides. 

The condition of being overweight. 

The exposure of an individual to ionizing 
radiation in the course of employment. 

Office of Epidemiology and Health Surveillance. 

Oak Ridge Associated Universities. 

The quantity of a radionuclide present in an 
organ of the body at a particular time. 

Relative risk of inducing cancer by radiation of a 
given organ or tissue. 

O R N L Oak Ridge National Laboratory. 
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Inflammation of bony tissue. 

Populations at risk from environmental 
pollutants. 

A disease-causing agent. 

External radiations of sufficient penetrating 
power to expose tissues beneath the skin; 
examples are gamma, X-ray, and neutron 
radiation. 

Unit of population exposure, expressed in grays, 
representing the sum of the dose equivalent 
values for all people in an exposed population. 

Same as person-gray except expressed in rems. 

Process inherent ultimately safe. 

Element with atomic number 94, a man-made, 
radioactive element. 

Pacific Northwest Laboratory. 

Name given to a probability distribution in 
which the mean and the variance (the square of 
the standard deviation) of a measurement are 
equal. It describes the results of counting a 
radioactive sample. 

Knowledge of events before they occur. 

Various groups of nitrogenous organic compounds 
that contain amino acids; these compounds are 
essential to life. 

An elementary positively charged particle 
generally found in the nucleus of an atom. The 
nucleus of the common isotope of hydrogen. 

A radioactive isotope of plutonium that has an 
atomic weight of 239. 

A form of carbon. 

The multiplier used with absorbed radiation dose 
to define its relative effectiveness. 

The portion of a statistical distribution containing 
one-fifth of the population. 

Symbol for the element radium, atomic number 
88. 
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Rad 

Radiation 

Radiation, 
external 

Radiation, 
internal 

Radiation, 
ionizing 

Radioactive 
decay 

Radioactivity 

Radiocesium 

Radioimmuno
assay 

Radiologist 

Radionuclide 

Radiosensitivity 

Radium 

Radon 

RBE 

RCRA 

REAC/TS 

Rem 

The unit of absorbed radiation dose equal to 100 
ergs/g; 1 rad = 0.01 Gy. 

Energy propagated through space. 

Radiation from a source outside the body. 

Radiation from a source inside the body. 

Radiation capable of producing ions as it travels 
through matter. 

Spontaneous transformation of a nucleus with the 
emission of a particle or particles, and/or 
photon; rate of decay is first order. 

A general term relating to the emissions 
observed in radioactive decay. 

One or more radioactive isotopes of the element 
cesium, usually 1 3 4 Cs or 1 3 7 Cs. 

A method for measuring small quantities of 
biological substances, such as hormones, that 
uses an antibody labeled with a radioactive tracer 
to react with the substance to be measured. 

A physician who deals with diagnostic and 
therapeutic applications of X-rays. 

Any radioactive form of an element. 

The susceptibility of cells, tissues, organs, etc., 
to damage by ionizing radiation. 

Element of atomic number 88; all of its isotopes 
are radioactive. 

Element of atomic number 86; it is a colorless, 
radioactive noble gas and the alpha decay 
daughter of radium. 

Relative biological effectiveness. 

Resource Conservation and Recovery Act. 

Radiation Emergency Assistance Center/Training 
Site. 

Roentgen equivalent man; a measure of 
equivalent radiation dose; dose in rads multiplied 
by a quality factor; 100 rem = 1 Sv (the SI 
unit). 
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RERF 

Risk, absolute 

Risk, relative 

Risk coefficient 

Roentgen 

RTG 

Sarcoma 

SBWR 

SI units 

Sievert 

SIR 

SMR 

Somatic 

Specific activity 

SPEERA 

SRL 

SRP 

Stem cell 

Stochastic 

Radiation Effects Research Foundation 0apan). 

Excess risk due to exposure to a radiation. 

Ratio of the risk of those exposed to a radiation 
to those not exposed. 

The increase in incidence or mortality rate per 
unit radiation dose. 

A special unit of radiation exposure, absolute for 
X- and gamma rays up to 3 MeV; 1 R = 2.58 X 
10~4 coulombs of electrically charged ions per 
kilogram of dry air. 

Radioisotope thermoelectric generator. 

A malignant tumor arising from connective 
tissue. 

Small boiling water reactor. 

International system of units; radiation units in 
this system include becquerel, gray, sievert. 

SI radiation unit; the product of grays and any 
modifying factor, 1 S ν = 100 rem. 

Standardized incidence ratio. 

Standardized mortality ratio. 

Pertaining to an effect limited to an individual as 
opposed to a genetic effect. The former affects 
only one person, the latter affects subsequent 
generations. 

The activity of a radionuclide divided by the 
mass of that nuclide. 

Secretarial Panel for the Evaluation 
of Epidemiologic Research Activities. 

Savannah River Laboratory. 

Savannah River Plant. 

A generalized mother cell that on division 
differentiates into more specialized cells, such as 
B- and T-cell lymphocytes. 

Denoting effects where the probability, but not 
the severity, is a function of dose without 
threshold; heredity effects or cancer incidence 
are examples of stochastic effects. 
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Stopping power 

Superfund 

T65 

Teratological 
effects 

Thyroid 

TMI 

Trabeculation 

Transmutation 

Transuranium 

Tuff 

TVA 

2 3 8 υ 

Unattached 
fraction 

Uranium 

USCEA 

USTUR 

USUR 

Weighting 
factor 

W H O 

WIPP 

A measure of the energy loss of a charged 
particle as it passes through a material. 

See C E R C L A . 

A system of gamma-ray and neutron exposures 
assigned to the bomb victims at Hiroshima and 
Nagasaki based on their distance from the bomb 
center and any shielding involved. 

Effects that cause grossly abnormal biological 
forms. 

A two-lobed endocrine gland found in the neck 
of human beings; it produces the hormones 
thyroxin and triiodothyromine. 

Three Mile Island, the site of a nuclear power 
reactor. 

Anchoring strands of connective tissue. 

Any process in which the nucleus of an atom is 
changed into a different nucleus, usually of a 
different atomic number. 

Refers to elements of atomic numbers greater 
than that of uranium, atomic number 92. 

A rock composed of compacted volcanic ash. 

Tennessee Valley Authority. 

A radioactive isotope of uranium of mass 235; it 
is fissionable. 

A radioactive isotope of uranium of mass 238. 

The fraction of airborne daughters of radon that 

are not yet attached to particles. 

Element of atomic number 92. 

United States Council for Energy Awareness. 

United States Transuranium Registry. 

United States Uranium Registry. 
The ratio of the total stochastic risk resulting 
from radiation to a tissue to that of the total risk 
to the body when it is irradiated uniformly. 

World Health Organization. 

Waste Isolation Pilot Plant, Carlsbad, N M . 
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Working level Any combination of short-lived radon daughters 
in 1 L of air that can potentially release 1.3 x 
105 MeV of alpha energy. 

The cumulative exposure consisting of the 
number of working levels received in a working 
month. 

Electromagnetic radiation of high energy, usually 
above 1 keV; X-rays are nonnuclear in origin. 

Working level 
month 

X-ray 

References 

The definition of a particular term can be found in many reference docu
ments. For the societal and radiational sense of this book, the following two 
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1. Borders, R. J. The Dictionary of Health Physics and Nuclear Science Terms; 
RSA Publications: Hebron, CT, 1991. 
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Subject Index 

A 

Absorbed dose, units, 24 
Actinide elements, radiation protection 

standards, 57 
Acute radiation, doubling dose, 126 
Additive risk model for cancer induction, 35 
Adult Health Study 

health effects of exposure, 147 
medical follow-up study, 42 

Adult T-cell leukemia, occurrence in Japan, 149 
Advanced boiling water reactor (ABWR), 265 
Advanced pressurized water reactor (APWR), 

265 
Age at time of exposure, effect on 

carcinogenicity of radiation, 150-151, 154 
Air in high-background-radiation areas, 

concentration of radon and its decay 
products, 225,226* 

Air pollution, confounding factor in 
epidemiological studies, 73 

Airline crews, effect of exposure to 
radiation, 5 

Alpha particles, from radium radioactive 
decay, 174 

American Cancer Society, findings on 
cancer caused by smoking, 8-10 

Americium, improved biokinetic model, 61-63 
Anemias in women radium dial workers, 

184, 186 
Animal data, risk modeling, 83-86 
Animal studies 

evidence of cancer risk from radon 
exposure, 79-88 

FDA review, 97 
test design for irradiated foods, 92 

Ankylosing spondylitis and cancer after 
radiotherapy, 109 

Annual effective dose, definition, 27 
Anxiety, incidence after Chernobyl 

accident, 166 
Argonne National Laboratory 

archival materials, 57 
Internal Emitters Program, 43 

Arsenic dust, carcinogenesis factor, 223 
Atomic Bomb Casualty Commission 

(ABCC), 42, 133 

Atomic-bomb explosion 
effect on children of exposed parents, 122 
effect on pregnant women, 134-135 
potential genetic effects, 116-131 
spectrum of radiation, 118 

Atomic-bomb survivors 
analysis of radiation-related risks, 137 
breast cancer incidence, 149-150 
cancer risks, 147 
death from cancers other than leukemia, 

149-153 
exposed in utero, cancer and mortality, 

138-145 
leukemia incidence, 148-149 
leukemia risks, 110 
lung cancer incidence, 150 
organ doses, 118 

Atomic Energy Act, creation of Atomic 
Energy Commission, 41-42 

Atomic Energy Commission (AEC) 
control and management of atomic energy, 

41-42 
prediction on uses of nuclear energy, 16-17 
program of postmortem tissue sampling, 51 

Atomic Energy Commission contractors, 
mortality among employees, 240 

Atomic veterans, health problems, 5-6 
Austria, radiocesium fallout, 7 
Autopsy tissue collection protocols of 

USTUR, 60/ 

Β 

Balanced chromosome rearrangement, 
determination of cause, 120, 12k 

Basic units, radiation exposures, 23-36 
Becquerel, definition, 24 
Beta particles from radium radioactive 

decay, 174 
Biokinetic models for americium and 

plutonium, 61-63 
Biological effects 

ionizing radiation, 30 
radon exposure, 81 

Blood dyscrasias in radium dial painters, 170 
Bone changes after systemic intake of 

radium, 194 
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Bone damage in radium dial painters, 
169, 170,171 

Bone sarcomas 
from exposure to radium, 176-181 
incidence vs. systemic intake of 

radium, 193-194 
occurrence and incidence of deaths, 183-184 

Breast cancer 
extraneous modifiers of radiation risk, 155 
in survivors of Hiroshima-Nagasaki 

bombings, 3, 154 
in women radium dial workers, 187,188i, 

189i, 194 
relationship to radiation, 149-150 

Bureau of Census survey of smoking 
frequency, 70 

Bureau of Foods Irradiated Food Committee 
(BFIFC), safety recommendations, 95-96 

C 

Cadmium, blood levels after Chernobyl 
accident, 166 

Calcium, similarity to radium, 174 
Canadian deuterium uranium reactor, 269 
Cancer 

atomic-bomb survivors, 3 
atomic-bomb survivors exposed in utero, 

138-144 
body sites directly exposed to radium, 

women radium dial workers, 190-191,194 
central nervous system, incidence in 

radium dial workers, 192-193 
children of proximally exposed parents, 

118, 119i 
effect of age on mortality of atomic-bomb 

survivors, 152 
effect of parental radiation exposures, 124/ 
from radon exposure, factors influencing 

risk, 82-83 
Hanford site workers, 242-243 
high-altitude regions, 2 
incidence after Chernobyl accident, 165 
incidence and mortality after 1-131 

therapy for hyperthyroidism, 103-112 
minimal doubling dose, 124 
patients with ankylosing spondylitis 

after radiotherapy, 109 
populations near nuclear facilities, 202f 
risk factors, 155 

Cancer—Continued 
time-related differences in death rates, 4-5 
various types 
detection rate, 158 
relationship of radon exposure and 

smoking, 69-72 
See also Lung cancer, Malignancies 

Cancer induction 
internal radium, 188 
models, 35/ 

Cancer mortality 
cancers other than leukemia, atomic-bomb 

survivors, 149-153 
dose-effect relationship, 234r, 235 
high-background-radiation areas, 224-236 
in countries near nuclear facilities, 203-204 
in radium dial workers, 183r, 184, 192? 
radiologists, 4-5 
relation to radiation dose, 150 
women radium dial workers, 169,172, 

186f, 187 
Cancer risk 

atomic-bomb survivors, 147 
based on experimental animal radon 

studies, 79-88 
based on shielded kerma and correlated 

to organ dosages, 15 It 
from uranium and tin mines, 223* 
uncertainties in estimates, 154-158 

Carcinogenesis model, 85 
Carcinogenic effects of radiation, 

estimates, 154 
Carcinomas 

in atomic-bomb survivors, 150 
of paranasal sinuses, in radium dial 

painters, 171 
Center for Environmental Health, 

functions, 45-56 
Centers for Disease Control and Prevention 

(CDC), health and mortality study, 44-45 
Central nervous system (CNS) tumors, 

incidence and mortality in radium dial 
workers, 192-195 

Cerium released by Chernobyl accident, 162 
Cesium 

deposition on soil in Xinjiang nuclear 
test site, 223, 224i 

released by Chernobyl accident, 162 
Chemical effects of radiation on food, 

93-95 
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Chernobyl nuclear accident 
health assessment, 161-168 
type of reactor, 7-8 
working group to study health and 

environmental effects, 47-48 
Childhood cancer 

atomic-bomb survivors exposed in utero, 
141-144 

role of spontaneous mutation in parental 
generation, 123-124 

Childhood leukemia, incidence around 
nuclear reprocessing plant, 127 

Children in utero, effect of atomic-bomb 
detonations, 133-145 

Children of atomic-bomb survivors 
incidence of cancers and tumors, 118, 119t 
physical development, 122 
protein mutations, 121 
sex chromosome abnormalities, 120r 

China 
exposure to radon from soil, 9 
reactor types being developed, 261 

Chinese workers 
in nuclear installations, 

epidemiological investigation, 223 
tin miners, exposure to radon daughters, 

221,222 
uranium miners, incidence of lung 

cancer, 220-221 
X-ray workers, incidence of malignant 

tumors, 220 
Chromosomal abnormalities 

mutational contribution, Î23 
occurrence in Hiroshima and Nagasaki, 153 

Chronic beryllium disease, medical 
screening programs, 47 

Chronic ionizing radiation, dose received 
by fathers working in Sellafield nuclear 
plants, 127 

Chronic lymphatic leukemia 
in hyperthyroid patients after 1-131 

treatment, 105 
in women radium dial workers, 184,186 

Chronic radiation, doubling dose, 126 
Cigarette smoke 
effect on tumorigenic potential of radon 

exposure, 82-83 
See also Smoking 

Climatology, nuclear waste repository, 310 
Codex Alimentarius Commission, 

harmonization of food regulations, 96 
Cogeneration, use of nuclear power, 261 

Collective dose equivalent, definition, 27 
Colon cancer, incidence in women radium 

dial workers, 191-192 
Columbia River, estimation of radiation 

doses from radionuclides, 213 
Committed dose equivalent, definition, 26-27 
Committed effective dose equivalent 

(CEDE), definition, 27 
Committee on Biological Effects of 

Ionizing Radiation (BEIR V), findings 
on thyroid cancers, 4 

Communicating risk information, 20-21 
Communities near nuclear facilities, 

health risks, 201-217 
Comprehensive Epidemiologic Data Resource 

(CEDR), functions, 45-46 
Confirmation rate, definition, 157 
Confounding factors in epidemiological 

studies, 73 
Construction materials of houses, 

contribution to background radiation, 225 
Construction time of nuclear plants, 272t 
Contaminated settlements after Chernobyl, 164 
Contractor employees at DOE facilities, 

health and mortality, 239-258 
Cosmic radiation, environmental background 

radiation, 2 
Cumulative dose, definition, 27 
Curie, definition, 24 
Cytogenetic abnormalities due to mutation 

after parental exposure to radiation, 117 

D 

Deaf Smith, candidate for repository, 303 
Death, See Cancer mortality, Mortality 
Dehumanization, effect of fear of 

technologies, 15-16 
Demographic data on populations in 

high-background-radiation areas, 23 It 
Department of Energy 
fellowship program, health physics and 

radiobiology, 55-56 
funding of dose reconstruction projects, 

201-215 
health and mortality in contractor 

employees, 239-258 
long-term studies of mortality, risk of 

cancer death, 253-255 
radiation health studies, 41-49 
worker populations studied, 250r, 25If, 252f 

Department of Energy Organization Act, 42 
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Department of Health and Human Services 
(HHS), health and mortality study, 44-45 

Detection rate, definition, 157 
Deterministic effects of ionizing radiation, 30 
Diet 
cancer risk factor in hyperthyroid 

patients after 1-131 treatment, 109 
cofactor for risk to radiation exposure, 35 

Disease risk, estimates from dose 
reconstruction, 207 

Disease treatment, application of nuclear 
energy, 17 

Disintegrations per unit time, basic unit 
for quantity of radioactive material, 24 

Dosage 
effect in toxicological testing, 92 
of radiation, relation to cancer mortality, 

150-152 
Dose, See Absorbed dose, Radiation dose 
Dose equivalent, definition, 25 
Dose limits, recommended, 32f 
Dose rate effectiveness factor, 36 
Dose reconstruction 
alternative to epidemiologic studies, 205-207 
projects in the United States, 209-215 

Dose-response relationship 
incidence of bone sarcomas in women 

radium dial workers, 179,180r 
radium, least-squares fitting, 175-176 
radium-caused bone sarcomas and head 

carcinomas, 177-179 
sources of information, 33-34 
uncertainties, 156 

Dosimetric units, uses, 24 
Dosimetry 

analysis of radiation-related risks in 
atomic-bomb survivors, 137 

difficulty in retrospective calculations, 33 
Dosimetry modeling, explanation of regional 

difference in site of tumor formation, 81 
Doubling dose 
acute and chronic radiation, 126 
definition, 124 

Ε 

Effective dose 
definition, 25-26 
resulting from natural radiation sources in 

high-background-radiation areas, 226,230f 
Effective dose equivalent, definition, 25-26 

Electric and magnetic fields, public 
perception of risk, 20i 

Electricity 
demand, 271-272 
generated by nuclear energy, 17 
generated by nuclear plants, 260-263, 29(y 

Electrophoretic mobility of proteins, 
effect of mutation, 121/ 

Energy, public concerns, 260 
Energy Reorganization Act, 42 
Energy Research and Development 

Administration (ERDA), 42 
Energy resources and distribution system 

in the U.S., 262 
Environmental background radiation, 

sources, 2 
Environmental mutagens, improving current 

understanding, 129-130 
Environmental Protection Agency (EPA) 

maximum level for radium, 193 
requirements for geologic repositories, 296 
restrictions on dose of occupational 

exposure to radiation, 128 
statements about radon deaths, 2 

Enzyme activity, effect of mutation, 121/ 
Epidemiological studies 

alternatives, 205-207 
confounding factors, 73 
flawed strategy, 204 
large-scale, in China, 219-224 
problems, 155-156 
radiation effects by DOE, 41-49 
research program of DOE, focus, 47 
usefulness, 202-205 
vs. dose reconstruction, 210i 

Epilation, occurrence in Hiroshima and 
Nagasaki, 153 

Equivalent dose, définition, 25 
Esophagus cancer in Chinese X-ray workers, 

220-221 
Evolutionary light-water reactors, 265-266 
Exploratory Studies Facility (ESF), 299, 302f 
Exposure limits, ionizing radiation, 31 
Exposure rate 
effect on incidence of tumors and 

carcinomas, 81 
influence on tumorigenic potential of 

radon exposure, 82-83 
of radon, related to cancer risk, 85 

Exposure to atomic bomb, studies of health 
effects, 147 
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Exposure to radiation 
around nuclear facilities, 204 
basic units, 23-36 
effect of age at time of exposure, 150-151 
estimation for epidemiologic studies, 202-203 
genetic effects, 115-131 
radiation dosimetric unit, 24 

Exposure to radon in the home, 8-10 
External radiation exposure, Utah 

population, 7 
Extrapulmonary lesions formed in response 

to radon exposure, 82 

F 

Fallout, civilian exposure, 6-7 
Faulting, Yucca Mountain, 305, 307 
Fear of technologies, 15-16 
Federal Food, Drug, and Cosmetic Act, 

prohibitions on sale of unsafe food, 90 
Fernald Feed Materials Production Center 
dose reconstruction projects, 21 li, 212 
mortality of employees, 241,249 

Fiction about nuclear energy, themes based 
on horrors of nuclear power, 16 

Food and Drug Administration (FDA), 
approach to food safety assessment, 95 

Food irradiation 
chemical effects, 93-95 
public perception of risk, 20t 

Food poisoning, definition, 97 
Food-processing method and microbiological 

safety, 98 
Food safety 

assessment methods, 95-97 
evaluation of irradiation, 89-100 
regulations in Federal Food, Drug and 

Cosmetic Act, 90 
toxicological principles, 95 
varied standards, 90 

Free radicals, reaction with cellular 
material, 29-30 

Freezing, effect on nutrient losses, 99 

G 

Gamma radiation 
exposure rates in high-background-radiation 

area, 225, 226f, 227i 
genetic effects, 118 

Gamma-ray emitters from radium radioactive 
decay, 174 

Gamma rays, carcinogenicity, 152 
Gaseous Diffusion Plant, worker mortality, 249 
Genetic effects of atom-bomb detonation 

comparison between human and animal 
studies, 125-127 

expressed as doubling dose, 124 
inferences to be drawn, 122-125 
summary of findings, 117-122 

Genetic engineering, public concern, 18 
Genetic impact of radiation on humans, 

counter-hypothesis observations, 123 
Genetic implications of radiation, 

knowledge based on animal studies, 125 
Genetic predisposition of cancers, 120 
Geochemistry, nuclear waste repository, 

309-310 
Geoengineering properties, nuclear waste 

repository, 308-309 
Geography, correlation with radon exposure, 75 
Geologic barriers, role in geologic 

repository, 297 
Geologic repository for nuclear waste 

facilities, 296-298 
to protect public health, 283 

Gonad exposure, proximally exposed 
parents, 118 

Gonadal dose, fathers working in Sellafield 
nuclear plants, 127 

Gray, definition, 24 
Groundwater movement, role in geologic 

repository, 297 

H 

Hanford Environmental Health Foundation 
(HEHF), 52 

Hanford nuclear facility 
analyses of longevity and cancer deaths, 

242,243,249 
candidate for repository, 303 
dose reconstruction projects, 21k, 212-213 
incidence of thyroid neoplasia, 208-209 
plutonium levels found in postmortem 

tissue sampling, 51-52 
Harshaw Chemical Company 

studies of worker populations, 246 
study of mortality of contractor 

employees, 241-242 
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Head carcinomas 
cumulative occurrence, 178/ 
from exposure to radium, 176-181 
incidence vs. systemic intake of 

radium, 193-194 
occurrence and incidence of deaths, 183-184 

Health and Mortality Study (HMS) 
conducted between 1960 and 1977, 240-243 
conducted between 1977 and 1990, 243-246 
conducted between 1978 and 1990, 246-252 
standardized study process, 247 
study designs, 248-250 

Health effects 
data for radon, 80-82 
of radium, 176-193 
of radon, effects seen in animals but 

not humans, 87 
on populations exposed to low-level 

radiation in China, 219-238 
Health evaluation 
contractor employees at DOE facilities, 

239-258 
International Chernobyl Project, 162-168 
U.S. women radium dial workers, 169-198 

Health physics program of the Manhattan 
Project, 5 

Health Research and Education Center 
(HREC), medical support for registries, 
55, 56 

Health risks 
from nuclear facilities, epidemiologic 

studies, 204 
in communities near nuclear facilities, 

201-217 
misrepresentation or trivialization by 

nuclear facilities, 208 
of radon, report, 69-70 

Health surveillance program, emphasis of 
future studies, 48-49 

Healthy worker effect 
attributed factor for longevity, 36 
in occupational cohorts, 157 

Heat generation, use of nuclear power, 261 
Hematology, persons exposed to radiation 

after Chernobyl, 166 
Hereditary disorders caused by ionizing 

radiation, 30-31 
Heritable cancer, incidence in children of 

proximally exposed parents, 119/ 
High-altitude regions, cancer rates, 2 

High-background-radiation areas (HBRA) 
cancer mortality rates, 233/, 234/ 
gamma radiation, 225, 226/, 227/ 
in Yangjiang, 224, 225/ 
leukemia mortality rate, 236 

High-level radioactive waste 
geologic repository, 296 
sources and decay, 285 
transportation, 298 
type of nuclear waste, 284 

High-temperature gas reactor (HTGR), 269 
Hiroshima 
characteristics at time of atomic-bomb 

explosion, 134-135 
frequency of death due to exposure to 

radiation, 152-153 
solid tumor incidence, 153 
tumor registries, 157 

Hiroshima-Nagasaki 
differences in cancer incidence and 

mortality, 152-153 
unreconciled differences in cancer 

mortality, 156 
See also Atomic-bomb entries 

Hiroshima-Nagasaki bombings, effects on 
survivors, 3 

Hiroshima-Nagasaki survivors, potential 
genetic effects, 116-131 

Histopathological slides of tissues, 
collection for registries, 59 

Histopathological studies, WSU Electron 
Microscopy Center, 55 

Hormesis effect, beneficial effect of 
radiation, 33, 34f 

Hospitals, source of nuclear waste, 284 
Host factors in cancer risk, 155 
Human exposure to ionizing radiation, 

genetic effects, 115-131 
Human tissue research programs, transuranium 

and uranium registries, 51-64 
Human tissue studies, applications, 63-64 
Hydrology, nuclear-waste repository, 308-309 
Hyperthyroidism 
1-131 therapy and cancer incidence, 103-112 
treatment with 1-131,3 

I 

Idaho National Engineering Laboratory 
dose reconstruction projects, 211/ 
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Idaho National Engineering Laboratory— 
Continued 

historical dose evaluation, 214 
Immune system, effect of exposure to 

radiation, 157 
Indoor radon, radiation alarms, 8 
Industry, source of nuclear waste, 284 
Initiation-promotion-initiation (IPI) studies, 83 
Intermediate-level waste, type of nuclear 

waste, 284 
Internal emitters program, 43 
Internal radium and breast cancers, 188 
International Chernobyl Project, medical 

assessment of accident, 162-165 
Iodine, released by Chernobyl accident, 162 
Iodine-131 therapy for hyperthyroidism, 

relation to cancer incidence and 
mortality, 103-112 

Ionizing radiation 
biological, stochastic, and somatic effects, 30 
cancer induction, 110 
chemical changes produced in liquid 

water, 28-29 
definition, 28 
genetic effects of human exposure, 115-131 
interaction with matter, 28-30 
limits for exposure, 31 
opposition to use, 15-16 
study of health effects, 42 
units, 23-28 
See also Radiation 

Irradiated foods 
chemical effects, 93-95 
microbiological safety, 97-98 
radiological safety, 91 
requirement for sale, 90 
safety evaluation, 89-100 
safety recommendations, 95-97 
toxicological safety, 91-97 

J 

Jawbone deterioration in radium dial 
painters, 170 

Joint Expert Committees on Food 
Irradiation (JECFI), recommendations 
on food regulations, 96-97 

Κ 

King County, fallout levels, 7 

L 

Latent period, definition, 150 
Lawrence Berkeley Laboratory (LBL), 

studies of worker populations, 246 
Lawrence Livermore National Laboratory 

(LLNL) 
deaths due to melanoma, 249 
studies of worker populations, 246 

Lead 
activity concentrations in human tissues, 229* 
blood levels after Chernobyl accident, 166 

Leukemia 
association with atomic radiation, 148-149 
association with radiation dose, 251 
employment of affected child's father in 

nuclear plant, 127 
high incidence around nuclear facility, 204 
in atomic veterans, 5-6 
in children of proximally exposed 

parents, 119i 
in Chinese X-ray workers, 220 
in hyperthyroid patients after 1-131 

treatment, 105,106> 
in patients treated with 1-131,4 
in survivors of Hiroshima-Nagasaki 

bombings, 3 
in women radium dial workers, 184-187,194 
incidence after Chernobyl accident, 165 
induction by ionizing radiation, 110 
variation due to fallout levels, 6-7 

Life shortening in women radium dial 
workers, 183-184, 194 

Life Span Study (LSS) 
atomic-bomb survivors, 133 
health effects of exposure, 147 
mortality study, 42 

Lifetime cancer risk related to age that 
radon-progeny exposure stopped, 85f 

Lifetime nuclear power plant load factors, 21 At 
Lifetime risk coefficients for 

radon-progeny exposure of rats, 84f 
Linear energy transfer (LET) radiation, 

dose vs. cancer risk, 36 
Linear-no-threshold model of radiation 

carcinogenesis, 67-77 
Liquid metal reactor (LMR), 270 
Liquidators, exposure to radiation at 

Chernobyl, 162 
Liver, biokinetic parameter for Am and Pu, 63f 
Liver cancer in Chinese X-ray workers, 220 
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Location during atomic-bomb detonation, 
effect on mortality from cancer, 152 

Long-lived radioactive waste, 284 
Los Alamos National Laboratory (LANL) 

radiochemical analysis of tissues, 53 
radiochemistry support for registries, 56 
worker mortality, 249 

Low-level radiation 
health effects on exposed population in 

China, 219-238 
popular perception, 1 

Low-level radioactive waste 
sources, 290-291 
type of nuclear waste, 284 

Low-Level Radioactive Waste Policy Act, 291 
Lung cancer 

animal studies, 79-80 
association with radiation dose, 252 
death rate in China, 9 
effect of radon and smoking, 9 
effect of smoking, 155 
from exposure to radon, 8 
from smoking, 8-10 
in atomic-bomb survivors, 150 
in Chinese uranium miners, 220-221 
linkage between smoking and radon 

exposure, 69-72 
Lung cancer mortality 

and radon exposure, 67-77 
of atomic-bomb survivors, 149 
rates related to exposure to radon in 

homes, 67, 68/ 
Lung tumors 

effect of exposure rate, 81 
lifetime risk coefficient, 84-85 

M 

Malignancies 
children of proximally exposed parents, 

118, 119/ 
from exposure to fallout, 6 
in hyperthyroid patients after 1-131 

treatment, 105, 106/ 
incidence in Chinese X-ray workers, 219 
radiation-related, 4 
risk estimates for Chinese X-ray workers, 220f 
risks in atomic-bomb survivors, 148 
site-specific, risk based on shielded 

kerma, 151/ 
See also Cancer, Lung cancer 

Mallinckrodt Chemical Works, mortality in 
employees, 240, 241-242, 249 

Manhattan Engineer District (MED), medical 
monitoring of workers, 240 

Manhattan Project 
Department of Energy forerunner, 41-42 
health physics program, 5 

Matter, interaction with ionizing 
radiation, 28-30 

Median load factors, various countries, 275/ 
Medical assessment of International 

Chernobyl Project, 162-168 
Medical diagnosis and therapy, use of 

radioactivity, 3-4 
Medical uses of nuclear energy, 17 
Mercury 

blood levels after Chernobyl accident, 166 
study of worker exposure, 248, 249 

Mesothorium, use in radium dials, 171 
Meteorology, nuclear waste repository, 310 
Microbiological safety of irradiated 

foods, 97-98 
Military nuclear test sites, 5-7 
Military^ personnel, effect of exposure to 

radiation, 5 
Mill tailings, type of nuclear waste, 284, 292 
Millstone nuclear power plant, relation to 

high incidence of leukemia, 204 
Miners, incidence of lung cancer, 8 
Miscarriages at time of atomic bombings, 135 
Modular high-temperature gas reactor 

(MHTGR), 269 
Monitored retrievable storage (MRS), 294, 

295/ 296 
Mormons and lung cancer, 8, 9 
Mortality 
after 1-131 therapy for hyperthyroidism, 

103-112 
and distance from hypocenter of atomic 

bomb, 138 
contractor employees at DOE facilities, 

239-258 
effect of parental radiation exposures, 

124/, 125 
from cancer in high-background-radiation 

areas of Yangjiang, 224-236 
minimal doubling dose, 124 
See also Cancer mortality 

Mortality rate due to radon, 70 
Mortality studies, strengths and 

weaknesses, 253-254 
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Mouse radiation genetics data, comparison 
with human data, 126 

Movies depicting horrors of nuclear 
radiation, 16 

Multilevel approach to radon cancer risk 
assessment, 86 

Multiple myeloma 
association with radiation dose, 150,251 
in women radium dial workers, 190,191?, 194 

Multiplicative carcinogenic effect of 
radon and smoking, 10 

Multiplicative risk model for cancer 
induction, 35 

Muscle, biokinetic parameter for Am and 
Pu, 63* 

Mutagens, natural environmental source, 129 
Mutation rate, effect of ionizing radiation, 31 
Mutations 

altering electrophoretic mobility of proteins 
or activity of enzymes, 121* 

caused by irradiation, 98 
in children of radiation-exposed parents, 123 

Ν 

Nagasaki 
characteristics at time of atomic-bomb 

explosion, 134-135 
chronic lymphocytic leukemia, 149 
frequency of death due to exposure to 

radiation, 152-153 
solid tumor incidence, 153 
tumor registries, 157 
See also Hiroshima-Nagasaki 

National Council on Radiation Protection 
and Measurements, recommended 
values of quality factor, 25 

National defense activities, source of 
nuclear waste, 284, 289 

National Human Radiobiology Tissue 
Repository, 56,64 

National Human Tissue Archives, 57, 59 
National Institute for Occupational Safety 

and Health (NIOSH), health and 
mortality study, 44-45 

National Plutonium Registry, 52 
National Research Council 

findings on thyroid cancers, 4 
medical follow-up agency, 5-6 
review of methods to assign radiation 

doses, 6 

Natural background radiation, 2 
Natural barriers, role in geologic 

repository, 297 
Natural gamma radiation, doses for 

50-year-old people in high-background-
radiation areas, 227 

Natural radiation sources, annual 
effective doses in high-background-
radiation areas, 226, 230r 

Natural resources, factor in site characterization 
for nuclear waste repository, 305 

Neoplasms, incidence in persons exposed to 
radiation after Chernobyl, 167 

Neptunium, released by Chernobyl accident, 
162 

Nervous system cancer in hyperthyroid 
patients after 1-131 treatment, 105 

Neutron radiation, genetic effects, 118 
Neutrons, carcinogenicity, 152 
Nevada Test Site 
dose reconstruction projects, 21 If 
nuclear explosion, 5 
nuclear waste repository, 301 
Off-site Radiation Exposure Review 

Project, 209 
News media, effect on public perception of 

risk, 21 
Newton, Carlos E., Jr., plutonium registry, 52 
Nickel, study of worker exposure, 248,249 
Nonmelanomatous tumors of the skin, 

incidence in atomic-bomb survivors, 154 
Nonsmokers, lung cancer, 9 
Nonstochastic effects 

ionizing radiation, 30 
radium exposure, reduced X-ray score, 182 

Norwood, W. Doggett, founding director of 
plutonium registry, 52 

Nuclear energy 
benefits, 17-18 
opposition to use, 15-16 
perceptions, 18-20 

Nuclear explosions, consequences, 18 
Nuclear facilities, evaluating health 

risks in nearby communities, 201-217 
Nuclear fission, generation of electricity, 260 
Nuclear fuel cycle, source of nuclear 

waste, 284 
Nuclear industry workers, mortality, 250 
Nuclear power 

electricity generation, 260, 261, 262-263 
future, 259-264 
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Nuclear power—Continued 
in science fiction, 16 
public opinion, 275-280 
public perception of risk, 20t 
revived interest in U.S., 278-279 

Nuclear power plant accident, Chernobyl 
health assessment, 161-168 
type of reactor, 7-8 

Nuclear power plants 
costs and construction time, 272-273 
demand factors, 279-280 
description by supporters, 260 
new designs, 264-270 
new orders in U.S., 270-271 
performance, 273-275 
under construction, 264/ 
U.S. locations, 290f 

Nuclear power reactors 
characteristics, 27 It 
evolutionary reactors, 265-266 
safety features, 7 
smaller, 266-268 

Nuclear Regulatory Commission (NRC) 
licensing and regulatory functions, 42 
requirements for geologic repositories, 296 
role in site selection for nuclear waste 

disposal, 293 
Nuclear test sites, 5-7 
Nuclear waste, sources and types, 

isolation, disposal, and storage, 283-292 
Nuclear-waste disposal, external oversight 

and societal aspects, 311-313 
Nuclear Waste Fund, 290 
Nuclear-waste management system, 289, 

293-298 
Nuclear Waste Policy Act, 284, 289-290 
Nuclear Waste Policy Amendments Act, 

292-293, 304,312 
Nuclear waste repository 

geochemical environment, 309 
hydrologie conditions, 308-309 
site considerations, 299-301/ 

Nuclear weapons 
public perception of risk, 20/ 
radiation studies, 3 

Nutritional adequacy of irradiated foods, 98-99 
Nutritional quality, effect of irradiation, 99 
Nutritional requirements in animal testing, 93 
Nutritional value of food, effect of 

irradiation, 99 

Ο 

Oak Ridge Associated Universities (ORAU), 
studies of worker populations, 246 

Oak Ridge National Laboratory (ORNL), 
worker mortality, 249 

Oak Ridge Reservation, dose reconstruction 
projects, 211/ 

Occupational exposure to radiation, 4-5 
DOE radiation health studies, 41-49 
See also Chinese workers, Hanford nuclear 

facility, Radiation workers, Women 
radium dial workers 

Office of Health, 44-48 
Operating nuclear units, numbers in 

various countries, 262/ 
Operation Greenhouse, nuclear explosion, 6 
Operation Smoky, nuclear explosion, 5 
Osteogenic sarcoma in radium dial 

painters, 170,171 
Oxford Childhood Cancer Survey, 

findings, 134 

Ρ 

Pacific test site, nuclear explosion, 6 
Pantex Plant, worker mortality, 249 
Parental mutation, contribution to 

childhood cancer, 124 
Pathogens surviving radiation treatment, 

FDA requirements on control, 98 
Person«rem, definition, 27 
Person«sievert, definition, 27 
Phosgene, study of worker exposure, 249 
Physical examinations of persons exposed 

to radiation after Chernobyl, 164-165 
Plutonium 

deposition on soil in Xinjiang nuclear 
test site, 223, 224/ 

improved biokinetic model, 61-63 
production of nuclear weapons, 291 
released by Chernobyl accident, 162 
studies of deposition within the body, 

51-52, 62-63 
Plutonium workers, death due to bone 

cancer, 252 
Polonium, activity concentrations in human 

tissues, 229/ 
Populations at Risk from Environmental 

Pollutants (PAREP), database, 48 
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Populations exposed to low-level radiation 
in China, health effects, 219-238 

Postmortem human tissues 
collection for registries, 59 
research programs, 51-64 

Pregnant women, effect of atomic bombs, 
134-135 

Pressurized light-water reactor, 265 
Primary liver cancer, incidence in 

atomic-bomb survivors, 154 
Probability of survival from radium-related 

tumors, 184 
Probability projection of cancer induction, 35 
Process inherent ultimately safe reactor, 268 
Processing conditions, effect on nutrient 

losses, 99 
Protein mutations, effect of parental radiation 

exposures, 124i, 125 
Protein variants 

due to parental exposure to radiation, 117 
mutational contribution, 123 

Proximally exposed parents, mutation rate, 118 
Public concern with technologies, factors, 

18, 19i 
Public demand for epidemiological studies, 215 
Public fear of radiation, 1-2,276-277 
Public involvement in environmental impact 

of nuclear facilities, 208-209 
Public oversight of nuclear-waste 

disposal, 311-312 
Public perception of radiation, 1-10 
Public perception of radiation risks, 13-22 

Q 

Quantitative modeling of risk data from 
animal studies, 83-86 

Quantity of radioactive material, basic unit, 23 

R 

Rad, unit of absorbed dose, 24 
Radiation 
direct and indirect effects on food, 94-95 
effects at low doses and dose rates, 10 
from natural sources, general exposure, 128 
from nuclear weapons, 3 
hormesis effect, 33, 34f 
ionizing, interaction with matter, 28-30 
natural background, 2 

Radiation—Continued 
public perception, 1-10, 18-20 
See also Ionizing radiation 

Radiation accidents, worldwide tally, 48 
Radiation carcinogenesis, 

linear-no-threshold model, 67-77 
Radiation dose 

and general health, Life Span Study 
sample, 156 

distribution after nuclear accidents, 203 
effect on mortality from cancers, 150-152 
leukemia risk, 148 
recommended limits, 31-32 
relation to cancer mortality, 150-152 

Radiation Effects Research Foundation 
follow-up of mortality in atomic-bomb 

survivors, 133 
founding, 42 

Radiation Emergency Assistance 
Center/Training Site (REAC/TS), 48 

Radiation exposure, See Exposure to radiation 
Radiation health studies, Department of 

Energy, 41-49 
Radiation-induced problems produced by 

Chernobyl accident, 167 
Radiation phobia, impact on beneficial 

role of radiation and radioactivity, 10 
Radiation protection standards for actinide 

elements, 57 
Radiation-related cancer risk, estimates, 

153-154 
Radiation-related cancers 

delay after exposure, 150 
frequency, 149 

Radiation risk 
acknowledgment of public perception, 21 
extraneous modifiers, 155 
public perception, 13-22 

Radiation workers, radiation-related 
malignancies, 4-5 

Radioactive elements released by Chernobyl 
accident, 162 

Radioactive material, basic unit for 
quantity, 23-24 

Radioactive waste 
isolation or disposal, 283 
volumes and radioactivities, 285, 2S6f 

Radioactivity, use in medical diagnosis 
and therapy, 3-4 

Radiocesium fallout, exposure effects, 7-8 
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Radioiodine, therapeutic use, 3 
Radioisotope thermoelectric generators 

(RTGs), 261 
Radiological safety, irradiated foods, 91 
Radiolytic products, unique, formed in 

irradiated foods, 96 
Radionuclides 

blood levels after Chernobyl accident, 166 
concentration in high-background-radiation 

areas, 225-226/ 
environmental background radiation, 2 

Radium 
acute vs. chronic effects, 171 
comprehensive studies of health effects, 172 
destruction of bony tissue, 181 
health effects, 176-193 
ingestion by radium dial painters, 170 
internally deposited, chronic effects, 193 
metabolism and dosimetry, 173-175 
poisoning, signs, 169 
residual burden, 175/ 
specific activities in human teeth and 

contents in bones, 229/ 
systemic intake, 175 
tolerance level, 172 
transfer in body tissues, 174 

Radium Dial Painter Study, archival 
materials, 57 

Radium dial workers, women, health 
studies, 169-198 

Radon 
and smoking 

lung cancer mortality, 69-71 
relationship for various cancers, 72 

biological effects, 81 
cancer risk assessment, 86 
effects seen in animals but not humans, 87 
from radium radioactive decay, 174 
hazards of indoor exposure, 79-80 
health effects data, 80-82 
in mill tailings, 292 
in the home, 8-10 
public perception, 20/ 
relationship to lung cancer, 72 
report on health risks, 69-70 

Radon carcinogenesis, use of rat model to 
elucidate mechanism, 87 

Radon daughters 
concentration in tin mines, 223 
in underground mines, 221 

Radon decay products, effects, 81 

Radon exposure 
and lung cancer mortality, 67-77 
association with organ cancers, 82 
cancer risk studies in animals, 79 
factors influencing risk of cancer, 82-83 
synergism with cigarette-smoke exposure, 83 

Radon-induced cancer in experimental 
animals, 80 

Radon-progeny exposure of rats, lifetime 
risk coefficients, 84/ 

Rat model, in assessing cancer risk, 86 
Reactor cooling, approaches, 267 
Recessive oncogenesis model, cancer 

predictions, 86 
Recombinant DNA technology, public 

concern, 18 
Reduced X-ray score vs. systemic intake 

for women radium dial workers, 182/ 
Regional variation of natural background 

radiation, 2 
Registries, See U.S. Transuranium and 

Uranium Registries 
Relative risks of selected technologies, 20/ 
Reprocessing plants, commercial facilities, 287 
Research laboratory activities, source of 

nuclear waste, 284 
Residual burden of radium, 175/ 
Respiratory tract cancer and radon 

exposure, 82-83 
Richland, Washington, residents, plutonium 

levels found in postmortem tissue 
sampling, 51-52 

Risk assessment, alternative to 
epidemiologic studies, 205-207 

Risk-benefit balance of nuclear energy, 17-18 
Risk factors, cancers, 155 
Risk in subpopulations, factors, 34 
Risk information, communication, 20-21 
Risk modeling of animal data, 83-86 
Rocky Flats 
assessment of health risks, 213-214 
deaths due to brain tumors, 249 
dose reconstruction projects, 211/ 

Rocky Mountain regions, cosmic ray 
exposure, 2 

Roentgen, definition, 24 

S 

Safety of irradiated foods, evaluation, 
89-101 
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Salivary gland tumors, incidence related 
to radiation dose, 150 

Savannah River Plant 
dose reconstruction projects, 21 It 
studies of worker populations, 246, 249 

Science, society, and nuclear waste, 283-313 
Science fiction, themes based on horrors 

of nuclear power, 16 
Screening models, levels of effort, 207 
Seismicity, Yucca Mountain, 305, 307 
Sellafield data, childhood leukemia and 

father* s employment in nuclear 
processing plant, 127-128 

Severe anemias 
in women radium dial workers, 184, 186 
incidence in radium dial painters, 169,170 

Sex-chromosome abnormalities in children 
of radiation-exposed and unexposed 
survivors of Hiroshima and Nagasaki, 120? 

Sex-chromosome aneuploids, effect of 
parental radiation exposures, 124; 

Sex-chromosome aneuploidy, children of 
proximally exposed parents, 120 

Sievert, definition, 25 
Sinus carcinomas in radium dial painters, 171 
Site characterization 

nuclear waste disposal, 293 
Yucca Mountain, 298-301 

Site-specific cancer mortality, occupational 
exposure, 251 

Site-specific cancers 
incidence in high-background-radiation 

areas, 232i, 233* 
risk based on shielded kerma, 151i 

Skeletal damage, standardized scoring 
system, 182 

Skeletal impairment from exposure to 
radium, 181-183 

Skeleton, biokinetic parameter for Am and 
Pu, 63f 

Skin cancer in Chinese X-ray workers, 220 
Smoking 
cancer risk factor in hyperthyroid 

patients after 1-131 treatment, 109 
cause of lung cancer, 8-10 
cofactor for risk to radiation exposure, 

34-35, 155 
prevalence as confounding factor in 

epidemiological studies, 73 
prevalence in patients with 

hyperthyroidism, 110 

Smoking and radon 
lung cancer mortality, 69-71 
multiplicative carcinogenic effect, 10 
relationship for various cancers, 72 

Smoking frequency, Bureau of Census 
survey, 70-71 

Socioeconomic variables that may affect 
smoking frequency, 71 

Soil radioactivity, environmental 
background radiation, 2 

Soils in high-background-radiation areas, 
radionuclide content, 225, 226/ 

Solid tumors, incidence in atomic-bomb 
survivors, 153-154 

Somatic effects, ionizing radiation, 30 
Source terms, definition, 207 
Soviet data about Chernobyl accident, 

review, 163-164 
Space propulsion, use of nuclear power, 261 
Spent fuel 

current and projected amounts, 288i 
geologic repository, 296 
sources and decay, 285 
transportation, 298 
type of nuclear waste, 284 

Standardized mortality ratio (SMR) for 
nuclear test participants, 6 

State Health Agreement program, 
epidemiologic research, 46 

Statistical power of epidemiologic studies, 203 
Statistics, problems and pitfalls of small 

numbers, 36 
Stillbirths at time of atomic bombings, 135 
Stochastic effects 

ionizing radiation, 30 
uncertainties in establishing risk, 31-33 

Stomach cancer in thyroid cancer patients 
treated with 1-131, 110 

Storage concepts, MRS facility, 294 
Stratification to explain discrepancy, 74-76 
Stress, incidence after Chernobyl 

accident, 166, 167 
Strontium 
deposition on soil in Xinjiang nuclear 

test site, 223, 224f 
released by Chernobyl accident, 162 

Subpopulations, sensitivity to radiation, 33 
Surface-based investigations of potential 

nuclear-waste repository, 299 
Surviving pathogens after radiation treatment, 

FDA requirements on control, 98 
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Swedish population, relationship of cancer 
incidence and mortality after 1-131 
therapy for hyperthyroidism, 103-112 

Systemic intake of radium, 175 

Τ 

T-cell leukemia, occurrence in Japan, 149 
Task 4, International Chernobyl Project, 

162-165 
Tectonic activity, Yucca Mountain, 307 
Tectonic events, factor in site characterization 

for nuclear-waste repository, 305 
Test design for irradiated foods, animal 

studies, 92, 94 
Thorium isotopes, concentrations in human 

lung tissue in high-background-radiation 
areas, 229/ 

Three Mile Island, dose reconstruction 
projects, 210-212 

Thyroid cancer patients, risk of stomach 
cancer after 1-131 treatment, 110 

Thyroid disease 
in atomic-bomb survivors, 150 
treatment, 4 

Thyroid gland, effects in persons exposed 
to radiation after Chernobyl, 166 

Thyroid neoplasia, feasibility analysis, 
208-209 

Thyroid tumors 
incidence in atomic-bomb survivors, 154 
incidence related to radiation dose, 150-151 

Time-since-exposure effect in radon 
carcinogenesis, 83-86 

Tin miners, exposure to radon daughters, 221 
Tissue collection protocol, USTUR, 59,60/ 
Tissue registries, Hiroshima and Nagasaki, 157 
Tissue weighting factors, 26/ 
Tobacco smoking, See Smoking 
Toxicological principles, food safety, 95 
Toxicological safety, irradiated foods, 91-97 
Transportation, spent fuel and high-level 

radioactive waste, 298 
Transuranic waste 

sources and geologic disposal, 291-292 
type of nuclear waste, 284 

Transuranium, U.S. registry, 51 
Tuff 

engineering material, 308 
Yucca Mountain region, 304 

Tumor(s) 
incidence after Chernobyl accident, 165 
solid, incidence in atomic-bomb 

survivors, 153-154 
Tumor production, antagonistic effects of 

alpha-radiation and cigarette smoke 
exposure, 83 

Tumor registries, Hiroshima and Nagasaki, 157 
Tumorigenic potential of radon exposure, 

effect of exposure rate, 82-83 
Two-mutation recessive oncogenesis model, 

cancer predictions, 86 

U 

Underground investigations of potential 
nuclear-waste repository, 299 

Unexpected pregnancy outcome (UPO), 
effect of parental radiation exposures, 124/ 

Unique endpoint of cancers, 36 
Unique radiolytic products formed in 

irradiated foods, 96 
Units of measure of radiation, 23-36 
Universities, source of nuclear waste, 284 
Untoward pregnancy outcome (UPO), 

atomic-bomb survivors, 116-117 
Uranium, U.S. registry, 51 
Uranium dust exposures, DOE worker 

populations, 251/ 
Uranium hexafluoride exposures, DOE 

worker populations, 251/ 
Uranium miners 

in China, incidence of lung cancer, 
220-221 

incidence of lung cancer, 8 
smoking as risk factor, 34 

Uranium ore mining and milling, source of 
nuclear waste, 284 

U.S. government policy, restrictions on 
dose of occupational exposure to 
radiation, 128 

U.S. Transuranium and Uranium Registries 
(USTUR), 51-64 

collaborators, 58/ 
current management and operation, 54-55 
history, 52-54 
operation, 57-60 
tissue collection protocol, 59-60 

U.S. Uranium Registry (USUR), 53 
Utah, nuclear fallout levels, 6 
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ν 
Volcanic activity, Yucca Mountain, 305, 306 

W 

Washington State University (WSU), DOE 
grant, 54-55 

Waste-management system 
challenges for nuclear waste, 283-284 
with monitored retrievable storage 

facility, 295/ 
Water, chemical changes caused by ionizing 

radiation, 28-29 
Water reactors, significantly different, 

268-269 
Watkins, James D., Secretary of Energy, 44 
Welded tuff, Yucca Mountain region, 304 
Whole-body exposure to ionizing radiation, 

maximum permissible, 31 
Whole-body radiation, medical use, 3 
Whole-body retention of radiation, 

empirical relationship, 174 
Women, lung cancer from smoking, 8 
Women radium dial workers 
acute and chronic health effects, 171 
amount of radium ingested, 175 
breast cancer, 187-190 
comparison of mortality with estimates 

of external radiation dose, 190 
follow-up groups, 172 
health studies, 169-198 
incidence of cancers of body sites 

directly exposed to radium, 190-191 
incidence of leukemia, 184-187 
incidence of multiple myeloma, 190 

Women radium dial workers—Continued 
life shortening, 183 
manifestations of radium poisoning, 170 
skeletal impairment, 181-183 

Worker Health and Mortality Study, 43-44 
Working level, definition, 27-28 
Working-level month, definition, 81 

X 

X-ray workers, Chinese, incidence of 
malignant tumors, 220 

X-rays, public perception of risk, 20* 
Xinjiang nuclear test site, dose 

assessment and health survey, 223 

Y 

Yangjiang, cancer mortality in 
high-background-radiation areas, 224-236 

Yucca Mountain 
climate, 310 
description, 304-306 
environmental assessment, 303 
geoengineering properties, 308 
geohydrology, 308-309 
geologic history, 305 
geologic structure, 307 
groundwater basins, 309 
site characterization plan, 299-301* 
site map, 306/ 

volcanism, faulting, and seismicity, 306-308 

Ζ 

Zirconium, released by Chernobyl accident, 162 
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