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Dedication

Harry Kornberg Herbert Parker

At the Symposium banquet, Harry Komberg and Herb
Parker were honored as founders of the Hanford Life Sci-
ences Symposia. Since the symposium, both of these men
have passed away. We felt it appropriate, therefore, to dedi-
cate these proceedings to them. Bill Bair delivered the
following description of their scientific and leadership
achievements and presented plaques honoring both men.
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Recognition of HA Kornberg and HM Parker
byWJBair

Over the years, the Hanford Life Sciences Symposium has
grown and sustained itself as a true scientific forum promoting
technical debate and international exchange. We believe it has
become recognized for promoting the sharing of environmental
and health-related research results in a timely manner and has
enhanced discussion in controversial areas. We believe it has
become a bridge between the rich reservoirs of science, technol-
ogy and expertise on the one hand, and the application and
educational sectors on the other. Even, on occasion, sociopolitical
issues have been aired.

We admit to a certain bias, but we believe that by almost all
criteria this symposium series has been a resounding success.
These of us who have been privileged to participate in the sym-
posia by serving as general chairman, speaker, session chairman
or by listening to the papers have been enriched. The symposia
have provided opportunities for us to meet scientists from all over
the world, and lasting friendships have resulted. They have also
contributed to the advancement of our scientific and professional
careers. And I don't speak just of our own scientists, but of
participants from outside Hanford as .well.

The symposia have also made a significant contribution to the
technical literature. Papers presented at the first symposium are
still cited. This suggests that not only were the papers good, but
the topics are just as timely now as then.

Accomplishments such as this symposium series do not just
happen. Someone had to conceive the idea and implement it. It
takes more than one person to implement something as ambitious
and successful.

Roy Thompson and I agreed that this twenty-third of the
symposia series was an appropriate time to recognize and honor
the founders of the Hanford Symposia, Harry Kornberg and
Herbert Parker.

Harry Kornberg was the first manager of Biology at
Hanford — appointed by Herb Parker in 1948 as manager of the
Biology Section o? General Electric's Radiological Sciences De-
partment. He held that position for twenty years, during which
period its staff gk-ew to mo?ne than 150 persons; it became the
Biology Department of Battelle's Pacific Northwest Laboratories,
and it spawned a separate Ecosystems Department.
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Harry is a biochemist — born in Chicago — with a B.S.
degree in chemistry from the University of Illinois, an M.S.
degree in organic chemistry from Washington State, and a
Ph.D. degree from the University of Texas, where he and Roy
Thompson toiled together in Roger Williams' laboratory.

It was my privilege to succeed Harry as manager of the
Biology Department — a hard act to follow — when he was
appointed Associate Manager of the Environmental and Life
Sciences Division of Battelle-Nortnwest. He left this position to
join the Electric Power Research Institute in 1974, where he
organized their Environmental Assessment Program. He be-
came particularly involved in studies of the biological effects of
electric fields. From 19/9 until his retirement last year, he was
assigned by EPRI to work with the Bonneville Power Adminis-
tration in the design of epidemiologic studies of workers in
high-voltage electric fields.

Under Harry's management, the Biology Department pro-
vided a stimulating environment for research. Although our
laboratory was far from centers of learning and research, and
thirty miles out on the Hanford reservation, Harry made cer-
tain that we were not isolated intellectually. He left the
laboratory numerous legacies; two are especially relevant to
this symposium. Harry initiated research on radionuclide
metabolism and on inhalation toxicology in the late 1940s and
early 1950s. These are still major efforts in the Laboratory
today.

We remember Harry for many things — for his accordion
playing, for his driving habits, for high-fidelity sound systems,
for archery, for his aeronautical achievements, for "observed
ratios"; and not least, for his fathering of the Hanford Life
Sciences Symposia — for which we honor him this evening.
Harry is not known for doing anything "half-way." Whether it
is a hobby or science, Harry goes at it with total enthusiasm
and dedication. The Hanford Life Sciences Symposia were no
exception.

The exact events leading to the first symposium, in 1962,
are shrouded in the mists of time. But it is certain that without
his instigation and encouragement, this series of symposia
would not have happened.

Herb Parker came to Hanford in 1944 to assume responsi-
bility for radiation protection of the many thousands of
workers. Glen Seaborg has said that Herb came here because
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he was the only person capable of coping with the extraordi-
nary problems associated with mass production of the new
element, plutonium. After the war, Herb remained at the
Hanford Site, becoming Manager of the Hanford Laboratories
under the Genera) Electric Company. This was the research
component of the Hanford plant with a $100M facility that
became Pacific Northwest Laboratory when Battelle Memo-
rial Institute took over the operating contract in 1965.
Radiological physics and radiation biology research at Han-
ford began as a result of Herb's recognition of the need for a
strong research program to support radiation protection ef-
forts.

Herb's career began as a physicist at the Holt Radium
Institute in Manchester, England in the early 1930s. His re-
search there led to the development of the Paterson-Parker
radium therapy method, a technique still in use. In the late
1930s, he moved to the Swedish Hospital Tumor Institute in
Seattle to do research on the application of deep radiation
therapy. This resulted in publication of a text, Supervoltage
X-rays. In 1942, Herb became associated with the Manhattan
Project, at the University of Chicago.

He was at Oak Ridge, briefly, before he came to Hanford. I'll
take this time to mention only a few of the many honors that have
been bestowed upon Herb. He was elected to the National
Academy of Engineering. He has received the Janeway Award of
the American Radium Society, the Distinguished Achievement
Award of the Health Physics Society, the William D. Coolidge
Award of the American Association of Physicists in Medicine, and
he was the first lecturer in The Lauriston S. Taylor Lecture Series
of the National Council on Radiation Protection and Measure-
ments. Herb has always been in the forefront of radiation
protection, introducing many of the concepts and practices that
have been so effective in protecting workers in the nuclear indus-
try. I know from personal experience that he is still making
innovative contributions.

Hsrb has had a very positive influence on those of us who
have been privileged to work with him and to know him as a
friend. He was a formidable boss. His low tolerance for stupidity
and carelessness was well known. His superb command of the
English language set a high standard for the Laboratory. He is a
very effective communicator in all ways. The expression on his
face can be more eloquent than the words he utters with such
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great panache. As a perfectionist, Herb kept us on our toes. Only
the very foolish would challenge him on an issue without doing
their homework. However, we learned to appreciate that perfec-
tionism. It not only made us better scientists, but also in the
present context exercised a strong positive influence on the quality
of our symposia.

Like Harry, Herb is also remembered for many things. He
has a passion for sports cars. His Sunbeam was easily recognized
by friendly guards who would call to warn us of his surprise visits
to our laboratory in the 100F reactor area. This was later replaced
by a Datsun 240Z, which he stopped driving and put up on blocks
when he heard it was a collector's item. I will always admire his
attempt to add a touch of beauty to the sand, rocks and asphalt of
the 300 are?, with prize-winning irises from bis and Margaret's
spectacular collection.

Herb downplays his contributions to the Hanford Life Sci-
ences Symposia. However, it is obvious to us that he lent
important support to Hany's efforts in the early years. Further-
more, he has continued to be an advocate of the symposia,
providing invaluable advice and suggestions as well as construc-
tive criticism.



Preface

In the absence of data on effects in humans from exposure
to low doses of ionizing radiation, life-span studies in a
variety of animal species, using a variety of radiation
sources, have been funded by several U. S. government agen-
cies and by agencies of other governments. These studies use
large numbers of animals, some of which may live for IS
years or longer; they represent a substantial investment of
time and money. Despite this effort the results from these
studies have found relatively little application in the develop-
ment of radiation risk factors for various organs of man, as
promulgated by such groups as the United Nations Scientific
Committee on the Effects of Atomic Radiation
(UNSCEAR), the International Commission on Radiological
Protection (ICRP), or in the United States by the National
Academy of Sciences Committee on the Biological Effects of
Ionizing Radiation (BEIR). Are these animal data of so lit-
tle value? Have we been doing the wrong experiments? Have
we not learned how to most appropriately interpret our
data? The Twenty-Second Hanford Life Sciences Sympo-
sium was convened to explore this kind of question.

The Symposium was held in Richland, Washington, Sept.
27-29, 1983. It was sponsored by the U. S. Department of
Energy and by Battelle Memorial Institute, Pacific
Northwest Laboratories. Approximately ISO registrants from
seven countries represented more than 30 laboratories and
funding agencies. Fifty papers were presented, of which 47
are included in these Proceedings.

An unusual feature of this Symposium was the panel of
three eminent statisticians, Kenny Crump, Leon Rosenblatt,
and Marvin Schneidennan, who critiqued papers as they
were presented and led summary discussions covering each
session. This proved to be an effective method of stimulating
and focusing discussion.
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All discussions were recorded, and ths transcriptions
appear in this volume; they are minimally edited, only to
improve clarity or to eliminate repetition. Such discussion
follows individual papers and in a more extensive form fol-
lows each Session of papers. Papers appear in the order
presented at the meeting. Those dealing with experiments
from the same laboratory are usually grouped together.

The first six papers are overviews describing major pro-
grams of life-span studies in six U. S. laboratories. The
remaining presentations deal with more specific aspects of
individual experiments.

It has seemed to us that these life-span animai studies
can be ultimately useful in any, or all, of three basically dif-
ferent ways. First, we might hope to accumulate sufficient
data in a variety of species to become convinced that these
data could be directly applied to man or applied with some
mechanistically, physiologically, or other confidently derived
correction factor. We seem to have some prospect of achiev-
ing this objective for a few of the most studied radionuclides
such as plutonium and radon and daughters. There are
always some aberrant species, however. As reported in this
Symposium, burros seem immune to any kind of radiation-
induced cancer, as are hamsters, under many circumstances,
to lung cancer.

A second way of utilizing the results of life-span animal
data would be to use the extensive and detailed information
potentially available from such experiments, in acquiring a
basic understanding of mechanisms of radiation damage.
Thus the aberrant burro and hamster data just mentioned
could be most useful if they led to an understanding of why
these species respond differently from others. Such under-
standing might enable us to predict, with some assurance,
whether man would be apt to respond to ionizing radiation
in ways that were more like the burro or more like the bea-
gle. The potential data from these studies afford many such
exciting opportunities. Unfortunately, the cost of the basic
study, with its original, narrowly focused objective, is so
large that funding agencies are loath to supply the additional
funds required to explore these ancillary possibilities. This
problem was repeatedly voiced at the Symposium, and the
desirability of intensive and cooperative use of the experi-
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smaller relative to those observed in controls and as the
period of observation becomes longer. The lesson to be
learned is not that all such biases can be avoided—some that
we may know how to avoid today were not so well appreci-
ated 10, 15* or 20 years ago when some experiments still in
progress were started. Often we have only a choice of which
bias to accept; for example, do we bias our female beagle
results by removing mammary glands before exposure, by
removing mammary tumors as they develop, or by losing
animals through early deaths from spontaneous mammary
tumorz? The important thing is that these biases be recog-
nized and allowance made for them in the interpretation of
results.

The problem of unappreciated bias is particularly prev-
alent when, as often happens in these studies, data are inter-
preted by persons or groups not involved in the collection of
the data. The cooperation of diverse groups in such interpre-
tation is certainly to be encouraged—several samples of it
were cited in our Symposium—but every effort should be
made to irvolve the data collector in such interpretations. It
was stressed that no matter how detailed the published data,
some information always remains unpublished and is known
only to the experimenter.

It was suggested several times that it might be useful to
establish some basic statistical guidelines, i.e., a minimum
set of procedures that would be required in any analysis of
life-span data. These suggestions were not followed up, how-
ever, and contrary opinions arose to the effect that no con-
straints should be placed on the scientist's judgment regard-
ing the proper approach to the analysis of his partkul&r
data. A corollary to the latter position, however, would be
that the collected raw data should be available to anyone
washing to use a different analytical approach.

General agreement prevailed that discussions such as
those held at the Symposium were useful and that persons
engaged in life-span radiatioc effects studies should meet at
regular intervals to compare progress and procedures. This
would seem particularly appropriate in the case of the U. S.
beagle studies which in many respects can be thought of as
separate facets of a single experiment.

As organizers of this Symposium and as editors of these
Proceedings, we wish to thank the authors, the statistics
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mental resource was stressed, perhpps through funding of
different aspects of the study by different agencies.

Still a third useful purpose might be served by these
studies, even though the data may not permit confident
extrapolation to the human and may afford little in the way
of basic understanding. Such a scientifically disappointing
study might nevertheless offer essential reassurance to the
decision maker, whc has no alternative but to make some
kind of decision and who can at least point to the fact that
an effort was made to study the problem and that same
qualitative assurance is afforded by the observation of no
biological effects or of no unexpected effects. The political
importance of such qualitative observations should net be
underestimated; they have provided a sufficient basis for
most past decisions. Our usual emphasis on statistical preci-
sion may often obscure the more important political and
human issues.

Undoubtedly, the most important contribution of the
Symposium consisted of the new ideas and new approaches
provided to the participants both by the authors of the
papers presented and by the discussions with the statistics
panel. If there could be said to be a single prevailing theme,
it might have been the importance of not neglecting the fac-
tor of time in the evaluation of the dose-response relation-
ships. The day has passed when raw incidence data cm be
reported, evsn as preliminary data, without raising critical
questions of when, in relation to exposure, the effect
occurred. It not only makes an obvious difference to a person
whether he dies early or late, but it also is critically impor-
tant to any mechanistic modeling of the effect or to any sta-
tistical interpretation of uncertainties. This same criticism
can be directed at most current formulations of cancer risk
to man, which are couched in such terms as cancer deaths
per million man-rems, ignoring the time factor. A measure
of years of life lost per million man-rems would seem to be a
more pertinent measure of detriment and a better basis for
the establishment of permissible-exposure limits.

Much caution was expressed concerning the myriad
unforeseen and possibly unappreciated biases that might
influence an experimental result. These become of increasing
concern as the effects to be evaluated become smaller and
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panel, and other participants who contributed so largely to
the success of the Symposium. Special thanks are due Patty
M. Brasilia, the Symposium Secretary, and V. Glenn Horst-
man who was responsible for operational aspects of the Sym-
posium. We are once again indebted to Mary N. Hill for her
skillful efforts in the initial editing of this volume and to oth-
ers of the editorial and publishing staffs at the Department
of Energy's Office of Scientific and Technical Information in
Oak Ridge, Tennessee.

Roy C
M y A. Makaffcy
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Life-Span Radiation Effects Studies in
Prerataily and Postnatally Exposed Beagle
Dogs at Colorado State University

S. A. BENJAMIN/tt A. C. LEE,«t G. M. ANGLETON.'t R. S. JAENKE,**
W. J. SAUNDERS,** G. K. MILLER,'* and R. D. BREWSTER't
•Collaborative Radiological Health Laboratory; tDejwrtjncnt of Radiology and Radiation
Biology and ^Department of Pathology; College of Veterinary Medicine and
Biomedical Sciences, Colorado State University, Fort Collins, Colorado

ABSTRACT

The lifetime hazards associated with exposure to ionizing radiation during development are
being studied in 1680 beagle dogs given whole-body exposures to *°Co gunma radiation.
Eight groups of 120 dogs <*ch received 20-R or 100-R exposures at 8, 28, or 55 days
postcoitus (dpc) or at 2 days postpartum (dpp). In eddition, exposures of 100 R were given
to 120 dogs At 70 dpp and to 240 dogs at 365 dpp. An additional 360 dogs were sham
exposed. Smaller groups of dogs were used to identify organs and tissues of particular sensi-
tivity to radiation injury during development and to evaluate mechanisms of radiation injury.
The research is concerned primarily with evaluating the role of age at exposure as a factor
influencing response to radiation mjury.

As of Dec 31, 1982, of the 1680 dogs, 1058 were dead. Survivors ranged from 9.9 to 15
years of age. Through 10 years of age, no differences in survival were evident in any exposure
groups.

A variety of clinical, pathophysioiogic, and pathologic responses have baen studied. Irradi-
ation during development has been found to be asaoci&ted with abnormalities of skeletal, den-
tal, and central nervous system devetopmeat. Irradiation during ocular development has
induced dysplastic and airophic retinal lesions. Perinatal irradiation of the kidney has resulted
in dysplasia, and, in animals receiving higher doses, significant chronic renal disease. The thy-
mus gland, particularly thymk epithelium, has been found to be highly radiosensitive during
fetil development.

The potential effects of ionizing radiation on human populations have been
of public concern for many years. More recently, these concerns have been
heightened with respect to the effects of low levels of exposure. Although a
great deal is known about the injurious effects of irradiation, considerable
uncertainty remains about low-dose effects and the interaction of varous
factors that may modify these effects. It is well established that age at



2 BENJAMN ET AL.

radiation exposure has a profound effect on the outcome for both noncarci-
nogenic and carcinogenic somatic effects (Houston and Shokeir, 1977;
Beebe, 1979; Advisory Committee, BEIR, 1980; Brent, 1980; Boicc, 1981).

Considerable research has been done on the effects of irradiation on
the developing mammalian organism (Hoffman, Felten, and Cyr, 1981).
The periods of prenatal life, neonatal life, and childhood are of particular
interest in this respect. The existence of several interacting factors, such as
dose, dose rate, duration of exposure, species, sex, and length of follow-up,
has led to considerable inconsistency among inferences from different
experimental studies. It is clear that, for some noncarcinogenic effects, the
embryo and fetus are at greatest risk from radiation exposure. With
respect to cancer induction, however, this association k not clearly es-
tablished.

The Collaborative Radiological Health Laboratory (CRHL) at
Colorado State University has been conducting long-term animal
experiments for the purpose of determining the lifetime hazards associated
with prenatal and ear-y postnatal exposure to ionizing radiation. These
include parallel short-term and life-span studies in beagle dogs given a sin-
gle exposure to external ^Co gamma radiation. The major objective of the
experiment is the evaluation of age at exposure as a factor influencing
response to radiation injury.

MATERIALS AND METHODS

The beagle dogs used in these experiments have been derived from a
breeding colony at the CRHL. The dogs are housed in outdoor kennels
and are fed dry food and water ad libitum unless there is a medical reason
to change the diet for individual dogs. All dogs are observed daily and are
given complete annual physical examinations. In case of illness, the dogs
are given more frequent examinations as required. All dogs that die, which
are euthanatized or which are sacrificed at predetermined ages, are given
complete gross and histological examinations. Ail diagnoses and analyses
of treatment effects are made without prior knowledge of experimental
grouping.

In the life-span experiment, 1680 male and female dogs (in equal
numbers) received either a single whole-body exposure to wCo gamma
radiation or a sham exposure. All exposures were bilateral for a total of 10
min. Dogs were exposed or sham exposed at 8, 28, or 55 days postcoitus
(dpc) or at 2, 70, or 365 days postpartum (dpp). The irradiation was
either 20 or 100 R measured as the midline in-air exposure (Table 1).
The detailed procedures for exposures and dosimetcry have been reported
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TABLE 1

Experimental Design: Iife-Span Effects of Whole-Body
Gamma Irradiation in 1680 Beagle Dogs

Age at

toys

8§
28§
55§

81
701

3651

Total number
of dogs

L»

40
40
40

40
40
40

240

0

st
Preaatalei

20
20
20

PoatMtel e:

20
20
20

120

ExpoMcR

20

V

80
80
80

Kpotwe

80

320

st
\

40
40
40

t
40

160

L*

80
80
80

80
80

160

560

100

st

40
40
40

40
40
80

280

*L: Number of dogs scheduled for life-span observation.
tS: Number of dogs scheduled for sacrifice at 5, 8, 11, or 14

years of age.
(Equal numbers of males and females were in both L and S

groups.
gPostcoitus.
IPostpartum.

(Angleton and LoPrcsti, 1977; Angleton, 1978). The mean absorbed doses
for dogs in the life-span experiment are given in Table 2. The overall
mean dose for dogs exposed at 20 R was 0.16 Gy and for dogs exposed at
100 R was 0.83 Gy.

The dogs were entered into the study over a more-than-5-year period
from 1967 through 1973. Two-thirds of the animals were to be maintained
for the duration of their natural lives, whereas the remaining one-third was
to be sacrificed for sequential study u 5, 8, 11, or 14 years of age.

Parallel short-term experiments have been performed to supplement the
life-span study. These have included a wider range of exposures, to exam-
ine effects occurring within a shorter time after exposure than would be
possible with the life-span experiment. These short-term studies were
designed (1) to serve as a preview of events expected later in life after
smaller doses or (2) to better elucidate the mechanisms of effects which
had been seen in previous studies. In the largest ancillary short-term study,
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TABLE

Exposure sad Don* Smnnurv Stu

Ace &t
estpoove,

day.

Controls
(aU ages)

8f
28t

55t
2$

8t
28t
55t

2*
70*

365t

ETAL

2

trifttfcfl

Whoie-Buly Gamma IrroitttttioB

Naaber
exposed

359*

120
120

120
120

120
120
120

120
116*
231*

Meaa exposure
(note),

R

0

20.0(17.1-22.0)
20.0(17.4-21.4)

20.0 (18.7-21.0)
20.0(19.4-21.5)

101.3(93.2-119.3)
101.3(94.9-113.2)
101.1 (91.0-107.9)

101.5 (95.0-109,1)
99.5(92.5-111.5)

100.0(90.2-117.2)

*

0.159
0.160

0.156
a 175

0.816
0.808
0.808

0.383
0.826
0.812

: Iife-Snui Effects of9 4VV4MV V̂ HypwWJi ^•vsw^r W v v W

is Beagle Dogs

Me(rufe),
Gy

0

(0.154-0.164)
(0.154-0.169)

(0.151-0.162)
(0.173-0.178) ,

(0.746-0.926)
(0.774-0.938)
(0.753-0.900)

(0.865-0.900)
(0.813-0.839)
(0.769-0.902)

MeuabMwbed
dooefor najor

Gy

• 0.163

0.826

'Excluding 12 dogt that died before irradiation or iham exposure.
tPoatcoitus.
$?o»tputuin.

330 animals received a single whole-body exposure or sham exposure at 8,
28, or 55 dpc or at 2 dpp, with exposure conditions similar to those out-
lined above. Table 3 outlines the design of this experiment. Animals sur-
viving the first 60 days of life were assigned to one of four subgroups. The
subgroups were scheduled for sacrifice at 70 days, 2 years, or 4 years of
age, and one group was available for other testing procedures. Doses
ranged from 0 to 3.5 Gy. In other smaller short-term studies, dogs were
given similar doses at similar and different gestational and postgestational
ages.

A variety of responses have been evaluated in t**c beagles from these
experiments, including survival, growth and development, physiological
functions, and disease incidence patterns. Statistical evaluation of survival
data is based on the method of Kaplan and Meier (1958). Further discus-
sion of statistical analysis of survival and disease-incidence data is Included
elsewhere in this volume (Benjamin a al., 1986; Angleton, Lee, and Benja-
min, 1986).
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TABLES

Experimental Desiga of Sappfenefltary
Short-Tern Experiment: Effects

of Whole-Body Guam* Irradiation
in Beagle Dogs

Age at
txfuwmt,

toys

Controls

8*
28*
55*
2t

FTpwt
nwtc

R

0

180 to 270
125 to 270
220 to 330
330 to 435

No. of
**»

64

61
65
59
81

*Poftcoitus. tPottpartuiB.

RESULTS

The results reported here are a composite of those obtained from the
life-span and short-term studies. Only noncarcinogenic effects are consid-
ered in this overview; carcinogenic effects are considered elsewhere in this
volume (Benjamin et alM 1986).

Survival in the Life-Span Study

As of Dec. 31, 1982, the dogs in the life-span experiment ranged from
9.9 to 15 years of age. A total of 1058 of the 1680 animals were dead
(Table 4), including 329 dogs in sacrifice groups and 729 dogs that died
or were euthanatized because of terminal illness. The mean age of the 622
live dogs was 12.1 years. Dogs were not entered icto the study all at one
time, and differences in age distribution among the various treatment
groups exist (Table 4). Table 5 contains the cumulative probabilities for
survival through 10 years of age. No significant decrease in survival is
evident through this time. Because of the number of spontaneous deaths,
it is now evident that not enough dogs will remain alive for a meaningful
14-year sacrifice group. The S-, 8-, and 11-year sacrifice groups are essen-
tially complete, and the remaining dogs are being held for life-span obser-
vation.
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TABLE 4

Survival Status of life-Spu Study in Beagle Dogs Exposed to
Whole-Body Gaona firradktioa

(Status as of Dec. 31,1982)

Ate at
expoMre,

days

Controls
(all ages)

8t

28t

55t

2*

70*

365*

Total

Dote

Gy

0

0.16
0.83

0.16
0.83

0.16
0.S3

0.16
0.83

C.83

0.83

155 (1)*

36
42

59
38

53
58

57
SO

54(2)

127 (9)

729

Naaberfcaita

sacrifice sjrotp

84

20
19

21
22

22
24

23
22

24

48

329

Naafceraead/
total m a t e

239/360 (66)

56/120(47)
61/120(51)

80/120 (67)
60/120 (50)

75/120 (63)
82/120 (68)

80/120 (57)
72/120 (60)

78/120 (65)

175/240 (73)

1058/1680 (63)

MeHsseof
•arriron (raafe),

years

12.6 (9.9-15.0)

11.5(10.6-13.6)
11.4(10.4-13.4)

11.8(10.5-13.9)
11.7(10.7-13.6)

12.2(11.3-14.1)
12.1(11.3-14.2)

12.2 (10.2-13.8)
11.9(11.2-14.2)

12.2(11.3-14.2)

12.5 (11.3-15.0)

* Numbers in parentheses represent the number of dogs that died prior to irradiation or sham
exposure. They are included in the total.

tPostcoitus.
tPrwtpartum.

Growth and Developmont

A variety of prenatal and postnatal effects on growth and development
have been found. At doses of greater than 1.0 Gy, increased prenatal mor-
tality was evident after exposures at 8 or 28 dpc, and increased neonatal
mortality was evident after exposures at 8, 28, or 55 dpc. Birth weight of
pups given more than 1.0 Gy at 28 or 55 dpc was reduced.

An increase in congenital anomalies was seen with doses of 1.25 and
2.0 Gy given between 17 and 35 dpc. The most severe malformations fol-
lowed irradiation in early organogenesis, but some occurred even after
early fetal exposure.

Various growth parameters were sensitive to radiation effects. Body
weights of dogs up to 1 year of age were reduced after doses of 1.25 Gy or
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TABLE 5

CumuUdre Probabilities of Survival for Beagle Dogs Exposed to
**Co Gamma Rays tad at Risk for et Least 10 Years

Age at
expoMK,

Dow
«t N OmmMibrt

95%

rtak Uppr

Controls 296 209 0.729 0.677 0.777

8*
8»

28*
28*

55*
55*

2t
2t
70t

365t

0.16
0.83

0.16
0.83

0.16
0.83

0.16
0.83

0.83

0.83

•Postcoitus.

104
104

105
104

103
100

103
102

101

198

tPostpartum.

79
79

68
87

73
73

68
67

73

128

0.770
0.771

0.667
0.848

0.725
0.751

0.677
0.668

0.742

0.669

0.679
0.680

0.563
0.767

0.630
0.658

0.580
0.56?

0.648

0.600

0.846
0.846

0.749
0.909

0.807
0.830

0.763
0.756

0.822

0.733

more given at 28 or 55 dpc or at 2 dpp, in order of decreasing magnitude
of the effect. For 28-dpc exposures, there was a 13% per gray weight
reduction. Brain, kidney, and testicuiar weights were reduced in dogs given
1.0 to 3.5 Gy. A large effect on brain weight (about a 30% reduction at
1.0 to 2.0 Gy) was present in animals irradiated at 28 dpc, with lesser
effects in dogs exposed at SS dpc and at 2 dpp. After 55-dpc and 2-dpp
exposures, cerebellar hypopl&sia and dysplasia were found (Phemister,
Shively, and Young, 1969a, 1969b). A marked reduction in kidney weight
in perinatally irradiated dogs is discussed later in the section on renal
effects in terms of renal dysplasia; however, reduction after 28-dpc expo-
sures is less clear as to its pathogenesis. Testicuiar weight was also reduced
in perine'aily irradiated animals.

Head-dimension data were used as a reflection of general skeletal
growth. Data from dogs given 0.16 to 3.5 Gy in both prenatal and postna-
tal life revealed significant decrements in growth in animals exposed at 28
or 55 dpc or at 2 dpp. This decrement was 5 to 6% per gray weight for
exposures at 28 dpc.
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Dental Development

Dogs given doses of 0.16 to 3.5 Gy were evaluated for abnormalities of
tooth development. Significantly more irradiated than control dogs had one
or more missing teeth. Of controls, 73% had normal dentition. A
dose-response relationship was seen in dogs givea 0.83 Gy or greater at SS
dpc or at 2 dpp. The greatest effect was at 55 dpc where only 20% of dogs
given 0.83 Gy had normal dentition. No obvious effect was seen in dogs
given 0.16 Gy.

The number of missing teeth per dog was increased in dogs that
received 1.25 Gy and above at 28 or 55 dpc or at 2 dpp. For dogs exposed
at 55 dpc or at 2 dpp, the effect was seen at 0.83 Gy. The second, third,
and fourth prcmolars showed the greatest radiosensitivity.

Ocular Development

Reduction in eye volume was commensurate with the radiation-induced
reduction in body size, but there was also a selective effect on eye size.
This was dose dependent with doses of 1.5 to 2.0 Gy or above given at 55
dpc or at 2 dpp, causing a 20% or greater reduction in eye size. Dogs that
received doses of 0.83 Gy at 28 or 55 dpc or at 2 dpp had about 5% reduc-
tion in eye volume. These reductions were beyond that expected for
decrease in body size.

Irradiation during development also resulted in retinal abnormalities.
Exposure at 28 or 55 dpc or at 2 dpp led to retinal dysplasia characterized
by focal necrosis of the dysplastic neural retina which continued for as
long as 6 months after irradiation (Shively, Phemister, and Epiing, 1967;
Shively et al., 1970, 1972). Dogs given doses as low as 0.1 Gy at 2 dpp
had some evidence of necrosis of developing retinal cells, although this was
minimal at 0.35 Gy or less.

Doses of 0.7 Gy resulted in lesions that persisted through 6 months of
age. Dogs given 1.0 Gy or more &t 28 or 55 dpc or at 2 dpp had persistent
dysplastic lesions that progressed to retinal atrophy as the dogs aged. This
was accompanied by a progressive retinal vascular attenuation. The sever-
ity of these changes was dose-dependent and the location in the retina was
dependent on age at exposure; the dependence reflected the state of retinal
differentiation (which proceeds peripherally with age). Preliminary evalua-
tion of the retinas of dogs given 0.16 or 0.83 Gy in the life-span study and
sacrificed at 5 years of age failed to reveal any effects on the retina.

Renal Effects

The kidney has been found to be highly sensitive to radiation injury
during late development (Jaenke et al., 1977; Jaenke, Phemister, and
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Norrdin, 1980; Eisenbrandt and Phemister, 1977, 1978). Exposure to 2.0
Gy or more at either 55 dpc or 2 dpp resulted in a reduction in renal
mass, associated with thinning of the renal cortex and failure to form nor-
mal numbers or failure of normal development of nephrons. These changes
were associated with the development of secondary renal lesions character-
ized by progressive glomerular mesangial sclerosis. A high proportion
(21%) of dogs, mostly males given 2.0 Gy or more, died in renal failure
within 4 years after exposure. Doses as low as 0.83 Gy in the perinatal
period have been shown to result in arrested nephron development.

Renal function studies revealed significant differences in intracortical
blood flow in dogs irradiated at 2 dpp. The loss in number of nephrons
seemed to be accompanied by an increase in single-nephron filtration rate.
This increased individual nephron workload probably plays a role in the
progressive glomerulosclerosis observed in perinatally irradiated kidneys.

Immunoiogic Development

In studies of the effect of prenatal irradiation on the development of
the immune system, fetuses received l.S Gy at 35, 40, or 45 dpc and were
harvested by hystcrotomy 5 or 10 days after exposure (Miller and
Benjamin, 1984). Irradiation at all times resulted in reduction of thymic
lobular volume and absolute thymic weight. Damage to thymic medulla, as
measured by compartment size, appeared to be more severe than damage
to cortex by 10 days after irradiation. The degree of radiation-induced
damage was greater after exposures earlier in gestation. There was also
distinct reduction in the size and number of HassaTs corpuscles in thymic
medulla after irradiation, suggesting that fetal thymic epithelium is
radiosensitive. The development of lymphoid components of lymph nodes
and spleen was also delayed by the irradiation, and hematopoiesis was
reduced in liver and bone marrow.

DISCUSSION

In the evaluation of potential health hazards associated with low levels
of exposure to toxic agents, including ionizing radiation, life-span studies
have unique advantages. Assuming that proper experimental design and
adequate numbers of test animals have been used, investigators can recog-
nize effects which may take years to develop or may only be seen concur-
rent with aging and at the end of the animals* life span. In the case of the
beagle dog, such findings often take more than 10 years to become evi-
dent. This does not make their significance less. In fact, the significance of
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such findings may far outweigh earlier appearing effects from higher level
exposures.

Life-span studies often are accompanied by concurrent and comple-
mentary shorter term research. "Scientific productivity" mandates that
investigators cannot wait IS years for results, no matter how important
they may be. Parallel studies can be designed to evaluate effects at higher
doses over shorter periods of time to serve as a preview of events expected
in the life-span studies later in life, following lower doses. Identification of
particular organs and tissues at risk can be important. As effects are seen
in the short-term and life-span experiments, parallel research can be per-
formed tc study the mechanisms responsible for those effects. Thus, when
all these experiments are complete, we know what effect has occurred, but
we also gain insight into why that effect occurred. For these reasons we
have reported the findings in our studies as a composite rather than as
results of individual experiments. A detailed discussion of the data
presented herein is beyond the scope of this paper; however, a few com-
ments can be made.

It is clear that a variety of growth and development factors are
affected by prenatal and neonatal radiation exposures in the dog. Most of
these effects have been seen at doses of 0.8 Gy or above; however, much
of the data from the life-span experiment at 0.16 and 0.83 Gy has yet tc
be fully analyzed. Effects on the developing retina were evidenced at doses
of less than 0.1 Gy. Whether or not such low-dose damage represents a
significant hazard remains undetermined. The pathogenesis of the progres-
sive retinal atrophy seen in dogs given higher doses remains unclear. It is
not known whether this represents a continuing primary degeneration of
the retinal cells or a secondary effect of the vascular attenuation. The
changes in tooth development are a sensitive measure of radiation injury.
The clear dose-response relationships and the preferential effect on spe-
cific teeth make this an excellent model for studying developmental injury.

Relatively low-dose injury to the developing kidney has not been recog-
nized previously; several important questions remain unanswered. At doses
of 0.16 and 0.83 Gy, there is physiologic and histologic (morphometric)
evidence of subclinical renal impairment. In dogs that received higher
doses, there were progressive renal changes, probably due to overwork of
the remaining nephrons. Whether such an effect will be seen at lower
doses is not yet known. Also, the mechanism of this overwork phenomenon
should be determined as it applies to other types of renal injury.

The effects of radiation, or of other toxic agents, on the developing
immune system are poorly understood. Early evidence of a possible associ-
ation between prenatal exposure and immunoproliferative disorders in our
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life-span study (Benjamin et al., 1980) prompted studies of immuno-
developmental injury. Morphometric analysis of irradiated fetal thymus
revealed that thymic epithelium, supposedly radiorcsistant, was highly
radiosensitive. The thymic epithelium is critical to orderly immunologic
differentiation, and persistent prenatal damage could result in immuno-
regulatory disorders.

The important subject of prenatal radiation carcinogenesis is addressed!
elsewhere in this volume (Benjamin et al., IS"36) but remains an integral
part of this overall study.

The youngest dogs in the life-span study are now over 10 years of age,
and it is likely that most of the dogs will be dead within the next 5 years.
Thus the experiment is incomplete and care must be taken in the interpre-
tation of data at this time. The final years of the life span of the experi-
mental dogs are the most important with respect to obtaining life-
shortening and carcinogenesis data.
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DISCUSSION

J. N. Stumrd (University of California, San Diego): It is my
impression that the original protocol called for looking at such physiologi-
cal variables as blood pressure and other normal clinical measurements.
Did you not do that, or just not have time to mention it?

Beajamia: I did not have time to mention all the different things that
we have done. Work was done with respect to blood pressure, aging, and
cardiovascular function. Most cf these studies were terminated several
years ago, essentially because of the lack of funds. That work did show
some interesting changes relative to aging and to radiation damage. A lot
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of work was done on blood pressure and renal cortical blood flow in rela-
tion to the radiation effects on the kidney.

B. A. Muggenburg (Lovelace, Inhalation Toxicology Research
Institute): You mentioned that the thymic size was smaller and, also,
that you saw changes in thymic epithelium. Did you see anything function-
ally to indicate that the immune system was not operating properly?

Benjamin: That is what we are working on now.
Muggenburg: You vaccinated the dogs; do they have normal titres?
Benjamin: Yes, for dogs on our long-term studies.
Muggenborg: DM you see a higher incidence of infectious disease?
Benjamin: No. The initial studies of the thymus were of very short

term and involved morphometric analyses of the fetuses. We have studies
under way to look at the kinds of immunological changes you are talking
about, such as functional parameters and long-term postnatal, effects of
prenatal irradiation. We don't have those results now.
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ABSTRACT

Since the early days of the Manhattan Engineer District project, a number of studies at
Argonne National Laboratory have bsen concerned with chronic radiation injury in experi-
mental animals and the extrapolation of derived injury parameters to man. Most of the large
studies have used mice given single, weekly, or continuous exposure to cobalt-60 gamma rays,
or, more recently, single or weekly exposure to fission neutrons from the JANUS reactor. Pri-
mary measures of injury have been life shortening and the associated major pathological
changes, particularly neoplastic diseases. Recent and ongoing studies compare the effects of
extremely low neutron exposures with gamm* irradiations delivered as a single dose or in 60
equal weekly increments. Total neutron doses range from I to 40 rads; gamma-ray doses
range from 22.5 to 600 rads. Selected genetic studies are performed concurrently to provide a
nearly complete matrix of somatic and genetic effects of these low exposures.

Studies with the beagle have complemented those with mice and have shown a strong par-
allelism in the responses of the two species. Present exposures are at 0.3, 0.7S, and 1.88 rads
per day of continuous gamma irradiation to test a mode! for the prediction of life shortening
in man which has evolved from Argonne's long-term studies. The dog offers the opportunity
for longitudinal clinical evaluations that are not possible in the mouse, to develop a broader
view of the neoplastic disease spectrum, and to study the mechanisms of radiation induction
of leukemia. Diverse statistical approaches have been used to measure excess risk,
dose-response functions, and rates of injury and repair. Actuarial statistical methods have
been favored since they permit a more direct means of extrapolation to man.

Our first life-span study with mice was initiated at the Metallurgical
Laboratory, Manhattan Engineer District, University of Chicago, in July
1944 and was reported by Sacher (1950). This report plus later papers by
Sacher (1955, 1956, 1966) and Sacher and Grahn (1964) defined the
experimental philosophy, methods, and analysis we used extensively in the
past at Argonne National Laboratory (ANL). Briefly, we relied upon the
duration-of-life irradiation procedure, usually starting with young adult
animals, and made extensive use of actuarial statistical approaches to the

14
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definition of excess risk. As will be noted, this experimental approach
with mice has also provided a firm basis for interspecies extrapolation
modeling. In the past most experiments used diverse inbred and hybrid
mice so that the genetic variable could be taken into consideration (Grahn,
1960, 1970). One study used the guinea pig (Rust ct al., 1966), and one
current study involves the white-footed deer mouse, Peromyscus leucopus.
Although X rays and fission neutrons were used for a few ear!y life-span
studies, most experiments took advantage of the available live-in cobalt-60
gamma-irradiation facilities.

ONGOING RESEARCH PROGRAM

Studies with Mice

Objectives and Methods

Our present focus in studies with mice is on the late somatic and
selected genetic effects after exposure to low levels of fission neutrons,
compared with those effects induced by cobalt-60 gamma rays. A
discussion of the genetic studies will not be given here; however, it should
be noted that this concurrent series of evaluations, genetic and somatic, is
probably unique in that the same exposure patterns and doses, the same
hybrid mouse, and, in some cases, the same cohorts are involved. The goals
of our studies with mice are to establish the level and kind of intermedi-
ate- and long-term damage in terms of life shortening and the associated
pathology for the purposes of establishing (1) exact dose-response func-
tions at extremely low dose levels, (2) the neutron-to-gamma-ray RBE
(relative biological effectiveness) values, and (3) the quantitative perturba-
tions of the life table for all and specific causes which might have merit in
the extrapolation of radiation damage functions from mouse to dog to
man.

Both sexes of the B6CFj hybrid mouse, from the cross of CS7BL/6
females to BALB/c males, are subjected either to single, once-weekly, or
continuous (22 hr/day) whole-body gamma irradiation or to single or
once-weekly fission neutron irradiation. The mice are observed for the
duration of their lives to determine the day of death and the gross and/or
selected microscopic pathology to ascertain causes of death whenever pos-
sible. Animals are usually started in an experiment at about 15 v.seks of
age and are housed five to a cage, with free access to food and water. Fis-
sion neutrons are obtained from the JANUS biomedical reactor located in
the Division. The kerma- weigh ted mean energy is about 0.85 MeV. The
spectrum is essentially free of thermal neutrons and has a level of
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gamma-ray contamination of only 3 to 4%. Additional details of the reac-
tor and its exposure facility can be found in Grahn et al. (1972).

Although the neutron exposure room is a walk-in facility, operational
constraints do not permit mice or other animals to take up residence in
this room, so matching gamma irradiations are constrained to the weekly
neutron exposure operations. Reactor operations also preclude "continu-
ous" neutron exposures. Several small experiments vith gamma rays
delivered in a 22-hr exposure day for 5 days per week are being carried
out to provide a comparison with the once-weekly gamma-ray series. This
continuous irradiation procedure is also designed to relate results from the
weekly exposure pattern to the earlier studies that had used only
duration-of-life daily gamma irradiations. Most of our recent studies have
been limited to single, 24, or 60 once-weekly exposures, and, because dose
rate, dose size, and dose interval are known to influence the dose-response
function for life shortening (Grahn and Sacher, 1968), we are attempting
to cross-reference data from the present studies to the extensive baseline of
information from the previous daily gamma-irradiation studies (Sacher
and Grahn, 1964; Sacher, 1966; Grahn, 1970; Grahn et al., 1978).

Statistical methods are many and varied. Basic actuarial statistics are
used along with appropriate variance and covariancc analyses, weighted
linear and nonlinear regression analysis with special methods for the mea-
surement of excess risk by the displacement of life-table parameters from
the control, and, as needed, single- or multiple-decremented life-table com-
parisons. These have been described in reports by Sacher (1950, 19SS,
1956, 1966, 1976); Sacher and Grahn (1964); Grahn and Sacher (1968);
Grahn, Fry, and Lea (1972); Grahn (1970); and Grahn et al. (1978).

Results

Presently four mouse experiments are in an active status with survivors
under daily observation. To avoid describing each study, its objectives, and
its status, we have limited this discussion to a series of results for the
B6CF] mouse in terms of life shortening and selected associated pathology
that exemplifies the nature of the data, their analysis, and their applica-
tions toward the resolution of certain contentions surrounding the biologi-
cal effect of extremely low doses of fission neutrons. The life-shortening
data, for which the most complete analysis is available, have been recently
published or presented by Thomson and associates (1981a, 1981b, 1982)
Thomson, Williamson, and Grahn (1983), and Grahn et al. (1983). These
data consist of comparisons between the effects of single doses of gamma
rays and single doses of neutrons and the effects of 24 once-weekly expo-
sures to gamma rays or to neutrons.
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The total dose groups used in the analysis are:

Single, gamma rays 90, 143, 206, 268, 417,
569, 788 rads

Single, neutrons S, 10, 20, 40, 80, 120,
160, 240 rads

24 fractions, gamma rays 206, 417, 855, 959
1110, 1918 rads

24 fractions, neutrons 10, 20, 40, 60, 80, 120,
160, 240, 320 rads

For this analysis these published data are supplemented by projected or
estimated life-shortening values from two large incomplete studies, one
supported by the Department of Energy (DOE) and a complementary
study supported by the Nuclear Regulatory Commission (NRC). The
DOE study concerns the response to single neutron doses of 1, 2.5, 5, 10,
20, and 40 rads and single gamma-ray doses of 22.5, 45, and 90 rads. A
total of 3950 mice were entered ir o the study. About 85% of the mice
have died, and relatively precise estimates of the mean after-expectations
of life are becoming available for the life-shortening analysis. The NRC
study, involving 6400 animals, compares the effects (1) of 60 once-weekly
exposures to neutrons to total doses of 2, 7.5, 13.5, 21, 30, and 40 rads
and (2) of gamma-ray exposures to total doses of 100, 200, 300, 450, and
600 rads. The lowest weekly increments for the two radiation qualities are
0.033 rad of neutrons and 1.67 rads of gamma rays. About 25% of the
mice have died, so initial projections of life expectancy can be made
although they are still uncertain and subject to change. This matrix of
data, i.e., single exposures vs. 24 fractions vs. 60 fractions for gamma rays
and for neutrons, contains the essence of our problems in the establishment
of dose-response functions and RBE values at low doses. The data offer
the opportunity to explore some empirical approaches to the resolution of
response functions at low neutron doses. The data are presented in Fig. 1
for the completed and provisional data except for the recent results from
the 60-week study.

A striking feature of the life-shortening data in Fig. 1 is the effect of
dose protraction upon the response induced by neutrons as compared to
gamma rays. The effectiveness of gamma rays is always significantly
reduced when, by means of either fractionation or dose-rate protraction, a
given dose is delivered at a lower average rate of exposure than that used
to deliver the single dose. In contrast, when neutron irradiations are pro-
tracted, an increase in effectiveness over the response to single doses is
seen. In the present case the increase due to fractionation is a nearly con-
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stant factor of about 1.6 to 1.0 for all doses above 20 rads, and both
dose-response functions are nonlinear, concave downward curves. This
augmentation of injury by the protraction cf neutron exposures (also
referred tc by many investigators as an "enhancement" of injury) has been
discussed from the theoretical viewpoint by Rossi (1981) and has been
seen in experimental data for a variety of biological end points. These
include life shortening in mice (Ainsworth et al., 1976; Thomson et al.,
1981a), tumor induction in mice (Ullrich et al., 1976; Ullrich, 1982) and
rats (Vogel and Dickson, 1982), specific-locus mutation induction in mice
(Batchelor, Phillips, and Searle, 1967), reciprocal chromosome-
translocation induction in mice (Searle, Evans, and West, 1969; Grahn,
1983), and neoplastic cell transformation induced in a murine cell line in
vitro (Hill et al., 1982). Bone-tumor induction in humans by the alpha
emitter radium-224 is also augmented by dose protraction (Spiess and
Mays, 1973). The phenomenon is obviously not unknown in radiobiology
and radiotherapy, but its biological and/or microdosimetric basis remains
unsettled and is not discussed in this paper.



CHHONC RADIATION INJURY 19

Several years ago, /hen the only neutron-effects data available were
from exposures to 20 rads and above, the data were best described by a
power curve with coefficients of about 0.6 for the single-dose data and 0.7
to 0.9 for the 24-fraction series (Thomson et al., 1981a). The
dose-response functions for the gamma-ray data were and are linear, and
no significant quadratic component has been detected. The life-shortening
coefficients for gamma radiation, as shown in Fig. 1, are 0.42 ± 0.018
day/rad of single doses and 0.23 ± 0.011 day/rad for the fractionated
exposures. Parenthetically, it should be noted that the mean after-survival
(MAS) data are actually used for regression analysis so that the control is
included and the analysis is not based upon a set of differences. We need
only change the sign of the regression coefficient to obtain the life-
shortening term. Because the gamma-ray data conform to linear equations
and the neutron data were fitted to a log-log function, the R3E could be
infinitely large at infinitesimal levels of neutron exposure. Clearly, this was
not a satisfactory approach even though the power curve, for doses of 20
rads and up, did provide the best fit in terms of the reduction of the resid-
ual variance.

The more recent data at 10 rads of neutrons and below from both com-
plete and incomplete studies, when added to the data at 20 rads and
above, urge a change in approach. All the neutron data seen in Fig. 1 are
now best described by three equations: a linear equation for all data
between 0 and 10 rads, one second-degree polynomial equation for the
single-dose data between 5 and 160 rads, and another for data from the
24-fraction series between 10 and 240 rads. When fitting the second-
degree equations, we deliberately did not include the control MAS value
and did not attempt to constrain the equations through the control value
as we normally do for the linear fits (after ascertaining that the least-
squares intercept does not differ significantly from the control value). The
equations in terms of life shortening in days per rad (D) are:

A. For 0 to 10 rads, single or fractionated dose: + 5.4 ± 0.47D
B. For 5 to 160 rads, single exposure: + 1.4 ± 0.19D - 3.9 ± 1.2

(1O~3)D2

C. For 10 to 240 rads, 24 fractions: + 2.3 ± 0.10D - 4.6 ± 0.40
(10~3)D2

The intercepts for B and C, respectively, are 34 and 32 days above zero
(the differences between the observed control MAS of 878 days and the
estimated intercepts of 844 and 846 days), but the significance of these
differences is borderline. Nevertheless, we feel confident that the life-
shortening response to low doses of neutrons (10 rads and below) may well
conform to an equation different from that which adequately describes the
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data at higher doses. A similar position is taken by Storer and Mitchell
(1984) in an analysis of both the Argonne National Laboratory and the
Oak Ridge National Laboratory data on life shortening at low neutron
doses.

The preliminary MAS values front the ongoing 60-wesk study support
the situation just described. The data at 0, 2, 7.S, 13.5, and 21 rads con-
form to a linear equation with a life-shortening value of about 4.3 ± 0.42
days' per rad, whereas the regression for the data at 21, 30, and 40 rads is
2.2 ± 0.22 days lost per rad. The difference in the coefficients, though a
factor of 2, is only at the borderline of significance, but it is consistent
with the single-dose and 24-fraction data, which suggest that the response
to individual neutron dose increments up to total doses between 0 and ~20
rads may be strictly additive and may not show the kind of augmentation
of injury seen in which higher total doses are given in small increments.

Two small studies involve the S-days/week 22-hr/day gamma-
irradiation procedure. One is a match for the 24 once-weekly series and
uses four of the same total doses, i.e., 206, 417, 9S9, and 1918 rads. This
study is more than 75% complete. The other is a comp'~ison with the
ongoing 60-week study. It has just been initiated and, owing to source and
space constraints, it is being limited to three total-dose levels, i.e., 530,
1070, and 2460 rads to be delivered over the same period required to
deliver the 60 weekly exposures. The 24-week experiment is now providing
reasonable estimates of the life-shortening coefficient. Tentatively, it is
0.16 ± 0.017 day/rad, which is significantly below the coefficient of
0.23 ± 0.011 day/rad for the 24 once-weekly pattern. Although the
dose-rate effect is unequivocal, it is not as great as we might have
predicted on the basis of past experience with daily duration-of-iifc
statistics.

With respect to pathological findings, no detailed discussion is
attempted because the data files on about 35,000 mice are being
recompiled from their present status in the ANL computer into a revised
format to make the data more accessible for analysis. The new file merges
and comdeinises the number of pathology classifications from >200 to —26
siii jj@a@fates the basic life-table statistics for all causes of death, for spe-
dik causes of death, and for lesions observed at death.

For the B6CFt control or irradiated mouse, between 80 and 85% of all
deaths are related to neoplastic disease (Thomson et al., 1982). Between
40 and 60% of the tumors are pulmonary (mostly adenomas) and lym-
phoreticular (generalized or localized). In order of prevalence, the balance
is largely made up of hemangiosarcomas, other bone and connective-tissue
tumors, ovarian tumors, hepatomas, uterine tumors, and a scattering of
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kidney, Harderian gland, adrenal, and pituitary tumors. As we have noted
for a number of years, most excess mortality or decreases in life expec-
tancy at low doses can be related to neoplastic disease (Grahn, Fry, and
Lea, 1972; Grahn et al., 1978).

In the comparison of the effects of neutrons with those of gamma rays,
several features are seen. Tumors of epithelial-tissue origin are more prev-
alent in the neutron-irradiated mice, and tumors of connective-tissue origin
are more prevalent in gamma-irradiated animals. This is heavily weighted
by the differential seen for lung and lymphoreticular tumors; the latter are
more readily induced by gamma rays, the former by neutrons, so that the
ratio of neutron-to-gamma RBE for lung tumors is three to five times
greater than that for lymphoreticular tumors (Thomson et ai., 1982). The
differential does extend to other connective- and epithelial-tissue tumors
but with less magnitude. A possible exception concerns tumors of the Har-
derian gland which are more frequently found in neutron-irradiated mice.
This special sensitivity has been exploited by Fry et al. (1983) in studies
comparing the effectiveness of different high LET (linear energy transfer)
radiations. The new data file should permit a more careful scrutiny of the
existing information to detect even the most subtle differences.

With reference to the augmentation phenomenon noted in the life-
shortening data, the lung- and lymphoreticular-tumor data show a compa-
rable pattern of response. Figure 2 presents a 2 X 2 X 2 comparison
(neutron to gamma, single to fractionated, and lung to lympho-
reticular), and the dose-response patterns are similar to those seen
for life shortening. These data have been analyzed by statistically
evaluating excess mortality above the control value for all causes
of death and for the two selected causes. The derived excess-mortality
rates for the individual dose groups are regressed on dose, conform to
power curves, and are then re-expressed arithmetically in Fig. 2. The
usual dose-rate effect is seen in the gamma-ray data, whereas the
responses to fractionated neutron exposures show the opposite effect to
that seen for gamma rays, which is an augmentation of injury. Both tumor
types show this effect, but it is somewhat more evident in the lung-tumor
death rates.

Interspecies extrapolation is an integral part of the Argonnt; program.
In the past the guinea pig was used as a step-up from the mouse (Rust
et al., 1966), and at present the white-footed deer mouse, Feromyscus leu-
copus, is being used in our study with neutrons and gamma rays.
Peromyscus has a 1400-day MAS from young adulthood (one-and-a-half
to two times longer than the average member of Mus sp.), and the tumor
spectrum is a bit different. This study involves single exposures to
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gamma rays or neutrons, and several groups have been subjected to the
24-week fractionation regime. The data will match exposure levels used for
the B6CF] mouse and therefore should provide a strong interspecies com-
parison. Although the study is incomplete, preliminary results suggest the
number of days lost per rad of neutrons or gamma rays is nearly twice
that seen for the mouse, the percent of life lost per rad is more like that of
the mouse, and excess mortality per rad is nearly identical to that of the
mouse. These results are in the expected direction.

Detailed analyses of the life-shortening and excess-mortality rate statis-
tics from several major studies, with the mouse exposed to daily duration-
of-life gamma irradiation (Sacher and Grahn, 1964; Grahn, 1970),
revealed that at exposures below 24 R/day, chronic radiation injury
accumulates additively with accumulating dose and independently of daily
dose rate (Sacher, 1973, 1976). These observations provide a basis for
interspecies extrapolation in terms of excess mortality, because it is
expected that all species would reach a final dose-dependent and rate-
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independent term for the accumulation of chronic injury. The species vari-
able should influence the dose rate at which this occurs and therefore, the
level of excess risk. It is conceivable that this final linear injury term could
be the same for all mammalian species in terms of excess mortality vs.
average rate of exposure. The daily duration-of-lifc cobalt-60 gamma-
irradiation studies with beagles, to be described, is a test of an extrapola-
tion model that has been discussed by Norris, Tyler, and Sacher (1976).

Studies with Dogs

Objectives and Methods

The overall goal of our studies with the beagle is to increase the capa-
bility of extrapolation to man from the smaller, more commonly used labo-
ratory species, especially the mouse; therefore a principal irradiation pat-
tern is that used for many studies with mice, i.e., a protracted whole-body
cobalt-60 gamma-ray irradiation delivered over the adult lifetime. In these
studies with the dog, irradiation is given 22 hr/day, 7 days/week.

Special attention was given to dosimetry in each of three cobalt-60
gamma-ray exposure rooms that have been dedicated to these studies with
dogs, because life span, body size, and the related dosimetry are important
issues in extrapolating between species. The exposure rates in the center of
each cage have been measured and converted to average absorbed dose
(Williamson, Hubbard, and Jo-don, 1968; Hubbard and Williamson, 1968;
Holmblad et al., 1976). Consideration was given to a variety of factors
that contribute to exposure rate, including construction and shape of the
rooms, location of cages relative to walls and corners, varying heights of
cages (either two or three cages high), distances from floor and ceiling,
construction of cages and accessories (doors, feed pan, drain, and pipes),
as well as the size of individual animals and their preferred location in the
cages. These several considerations led to operating procedures in the
gamma-ray exposure rooms which included migrating each dog in the
ongoing experiments through the entire dose group of cages, one per day,
as well as rotating the cages 90° each day. This has provided the best
approach to assuring a uniform irradiation of each dog and an equal level
of irradiation within each dose group.

Several interrelated studies focusing on the relative effects of dose rate
and total dose on late effects of protracted whole-body cobalt-60 gamma
irradiation of beagles have been initiated during the past 14 years. These
studies, to be discussed in greater detail elsewhere in this volume (Fritz
et al., 1984), can be grouped into three tasks as follows:
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1. Continuous exposures given until death over the range of dose
rates allowing survival for periods from as short as IS to 30 days to those
allowing survival for a nearly normal life span.

2. Protracted exposures at several of the dose rates used in the studies
in item 1 which are terminated at predetermined total doses.

3. Studies directed specifically toward investigating the effects of pro-
tracted irradiation on the hematopoietic system.

Results

Our first studies with continuous irradiation used high daily dose rates.
Even though daily doses equivalent to the LD50/30 for brief, acute expo-
sures were given continuously, no difference was observed in the survival
times or in the accompanying clinical responses as compared to dogs given
brief single doses. Dogs irradiated continuously at daily rates of —80 to
22S rads/day survived for 12 to 22 days (cumulative doses of —1800 to
2900 rads), whereas dogs given brief single doses of —210 to 300 rads sur-
vived for 15 to 29 days. Although these results suggest a significant effect
of protraction even at the highest dose rates studied, they equally docu-
ment the inertia in the hematopoietic system and are probably more a
measure of the life span of the mature circulating cells. An analysis of the
effect of protraction on the LD50 has been derived from these data and can
be summarized by the fact that the LD50 for acute exposure is 258 rads,
whereas, at an exposure rate of 26 rads per 22-hr exposure day, the LD50
for hematopoietic death is —1400 rads (Norris et al., 1968; Fritz et al.,
1978). In the subsequent studies that used rates down to 3.75 rads/day, it
was established (1) that the hematopoietic system was the major limiting
factor to survival and (2) that all deaths from exposures above 3.75
rads/day were related to hematopoietic system injury (Norris, Tyler, and
Sacher, 1976). Dose rate had a clear effect on survival time or life short-
ening as shown in Fig. 3, in which the excess-mortality rate is plotted
against daily dose rate. The radiation-specific excess-mortality rate, plot-
ted in this figure for both mice and beagles, is derived from the relation-
ship

M MASR M A S O

where MR is the mortality rate and MASR and MASo represent the mean
after-survival times for the irradiated and the control populations, respec-
tively (Sacher, 1960, 1976).

As shown in Fig. 3, at dose rates of 3.75 rads/day and above, the
regression of the excess mortality on dose rate for the beagle increases as a
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linear function of the square of the daily dose rate and therefore has a
slope of —2, parallel to the mouse data. At dose rates below ~24
rads/day, the data for the mouse conform to a slope of 1.0, which implies
that the response is dose-rate independent and total-dose dependent. At
—3.75 rads/day, the lowest rate for which we have complete data for the
dog, the slope 2 line for excess mortality intercepts the unit slope portion
of the excess-mortality response for mice. This indicates that the dog,
although more sensitive than the mouse at higher exposure rates, is
approaching the level of radiation resistance seen for the mouse at low
dose rates.

The projected excess-mortality rates shown in Fig. 3 were calculated
from the survival times estimated by the exponential relation between
MAS and the dose rate plotted in Fig. 4. The projected mortality rates
appear to be biologically valid and are consistent with our experience to
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date in the ongoing experiment at the three dose rates below 3.75 rads/day
(i.e., 1.9, 0.75, and 0.3 rads/day). Interim data show that hcmatopoictic
system damage is the major cause of death in dogs dying thus far at 1.9
rads/day (13/46 or 28%), but there has been only one hematopoietic fatal-
ity at the two lower rates of 0.75 and 0.3 rad/day (i.e., one case of
aplasia with myclofibrosis at 0.75 rad/day). It is expected that excess mor-
tality in these two groups and for most of the remaining dogs in the group
at 1.9 rads/day will be associated with soft-tissue tumors. This pattern was
seen in those surviving longest at 3.75 rads/day after an early wave of
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hematopoietic deaths, mostly due to myeloproliferative disorders (MPD),
the majority of which are manifested as myelogenous leukemia.

When protracted irradiation is terminated at total doses below that
accumulated when irradiation is continued until death, the results are
quite different. A significant proportion of the animals do not die from the
acute hematological effects but survive to manifest typical chronic radia-
tion injury, including life shortening and an increase in tumor deaths. The
effect of total dose has generally been shown to be dependent upon dose
rate, at least with low LET radiations; nevertheless, there is still no unify-
ing theory on the kinetics of chronic injury which can clarify the interrela-
tionships of dose rate, duration of exposure, and total dose. To address
some of these issues, we have been measuring the late effects of predeter-
mined total doses of cobalt-60 irradiation given at rates for which data on
lifetime exposures are available. With the exceptions to be noted, the four
exposure rates of 3.8, 7.5, 12.8, and 26.3 rads/day were used to deliver
total doses of 450, 1050, 1500, and 3000 rads. The total dose levels for the
terminated exposure were selected on the basis of information available
from the initial continuous-exposure studies, as well as from terminated
exposures produced by the internally deposited radionuclide cesium-137
(Norris, 1970).

More than 50% of the animals are still alive in the several dose-rate
and total-dose groups, so it is impossible to comment on specific compara-
tive effects of the varying radiation exposure patterns. This discussion is
limited, therefore, to a comment on myeloproliferative disorders (MPD),
which is a common end point in all three of the tasks associated with these
lifetime studies in dogs.

Terminated exposures produce far fewer cases of MPD than do expo-
sures given continuously to death. This appears to answer one question
raised when MPD became a conspicuous end point in the continuous-
irradiation studies: "Does continuing irradiation after some 'period' of
induction of leukemia actually suppress the eventual onset of leukemia?"
Rather than suppressing, continuous irradiation has been shown to be
more effective in inducing myelogenous leukemia than these terminated
exposures given at the same dose rates. The terminated exposures show
that there is an apparent minimal response in terms of stress on, or sup-
pression of, hematopoietic function that contributes to the induction of the
disease. Thus dose rates above 12.8 rads/day and total doses below -—1050
rads are less likely to result in induction of leukemia in irradiated dogs.
Irradiation at higher dose rates limits the total dose that is consistent with
survival, and, similar to low total doses given at low dose rates, such expo-
sures do not seem to perturb the kinetics of the hematopoietic mechanisms
appropriately to initiate the leukemogenic response.
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As was emphasized earlier, the high incidence of MPD and related
myelogenous leukemia seen in these studies (Fritz et al., 1970; Fritz,
Norris, and Tolle, 1973; Seed et al., 1977; Tolle, Fritz, and Norris, 1977;
Tolle et al., 1979a, 1979b) has led to our emphasis upon the responses of
the hematopoietic system. This third aspect of our study of protracted irra-
diation of dogs, i.e., the characterization of the structure and function of
hematopoietic system under protracted irradiation, has provided a unique
picture of the longitudinal changes that precede both aplastic anemia and
MPD. It has given a better perspective of the preleukemic period, as it is
known in man, a period that precedes the onset of patent myelogenous
leukemia. Moreover, these referenced studies demonstrate a rather
unusual ability of the hematopoietic system to accommodate to protracted
irradiation. The recovery from early hematopoietic depression, which is a
part of the accommodation, has provided an insight into the stages of pro-
gression in the leukemogenic response to hematopoietic toxicants. The
work of Seed et al. (1977, 1978, 1980, 1982) has described a mechanism
which can explain the hematopoietic recovery and accommodation which
protects animals from an early death due to marrow aplasia but which can
ultimately result in an essential change in marrow differentiation and
maturation which is the basis for leukemic proliferation.

ACKNOWLEDGMENTS

This work was supported by the U. S. Department of Energy under
contract No. W-31-109-ENG-38; the U. S. Nuclear Regulatory Commis-
sion; and the National Cancer Institute, U. S. Department of Health and
Human Services, under agreement No. Y01-CO-00-320.

REFERENCES

Ainsworth, E. J., et al., 1976, Life Shortening, Neoptuia, and Systemic Injuries in Mice after
Single or Fractionated Dotes of Neutron or Gamma Irradiation, is Biological and
Environmental Effects of Low-Level Radiation, Symposium Proceedings, Chicago, 1975,
Vol. 1, pp. 77-92, S71/PUB/409, International Atomic Energy Agency, Vienna.

Batchelor, A. L., R. J. S. Phillips, and A. G. Searle, 1967, The Reversed Dose-Rate Effect
with Fast Neutron Irradiation of Mouse Spcrmatogonia, Mutat. Res., 4: 229-231.

Fritz, T. E., W. P. Norris, and D. V. Tolle, 1973, Myclogcnous Leukemia and Related
Myeloproliferative Disorders in Beagles Continuously Exposed to *°Co 7-Radiaticn, in
Unifying Concepts of Leukemia, Bibl. Haematol. 39: 170-188.
, W. P. Norris, C. E. Rehfeld, and C. M. Poolc, 1970, Myeloproliferative Disease in Bea-
gle Dogs Given Protracted Whole-Body Irradiation or Single Doses of l44Ce, in
Myeloproliferative Disorders in Animals and Man, AEC Symposium Series, Richland,



CHRONIC RACHATtON INJURY 29

Wash., May 20-23, 1968, W. J. Clarke, E. B. Howard, and P. L. Hackett (Eds.),
pp. 219-241, CONF-680529, NTIS.
, T. M. Seed, D. V. Tolle, and L. S. Lombard, 1984, Late Effects of Protracted Whole
Body Irradiation of Beagles by ^Co Gamma Rays, this volume.
, et al., 1978, Relationship of Dose Rate and Total Dose to Responses of Continuously
Irradiated Beagles, in Late Biological Effects of Ionizing Radiation, Symposium Proceed-
ings, Vienna, 1978, Vol. 2, pp. 71-82, STI/PUB/489, International Atomic Energy
Agency, Vienna.

Fry, R. J. M., P. Powers-Risius, E. L. Alpen, E. J. Ainsworth, and R. L. Ullrich, 1983,
High-LET Radiation Carcinogenesis, Adv. Space Res., 3: 241-248.

Grahn, D., 1960, Genetic Control of Physiological Processes: The Genetics of Radiation
Toxicity in Animals, in Radioisotopes in the Biosphere, Symposium Proceedings, Min-
neapolis, Minn., Oct. 19-23, 19S9, pp. 181-200, The Center for Continuation Study,
University of Minnesota Press, Minneapolis, Minn.
, 1970, Biological Effects of Protracted Low Dose Radiation Exposure of Man and
Animals, in Late Effects of Radiation, pp. 101-136, Taylor and Francis, Ltd., London.
, 1983, Genetic Risks Associated with Radiation Exposures During Space Flight, Adv.
Space Res., 3: 161-170.
, E. J. Ainsworth, F. S. Williamson, and R. J. M. Fry, 1972, A Program to Study Fission
Neutron-Induced Chronic Injury in Cells, Tissues, and Animal Populations, Utilizing the
Janus Reactor of the Argonne National Laboratory, in Radiobiological Applications of
Neutron Irradiation, Panel Proceedings, Vienna, 1971, STI/PUB/32S, International
Atomic Energy Agency, Vienna.
, R. J. M. Fry, and R. A. Lea, 1972, Analysk of Survival and Cause of Death Statistics
for Mice Under Single and Duration-of-Life Gamma Irradiation, in Life Sciences and
Space Research X, W. Vishniac (Ed.), pp. 175-186, Akademie-Verlag, Berlin.
, and G. A. Sacher, 1968, Fractionation and Protraction Factors and the Late Effects of
Radiation in Small Mammals, in Dose Rate in Mammalian Radiation Biology,
Symposium Proceedings, Oak Ridge, Tenn., Apr. 29-May 1, 1968, pp. 2.10-2.27,
USAEC Report CONF-680410, Agricultural Research Laboratory, University of Tennes-
see, Oak Ridge, Tenn., NTIS.
, G. A. Sacher, R. A. Lea, R. J. M. Fry, and J. H. Rust, 1978, Analytical Approaches to
and Interpretations of Data on Time, Rate, and Cause of Death of Mice Exposed to
External Gamma Irradiation, in Late Biological Effects of Ionizing Radiation,
Symposium Proceedings, Vienna, 1978, Vol. 2, pp. 43-58, STI/PUB/489, International
Atomic Energy Agency, Vienna.

___, J. F. Thomson, F. S. Williamson, and L. S. Lombard, 1983, Somatic and Genetic
Effects of Low Dose* of Fission Neutrons and Co-60 Gamma Rays, in Somatic and
Genetic Effects, Symposium Proceedings, Amsterdam, July 3-8, 1983, Sessions C, C2-05,
Martinus Nijhoff, Publishers BV, Gravenhage, Netherlands.

Hill, C. K., F. M. Buonaguro, C. P. Myers, A. Han, and M. M. Elkind, 1982, Fission Spec-
trum Neutrons at Reduced Dose Rates Enhance Neoplastic Transformation, Nature, 298:
67-69.

Holmblad, G. L., E. G. Johnson, J. E. Trier, T. B. Borak, and F. S. Williamson, 1976, Ratio
Scanning Dosimetry in Gamma Rooms X and Y, Division of Biology and Medical
Research, Argonne National Laboratory, unpublished data.

Hubbard, L. B., and F. S. Williamson, 1968, The Distribution of Gamma-Ray Doses in
Externally Irradiated Cylinders, in Division of Biology and Medical Research Annual
Report, Argonne National Laboratory, Report ANL-7535, pp. 147-149, NTIS.

Norris, W. P., 1970, Radiation Dosimetry in Beagles Given Intravenous Doses of i)7Cs, in



30 GRAHN AND FRITZ

Division of Biology and Medical Research Annual Report, Argonne National Laboratory,
Report ANL-7770, pp. 139-141, NTIS.
, T. E. Fritz, C. E. Rehfeld, and C. M. Poole, 1968, The Response of the Beagle Dog to
Cobalt-60 Gamma Radiation: Determination of the LDso/]O and Description of Associated
Changes, Radial Res.. 35: 681 708.
, S. A. Tyler, and G. A. Sacher, 1976, An Interspecies Comparison of Responses of Mice
and Dogs to Continuous *°Co 7-Irradiation, in Biological and Environmental Effects of
Low-Level Radiation. Symposium Proceedings, Chicago, 1975, Vol. 1, pp. 147-156,
ST1/PUB/409, International Atomic Energy Agency, Vienna.

Rossi, H. H., 1981, Consideration of the Time Factor in Radiobiology, Radiat. Environ.
Biophys., 20: i-9.

Rust, J. H., R. J. Robertson, E. F. Staffeldt, G. A. Sacher, D. Grahn, and R. J. M. Fry,
1966, Effects of Lifetime Periodic Gamma-Ray Exposure on the Survival and Pathology
of Guinea Pigs, in Radiation and Ageing, Colloquium Proceedings, Semmering, Austria,
June 23-24, 1966, pp. 217-244, Taylor and Francis, Publishers, London.

Sacher, G. A., 1950, Survival of Mice Under Duration of Life Exposure to X-Rays at Vari-
ous Rates. University of Chicago Metallurgical Laboratory, AEC Report CH-3900,
University of Chicago, Chicago, 111.
, 1955, A Comparative Analysis of Radiation Lethality in Mammals Exposed at Constant
Average Intensity for the Duration of Life, / Natl. Cancer Inst.. 15: 1125-1144.
, 1956, On the Statistical Nature of Mortality, with Especial Reference to Chronic Radia-
tion Mortality, Radiology, 67: 250-257.
, 1960, Problems in the Extrapolation of Long-Tenn Effects from Animals to Man. The
Delayed Effect, of Whole-Body Radiation, in The Delayed Effects of Whole-Body Radia-
tion, pp. 3-13, Johns Hopkins University Press, Baltimore, Md.
, 1966, The Gompertz Transformation in the Study of the Injury-Mortality Relationship:
Application to Late Radiation Effects and Aging, in Radiation and Aging, Colloquium
Proceedings, Semmering, Austria, June 23-24, 1966, pp. 411-441, Taylor and Francis,
Inc., London.

, 1973, Dose Dependence for Life Shortening by X-Rays, Gamma Rays, and Fast Neu-
trons, in Advances in Radiation Research, Biology and Medicine, Vol. 3, pp. 1425-1432,
Symposium Proceedings, Evian, France, June 29-July 4, 1970, Gordon and Breach, Sci-
ence Publishers, Inc., New York, N. Y.
, 1976, Dose, Dose Rate, Radiation Quality, and Host Factors for Radiation-Induced Life
Shortening, in Aging, Carcinogenesis, and Radiation Biology, pp. 493-517, Plenum Press,
Inc., New York, N. Y.
, and D. Grahn, 1964, Survival of Mice Under Duraiionof-Life Exposure to Gamma
Rays. 1. The Dosage-Survival Relation and the Lethality Function,/ Natl. Cancer Inst.,
32: 277-321.

Searle, A. G., E. P. Evans, and B. J. West, 1969, Studies on the Induction of Translocations
in Mouse Spermatogonia. 2. Effects of Fast Neutron Irradiation, Mutat. Res., 7: 235-240.

Seed, T. M., S. M. Cullen, L. V. Kaspar, D. V. Tolle, and T. E. Fritz, 1980, Hemopathologtc
Consequences of Protracted Gamma Irradiation: Alterations in Granulocyte Reserves and
Granulocyte Mobilization, Blood, 56: 42-51.

, L. V. Kaspar, D. V. Tolle, and T. E. Fritz, 1982, Hemopathologic Predisposition and
Survival Time Under Continuous Gamma Irradiation: Responses Mediated by Altered
Radiosensitivity of Hemopoietic Progenitors, Exp. Hematol, 10(Suppl. 12): 232-248.

, D. V. Tolle, T. E. Fritz, S. M. Cullen, L. V. Kaspar, and C. M. Poole, 1978, Haemo-
pathological Consequences of Protracted Gamma Irradiation in the Beagle, in Late Bio-



CHRONIC RADIATION INJURY 31

logical Effects of Ionizing Radiation, Symposium Proceeding*, Vienna, 1978, Vol. J,
pp. S3I-S4S, STI/PUB/489, International Atomic Energy Agency, Vienna.

— , D. V. ToUe, T. E. Fritz, R. L. Devine, C. M. Pcole, and W. P. Norris, 1977,
Irradiation-Induced Erythroteukemia and Myetogenous Leukemia in the Beagle Dog:
Hematology and Ultrastructure, Blood, 50: 106'-1079.

Spiess, H., and C. W. Mays, 1973, Protraction Effect on Bone Sarcoma Induction of ^ R a in
Children and Adults, in Radionuclide Carcinogenesis. AEC Symposium Series, Ricbland,
Wash., May 10-12, 1972, C. L. Sander, et al. (Eds.), pp. 437-450, CONF-720505,
NTIS.

Storer, J. B., and T. J. Mitchell, 1984, Limiting Values for the RBE of Fission Neutrons at
Low Doses for Life Shortening in Mice, Radiat. Res.. 97: 396-406.

Thomson, J. F., L. S. Lombard, D. Grain, F. S. Williamson, and T. E Fritz, 1982, RBE of
Fission Neutrons for Life Shortening and Tumcrigenesii, in Radiation Protection: Neu-
tron Carcinogenesis, Symposium Proceedings, Rijswijk, Netherlands, Mar. 28-Apr. 2,
1982, pp. 75-93, Report EUR 80S4 EN, Commission of the European Communities, Lux-
embourg.

— , F. S. Williamson, and D. Grahn, 1983, Life Shortening in Mice Exposed to Fission Neu-
trons and 7 Rays. 3. Neutron Exposure* of 5 and 10 Rads, Radiat. Res., 93: 205-209.
, F. S. Williamson, D. Grahn, and E. J. Ainsworth, 1981a, Life Shortening in Mice
Exposed to Fission Neutrons and y Rays. 1. Single and Short-Term Fractionated Expo-
sures, Radiat. Res.. 86: 559-572.
, F. S. Williamson, D. Grahn, and E. J. Ainsworth, 1981b, Life Shortening in Mice
Exposed to Fission Neutrons and y rays. 2. Duration-of-Life and Long-Term Frac-
tionated Exposures, Radiat. Res., 86: 573-579.

Tollc, D. V., T. E. Fritz, and W. P. Norris, 1977, Radiation-Induced Erythroleukemia in the
Beayle Dog, Am. J. Pat hoi.. 87: 499-506.
, T. M. Seed, T. E. Fritz, L. S. Lombard, and W. P. Norris, 1979a, Acute Monocytic
Leukemia in an Irradiated Beagle, Vet. Pathoi. 16: 243-254.
, T. M. Seed, T. E. Fritz, and W. P. Norris, 1979b, Irradiation-Induced Canine
Leukemia: A Proposed New Model. Incidence and Hematopathology, in Experimental
Hematology Today. 1979. pp. 247-256, Springer-Verlag, New York, N. Y.

Ullrich, R. L., 1982, Lung Tumor Induction in Mice: Neutron RBE at Low Doses, in
Radiation Protection: Neutron Carcinogenesis, Symposium Proceedings, Rijswijk, Nether-
lands, Mar. 28-Apr. 2, 1982, pp. 43-55, Report EUR 8084 i.N, Commission of the
European Communities, Luxembourg.
, M. C. Jcraigan, G. E. Cosgrove, L. S. Sattcrfield, N. D. Bowles, and J. B. Storer, 1976,
The Influence of Dose and Dose Rate on the Incidence of Neoplastic Disease in RFM
Mice After Neutron Irradiation, Radiat. Res.. 68: 115-131.

Vogel, H. H., and H. W. Dickson, 1982, Mammary Neoplasia in Sprague-Dawley Rats
Following Acute and Protracted Irradiation, in Radiation Protection: Neutron Carcino-
genesis. Symposium Proceedings, Rijswijk, Netherlands, Mar. 28-Apr. 2, 1982,
pp. 135-154, Report EUR 8084 EN, Commission of the European Communities, Luxem-
bourg.

Williamson, F. S., L. B. Hubbard, and D. L. Jordon, 1968, The Response of Beagle Dogs to
Protracted Exposure to MCo 7-Ray at 5-35 R/Day. 1. Dosimetry, in Division of Biology
and Medical Research Annual Report, Argonne National Laboratory, Report ANL-7535,
pp. 153-156.



DOE Life-Span Radiation Effects
Studies in Experimental Animals
at University of Utah Division
of Radiobiology

M. E. WRENN, G. N. TAYLOR, W. STEVENS, C. W. MAYS, W. S. S. JEE,
R. D. LLOYD, D. R. ATHERTON, F. W. BRUENGER, S. C. MILLER, J. M. SMITH,
L. R. SHABESTARI, L. A. WOODBURY, and B. J. STOVER
Radiobiology Division, University of Utah, Salt Lake City, Utah

ABSTRACT

In 1950 the Radiobiology Laboratory at the University of Utah was established for the pur-
pose of comparing the long-term biological effects of "*Ra and 239Pu in adult beagles. The
program was later expanded to include the investigation of other radionuclides. More
recently, groups of juvenile and aged beagles were added to the study to investigate the influ-
ence of age at exposure. These studies involved single intravenous injection of radionuclides to
small groups of beagles, in graded doses from levels at which no effects were expected up to
levels where a 100% incidence of bone tumors was sometimes found. Some of the principal
effects were bone tumors, fractures, and other skeletal alterations observed radiograpbically
and histologkally; emphasis was placed on the detection of precancerous changes, hcmatologi-
cal changes, and changes related to aging. Emphasis was also placed on metabolic and
autoradiographic studies necessary for good radiation dosimetry.

The principal emphasis of our program has been to evaluate the relative
potency of 239Pu and 226Ra in inducing bone cancer. Prior experience with
radium poisoning, in radium dial painters and in others who had received
radium therapeutically, had resulted in an awareness of the hazards of
internal deposition of radioactivity (Martland, 1931; Aub et al., 19S2;
Looney et al., 19SS; Evans, 1966, 1967; Evans et al., 1969; Finkel, Miller,
and Hasterlik, 1969; Rowland, Stehney, and Lucas, 1978, 1983). Early
studies of the metabolism and toxicity of 239Pu in small laboratory animate
showed that plutonium was more toxic than radium (Brues, 1951) and led
to the acceptance of a maximum permissible body burden (MPBB) of 0.04
fid of 239Pu, derived from the MPBB of 0.1 /tCi of 226Ra, and to the
adoption of a relative damage factor of 5, not only for plutonium but also
for all other alpha-emitting actinides (ICRP, 1959). The validity of this
relative damage factor was questionable, however, because it was derived
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solely from rodent data at high doses. A need was recognized for addi-
tional studies on animals with longer life spans to allow time for expression
of cancers and with skeletons more similar to those of humans than is the
rodent skeleton.

Our experiments were based on the concept that the relative toxicity of
two bone-seeking radionuclides may be independent of species, even
though the absolute toxicity is known to be species dependent. Thus results
of animal experiments giving the ratio of the toxicity of 239Pu to 226Ra
could be used to infer the human sensitivity to bone-tumor induction by
239Pu according to the relationship

« ^ ****** (1)
226RaDog

 226RaMM

Data from the radium-dial painters establish the 226Ra toxicity in man, the
animal experiments establish the relative toxicity of 239Pu to 226Ra, and
the human toxicity of 239Pu can then be inferred. Mays and co-workers
discuss elsewhere in this volume the rationale and utility of this
toxicity-ratio approach.

DESIGN OF THE EXPERIMENT

The basic plan for the comparative study of the biological effects of
plutonium and radium was formulated in 19S0 with assistance from scien-
tific consultants (Dougherty et al., 1962; Stover and Stover, 1972; Jee
et al., 1976). The route of administration chosen was a single intravenous
injection in young adult beagles, at about 17 months of age to allow a long
period of observation but with the requirement that the skeleton be
mature. Dogs were maintained until euthanasia became necessary. They
received good veterinary care throughout this period, with the exception
that no procedures would be used which would destroy one of the end
points of interest (Dougherty et al., 1962).

The detailed study designs, as they have evolved since 1950, are sum-
marized in Table 1. Since the baseline information on human radium poi-
soning is complicated by the fact that many of the exposures involved not
only 226Ra but also 228Ra (MsTh) and probably 228Th (RdTh), these two
radionuclides were included in the experiment. Because worldwide atten-
tion was focused on the accumulation by man of "Sr from food contam-
inated by nuclear weapons testing, this radionuclide was added; 24lAm was
later added because of its potential for occupational exposure.



TABLE 1

Injected Dosages aad Numbers of Dogs

level
code No.

5
45
4
3

2
1.7
1.5
1

0.7
0.5
0.2
0.1

10
—

3.2
1.1

0.34
0.17

—
0.057

_ _
0.02
0.007

_ _

2.8
—

0.90
0.30

0.096
0.048

—
0.016

0.01
0.006
0.0018
0.0007

» » .

10

3.2
i.i

0.34
0.17

—
0.057

_ _
0.019

—
_ _

2.8
—

0.90
0.30

0.096
—
0.032
0.016

_ _
0.0051
0.0017

_ —

Injected dowses, MCI/kg

"Sr

100
66
32
11

3.4
1.7

0.57

_ _

__ —

M'A«

3.0

0.90
0.30

0.10
0.048

—
0.016

— —
0.006
0.002

_ _

_ _
—
— —
0.30

0.10
— —
—

0.016
_ _

0.006
—
0.0006

* * *

—
_ _
0.30

0.10
_ _.
- —

0.016

_ _
0.006

0.0006

10

3.2
1.1

0.35

_ _

_ _

«R«t

10
—

3.2
1.1

0.35
—

_ _
—
—
_ _

10
—

3.2
1.1

0.35
—
—
—

_ _
—

_ _

(Table 1 continued on next page)
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code No.

5
4.5
4
3

2
1.7
1.5
1

0.7
0.5
0.2
0.1

0

Total

•One

~ R .

9
_ _
12
12

12
12
—
22

_ _
25
10
—

44

158

injection

- P .

9
- -
12
12

12
13
—
25

38
41
41
28

46

277

per dog.

«Ra

7
- -

7
12

12
12
—
—

12
—

12

74

tTen

2
—
4

12

12
_ _

12
12

12
12

12

90

TABLE 1 (Co*t'd)

Injected dosage*,

M I A«

NtMbenofdoe*

12
12
12
12

12
12
—
12

- -
—

12

96

injections per

2

12
13

12
23
—
25

14
14

115

"•cr

_ -
—
—
6

6
—
—
6

6
6

5

35

S

a

_ _
—
—
6

6
—
—

6

6
6

6

36

dog. •Fifty injections

5
—

6
12

12
—
—
—

—
—

6

41

per dog.

'"Rat

6
—
6

12

12
- -
—
—

—
—
—

6

42

~Ra*

6
—

6
12

12
—

—

—
—

6

41

w
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Prior to completion of the first phaae of injections in 1963, the need for
lower dose levels was recognized. Additional levels were added below 0.016
MCi of 239Pu/kg and below 0.057 fid of 226Ra/kg (Table 1). The lowest
levels of 239Pu and 226Ra resulted in retained radionuclide concentrations
that corresponded closely to those of the maximum permissible occupa-
tional burdens of 0.04 /iCi of 239Pu and 0.1 /*Ci of 226Ra.

The range of radiation doses (average rads to skeleton) was very large:
about 2400 for 239Pu, 540 for 226Ra, 370 for 252Cf, 320 for *»Cf, 220 for
241 Am, 100 for ^Ra, 96 for ^Sr, and 30 for 224Ra (Table 2). These re
wider dos* IP<JS than have been investigated in most experiments involv-
ing toxicit^ or carcinogenesis. This, combined with the long life span of the
animals, makes these and other similar DOE-supported beagle studies
unique experiments in carcinogenesis.

DOSIMETRY

The relative effectiveness for production of bone sarcoma, the chief
cause of death among our young adult beagles injected intravenously with
high doses of bone-seeking radionuclides, is based on average skeletal dose
in rads at death relative to the dose from 226Ra. Detailed dosimetry for the
various radionuclides in beagles has been described previously (Lloyd,
1970; Lloyd et al., 1976, 1982; Stover et al., 1977).

The reported skeletal doses are based on a wet skeleton that was
assumed to constitute 7.5% of the body weight at the time of injection
(Stover et al., 1972). Recent improved data presented in our 1982 pro-
gress report (Atiierton, Bruenger, and Stevens, 1982) indicated that the
wet skeleton is about 10% of the body weight. The doses given in this
paper, which are consistent with those reported in our progress reports
from 1974 through 1983, will be revised later with a specific review for
each experimental animal. The skeletal doses presented in this summary
differ from the revised dose estimates used elsewhere in this volume in the
summary of the 226Ra studies (Wrenn et al., 1986) and in the paper on
toxicity ratios (Mays, Taylor, and Lloyd, 1986).

Investigations of the toxicity of bone-seeking radionuclides have classi-
cally used average skeletal dose as the dosage parameter in dose-response
relationships. Our use of average skeletal dose implies no assumption that
the energy released by the decay of the radionuclide is dissipated uni-
formly throughout bone. All bone-seeking radionuclides are deposited
nonuniformly throughout bone, and their retention and redistribution are
dependent on chemical exchange and bone remodeling. Another important
dose parameter is local endosteal dose, defined as dose to cells or to
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TABLE 2

Summary of the Status of Lifetime Toxicity Studies in Beagles
(As of Aug. 31,1983)

NadMe
No. of
dogs

No. of
dogs

No. oT dogs
with at least

No. of Raage of avenge
dosage skeletal dote
levels at death, rads

Studies of
toxicity in
young adults

Ra
23*PU

^ R a
a s T h
""Sr
241Am

M»Cf

252Cf
224Ra

Studies of effects
of age at exposure
on toxicity

Aged dogs
2 M Ra
239pu

Juvenile dogs
2MRa
239Pu

Study of influence
of high spontaneous
rate of bone sarcoma
(Saint Bernards)

^ R a

Total

158
277
74

90
96

115

35
36

124

30
30

50
50

17
24

1206

0
67
0

0
0

26

15
21

115

16
16

41
43

9
8

377

42
70
40

41
15
35

11
8
4

4
9

5
2

8
9

303

9
11
7

9
8
8

6
6
5

2
3

5
5

35 to 19,000
3 to 7,260

125 to 12,500

21 to 6,100
150 to 14,400

10 to 2,200

3 to 957
3 to 1,107

14 to 420

100 to 2,760
2 to 1,330

volumes adjacent to endosteal surfaces. Discussion of the complexity and
utility of this concept is beyond the scope of this paper. It is a
complementary approach to that employed in this summary and is depen-
dent upon a well-defined model and detailed knowledge of the microanat-
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otny of bone and the microdistribution of bone seekers, information that is
presently adequate.

CALCULATION OF RISK COEFFICIENT

We currently express our findings as a ratio of linear risk coefficients
associated with average skeletal doses of the given radionuclide, relative to
radium. Our calculation of linear risk coefficients is a slight variation on
the method of Mays et al. (1976) in that it uses an unweighted least-
squares fit of the data.

The least-squares formula used to fit the data is (Thomas, 1962):

SDi(fj-b)

where

m = the slope, expressed in bone sarcomas/rad
Dj = the average skeletal dose to group i
f; — the fraction of the dogs in group i developing one or more

bone sarcomas
b = the fraction of control dogs with bone sarcoma, taken as

0.008

Higher dose levels were not included if, at these levels, the osteosar-
coma frequency saturated and/or there was significant shortening of life,
or if a linear fit gave a poor correlation coefficient.

Thus the toxicity ratio is given by

T • •* e I J A * 226» slope of nuciide AToxicity ratio of nuclide A to Z26Ra = —"^ rr:
slope of M6Ra

The toxicity ratio equals the ratio of slopes only over the range of data
that can be adequately fit by linear responses passing through control
incidence. More generally, the toxicity ratio is the ratio (226Ra dose in
rads/Nuclide A dose in rads) at equal incidence.

STATUS OF " • R a , 2 3 8 P U , ^ R a , 2 2 8Th, 241Am
AND " S r STUDIES IN YOUNG ADULT BEAGLES

Table 2 summarizes the status of bone-sarcoma induction as a function
of average skeletal dose in our beagle expeiiments as of Aug. 31, 1983.
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All dogs in the 226Ra, 228Ra, 228Th, and ^Sr studies have died. Of 1206
dogs in the lifetime toxicity studies, 303 had developed at least one bone
sarcoma. Most of these were osteosarcomas, but we also found fibrosarco-
mas, chondrosarcomas, and angiosarcomas of bone. Among 126 dead con-
trols we observed one osteosarcoma at 16.1 years of age.

The results for bone sarcomas from 226Ra are considered at greater
length elsewhere in this volume (Wrenn et al., 1986). Bone pathology
results for radionuclides other than 226Ra are under review, and the
pathology results other than for 226Ra summarized here must be con-
sidered preliminary. Soft-tissue pathology and local dosimetry remain to be
studied more completely for all the nuclides. The information on pathology
and dosimetry being collected in support of these studies constitutes a par-
ticularly valuable set of dose-response data.

In Fig. 1 the percent of exposed dogs having at least one bons sarcoma
is plotted against the average skeletal dose. At the lower doses, increased
incidence of bone sarcoma was the major radiation effect observed. At
high doses other effects occur which may cause life shortening and may
account for the decrease in bone sarcoma incidence per rad. Life shorten-

10" 10° 101 102 103

AVERAGE SKELETAL DOSE, radt

Fig. 1 Cm—latin b w WCMM JKMMKC n. arcvafe ikcfctil
fcjectrf with *»¥% *»!*, "'AM, "•ita, a*R», u4 St.

10*

pbtterf for
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ing was generally evident when more than half of the dogs exhibited one
or more ostcosarcomas. Multiple ostcosarcomas were common at higher
doses. The relative toxicities of the nuclides are quantitatively apparent
from this graph. The much lower toxicity of *°Sr per average rad to skele-
ton is primarily because it is a beta emitter.

The cumulative tumor incidence to end of life vs. dose on a linear scale
is plotted in Fig. 2 as linear unweighted least squares fit to the data. The
fit is very good for radium (correlation coefficient r = 0.99) and for
plutonium (r — 0.99) and is acceptable for the other radionuclides (the
value r ranges from 0.99 to 0.97), except for *°Sr, which is not plotted.
This linear formulation is convenient for a comparison of toxicity ratios
which are tabulated in Fig. 2. If data from one additional higher dose
level of plutonium had been included, the estimate of toxicity ratio would
have been 16 rather than 19 (Mays, Taylor, and Lloyd, 1986). The greater
toxicity of 239Pu, 228Th, and 24lAm relative to 226Ra may be due to their
initial deposition on bone surfaces and to the resultant higher irradiation
of cells near or lying on the endosteal surfaces of bone. That 228Ra is 2.7
times more toxic than 226Ra is a surprising result which may be due in

400 800 1200 1600 2000

AVERAGE SKELETAL DOSE, rads

2400 2800

Fig. 2 linear
toe refkM for r

plot of fractkw of
"'Aa, }*Ra, u d "tfe.

witk ia the low
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part to the fact that the 228Ra injection solutions were contaminated by
ingrowth of small amounts of the 228Th daughter, we intend to reanalyze
these data to adjust for the 228Th component.

OTHER EXPERIMENTS

In addition to the major toxicity studies in beagles, a number of addi-
tional studies have been conducted, most of them still incomplete. These
will be briefly described in the following sections.

Toxicity Ratios in Mice

Studies have been conducted in the mouse to determine the toxicity
ratios for bone-sarcoma induction as a function of radiation dose from
23*Pu, ^Am, MCft aod 2S2Ct relative to 226Ra. Comparison of these
values with similarly derived toxicity ratios in the beagle will constitute a
test of the hypothesis that such toxicity ratios among various mammalian
species are roughly similar (Mays, Taylor, and Lioyd, 1986). In the mouse
;he toxicity ratios relative to 226Ra were: 239Pu, 15.3 ± 3.9; ?41Am,
4.9 ± 1.4; 249Cf, 5.0 ± 1.4; and 252Cf, 2.6 K+- 0.8 (Taylor et al.,
1983). These ratios are similar to our preliminary results in dogs.

Relative Carcinogenic Potential of Fission
Fragments and Alpha Particles

Studies comparing ^'Cf and 252Cf were undertaken in beagles to
evaluate the toxicity ratio of fission fragments vs. alpha particles. Califor-
nium-249 emits alpha particles in 100% of its disintegrations, whereas for
252Cf half of the decay energy is from fission fragments and half from
alpha particles. The toxicity of 2S2Cf is also of specific interest because it
has industrial and medical uses and is found in high-burnup light-water
reactor fuel and in reprocessing radioactive waste. The design and status
of these studies are indicated in Tables 1 and 2. It is too early to calculate
the toxicity ratio of fission fragments in beagles, but, in finished experi-
ments in mice, the toxicity of fission fragments from 252Cf relative to
alpha particles from ^'Cf was 0.02 ± 0.28 (Taylor et al., 1983).

Short-Term Metabolic Studies of Other Actinides

The current chronic-toxicity studies have been and will be supple-
mented by short-term experiments with other actinides (berkelium, ein-
steinium, uranium, and neptunium). In these studies beagles have been or
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will be euthanized serially at short times postinjection, and a complete
radiochemical analysis of selected soft tissues and skeletal parts will be
done. These data are used to determine the retention, distribution, and
deposition of these elements for up to 1 year postinjection. The chronic
toxicity of these elements in beagles and/or in humans can then be
estimated by correlation with data from the long-term toxicity studies car-
ried out with plutonium, americium, and californium.

Relative ^ ^ a Toxicity Among Humans, Beagles, and Mice

Owing to its short 3.6-day half-life, 224Ra decays to a large extent on
bone surfaces, giving a local distribution of dose similar to that of freshly
deposited 239Pu. Thus epidemiological studies of 224Ra injected in man, in
conjunction with toxicity ratios of M4Ra vs. 239Pu now being established in
laboratory animals, will provide a means for predicting the risk to bone
from 239Pu in man.

About 2200 German patients, injected with 224Ra for the treatment of
tuberculosis and ankylosing spondylitis, are being followed by Professor
Heinz Spiess and Professor Wolfgang Gossner at Munich. The current
status of this investigation is shown in Fig. 3. The animal work to estab-
lish the 239Pu/224Ra toxicity ratio is being done in beagles (Table 2) and
in mice at the University of Utah; the toxicity of 224Ra relative to that of
239Pu will thus be evaluated independently in two different species.

250

5 10 15 20 25 30
TIME FROM FIRST INJECTION TO TUMOR DIAGNOSIS, years

JFlg. 3 rate for JareaUe art wMt I with ****.
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Influence of Age on Toxicity Ratio of 23SPu and 226Ra

Plutonium-239 was injected in juvenile (3 months) and older (S years)
dogs, and metabolic and toxicologic results are being compared with those
from young adults. In the older animals the longer residence time of 239Pu
on bone surfaces and the further accumulation of the nuclide on those sur-
faces as a result of the 239Pu recycled from liver and bone should favor
increased induction of bone sarcomas (Fig. 4). However, the short remain-
ing life span (an average of 8 postinjection years for older adults vs. 11.5
years for young adults) could restrict the appearance of tumors at low
doses. Rapid bone turnover in the juvenile beagles results in a shorter
residence time of 239Pu on bone surfaces and rapid burial within the
mineral matrix. Although there is a larger number of radiosensitive bone
cells near the surfaces of growing bones, the shorter residence time of
239Pu on those surfaces should reduce the number of sensitive cells irradi-
ated and decrease its toxicity (Fig. 4). Early results suggest that the skele-
tally mature beagle is indeed more sensitive than the young adult to
239Pu-induced bone sarcoma (Table 3).

Retention of 226Ra in older beagles was higher than expected. Two
bone sarcomas have appeared at the dosage level of 3.13 pCi of 2Z*Ra/kg,
but most of the dogs at this dosage level succumbed to radiation nephrosis,
with significant concomitant life shortening. A significant number of
osteosarcomas should appear at the dosage level of 1.07 pCi of 226Ra/kg
(Table 3).

Influence of Natural Risk on Radiation-Induced
Bone Sarcoma

The skeletal carcinogenicity of 226Ra compared to 239Pu has been
studied in Saint Bernard dogs. Our limited data comparing the more
radiosensitive Saint Bernard to the beagle indicated that the toxicity ratio
of 239Pu to 223Ra varied less than the difference in radiosensitivity between
Saint Bernards and beagles.

The natural risk from bone sarcoma in the Saint Bernard is one of the
highest of ail mammalian species, whereas the beagle has a very tow
incidence, approximately 1/160 that of the Saint Bernard (Tjalma, 1966).
From preliminary and partial results (Table 2), it would appear that the
radiosensitivity of the Saint Bernard is onfy about five times higher than
that of the beagle (Taylor et al., 1981). These data suggest that for bone-
sarcoma induction, the relationship between natural sensitivity and
radiosensitivity is not exactly proportional as postulated by the "relative
risk model" of dose-response relationships (BEIR, 1972). The data also
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TABLE 3

Status of Chronic Toxidty Program with Aged and Juvenile Dogs*
(As of Mar. 31,1983)

Grosy
No. of Dosage

level

Dose
iBJectei,

a/kg

No. of No. of
tOWfrtt*

Avenge
skektel

Avenge tee
after isjec-
thw,fays

JavcaileDogs

Plutonium

Radium

Plutonium

Radium

10
10
10
10
10

10
10
10
10
10

10
10
10

10
20

0.5
1.0
1.7
2.0
3.0

0.5
1.0
1.7
2.0
3.0

1.7
2.0
3.0

3
4

0.0053
0.015
0.048
0.095
0.296

0.021
0.066
0.166
0.339
1.07

0.048
0.095
0.296

1.07
3.21

2
1

- -
- -

4

_ _
1
2

6

AfeiDogi

1
4
9

2
12$

- -

2

_ _

5

_ —
2
7

1
3

332 ±

99
293 ±

1866 ±

95
179 ±
505 ±

2393
2681 ±

26

19

590

48
120

1586

2168 ±

2010
2369

2290 ±

2163
1876 ±
1280 ±

1799T
998 ±

234

381

294
396

464

•There also is a control group consisting of 11 beagles injected at 90 d«.ys of age with the citrate
buffer solution but no radioactivity. One dog of this group died at 1353 days after injection as a
result of an accidental strangulation.

tDose and time after injection not included for one dog that died accidentally.
JThc major cause of death in this group of dogs is radiation-induced kidney failure.
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suggest that the 239Pu/226Ra toxicity ratios for beagles and Saint Bernards
show a smaller difference than the difference in radiosensitivity of the two
breeds, thus supporting the concept of toxicity ratios (Mays, Taylor, and
Lloyd, 1986).

Modification of Carcinogenic Response

Two studies were conducted to examine the influence of modifying
agents on the incidence of radiation-induced bone sarcomas. Studies in
CS7BL female mice showed that thrice-weekly injection of the antiviral
agent murine interferon was not effective in preventing the appearance of
239Pu-jnduced bone tumors (Taylor et al., 1986). Another study showed
the efficacy of Zn-DTPA in reducing the radioactivity on bone surfaces
from injected 239Pu in beagles (Fig. 5). This treatment greatly reduced the

Fig. 5 Put M
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risk from bone-sarcoma induction (F. W. Bruenger et a1., unpublished
data).

Local Dosimetry of Bone-Seeking Radionuclides and
Mechanisms of Bone-Cancer Induction

Our objective in these studies is to learn more about the mechanisms
for the induction of skeletal cancers in dogs by alpha-emitting
bone-seeking radionuclides through improved radiation dosimetry and
skeletal biology data, with the ultimate goal of developing better skeletal
risk estimate models for man. Whereas average dose to bone is clearly an
inadequate parameter for study of the mechanism of osteosarcoma induc-
tion, current models that emphasize the radiation dose to endosteal cells en
bone surfaces may also be unsatisfactory, because they ignore the nonuni-
formity of the radionuclide distribution within bones, from bone to bone,
and the redistribution of the radionuclide with time; they also assume that
the endosteal cells are a single static population uniformly distributed over
endosteal surfaces.

Our approach to this problem is twofold: (1) the determination of the
quantitative microdistribution of bone-seeking radionuclides (Wronski,
Smith, and Jee, 1980; Polig, Smith, and Jee, 1984) and (2) the determina-
tion of the characteristics, residence time, and turnover rates of bone cells
at or near bone surfaces (Miller and Jet, 1980; Miller ct al., 1980; Wron-
ski, Smith, and Jee, 1980; Polig, Kimmel, and Jee, 1984; Miller, Jee, and
Smith, 1986). Comparative bone remodeling and histomorphometric data
have been generated to aid in the extrapolation of risk to man. These stud-
ies are being conducted in collaboration with investigators at Battelle
Pacific Northwest Laboratory [for inhaled 239PuO2 and 239Pu(NO3)4] and
at the University of California at Davis (for injected 226Ra).

Localization and Distribution of Plutonium in Gonadil Tissues

Quantitative light- and electron-microscopic methods have been used to
determine the tissue, cellular, and subcellular distribution of plutonium in
soft tissues. For these techniques 24lPu has been used to provide superior
autoradiographic resolution; 241Pu can be localized at the organellar levels
with a spatial resolution of about 150 nm (Miller and Bowman, 1982). In
the testis plutonium is localized in interstitial tissues (Miller, 1982) and in
resident tissue macrophages where it is concentrated in the lysosomal sys-
tem (Miller and Bowman, 1983; Fig. 6). These observations help explain
the long-term retention of plutonium in gonadal tissues and are being used
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to construct interspecies models of radiation dose rates to gonadal cell
populations.
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DISCUSSION

F. F. Hahn (Lovelace, Inhalation Toxicology Research Institute):
Would you comment on the autoradiograph that you showed of injected
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plutonium in an adult, I believe, in which it looked as if there were accu-
mulations of plutonium in the marrow spaces (Fig. S). Is that a correct
interpretation of that slide?

Wrenn: You are probably referring to the slide from a dog injected
with polymeric plutonium. As you know, the injection results in small
aggregates which are picked up by the reticuloendothclial system, particu-
larly in the liver, and these translocate to the bone and also apparently to
the marrow; but this translocation takes time to develop.

R. Gray (Oxford University): I would be interested to know how you
chose your dose levels. One of your slides showed the effect of 239Pu on the
percentage of tumor-bearing animals, with none of the animals appearing
to be dosed at greater than SO rads, whereas for 226Ra doses went up to
about 2000 rads. You had nice linear fits to the data, but did you not dose
any of the 239Pu animals higher than SO rads?

Wrenn: We used much higher doses of 239Pu, but the dose-response
curve is not linear up to 700 rads; it bends over. So what I have done is
fitted only the lower part of the dose-response curve with a linear func-
tion.

Gray: Had you used life-table-adjusted methods instead of just the
unadjusted fraction, you probably could have included those higher dosed
animals.

Wrens: I think that is correct. What you see at higher levels are bone
tumors competing with bone tumors to shorten life. And what is normally
counted is the first bone tumor to show up. In our radium-treated dogs, if
we count all the bone tumors that we can identify (i.e., sometimes more
than one per dog), the response stays linear to doses up to 5600 rads.

J. F. Park (Battelle, Pacific Northwest Laboratories): Have you had
an opportunity to compare bone-tumor induction from the same radionu-
clides in three species, such as mouse, dog, and man? Are there any differ-
ences in the species sensitivity to similar doses of similar radionuclidcs?

Wrens: Yes. And to illustrate, for 226Ra we believe that the beagle is
considerably more sensitive than man. It is hard to justify fitting the
human information with a linear function, but if you do it, you conclude
that the beagle is between six and fifty times more sensitive than man.
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ABSTRACT

Studies on the life-shortening and carcinogenic effects of internal emitters and external irradi-
ation have been the core of the LEHR (Laboratory for Energy-Related Health Research)
research program for over three decades. Our principal animal model has been the beagle
dog. The beagle's tissue sensitivity, metabolic and dosimetric characteristics, pathologic-
responses, and aging changes give it relevance for the assessment of radiation risks n
humans. The primary generalization from these studies is that one cannot generalize about
radiation effects. Although our results confirm the existence of an amelioration of effects at
low doses and low dose rates [the dose-rate effectiveness factor (DREF)], the manifestation
of the amelioration may vary. For example, with X-irradiation higher exposures appeared to
decrease latency but did not alter the incidence of mammary cancer, whereas with the bone-
seeking radionuclides, "Sr and ^Ra , higher doses decreased the latency and increased the
incidence of osteosaroomas. Radiation-induced leukemias were seen only with high doses at
high dose rates but only from *°Sr and from chronic exposures to *°Co, mainly in dogs
exposed beginning is utero. Most of the radiation-induced life shortening in dogs exposed to
internal emitters appears attributable to an increased cancer risk, but this is not necessarily
the case for X-irradiated dogs.

The life-span radiation effects studies in animals, conducted at our labora-
tory for over 32 years, have told us much and are continuing to tell us
more. These lessons cover four specific aspects about effects of radiation:
the qualitative, the quantitative, the intcgrativc, and the mechanistic. The
first of these could be classified as studies of discovery—when the
qualitative effects of radiation are uncovered. One such example relates
to the first radiation effects experiment at Davis, begun in 1951, in which
some 300 female beagles received single or fractionated X-irradiation to
find out if the timing of irradiation affected life span. In those days
radiation-induced life shortening was considered to be some as-yet-
undescribed phenomenon, and the discovery was that life shortening was

S3



54 GOLDMAN. ROSENBLATT. AND BOOK

almost all accounted for by an earlier appearance of fatal cancers in
exposed animals (Andersen and Rosenblatt, 1969).

The second lesson learned from life-span studies in animals relates to
the quantification of the dose-effect relationship. These studies ac-
knowledge that, for example, a certain cancer risk exists after radiation
exposure, and the studies are defined and designed to determine the nature
of the dose-response curve, its slope, its shape, and its possible utility for
extrapolation to the human condition (Goldman, 1982). Much of this sym-
posium is devoted to the quantitative aspect of radiobiology, and data from
studies in our laboratory also contribute information on this subject. Fig-
ure 1 illustrates one of our early attempts at relating tumor risk, radiation
dose, and time to death in a three-dimensional "response surface." This
shows that at lower doses the risk or incidence is lower and the latency is
longer (Goldman et al., 1973).

After determining the major effects to be expected from exposure to
radiation and subsequently describing the nature of the dose-effect curve,
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a third element comes into play. This represents integrative attempts to
scale, proportionate, or extrapolate the data from one animal species to
another. The impetus here is to develop a quantitative justification for use
of the animal data in predicting effects in humans. This is an ongoing
responsibility and a constant challenge to our imagination. The problem of
extrapolating or integrating experimental data to better predict the risk of
very low levels of radiation exposure in humans is an important responsi-
bility and part of a sensitive issue. Table 1 and Fig. 2 show one way in
which mice and dogs have been used to predict plutonium risks in people
(Rosenblatt et al., 1976). By using the three-dimensional (time, dose,
incidence) model illustrated in Fig. 1, the maximum cumulative incidence
rates for humans, dogs, and mice were estimated for each ingested
radioactivity level for both 226Ra and 239Pu. The midvalue (50% rate) was
used to compute a "mid-effectiveness level," i.e., 50% maximum cumula-
tive incidence rate (MCIR), shown as D in Table 1. The product P of
cancer effectiveness (50% MCIR), effective half-life (Te), and bone uptake
(A) were calculated to predict the human value of D for 239Pu by using
independent mouse and dog studies. In this instance mice and dogs both
yield comparable human estimates of D (i.e., 3.3 fid of 239Pu/kg), an
example of a technique in prospective-risk estimation which is of impor-
tance when direct human experience may be lacking.

TABLE 1

Parameters Used in Scaling Radiation-Induced Tumor Risk
from Animals to People*

ParuKtent

D, nCi/kg, for 50% MCIRf
Te, years
A (fraction to bone)
P = D X Te X A

PlUjTCnu-X

_ PRt.humin* *

Dog

380
12.7
0.15
724

P J ~ .

Ppiunouic
* Pu,faamaai p

'.Hajnouie

Move Haaaat

3200 3800
1.46 15
0.20 0.025
934 1425

163 (dog based)

— 162 (mouse based)

Dog

11
15
0.50
83

Move

320
1.1
0.30
106

(3.3)
100
0.50
(163)

'Adapted from Rosenblatt et al. (1976).
tExplained in text.
f Maximum cumulative incidence rate.
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We have heard it said, with regard to low-level effects research, that
the human studies are invariably inconclusive and that the animal studies
are irrelevant. Such a statement could abruptly end any further discussion
of the issue.

Most human studies are handicapped because the radiation dose is
invariably determined retrospectively, with unanswered questions on the
exact dose, its quality, and its distribution in space and time. The possible
confounding of epidemiologic data by a variety of other factors that may
or may not influence the end point in question is well known. Finally, the
size of the exposed group is invariably (and fortunately) quite small and
fraught with major statistical complexities.

Animal research overcomes the major problems regarding radiation
dose, which is invariably known with adequate accuracy. The follow-up of
the exposed cohort is usually complete, and in good experimental designs
an appropriate unirradiated control cohort is available for comparison.

Since one of the major end points of concern is cancer and since the
practical species of choice has been the rodent, radiation studies have
pushed this experimental model beyond determining wheuer the radiation
dose in question is or is not carcinogenic and into models in which the
quantification of the response is the primary end point. Inbred rodent
strains can :ach have characteristic sensitivities, or insensitivities, for cer-
tain organ responses to radiation exposure which make data from these
animals difficult to extrapolate to outbred humans. Dr. Leo Bustad, who
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pursued a productive scientific career both at Hanford and at our labora-
tory in Davis, once told us that with regard to radiation studies, "You can
prove anything with a mouse." He was referring, of course, to the need to
carefully choose the appropriate experimental model to test a particular
hypothesis under question.

In one example at our laboratory, mice were fed diets containing two
different levels of 89Sr for their remaining lifetime (Wright, Goldman, and
Bustad, 1972). The experiment used equal numbers of both sexes and
three different strains of mice, and feeding of 89Sr was started either in
infancy or as young adults. The results were interesting. We found some
groups that developed 89Sr-induccd bone cancers in 100% of the animals at
risk, whereas in other exposed strains, sexes, or ages, no bone cancer was
seen. This radionuclide irradiated both bone and marrow; in one strain we
saw a high incidence of leukemia but not in any other strain. Further-
more, the cancer incidence varied among the treated groups. A more
recent example at our laboratory has shown that hematopoietically
diseased and genetically predisposed mice, such as the RF strain, are sensi-
tive to radiation-induced cancer but that other strains, such as the CAF,
do not develop the disease either with or without radiation exposure
(Fig. 3) (Cain, 1983). From this data base we could choose support for no
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effect, maximum effect, different effects, sensitivity for the dose, or for
resistance and minimal effects.

The interpolation and extrapolation between and from different species
present a major challenge to the biomedical and toxicologic community. In
radiation studies one classic example exists in which documented human
exposure has generated information on risk and in which more than one
animal species has been evaluated in a comparative manner. I refer, of
course, to the 226Ra dial painters, young women who received 226Ra by
inadvertently ingesting this radionuclide in the workplace. The carcinogc-
nicity of this radionuclide has been qualitatively and quantitatively
evaluated in mice and in dogs, thus providing a model for interpolation
between species and perhaps extrapolation to other bone-seeking radionu-
clide risks (Fig. 4) (Raabe, Book, and Parks, 1980).

The fourth, and possibly the most challenging, lesson that can be
learned from the lifetime animal studies is the understanding and concep-
tualization of the mechanism of primary and secondary radiation action.
The ability to understand what it was that happened and why it happened
is being investigated by radiation biology scientists at all levels from the
biophysics of molecular interactions to the mathematical modeling of stud-
ies of population effects.

The lifetime radiation studies at our laboratory have addressed, and
continue to address, all four of these levels of interest. A significant com-
ponent of the research at our laboratory which ties all the studies together
relates to time. Specifically, this involves (1) the time over which the dose
is applied, (2) the time from exposure to observation of effects, and (3) the
importance of dose rate in understanding radiation risk.

In an early study (Fig. 5) in which female beagles received either a
100- or 300-R exposure delivered in a single dose or in a fractionated pat-
tern with the variable being the time between fractions, w« discovered that
the greater the time between fractions for a total of 300 R of exposure, the
"ess the effects in terms of average life shortening of each cohort. In fact
the maximum fracttonation schedule with the animals exposed to 300 R
produced effects quite similar in magnitude to those of the animals receiv-
ing 100 R, i.e., the fractionation had an amelioration factor of 3. The frac-
tionation effect was not seen in the animals exposed to 100 R which suf-
fered about a 5% life shortening (Andersen and Rosenblatt, 1969).

A second discovery was that breast cancer was the major cause of
death. In the unirradiated, the 100-R-, and the 300-R-exposed animals,
the percentages dying of the disease were about equal, but the disease was
seen earlier in the higher radiation dose groups. This is analogous to say-
ing that radiation caused a shortening of the latent period but did not



50,000

30,000

20,000

10,000

« 7.000

•8 5,000

I 3,000

"J 2,000
Q
O

2 1,000

700

500

300

200

100
10

T 1 I T I 1 I I ' ' " " I i i | i i i 1

t = 20,000 for 20-year-old persons
-O—-CX3 • & •

t = 4,865 for Davis dogs

J ' I I I I 11 J I 1 I I I I ' I I I I I I I ' ' I I I I i i

10~1 1 10
AVERAGE DOSE RATE TO SKELETON (D), rads/day

100

slope flttei to tke 4og data fit the
doft, wri ^ce rektei to aTerafe skeletal 4ooe rate. The
t mMMMy wel (Raakc, Book, aid Paifcs, IMS).



60 GOUDMAN. ROSENBLATT. AND BOOK

7 14 21 28 42 84

TIME BETWEEN FIRST AND LAST EXPOSURES, days

Fig. S Ufe-oaaa ihnrtniH <• fea»le beagko u related to fracttoaotioa of
X-ray oote. Note that the greater the tee to aether the 3«§ R the turn the Ufe
taorteaiag ao* that aa 84-aay fnctioMtioB oehoMe for 3 M R waa ahoat ofwl
MI effect to 1M R. • , 1M R (fractiooated). O, 3 t t R (fractloMtoi). [Frooi A. C
Aafcnca aao* L. S. Rooeahfett, The Effect of Whole-Bo*y X-lrra*atk« oa the
Meiiaa Ufeaaoa of Feawie Dogs (Beagka), JbtfiotJM Htatmrck, 3 * 177-22*
(19*9); hy orwmlaAn of Aca4wlc Prees, b e , New York, N. Y.I

increase the incidence. Although other cancers were seen, particularly in
the older animals, the distribution of tumor types was too varied and the
numbers too few for one to make definitive statements regarding a radia-
tion response.

The second and largest study (perhaps the largest ever) designed to
predict radiation risks from ^Sr contamination compared this bone-seeker
with 226Ra, for which human data were available, by using the dog as the
experimental model. The skeleton of the beagle, anatomically and physio-
logically, as well as pathologically, has many similarities to that of the
human, particularly regarding the characteristics of their bone cells and
the kind of bone marrow cells and leukemias which can be studied
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radiobiologically. Over 800 dogs were studied for their lifetime (some are
still alive), and dose-effect relationships were developed. We discovered
that these relationships were different for radium and strontium; and, to
our surprise, we discovered that, in addition to bone cancer (Fig. 6), ^Sr
feeding provided a sufficient bone-marrow dose to add the risk for
myeloproiiferative disease, myeloid metaplasia, myelofibrosis, and a signifi-
cant number of myelogenous leukemias (Fig. 7) to that of osteosarcoma
(Goldman et al., 1972). We discovered that '"Sr was less carcinogenic
than 226Ra on a per-unit-dose basis (Fig. 8) but that strontium caused two
kinds of cancer rather than one—i.e., bone cancer as well as
leukemia—and that this particular model appears to be proving that only
irradiated tissues are at risk. What is also important is that the Ra/Sr car-
cinogenic ratio is not a constant but continually changes as a function of
dose or dose rate. This finding has major implications for protection
standards that focus on low levels of exposure, if these standards are to be
based on scientific data derived from high levels of exposure.

The discovery that chronic ^ST irradiation of the skeletons of young
beagles induced myelogenous leukemia, the pathology of which resembles
that of radiation-induced leukemia in humans, prompted us to embark on
a study of the mechanism of leukemia induction in beagles in which the
exposure mode would be chronic, external irradiation. We have now pro-
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duced a model in which chronic irradiation of the beagle fetus almost
always produces the leukemic response in about two years, thus providing
us with a truly "preleukemic model" (Shifrine c: al., 1983). This model is
now being exploited using modern molecular-biologic and immunologic
tools to unravel important aspects of our understanding of radiation cancer
risk. The beagle provides us with the rare opportunity to sequentially sam-
ple the same tissue in the same individual during the "latent period," and,
with in vitro studies on cells removed from these animals, to probe more
deeply than ever before possible into this complex question.

In conclusion, our lifetime studies on animals have shown, in a way
unavailable by any other means, the kinds of radiation effects to expect,
the quantitative nature of the dose-effect relationship for different kinds of
radiation or the same radiation delivered with variations in its distribution
and its dose rate. Now, by using modern biologic probes, we are provided
the further opportunity to begin to understand the initiation, promotion,
and ultimate manifestation of late effects of radiation at high, intermedi-
ate, and low dose levels.

When these long-standing issues were discussed some time ago, we
once observed that "the dog is always right—our task is to learn what it is
telling us." We tried to listen well then, and we believe that we are better
listeners now.
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DISCUSSION

C. L. Sanders (Battelle, Pacific Northwest Laboratories): How does
the leukemia in your dogs compare with the response seen in the swine
studied at Pacific Northwest Laboratory many years ago?

Goldman: The major difference was that in the swine study both
myeloid and lymphoreticular tumors were produced. In the dog model the
effect seemed to be entirely on the myeloid cells, so that the dog is a
model for myelogcnous leukemia rather than lymphatic leukemia. With
regard to the dose-response curve, there were some areas of similarity;
e.g., tumors were seen only with high dose rates.

What is fascinating in this dog study is that the doses that produced
leukemias were all high. The entire range studied covers a factor of 1000,
from the lowest to the highest dose, but only in the highest 10-fold range
did we see leukemias. It is analogous to talking about thresholds. That is,
at the lower levels tested, no leukemias were seen. It suggests that a very
high dose rate may be more important in determining the risk for these
rapidly dividing cells rather than the cumulative dose.

B. B. Boecker (Lovelace, Inhalation Toxicology Research Institute): I
was taken by a comment that Dr. Benjamin made earlier concerning miss-
ing teeth in dogs that received greater than 83 rads in utero. Since your
^ r animals were exposed in utero, I am curious about whether you had
observed this effect in your higher level animals.

Goldman: I am starting to observe it in my colleagues (laughter), but
we have not seen missing teeth in our dogs. Of course, the cumulative
radiation dose in the developing fetal skeleton was quite small. Also, the
^Sr in our experiment was supplied continuously (i.e., a low dose rate),
whereas in the Colorado State University experiment, about 100 rads was
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delivered as a single dose late in gestation at the time when the teeth were
developing.

S. A. BeajuniB (Colorado State University): I would agree with that.
Also, very specific teeth were affected at specific exposure times. The
prcmolars were affected, for example, by exposure 55 days postcoitus. Our
doses were single acute doses. I think a small fraction of our doses, even if
given at the critical time when particular teeth would be at risk, probably
would not lead to such an effect.
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ABSTRACT

Major life-span radiation effects studies at Pacific Northwest Laboratory fall into three cate-
gories: (1) studies with beagle dogs exposed to plutonium compounds via a single inhalation;
(2) studies with dogs and rats exposed chronically via inhalation to various combinations and
concentrations of radon, radon daughters, and other components of uranium mine atmo-
spheres; and (3) a study in which rats are exposed via single inhalation, in very large
numbers, to very low concentrations of "*PuO2. Exposure of beagles currently on study was
initiated in 1970 with 23*PuO2, in 1973 with utPuO2, and in 1976 with M*Pu(NOJ)«. These
experiments involve more than 500 animals, many of them still alive. Experiments seeking to
explain the increased incidence of lung cancer in uranium miners have been in progress rince
1966. Present emphasis is on studies with rats, in an attempt to define dose-effect relation-
ships at the lowest feasible radon-daughter exposure levels. Our very-low-level experiment
with inhaled 23*PuO2 in rats, with exposures still under way, includes 1000 rats in the control
group and I00C rats in the lowest-exposure group, where life-span lung dotes of <S rad* are
anticipated.

My coauthors are the principal investigators on the life-span radiation
effects studies currently under way at Pacific Northwest Laboratory
(PNL). They are responsible for the design and conduct of these studies,
and all of them present papers in this volume about specific aspects of
their projects. They do not necessarily share in all the feelings concerning
these and earlier f tudies at PNL that I shall attempt to convey. This is my
chance to impress upon the reader some of my prejudices in this area.

Life-span radiation effects studies were in progress at Hanford when I
arrived on the scene 33 years ago. The featured speaker at the Symposium
banquet, Dr. Leo Bustad, had, in fact, just started a many-generation
study of the effects of chronically administered radioiodine in sheep. That

60
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study was a major effort of the laboratory for nearly 15 years. Before it
was completed, an even larger effort was initiated in 19S9 to study the
effects of chronically administered ^ r in miniature swine. And, before
the last pigs had died, we were well embarked on inhalation-exposure stud-
ies in beagle dogs which were the forerunners of our current major effort
in that area.

This is all ancient history but perhaps not so ancient as it seems, for
much remains in the data from those old studies which could benefit from
more-effective interpretation and publication. This is a major reason I was
interested in holding this Symposium. It is not that we are facing for the
first time the problems of interpreting such life-span studies. It is rather
that many of us have faced the problem before and have not been able to
handle it to our total satisfaction.

In this Symposium I believe we can effectively address the more tech-
nical aspects of the problem. I hope we also can at least increase
everyone's awareness of some of the other kinds of problems—by which I
mean the problems of maintaining interest in the study until it is fully
completed, until its findings are effectively interpreted, and until those
findings and interpretations are published in complete detail. This involves
maintaining the interest of the scientists who understand the details of the
experiment, the interest of the laboratories, and the obviously critical
interest of the funding agencies. This kind of interest has not always been
maintained at a critical level in the past, and I believe all of us must share
some of the blame for that. More-adequate funding would certainly have
stimulated the interest of our laboratories and their scientists. (Throwing
money at the problem can help.) A greater insistence by our laboratories
en effective interpretation of present and past projects, rather than the
pervasive "future focus," might have helped to influence the priorities of
the funding agencies. Greater pressure from scientists to extract the maxi-
mum information from current studies before embarking on new ones
might also have influenced decisions.

I do not profess to know the solution to this problem, but I do think
the present reluctance to embark upon life-span large-animal studies is not
a scientific or technical reluctance but it is largely a lack of confidence in
the system to properly complete such studies. I hope we can have some
dialog on this problem.

I shall abandon my soapbox now and try to give you a brief overview
of what is going on currently at PNL in life-span radiation effects studies.
These studies, fall into three major categories: (1) studies with beagle dogs
exposed to plutonium compounds via a single inhalation; (2) studies with
hamsters, r its, and dogs exposed chronically via inhalation to various com-
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TABLE!

Toxicity of Inhaled Plutonium in Dogs
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5400
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56
8
2

binations and concentrations of radon, radon daughters, and other com-
ponents of uranium mine atmospheres; and (3) a study in which rats are
exposed via single inhalation, in very large numbers, to very low levels of
239PuO2.

PLUTONIUM STUDIES IN DOGS

Table ! lists the exposure groups in our three principal piutonium dog
studies. Each group consists of 10 male and 10 female dogs. Dogs in the
239PuO2 experiment were exposed in 1970 and 1971. Dogs in the 238PuO2

experiment were exposed in 1973 and 1974; those in the 239Pu(NO3)4

experiment were exposed in 1976 and 1977. In addition to these life-span
dogs, other dogs were exposed and sacrificed at intervals during the course
of the experiment to provide data on piutonium retention and distribution,
for dosimetric purposes. Altogether, about 500 beagles are involved in
these experiments.

The 239PuO2 experiment is a follow-on to an ear'ier experiment involv-
ing fewer dogs, at higher dose levels, in which essentially all the animals
succumbed to lung cancer or to more-acute effects of piutonium. The cur-
rent experiment extends the estimated lung dose down to a level equivalent
to the maximum permissible occupational dose.

The 238PuC>2 experiment was justified by the observation, first made at
PNL and later confirmed in several other laboratories, that 238PuO2

behaves very differently in the lung from 239PuO2. Radiolytic effects,
occasioned by the high specific activity of 238Pu, result in rapid solubiliza-
tion of its oxide, and removal from the lung. This is illustrated by Fig. 1.
These data show lung retention of the two oxides in dogs sacrificed or
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dying in the current experiments. The 238Pu lost from the lung is deposited
primarily in bone, and, instead of the lung tumors that are seen with
239PuO2 inhalation, we see a preponderance of bone tumors with 238PuO2

inhalation.
The 239Pu(NO3>4 experiment provides us with a still different pattern

of plutonium distribution, with relatively rapid loss from lung, but unlike
the oxides with very little deposition in lymph nodes. Bone tumors have
been the principal cause of late deaths.

These three life-span dog studies, employing the same radioelement,
plutonium, but showing very different patterns of distribution, will afford
many opportunities for interesting comparison, as are discussed elsewhere
in this volume (Park et al., 1986; Dagle et al., 1986; Ragan et al., 1986;
Weller et al., 1986).

RADON AND RADON DAUGHTER STUDIES

Since 1966 we have conducted experiments, seeking to explain the
increased incidence of lung cancer in uranium miners. Uranium miners are
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exposed to a variety of potentially carcinogenic insults and suffer from an
increased incidence of various pulmonary pathologies. Our early experi-
ments involved the chronic exposure of hamsters and dogs to radon and
radon daughters, to uranium ore dust, diesel exhaust, and cigarette smoke,
in various combinations. Lung cancers were producer) only when radon
daughters were part of the exposure.

Present emphasis is on studies with rats, in an attempt to define
dose-effect relationships down to the lowest feasible radon daughter expo-
sure levels. Many of these experiments are still under way. Preliminary
results indicate a significant correlation of tumor risk with cumulative
exposure to radon daughters, an apparent trend toward increased tumor
risk with decreased exposure rate, and no apparent influence of ore dust
levels. This is a complex study of interacting factors, which Dr. Fred
Cross enlarges upon elsewhere in this volume (Cross et al., 1986).

Perhaps the accomplishments of nearly 20 years' effort in this field can
be summarized by stating that we now are able to expose animals under
circumstances similar to those encountered by uranium miners and to
observe in these animals effects similar to those seen in the uranium
miners at similar radiation dose ievels. Using this animal model, ws now
have under way the experiments that we hope will give us definitive
answers to the practical exposure-response questions in this area.

These radon daughter studies constitute the only American experimen-
tal effort in this field. The French have also been active in this area.
Although initially directed to the problems of uranium miners, the results
of these studies may be of even greater future interest in relation to gen-
eral population risks from radon daughter exposures as these may be
enhanced by tighter, more-energy-efficient housing, or by proximity to
mine tailings piles.

LOW-LEVEL 239PuO2 STUDY IN RATS

Our third major effort involves a study just getting under way, in
which we hope to push the radiation dose-response curve to the lowest
practicable level for rats inhaling plutonium. The problems faced in such
studies are illustrated in Fig. 2, which plots the number of animals
required to establish a given level of statistical significance for an experi-
mentally observed tumor incidence in the strain of rat used. Demonstrating
a 1% excess tumor incidence over a known spontaneous rate of 0.01%
would require something like 1000 animals. Our experimental design is
shown in Table 2. Rats at the lowest exposure level will receive a life-span
dose to the lung of ~ 5 rads. We have completed most of the exposures,
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and a few tumors have already been noted in the earliest exposed animals
of the highest dose groups.

A unique feature of this experiment is that each rat's initial burden
and early rate of plutonium loss from the lung is separately measured by
external counting of a l69Yb tracer incorporated in the 239PuO2

particles—a technique originated at the Lovelace Inhalation Toxicology
Research Institute (ITRI) laboratory. This will give us an accurate esti-
mate of the actual dose received by the lung of each rat, rather than a
group average dose, which at these low exposure levels might represent a
considerable range of individual rat doses. A more-detailed look at this
approach to the problem of low-level, internal dosimetry is presented else-
where in this volume (Sanders et ah, 1986).

ACKNOWLEDGMENTS

This work was supported by the U. S. Department of Energy under
contract No. DE-AC06-76RLO-1830.

REFERENCES

Cross, F. T., R, F. Palmer, R. H. Butch, G. E. Dagle, R. E. Filipy, and H. A. Ragan,
1986, An Overview of PNL Radon Experiments with Reference to Epidemiological Data,
this volume.

Dagle, G. E., J. F. Park, R. E. Weller, H. A. Ragan, and D. L. Stevens, 1986, Pathology
Associated with Inhaled Plutonium in Beagles, this volume.

Park, J. F., G. E. Dagle, H. A. Ragan, R. E. Weller, and D. L. Stevens, 1986, Current
Status of Life-Span Studies with Inhaled Plutonium in Beagles at Pacific Northwest
Laboratory, this volume.

Ragan, H. A., R. L. Buschbom, J. F. Park, G. E. Dagle, and R. E. Weller, 1986, Hemato-
logic Effects of Inhaled Plutonium in Beagles, this volume.

Sanders, C. L., K. E. McDonald, B. W. Killand, J. A. Mahaffey, and W. C. Cannon, 1986,
Low-Level Inhaled-2MPuO2 Life-Span Studies in Rats, this volume.

Weller, R. E., J. F. Park, D. L. Stevens, and C. L. Park, 1986, Applications of a Systema-
tized Nomenclature of Veterinary Medicine (SNOVET) to Diagnostic Coding and
Retrieval of Clinical Life-Span Data in Beagle Dogs Exposed to Plutonium, this volume.

DISCUSSION

D. Grata (Argonne National Laboratory): May I make a general
comment with regard to our long-term studies on the mouse? My col-
leagues and I have reached the point where we feel, in regard to the stud-
ies we do with external radiation, either neutrons or gamma rays, that the
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large "frontal-assault" type of experiment, addressing questions of life
shortening and all the detailed causes of death, has probably exhausted its
usefulness. What needs to be done are smaller, more detailed studies look-
ing for mechanisms of effect. But these still must be life-span studies in a
variety of animals. First, this is because there is no single "best" tumor
type in which to study mechanisms of carcinogenesis. And second, we do
not yet have a way of promoting these tumors so that they can all occur
within a very brief period of time. We still have to study our mouse popu-
lations for a minimum of about 30 months. So we are still doing long-term
studies, even though we may not be using the same approach that we used
in the past. There is no way of escaping long-term studies unless we can
find a way of augmenting the appearance rate of tumors.



Lovelace ITRI Studies on the Toxicity
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ABSTRACT

This paper reviews 19 studies conducted by the Lovelace ITRI, during the last 18 years, on
the toxicity of inhaled radionuclidcs in beagle dogs. These studies provide information to esti-
mate potential health effects in accidentally exposed people. Specific radionuclides C°Sr, 90Y,
"Y, '"Cs, 144Ce, 23*Pu, and M*Pu), chemical forms, and particle sizes were selected for study
because they are abundant in nuclear operations and deliver a wide range of radiation dose
patterns. Depending upon the aerosol, one or more of the following organs or tissues received
the significant irradiation: lung, nasal cavity, lung-associated lymph nodes, whole body, liver,
or skeleton, with the radiation dose delivered over durations of time ranging from a few days
to several years. In eight studies monodisperse particles of either "'PuO] or 23*Pu02 were
used to evaluate the influence of particle number and total dose on lung cancer induction.
Most studies involved single, brief exposures of young adult dogs, but two studies used imma-
ture dogs, two used aged dogs, and two studies involved repeated brief exposures. For each
aerosol two types of studies were conducted. One was used to evaluate the time course of
retention of radioactivity in various tissues of the body for calculating radiation doses. The
second was used to determine health effects in animals exposed to achieve different initial
lung burdens and observed for the remainder of their life spans. Initial lung burdens were
selected to produce early morbidity and mortaiity at the highest levels and an exoess of late-
occurring diseases such as cancer at the lowest levels. The latter dogs have had an excess inci-
dence of cancer, especially of the lung, lung-associated lymph nodes, nasal cavity, skeleton,
and liver. Relationships between radiation doses to various tissues and effects have been
evaluated for individual studies and among studies with different radiation dose patterns.
Where possible, correlations are being made with other studies in laboratory animals and
man.

The purpose of this paper is to provide an overview of the radionuclide
inhalation toxicology program at the Lovelace Inhalation Toxicology
Research Institute (ITRI) and to present some of the experimental con-
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siderations which are common to th« various studies which have been or
are being conducted there. Detailed »esults of these studies are presented
and discussed in other papers in this volume (Boecker et al., 1986; Scott et
aL, 1986; Griffith et al.,1986; Mewhinney et al., 1986; Hahn et al., 1986;
Muggenburg et al., 1986).

EVOLUTION OF THE PROGRAM

The Lovelace radionuclide inhalation toxicology program was initiated
in 1960. During its early years, the program was identified as the Fission
Product Inhalation Program. Objectives of the program, as then stated,
were twofold: " . . . (a) to study the biological consequences of inhaling
mixed fission products in a quantitative manner so that various levels of
exposure may be related to biologic effect and (b), where possible, to
establish the sequential interplay of significant etiologic factors governing
biologic response observed over the life span of appropriately chosen labo-
ratory animals."

Aerosol Science Developments

From the beginning of the program, it was recognized that the overall
quality of the research could be no better than the quality of two key
ingredients, (1) the aerosol science and (2) the laboratory animals that
were used. To provide aerosols with well-defined characteristics, an exten-
sive effort was initiated to develop improved techniques for generating and
characterizing aerosols and for exposing animals. This led to notable
developments such as the Lovelace nebulizer (Mercer, Tillery, and Chow,
1968), the Mercer cascade impactor (Mercer, Tillery, and Newton, 1970)
and the Lovelace dog plethysmograph exposure system (Boecker, Aguilar,
and Mercer, 1964). These were specifically designed for work with radio-
active aerosols and are still used extensively today. It is worthy of note
that both the first technical document (Mercer, 1962) and the first
manuscript (Mercer, 1964) from the program dealt with aerosol science,
i.e., the calibration of cascade impactors.

One aerosol science problem that was addressed early on was the devel-
opment of reproducible techniques for generating "soluble" and "in-
soluble" aerosols. The approach used in both cases was that of a common
vector aerosol. For the soluble forms, CsCl was selected because it was
considered to be physiologically inert and it had more-desirable hygro-
scopic characteristics than NaCl. For the insoluble aerosol vector, it was
decided to use montmorillonitc clay as an exchange medium for the vari-
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ous cations and to suspend the tagged clay in water for generation of
droplets that were subsequently dried and fused by high-temperature heat
treatment to form alumtnosilicate particles in which the radionuclide tag
was trapped (McKnight and Norgon, 1967).

Fission Product Studies

The initial studies at Lovelace with beagle dogs involved exposures to
aerosols of ^Sr, 9IY, or I44Ce with CsCl as a vector. Before a
dose-response study with 137Cs in a soluble form was made, a study was
conducted to rvalualc the comparative fate of inhaled !37CsCl vs. l37CsCl
administered by intravenous injection. The differences were minimal,
owing to the high degree of solubility of the l37CsCl (Boecker, 1969). In
view of this and of the Tact that the desired body burdens of I37Cs of up to
40 mCi would have required aerosol generator loadings of curie quantities,
it was decided to administer the I37CsO by intravenous injection. This
minimized personnel radiation exposures.

As these studies were being initiated, it became apparent that conduct-
ing studies with a large number of individual radionuclides, forms,
particle-size distributions, or mixtures, would not be readily feasible. This
matter and alternative approaches were considered by the Lovelace staff
and its Scientific Review Panel.* After lengthy deliberations it was
decided to proceed with a less empirical and more basic approach. The
approach used the radionuclid^s 90Y, 9IY, 137Cs, l44Ce, and ^Sr, all of
which decay with release of energy primarily by beta emission and have
physical half-lives of 64 hr, 58.8 days, 30 years, 284 days, and 28 years,
respectively. It was decided to administer four of these in a soluble form to
result in different patterns of irradiation of skeleton, liver, and whole body,
and four of these in an insoluble form to produce different patterns of irra-
diation of the lung (Table 1; Figs. 1 to 3). Use of this approach allowed
a number of interrelated scientific questions to be addressed concerning
the potential health effects of inhaled radionuclides in humans. These are
discussed in greater detail later.

The first several studies with fission-product radionuclides were ini-
tiated with groups of 12 dogs which were exposed to achieve either low,
medium, or high body burdens or which were left unexposed as controls.
This approach had several disadvantages. Twelve dogs were committed to
a given level before it was clear that the level v/as the one which was
desired. It was also difficult to randomize the assignment of littermates

• L K. Buitad, J. H. Marshall, M. C. Leverett, W. Stoeber, R. E. Albert, and R. S.
Stone.



TABLE 1

Characteristics of Life-Span Studies in Beagle Dogs Exposed by
Inhalation to Beta- or Alpha-Emitting Radionuclides

a * fora
PrtociH
radtetioa

Type of
expoMre

Maturity at
fetfttatkw
txfotmt

Orgt— or tiiwri recehhg M*BIMHII

Whole Nasal TracheohroMhial
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l l7CsCl
"YC13
144CeCl3
*°SrCl2

*>YFAPt
"Y FAP
144Ce FAP
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P
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P
P
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a

a
a
a
a

a
a
a

Single
Single
Single
Single

Single
Single
Single
Sfiigle

Single
Repeated
Single
Single

Single
Single
Single
Single

Single
Single
Repeated

Adult
Adult
Adult
Adult

Adult
Adult
Adult
Immature

Aged
Adult
Adult
Adult

Adult
Adult
Adult
Aged

Immature
Adult
Adult

+ f

'Relative magnitude of dose received.
tFused alumincsilicate particles.

tActivity median aerodynamic diameter; geometric standard deviation, <1.2.
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among exposure levels. The rate at which dogs became available some-
times dictated that dogs were entered in a study over an extended period
of time, making it difficult to compare dogs exposed to achieve different
levels of body burden. To circumvent these problems, L. S. Rosenblatt
(University of California at Davis) suggested the use of a randomized
block design in which dogs, alternating ail males with all females in a
given block at several levels of radionuclide burden and a sham-exposed
control, were entered into the study within a few days. By extending the
interval between entry of blocks, it was possible to use the experience
gained with the first few blocks to modify subsequent blocks. For example,
the experimental design for the 9 IY in fused aluminosilicate particles is
shown in Fig. 4.

As consideration was given to use of a block design, it became appar-
ent that increased attention had to be given to the genetic background of
the dogs being placed on study. The initial Lovelace breeding program was
geared primarily for production of a large number of dogs in a short
period of time and involved a random mating program that was not for-
malized. In 1969 the needs of the program were analyzed in detail, and a
revised breeding program was instituted to maximize the probability that
dogs produced and used in any given year would be genetically similar to



80 McCLELLAN. BOCCKER, HAHN, AND MUGGENBURG

TIME

I b )

Fig. 3 Radiatioa dose (a) to skdetoa aid (b) to a Uver of t 10-kf beagle dog fn
iaaaled or iajected radioMKUdis ia dUTereat foraM aiaociated with a loat>terai retaawd
bvrdea of 1



POOJECTEO
UCUKQ

300

250

200

ISO

125

100

75

SO

25

12

CONTROL

•

A

37SA»^
3300
320
D-140
372A ^
3100
270
0-185
374A "̂
2100
200
D-147
347B "̂
1500
180
0-137

376B ^
800
110
0-810

372B ^
400
35
D-3843
376A ^
240
20
E-3380
373A
140
15
A-4837
37OA 1
0
0
E-4390
375A "̂
3300
320
D-140

e

363S ^
3300
300
0-162
364S ^
3300
300
D-202
383S >
2300
210
D-177
3853 ^
1300
150
D-274

380T ^
830
87
E-2337

388X ^
340
44
E-314B
387U "̂
280
34
E-4038

3S3M
110
14
A-4882
388T "̂
0
0
E-4779

C

384A "^
3800
300
0-184
384B ^
2700
260
D-238
385A "i
2800
230
D-173
38SD ^
1500
180
0-181

383C "i

u°
E-2748

382B ^
380
S7
D-3808
386A ^
330
30
E-4713

3S2C
130
18
A-4882
381B
0
0
A-4874

0

386T "̂
4800
360
0-113
382U ^
2400
260
D-153
387V ^
1300
1*0
0-123
380V ^
1100
140
E-262

387S "^
800
100
0-25.4

38 IT ^
500
59
E-4028
396S ^
300
33
D-4751
383V "^
170
23
E-4810
38BM *1
0
0
0-440

E

423C "̂
1500
170
D-160
422C^ 430A^
1400 1200
130 110
0-178|E-296
422B ^
1200
110
0-1011
420A^
1000
62
0-426

432 A ^
780
80
E-3502

431A ^
600
48
E-1847
4200
260
27
A-4678

4328 ^
02
11
e-«437
424A
0
0
A-4683

F

426S 1
1300
170
D-iae
425T^
940
110

D-1388

420U^
880
120
E-159

419T "̂
800
100
0-152
422T'"I<
740
75

0-2783

426T^
480
67
0-3648

42 IT
430
45
A-4678
429S
270
27
A-4672

423U
110
13
A-4871
428U
0
0
A-4683

G

420C ^
1700
150
D-152
420B ^
1300
120
0-174
428A ^
1100
110
D-704
426A 1
910
79
D-1613
430C ^
340
42
D-4377
422A
230
18
A-4672
4?SA ̂ S
180
19
E-3062
431B ^
0
0
0-3029

H

419V ^
1100
150
0-153
422S "̂
1400
120
0-173
428S ^
840
89
0-2376
42SS ^
760
73
E-284
428T
230
41
A-467
424S
200
31
£-434

420S
140
18
D-421
420T
0
o
A 468

1

491A ^
1700
170
0-196
492A^491B^
15C0 1 1300
140 ISO
D-2ie|E-181
484B ^
830
110
D-1342
4830^
720
94
-2982

4B4D^
670
88
D-3230

492C "^
340
47
0-183
488B
310
39
A-4390
4B7A "^
130
IS
E-4232
488C
0
0
A-4400

J

4d4S "̂
1200
170
D-172
486u'*l
830
130
D-111S

490T^
820
120

0-1861
489S ^
800
110
E-1883
48SM Î
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those produced in prior years (Bielfelt et al., 1969). This approach was
viewed as being particularly advantageous in allowing for a later compari-
son of the results of a series of interrelated studies initiated over a number
of years.

The original program was designed to evaluate the effects of exposures
such as those resulting from a catastrophic accident. Thus the initial
studies involved a single, brief exposure to the radioactive aerosol. Later,
in recognition that some circumstances might result in more than one
intake of radioactivity, it was decided to conduct studies involving the
repeated exposure of animals.

For the first Lovelace studies, young adult beagle dogs from 12 to
14 months of age were used. Later it was decided to evaluate age at the
time of exposure as a variable by exposing beagle dogs either when imma-
ture (approximately 3 months of age) or aged (8 to 10.5 years old).

Actinide Studies

In the early 1970s increased concern developed for the effects of
inhaled plutonium. This concern stemmed largely from the allegation that
the probability of lung cancer induction was greater from deposition of a
few intensely radioactive alpha-emitting particles than an equivalent
amount of radioactivity from a large number of low-intensity particles
more uniformly irradiating the lung, i.e., a so-called "hot-particle" effect
(Tamplin and Cochran, 1974). The allegations of a hot-particle effect
were of particular concern since they came at a time when increasing con-
sideration was being given to the use of plutonium as a fuel in breeder
reactors or a plutonium-recycle mode of operation. To address the hot-
particle issue, a cooperative multi-institution research effort was initiated
involving the Pacific Northwest Laboratory, Los Alamos National Labora-
tory, and the Lovelace Institute (Richmond, 1970).

The Lovelace portion of the effort involved a series of studies using
monodisperse particles of 238PuO2 or 239PuO2. This provided a means of
assuring that the initial lung irradiation resulted from particles of uniform
size in any given study. Monodisperse particles were used so that the
interrelated variables of particle size, number, and radioactivity (Table 2)
and fraction of lung irradiated could be controlled.

The experimental design is schematically depicted in Fig. 5. The use of
particles containing from 0.0013 to SI pCi of plutonium per particle
resulted in approximately a 40,000-fold variation in calculated local dose
(Fig. 6). The calculated initial dose rate is a function of the number of
particles and the radioactivity per particle; the initial dose rate was varied
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TABLE 2

Some Characteristics of Aerosol Particles of Pure
Transuranic Alpha-Emitting Radioauclides

Aerosol

239PuO2

" 8 PuO 2
2 4 1AmO2
244CmO,
242CmOx

Specific
activity,

a / i

0.0541
15.3
3.05

74.7
2990

AMAD4 0.75
RD,§ 0.18 n

0.0013
0.38
0.075
1.8

73

Activity per pmrtkle,*t

urn AMAD, 1.5 urn
m RD, 0.44 urn

0.020
5.5
1.1

27
1100

pa

AMAD, 3.0 urn
RD, 0.96 urn

0.20
58
11

270
11,000

*A density of 8 was used for these calculations. This is tht measured density
for u*PuO2 and 24 lAm02 particles produced by standard methods at the
Lovelace Research Institute.

tThe 23*Pu used at the Lovelace Research Institute contained 10% u*Pu by
weight. This produced a specific activity of 13.9 Ci/g and particle activities of
0.34, 4.9, and 51 pCi, respectively, for 0.75-jim, 1.5-ftm, and 3.0-pm AMAD
particles.

tActivity median aerodynamic diameter (AMAD) of monodispersc particles
(geometric standard deviation, <1.2).

§Geometric diameter of the particle.

by a factor of 56 for four studies and a factor of ~2400 for one study.
The calculated number of particles at the various levels and the calculated
fraction of lung irradiated are shown in Fig. 7. For carrying out the pluto-
nium studies, new techniques were developed to produce monodisperse par-
ticles of plutonium (Kotrappa and Moss, 1971; Raabe et al., 1975).

Several approaches were used over the years to aid in achieving the
desired initial lung burdens. The initial approach was to reproducibly gen-
erate aerosols of a given content of radionuclide, to assume a given frac-
tional deposition for the particle size distribution being used, to calculate
the total quantity of radionuclide required to be inhaled and deposited,
to use whole-body plethysmography to measure the inspiratory volume,
and to determine when the exposure should be terminated. In later studies
an external chest monitor was used to follow the buildup of the radionu-
clide in the chest. When the chest burden as determined by the monitor
reached the desired level, the exposure was discontinued (Cuddihy et al.,
1973).
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This approach worked well with gamma-emitting radionuclides or when
sufficient quantities of bremsstrahlung radiation were produced by beta-
emitting radionuclides. Obviously, it would not work for aerosols of pure
alpha-emitting radionuclides. For circumventing this problem, techniques
were developed for labeling plutonium particles with gamma-emitting
169Yb, which provided a means for indirectly quantitating the initial pluto-
nium burden and its short-term retention (Raabe et al., 1975).

Dosimetric Factors

In considering the lung and body burdens achieved in the various
studies, it is apparent that considerable animal-to-animal variation
occurred with inhalation exposures (Cuddihy et al., 1973; Cuddihy,
McClellan, and Griffith, 1979). As a result, discrete groups of animals at
different levels were rarely achieved as they can be with injection studies.
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Indeed, it became apparent at an early stage in the program that it was
appropriate to consider the dogs in a given experiment as individuals, each
of which represented a point along a continuum of lung or body burdens.
With this in mind, one approach used effectively to graphically portray the
status of a study was a "marching dog" graph (Fig. 8). In such a presen-
tation, the dogs can be visualized as a continuum from the lowest burden
(at the left) to the highest burden (at the right) moving upward in the
graph with the passage of time. An alternate presentation of data uses a
three-dimensional surface (Fig. 9).

Very early in the Lovelace program, it was decided to follow the exam-
ple of the University of Utah program and to include in the Institute's
annual reports appendices which showed vital statistics on each dog
entered in a life-span study. This approach had the advantage of providing
up-to-date records on each animal so that interested individuals could fol-
low the progress of each study in detail. Also, it obviously imposed a high
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degree of discipline for developing data in a timely manner, a kind of dis-
cipline which ii essential for the successful conduct of studies which take
years to complete and ultimately require input from literally dozens of
individuals. A recent annual report for the Inhalation Toxicology
Research Institute (1982) contained a listing of all previous annual
reports.
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From the beginning oe the Lovelace program, it was recognized that
"dose" could be expressed at several levels of detail. Although exposure
concentration and duration have frequently been used as a measure of dose
in inhalation toxicology, it is apparent that this is at best only an approxi-
mation of "dose." Ideally, one would like to express dose to a critical tar-
get as a function of time after an initial intake of a radionuclide. To do
this requires detailed information on the changing pattern of radionuclide
retention in various tissues after the initial exposure. Although the total-
body burden of a radionuclide can frequently be followed serially by
whole-body courting, it is difficult to quantitate the content of individual
tissues in the intact animals.

To resolve this dilemma, we conducted a radiation dose pattern study
in parallel with each life-span dose-response study. These studies have typ-



TOXICiTY OF INHALED RADWNUCUDES IN BEAGLE DOGS 89

ically involved exposures of a number of dogs to an aerosol identical to
that used in the life-span study. Excreta collections were made on some
animals, and, whtn possible, serial measurements were made of the body
burdens of all animals. Animals were sacrificed at various times after
radionuclide intake and the tissues dissected and radioanalyzed. The
resultant data have been used to construct a mathematical model of the
retention of the radionuclide in the various tissues in the body and of the
radiation dose received as a function of time after radionuclide intake
(3oecker and Cuddihy, 1974; Mewhinney and Diel, 1983). By using these
models and data on the body burden of each dog in a life-span study, the
radiation dose to various tissues was calculated.

Medical Followup

All the dogs on study were observed carefully throughout their life
spans to provide an accurate definition of the health status of each animal.
This included (1) daily observations of their clinical condition, (2) peri-
odic physical examinations with radiographs taken, and (3) hematological
and serum chemical determinations made as deemed appropriate for gen-
eral health surveillance and to assess the effects that were expected (i.e.,
lung cancer, bone cancer, or pulmonary fibrosis). Also, special procedures
such as pulmonary function, immunological evaluations, or biochemical
determinations, were used when it was felt they might give insight into the
pathogenesis of radiation-induced disease (Mauderly et al., 1973, 1980;
Mauderly, Mewhinney, and Boecker, 1980; Bice et al., 1979; Pfleger
et al., 1975; Pickrell et al., 1975). Animals which were ill were appropri-
ately treated by standard veterinary practices, but extraordinary therapeu-
tic measures were not taken for diseases such as cancer which were
thought to be radiation induced. Animals were euthanized as appropriate
to avoid pain or suffering. Complete necropsies were performed on all dogs
that died or were euthanized. A standard protocol was followed that
included preservation of all major tissues and any gross lesions. A detailed
histopathological evaluation was performed, and diagnosis was made as to
the diseases contributing to death and those present as incidental findings.

SCIENTIFIC QUESTIONS ASKED

In this section we have reviewed the Lovelace program from the per-
spective of the needs for scientific information and the related questions
being investigated in the research effort. Our overall need is to understand
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the potential health effects of (1) various types of external irradiation and
(2) the intake of a broad spectrum of radionuclides which might result
from different exposure scenarios. The specific situations that might give
rise to radiation exposure are not discussed in detail. Suffice it to say that
exposures can occur and information is needed to estimate the conse-
quences of human exposures and to provide a basis for establishing stan-
dards and guidance for occupational and environmental exposures.

Because we are concerned with health effects in people, it is appropri-
ate to use whatever human data are available. Unfortunately, data on
radiation-induced effects in people are limited to a few specific radionu-
clides and modes of exposure (Table 3). As one scans the column sum-
marizing the human data, it becomes readily apparent that a number of

TABLE 3

Summary of Caacer Risk Estimators for People, Based oa Homao Data for Selected
Radiatioa-Exposvre Pattens witfc Emphasis oa latersally Deposited RadiomcOdes

(lifetime Cancer Cases per 10* rads)

u d ratfiaCiaa somcc
R U

RaCaCkn •tor

Tracbeobronchial region
Rn and Rn daughter!

Lung
Nuclear detooation
X-irradiation
Fission products

Bone

~4Ra

"Sr

Liver
:3-Th
"Ce

Thyroid

y; neutron
X ray
J9
a

a
a
a

a
S

3
X rayX-irrad,at:on

External source plus
intake of fission products 7. 8

1200 400 to 3000 BEIR( 1980), p. 325

70 30 to 110 BE1R( 1980), p. 314
120 BE1RO980), p. 313

27 6 to 53 BEIR(1980), pp. 415-416
200 40 to 200 BEIRO980), p. 414

300 220 to 320 BEIRO980), pp. 374-375

30
100

20 'o 125

20 to 40 NCRP(I984)
60 to 125 NCRPU984)

•Unknown.
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important situations exist for which human data are not available. For a
few situations data are available for both people and dogs. In a number of
situations the only available data are from dogs, and risk estimators for
people must be extrapolated from the data obtained from life-span studies
of dogs and other laboratory animals and from studies conducted with tis-
sues, cells, and macromolecules. In the following sections the approach
taken in evaluating the risk of cancer induction io lung, nasal cavity, tra-
cheobronchial lymph nodes, liver, and skeleton is discussed.

Respiratory Tract Cancer

As can be noted \n Table 3, the available human data on the respira-
tory tract are restricted .o external X-ray, gamma, and neutron irradiation
and to alpha irradiation of the tracheobronchial region from inhaled radon
and progeny. No human data are available on alpha or beta irradiation of
the pulmonary region or the tracheobronchial lymph nodes. Questions con-
cerning these gaps in our knowledge about the effects of inhaled radionu-
clides on the respiratory tract, addressed by the studies shown in Table 1,
are as follows:

• What is the risk of lung cancer from alpha or beta irradia-
tion of the lung?

• Does protraction of the beta-radiation dose to the lungs
alter the risk of cancer induction?

• What is the risk of induction of cancers of the tracheobron-
chial lymph nodes by alpha or beta irradiation?

• What is the risk of induction of cancers of the nasal cavity
by alpha or beta irradiation?

• Is risk influenced by age at inhalation exposure?
• Is risk influenced by repeated inhalation exposure?

Skeletal Cancer

The available human data on skeletal cancer are derived primarily
from radium-dial painters and chemists who were exposed primarily to
226Ra, German ankyiosing spondyiitis patients injected with 224Ra, and
individuals who were exposed to external radiation (Table 3). No human
data are available on beta irradiation of the skeleton or on individuals who
have developed skeletal cancer subsequent to inhalation of radionuclides.
Questions concerning gaps in our knowledge about the risk of skeletal can-
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cer from inhaled radionuclidcs, addressed by the studies in Table 1, are as
follows:

• What is the risk of skeletal cancer from chronic beta irradi-
ation of the skeleton subsequent to inhalation of radionu-
clides?

• What is the risk of skeletal cancer from chronic alpha irra-
diation of the skeleton subsequent to inhalation of radionu-
clides?

Liver Cancer

The available human data on liver-cancer induction from internally
deposited radionuclides are derived exclusively from patients that received
232Th and its progeny in the form of Thorotrast. These data are a valuable
resource, although their use will always be called into question because of
concern for effects possibly related to the original medical condition of the
patients or the low specific activity (and relatively large total mass) of tho-
rium administered. No human data are available on the effects of chronic
beta or alpha irradiation of the liver from inhaled radionuclides. Whereas
the Thorotrast was in a colloidal form when it reached the liver, no infor-
mation is available on an alpha emitter that originally reaches the liver in
a noncolloidal form as with inhaled plutonium. Questions concerning these
gaps in our knowledge about the risk of liver cancer from inhaled radionu-
clides, addressed by the studies in Table 1, are as follows:

• What is the risk of liver cancer from chronic beta irradia-
tion of the liver after inhalation of radionuclides?

• What is the risk of liver cancer from chronic alpha irradia-
tion of the liver from inhaled plutonium?

RESULTS

Selected aspects of the results of the Lovelace research on the effects
of inhaled radionuclides in dogs are covered in other papers in this volume.
Scott et al. (1986) discussed the early effects of radiation of the respira-
tory tract, emphasizing the comparative effects of alpha vs. beta irradia-
tion. Boecker et al. (1986) and Hahn et al. (1986) reported on the induc-
tion of respiratory tract cancers by inhaled radionuclides. An interspecies
comparison of the carcinogenic effects of inhaled beta emitters was
developed by Griffith et al. (1986). In papers by Mewhinney et al.
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(1986) and Muggenburg et al. (1986), the carcinogenic effects of radionu-
clides translocated to skeleton and liver were discussed. The results from
the dog studies complement the human data and provide risk estimators
that are essential for addressing the full range of potential exposures. A
composite listing of risk estimators developed with human and dog data
is presented in Table 4.

In all the studies, there has been a dose-related decrease in life span,
with the major effects observed in the organs or tissues receiving the
highest radiation doses. At the highest dose level in earlier time periods, a
dose-related decrease in life span has been a prominent finding in all the
studies conducted. At the highest levels and earliest time periods, this has
included marrow aplasia, liver degeneration, pneumonitis, and pulmonary
fibrosis. At lower doses the major findings have been an increased
incidence of cancers, especially of the lung, tracheobronchial lymph nodes,
nasal cavity, skeleton, and liver. Indeed, it appears that the e^rly func-

TABLE 4

Risk Estimators for Internally Deposited RadionucUdes in Man, Based on
Current Data from Exposed Human Populations and Laboratory Animal

Studies Expressed as Lifetime Cancer Cases per 10* Rads

Tissue
or organ

Tracheobronchial
region

Lung

Bone

Liver

Thyroid

Type of
irradiation

Chronic a

Acute 7 and neutron
Acute X ray
Chronic 8

Chronic a
Chronic a, volume seeker
Chronic a, surface seeker

Chronic 0, volume seeker
Chronic a
Chronic 0
Chronic 0(1311)
Acute X ray
Mixed fallout

Risk
estimator'

1200

70
120
50

1500
27

200
1200

2 to 20
300
30
30

100
20 to 125

Reference

BEIR(l980), p. 325

BEIRU980), p. 304
BEIRO980), p. 313
Cuddihy(1982)

Cuddihy(1982)
BEiR(1980), p. 415-416
BEIR(1980), p. 414
Muggenburg etal.(1983)
McCIellan et al.(I983)
BEIR(1980), pp. 374-375
Muggenburg etal.(1984)

NCRPO984)
NCRPO984)

'Values not underlined are based exclusively on human data; underlined values are
extrapolated from dog data.
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tional disorders and the later occurring cancers in the organs receiving the
highest radiation doses account for all the observed decrease in life span of
radionuclide-exposed dogs compared to control dogs.
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DISCUSSION

H. G. Paretzke [GSF (Gesellschaft fiir Strahlen Forschung), Neuher-
berg, West Germany]: I have a question concerning your cancer risk esti-
mators for man. On which data did you base your risk estimate for lung
cancer from external X- or gamma irradiation of 100 lethal cases per 106

person-rads? Your thyroid cancer incidence value of 2S0 cases per 106

person-rads is about two and a half times larger than the ICRP-26 esti-
mate. Your iung cancer value is about five times larger than ICRP-26.
Could you please explain which data you analyzed to obtain these esti-
mates?

McCkUan: The data that were presented at the beginning of my
paper represent, as best one can in a summary like this, a composite of
data from the report of the Committee on Biological Effects of Ionizing
Radiation (BEIR Report) of the National Academy of Sciences. The data
presented at the end of my paper are best estimates developed from data
obtained in our laboratory, together with data from other laboratories.

I think, in looking at the risk values derived both from man and from
laboratory animals, it is important to recognize that these are tentative
values based on studies which are ongoing. It is important that we not look
at them as being "cast in concrete" when they are issued by the ICRP, by
the National Academy of Science, or by NCRP in this country. These risk
estimates represent the best value at a given point in time, but we must
consider revisions as we accumulate additional information.
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J. A. MahafFey (Symposium Cochairman, Battclle, Pacific Northwest
Laboratories): I am pleased to introduce the panel members. First is
Dr. Kenny S. Crump. He has a bachelor's degree in electrical engineering
from Louisiana Tech University; a master's in mathematics from the
University of Denver, and a Ph.D. from Montana State University.

Dr. Crump has served as a professor for 17 years (total) at Montana
State and Louisiana Tech. He has been a researcher at Denver Research
Institute, at the State University of New York at Buffalo, at Oak Ridge,
and at the National Institute of Environmental Health Science. Some of
these were summer appointments. Currently he is a private consultant and
is the president oi Science Research Systems, Inc., in Ruston, LA. His
consulting fields are environmental statistics, bioassay design and analysis,
environmental epidemiology, cancer epidemiology, and health risk assess-
ment.

Dr. Crump has authored or coauthored more than 70 scientific publica-
tions. He has given testimony to the Congressional Committee on Science
and Technology on the carcinogenic risk of formaldehyde, to the Occupa-
tional Health and Safety Administration on the carcinogenic risk of
arsenic, and to a Canadian Royal Commission on the risk of asbestos.
Dr. Crump has served on many committees, including a National
Academy of Sciences Committee on Institutional Means for the Assess-
ment of Risk to Public Health, the Diesel Impact Study Committee, an
American Statistical Association Committee on Statistics in the Environ-
ment, and an Office of Technology Assessment Advisory Panel on
Environmental Contaminants in Food.
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Dr. Crump's particular research interests are in the application of
statistics to problems in biology and hsalth and, also, in the methodology
for assessment of effects on human health from environmental exposures.

Dr. Leon S. Rosenblatt has a bachelor's degree in poultry science from
Rutgers University; his doctorate is in genetics from the University of Cal-
ifornia at Berkeley. He was for several years consultant and vice-president
for Animal Breeding Consultants in Livermore, CA. He is currently presi-
dent of Geneticon in Walnut Creek. He serves as a consultant, both in
genetics and biostatistics.

In genetics Dr. Rosenblatt has served as a consultant to various breed-
ing operations in California and, also, extensively in South Africa. He is,
or has been, a consultant in biostatistics to numerous organizations includ-
ing the University of California at Davis, the Ames Research Center, the
Lovelace Foundation, the Collaborative Radiological Health Laboratory at
Colorado State University, and Los Alamos National Laboratory. He
serves on an NCRP (National Committee on Radiological Protection)
committee and is a consultant to the National Center for Radiological
Health, the National Institute for Laboratory Animal Resources, and the
National Institute on Aging.

Dr. Rosenblatt is author or coauthor of more than 65 scientific publi-
cations. He has been appointed a Kimber Fellow in Poultry Genetics and
is past president of the American Society of Agricultural Consultants. He
has served on many occasions as a site reviewer for projects of the Depart-
ment of Energy and its predecessor organizations.

Dr. Rosenblatt's research interests are the analysis of data from
radiobiological studies, and mathematical modeling of biological rhythm
data. He also has an interest in animal breeding.

Dr. Marvin A. Schneiderman has a bachelor's degree in mathematics
and statistics from the City College of New York; and the master's and
Ph.D. degrees in statistics from the American University in Washington,
D.C. He was associate director for Field Studies and Epidemiology, or
associate director for Science Policy at the National Cancer Institute for
32 years, having retired from NCI in 1980.

Dr. Schneiderman is currently a senior Fellow of the Environmental
Law Institute in Washington, D.C., a Senior Science Advisor for Clement
Associates in Arlington, Virginia, and a professor in the Department of
Preventative Medicine of the Unifonned University of the Health Sciences
in Bethesda, Maryland.

Besides authoring or coauthoring over 130 scientific publications, he
has received numerous honors. He is a fellow of the American Statistical
Association, the Royal Statistical Society, the International Statistical
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Institute, and the American Association for the Advancement of Science.
He has served as distinguished lecturer at Lawrence Livermore Labora-
tory. He has been a Rockefeller Public Service Fellow, for which he served
at the London School of Hygiene and Tropical Medicine. He has been an
advisor to the Medical Council of Australia, and to the Parliamentary
Commission on Urban Development in Sweden. He also has served as an
advisor on various other committees for the National Academy of Sci-
ences, the Environmental Protection Agency, the Nuclear Regulatory
Commission, the Food Safety Council, and others.

His numerous research interests include: science and public policy, the
application of science to problems of disease prevention, the use of legal
techniques as a free-market instrument to modify industrial and other
environmental hazards, mathematical models for the cancer induction
process and their implications for risk analysis, and finally, cancer statis-
tics such as time trends and epidemiology, especially problems in epi-
demiologic studies of statistical power.

Dr. Crump: To begin this panel session, each of us would like to
make a few comments and then have some interaction with all of you.

My experience has been more in the field of chemical carcinogenesis
rather than radiation. I have been involved to some extent with both
laboratory-animal data and human epidemiological data. We are all aware
of the problems that can be caused in epidemiology by confounding factors
which we don't have to face so much in the laboratory. Yet we still have
the difficult problem of extrapolating laboratory results to humans.

While listening to this morning's papers, I have been contrasting the
situation for chemicals, with which I am more familiar, to that of radia-
tion. There is quite a difference.

With chemicals you usually have few animals—50 to 100 at most. You
have scanty or nonexistent data on metabolism, pharmacokinetics, and
other things that might indicate internal dose. Usually you are trying to
answer the question, Is this substance a carcinogen or not?

On the other hand, with radiation you have developed sophisticated
measures of internal dose. You know already that it can cause a cancer in
certain situations. The problems include the following: the effect of differ-
ent exposure routes and different exposure rates; patterns of exposure; and,
also, the methods of extrapolating the results from animals to humans. In
this regard I was surprised when I read the 3EIR-III report and found
that very little use was made of the large volume of data on experimental
radiation carcinogenesis.

Implicit in a lot of what I heard this morning was the problem of
estimating effects at low doses. There has been a trend to give animals
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lower and lower doses and to use larger and larger numbers of animals to
determine what the effects will be at these low doses. It seems to me that
we are never going to be able to accurately measure the risks of human
cancer in animal experiments. If I heard Dr. Thompson correctly this
morning, he said the new Battelle study that involves 1000 animals per
group is intended to measure the risk, perhaps at a level of 1% increase
over spontaneous incidence. But, really, a 1% increase is beyond the levels
that are of concern in human populations. We would like to protect
humans to a greater extent than that. I think we have to face up to the
fact that we can never directly measure these risks accurately in animal
experiments.

As an illustration, I recall that a few years ago Jones and Grendon
[Food Cosmet. Toxicoi, 13; 251-268 (1975)] noted that as you decrease
dose, you increase latency. And therefore, if you decrease the dose enough,
you might increase the latency beyond the natural life span of the species
and thus have an effective threshold. This, I think, is a valid hypothesis.
The only thing wrong with it is that there are other valid hypotheses which
predict the same effect. For example, the alternative to a threshold
hypothesis appears in many cases to be a linear hypothesis; and a linear
hypothesis predicts just exactly the results I have just described.

I would like to consider some data that illustrate this. This is some
work that Harry Guess and Dave Hoel did a few years ago [/. Environ.
Pathol. Toxicoi., 1: 279-286 (1977)], in which they took a Wcibull model
of cancer induction, which predicts exactly what Grendon and Jones
observed, that mean time to tumor is inversely related to the cube root of
the dose. Certainly as you decrease the dose, you increase the latency, and
eventually the average latency will be beyond the life span of the animal.

However, even with that model, as you can see in Table 1, you do not
get a threshold at low doses. For example, if the average time to tumor is
70 years, i.e., about the life span of the human, the risk of a cancer is
about 50%. If you increase the median time to tumor to 140 years, the risk
is still about 10%. Even if you were to increase the median time to 1400
years, the risk of developing a cancer by age 70 is still about one in
10,000, which some people would consider to be of consequence in human
populations. This just illustrates the fact that we are not going to be able
to resolve this issue by direct experimentation.

It seems to me the best way out of this dilemma, if there is a way out,
is to better understand carcinogenic mechanisms; to develop models that
embody these mechanisms, to fit the models to data and to test them, and
then to use these models to predict what is happening at low dose. I would
like to hope that all these data which have been generated will be used in
developing realistic models of cancer.
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TABLE 1

Relationships betweea Average Time
to Tumor Development and Probability

of Tumor by Ages 35 or 70 Years*

Probability of orotoffag a taaor

Avenge age »i
which tamot occws

70
140
350
700

1400

Age 35

0.08S
0.011
0.00071
0.000089
0.000011

Age 70

0.51
0.08S
0.0057
0.00071
0.000089

• Adapted from Guess and Hoel (1977) and based on their Equa-
tion 4.13.

Dr. Rosenblatt: It is not my intention at this point to criticize spe-
cific studies or specific ways of analyzing data. But I would like to address
a general question that many people are unaware of, or have given little
thought to, or have not attempted to do anything about.

We will hear in sessions to come about the people at one laboratory
taking data from the progress reports of another laboratory and analyzing
these data in ways they think are appropriate. What I do not think they
realize when they do this are some of the problems which were involved in
the generation of the data which they so blithely use. I am talking mostly
about the beagle studies, but what I am saying may well apply to studies
with other species.

In some studies, adherence to good experimental design is lacking.
There may have been a complete randomized block design. But there have
also been many occasions where there was not randomness in the assign-
ment of dogs to the treatments. At times the treatment of an entire group
of animals was done prior to the treatment of other groups.

There may be problems with changing genetics. With a small breeding
colony in which very few males are used, if one male is changed, a radical
change may occur in ihe genetic makeup of that colony. If a new group of
dogs is inserted into an ongoing experiment and that new group comes
from this new genetic pool, then it differs markedly from the other groups
in that experiment and sometimes can show aberrant results. Often the
new group does not have a suitable control. Yet when the entire experi-
ment is analyzed, the new group receives the same statistical treatment as
the original groups.
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How are the dogs assigned to kennels? Some groups are inadvertently
advantaged by being in more-favorable-for-survival microenvironments
within a colony. This probably can happen more easily in small-animal
studies where, if a particular group gets put on racks that are up high as
opposed to another group down low, there can be very major differences in
temperature and light, which could affect results. I am wondering if the
people here can describe just how their dogs or mice were assigned to their
quarters.

Also, there is the question of clinical treatment. These dogs are under a
veterinarian's care for some 15 years. The veterinarians change, medica-
tions change, and ideas about how dogs should be treated change. For
example, in the X-ray study at the University of California, Davis, mam-
mary tumors were not removed. The concept at the time was not to inter-
fere with or compromise the results of the study. And so tumors were
allowed to grow until they were enormously large and became malignant;
then at that point they were removed. In the ongoing strontium-radium
study at the same laboratory, mammary nodules were removed before they
became carcinogenic. This has not eliminated mammary carcinomas, but it
has certainly reduced their number and increased the survival times of the
dogs.

Extreme environmental stresses can exist. At the University of Califor-
nia, Davis, with dogs housed outdoors, when the temperature reaches
37 °C, sprinklers are turned on to prevent heat prostration. Cold weather is
not a major problem at Davis, but we have sometimes increased the fat
content of the diet in response to cold weather. Three of the laboratories
represented at this symposium are located at approximately 5000-ft eleva-
tions, so they can get pretty cold. A spell of extremely cold weather may
kill dogs, and if the treated dogs are more prone to death from cold, how
will this affect study results, particularly as regards life shortening?

What I am really asking is: What, if anything, can or should be done
about the points I have raised? My concern is that all too often (not in all
cases, obviously), the investigator seems to be unaware that these biases
exist in his data. Is there something we could do to minimize the contribu-
tion of the effects mentioned on experimental results, or could we come up
with some methodologies that might mitigate the problem?

Schneidennan: I want to show you something that some of you may
have already seen. I saw it for the first time a couple of weeks ago at
another meeting, and it seems appropriate to present it here (Fig. 1). On
the vertical axis, we plot our confidence in something—confidence in the
experimental results, confidence in recommending something to the regula-
tors, confidence in the acceptability of the research—I am indicating it as
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AMOUNT OF RESEARCH COMPLETED

fig. 1

simply "confidence.' On the horizontal axis, we plot the amount of
research that has been done. Obviously, when we start out and we have
done no research, we have no confidence in the results. We do a little bit
of research, and we have a little confidence. As time goes on, the confi-
dence in what we can do with the research continues to increase, until
some point when, by gosh, as ws continue to do more research, our confi-
dence begins to decline. And the more we do, the more troubles we dis-
cover, the more problems we create, the more things we know we do not
know. And after a while, if we do a great deal of research, we are con-
vinced we do not know anything, because we have this enormous number
of questions to answer. Maybe we generate questions according to some
power function and generate answers linearly.

O. G. Raabe (University of California, Davis): I would like to com-
ment on Dr. Crump's slide (Table 1). He suggested that very low risks or
incidences associated with threshold models, or practical threshold models,
may be important, and he particularly mentioned the risk of one in 10,000.
We have to keep in mind the fact that as we approach, say, age 70, there
are numerous other risks associated with natural aging, and the risk of
dying is quite high. Eventually the risk of dying is 100%. Consequently, it
may be acceptable to have a risk or incidence of one in 10,000 for some
carcinogen when in fact everyone else has died of something else.

I am talking about the interaction of a dose-response relationship with
an expected average age of tumor occurrence which gets longer and
longer. When that average age exceeds the natural life span, other causes
of death associated with natural aging are accounting for most of the
deaths. In such a case, a very small incidence—one in 10,000—seems not
to be too meaningful.
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Cramp: I really don't think it is our job as scientists or mathemati-
cians to decide what level of protection the public should have. We have
our input, but I think that this is really a societal decision. The problem I
was trying to point out is that different modeJs, all of which are consistent
with the available data, can predict very different results.

B. B. Boecker (Lovelace, Inhalation Toxicology Research Institute): I
was intrigued by Dr. Rosenblatt's list of factors that might be influencing
our studies. Taken together with Dr. Schneidennan's comment about
establishing some minimum standards, one could envision 100 different
factors to worry about, but how many of them are really important?
Where do we start?

RosesMatt: First, there has to be the desire to look at these things.
Boecker. Right. Beyond that there also has to be an investigator to

do it. We heard allusion this morning to the fact that in some studies we
have had no investigators left to write up results.

RoseaMati: I am sure a lot of people in this room would be glad to
take over and do the job.

"iihaiiifiiBUB I thought we were going to get a suggestion for
hereditary grants. You work for a while, and then the grant passes to your
children so they can finish the work.

I am wondering where we are in radiation research. Are we still climb-
ing the curve or are we on the downturn? I personally believe we are still
climbing. Obviously there are people who think we may have passed our
peak and that the work we are doing will not provide the regulators and
the general public with the land of information they want or need.

I have noticed a couple of things this morning: (1) the sophistication in
experimental design and in the kind of things people are doing bas obvi-
ously grown with time, and (2) I was pleased with the sophistication in
statistical analysis which was evidenced.

I am concerned about how we communicate our results to the regula-
tors. How do we tell them what we have dose? How do they tell us what
they think needs to be done? I am aware that every report that comes out
of the National Academy of Sciences contains some boiler plate near the
end which says, "More research is necessary." Now that probably is true,
but sometimes we get accused of a sort of trade unionism. Our business is
to do research, so we tell everybody that we have to do more. But how
much better regulations will the regulator produce as a result of the addi-
tional work that we are doing?

Early on my curve (Fig. 1) the confidence limits on the estimates we
give the regulator are very wide. As we do more research, they will get
narrower and narrower. How much narrowing do we get for his purposes
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per additional unit of work that we do? At some point are we going to get
a trivial narrowing for a lot of work? For the regulator further narrowing
will not be important. But scientifically it may still be very important.

I believe there are scientific needs beyond and independent of the regu-
latory needs. We heard some of that this morning. I think we heard some
substantial wisdom from people like Dr. Goldman—I don't say that only
because his first name is Marvin—and from Dr. Grahu, Dr. Wrenn, and
Dr. Thompson, who touched on this interaction between the political needs
and the scientific base. But there are some real scientific needs. We've got
to learn something about mechanisms; and maybe, if we learn more about
the mechanisms of radiation carcinogenesis, particularly the aspects of
interaction talked about earlier today, this will help with the kinds of prob-
lems Dr. Crump faces with chemical carcinogenesis and with the kind of
things I am trying to do with the Environmental Law Institute. We are
trying to write model laws there in relation to toxicology. And oh, boy!
Our ignorance in this area is transcendental. We have the lawyers and we
have the toxicologists and, except when they are the same person, I think
never the twain shall meet.

I want to ask the question and it is a continuation of the question that
Dr. Rosenblatt asked, Are there some analysis techniques which we ought
to recommend that all of us do, as a minimum? I do not want to inhibit
imagination. I do not want to inhibit new ways of looking at data. I do not
want to inhibit further developments. But, are there some minimal things
which we ought to do and which we ought to agree on? How do we agree
on these? Who gets together and says, "This is the thing to do?"

Finally, are there data which we really agree on? With all the compli-
cations and difficulties and problems existing with the data, are there data
which we agree on, which we can all accept, about which we can say to
the regulators, to the political people, to the public information people,
"This, at least, we agree on?" Or must we move in the direction of Arthur
Canterwood's "science court" to find out what we agree on? Perhaps so.
Maybe we need a formal system. Maybe the informal system that
scientists have used for so long does not work when it encounters enormous
political overtones.

Dr. Trivelpiece in his opening remarks spoke about the issue of risks
imposed on us vs. risks we take upon ourselves. The sociologists are not
here with us today; the psychiatrists and psychologists are not here with us
today; but that is part of their problem. The issues that we are concerned
with, I think, are very broad, and I think we have an opportunity to con-
tribute substantially to the health of the country in some of the things we
are doing. But maybe, in addition to what we are doing, we need some
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people whose job it is to try to bring together what has been done—sort of
science integrators. Nobody gives a Ph.D. in science integration.

So I think there are a large number of issues, and I hope in our inter-
change during the course of these next several days, we cannot only raise
lots of questions but also we perhaps can agree on some base that we can
all accept and move forward from there. I believe some of that has hap-
pened already. I think more will happen.
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ABSTRACT

The unusual radioresistance of burros has resulted in one of the longest large-animal life-span
studies extant. This study began in 1951. During the course of external radiation exposures of
burros to establish a dose-response curve for acute mortality after total irradiation, some of
the animals at the three lowest exposures to gamma photons survived. These groups of 10, 9,
and 10 burros were exposed to 320, 425, and 545 R, respectively. There were 10 unirradiated
controls. In 1953, 20 burros were exposed to 375 R (gamma) in 25-R/week increments
without acute mortality and were added to this life-span study. In 1957, 33 burros were
exposed to mixed neutron-gamma radiation from nuclear weapons, and 14 controls were
added. The total number of irradiated burros in the study was increased to 88 by the addition
of 6 animals irradiated with 180 rads of neutron and gamma radiation (4:1) in a "Godiva-
type" reactor in 1959. In this experiment two acute deaths occurred which were not included
in this analysis.

In the First 4 years after the single gamma exposures, there were deaths from pancyto-
penia and thrombocytopenia, obviously related to radiation-induced bone-marrow damage.
After that period, however, deaths were from common equine diseases; no death has resulted
from a malignant neoplasm. As of March 1984, 15 of the original 112 burros survive (10
irradiated and 5 controls). Survival curves determined for unirradiated and neutron-gamma-
and gamma-irradiated burros showed significant differences. The mean survival times were:
controls, 28 years; gamma irradiation only, 26 years; and neutron-gamma irradiation, 23
years.

The burro has a resistance to total-body exposures to ionizing radiations
which is yet to be explained. Knowledge of this resistance has been accu-
mulating since the initial observations of the effects of irradiation of this
animal were made in 1951. In many of the experiments done to determine
the LD5o of this species, a few animals died acutely and unexpectedly from
central nervous system effects, but many of the animals survived exposures
below 600 R and exposure regimens that would certainly have killed the
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majority of animals such as dogs, domestic cattle, or swine. In the ensuing
30 years, the irradiated survivors and their unirradiated controls have been
followed carefully at the Comparative Animal Research Laboratory in
Oak Ridge and results are described in the Annual Progress Reports of the
University of Tennessee/AEC (and ERDA and DOE) Agricultural
Research Laboratory. As of March 1984, 15 of the original 112 burros
involved in these studies survive—10 irradiated and 5 unirradiated
animals. Whenever an animal died, it was necropsied and the cause of
death was determined and recorded. At yearly intervals the animals
received physical examinations and veterinary medical therapy for minor
disorders according to the best veterinary practices. These veterinary and
pathologic observations have revealed another unexpected, unusual
finding—burros apparently do not die from either "natural" or radiation-
induced neoplasia. Only rarely have benign tumors of no pathologic
consequence been observed. Of course, the 15 survivors could belie this
conclusion.

The radiation exposures were carried out by several groups of research-
ers between calendar years 1951 and 1959. Radiation dosimetry was care-
fully performed under the direct supervision of health physicists and radia-
tion biologists, and we believe the exposure measurements were equal to
the state of the art then and are not subject to major corrections now
(Thomas and Brown, 1961; Hurst, 1954).

Two types of exposures were made, and six exposure groups were
defined by the nature and amount of the exposure given. These groups are
given in Table 1. The records of these animals consisted of animal identifi-
cation number, sex, date of birth (or a veterinarian's estimate of age made
at time of exposure), date of radiation exposure (if any), kind of radiation
source and exposure dose, date of death or survival note (as of March
1984), necropsy report of underlying cause of death, including any tumors
and contributing diseases.

We have determined survival curves without regard for "dose" for three
groups of these animals: (1) unirradiated (controls), 24 animals; (2)
gamma-irradiated, 49 animals; and (3) neutron-gamma-irradiated, 39
animals. Using the Kaplan-Meier procedure, we estimated the survival
function for the three groups. These survival functions, S(t), vs. time to
death, t, are shown in Fig. 1.

The graph in Fig. 1 represents the Kaplan-Meier survivor-function
estimates of the probability of survival from time of exposure for the indi-
vidual animals for the three groups. For the first 20 or so years, the result-
ing curves appeared to be quite different because of early deaths that
occurred (1) in the neutron-gamma-irradiated burros starting at the
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TABLE 1

Summary of Data for Irradiated Burros

Exposure
source

182Ta

""Co
Controls

Level of
exposure

320 R
425 R
545 R
375 R

*

Year of
exposure

1951
1951
1951
1953

No. of
aiimals

Survival status

Late
death

Gamma Exposure

10
9

10
20
10

7
9

10
17
10

Alive
Mar. 1, 1984

3
0
0
3
0

Comment

Single
Single
Single
25 R/week

Total 59 53

NeutroB-GanuBa Exposure

NTSt 330 rads
Godiva II 180 rads
Controls •

•No exposure.
tNevada Test Site
tNeutron/gamma

1951
1959

Total

ratio.

33
6

14

53

31
4
9

44

2
2
5

9

N/G,$ 1:1
N/G, 4:1
11 at NTS;

3 in Godiva
reactor

fourth postexposure year and (2) at the seventh postexposure year in the
gamma-irradiated animals. These deaths resulted from hemorrhage due to
severe thrombocytopenia secondary to radiation-induced marrow aplasia.
After 15 years deaths from this cause no longer occurred. Deaths since
then have been due to a variety of infections not usually fatal in healthy
animals. The three curves after 22 years appeared to parallel one another
which suggests that there was no difference between the death rates of
the irradiated and unirradiated animals at this time (September 1983). In
addition, the curves for the control and gamma-irradiated animals
appeared to merge as time after exposure approached the 35-year mark.
The Gehan-Wilcoxon test and the log-rank test showed that overall the
three survival curves were significantly different at the 0.001 level.

In Figs. 2(a) and 2(b) the Weibull transforms of the Kaplan-Meier
estimator are shown for the gamma-irradiated animals compared with the
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Fig. 1 Kaplan-Meier survivor function estimates for •eatroa-gamau-irradiated,
irradiated, and coatrol (uairradiated) groaps of burros plotted as a fnacdoa of daw (years) to
death after exposure.

controls and for the neutron-gamma-irradiated animals compared with the
controls. These plots were done to determine whether the survival rates
were linear with respect to the logarithm of time after exposure. The
graphs demonstrated that linear fits were not possible for the data during
the first 10 to IS years when radiation-induced marrow apiasia was being
manifested. However, when the survival data were analyzed beginning at
20 years postirradiation, straight lines fitted the data on Weibull plots. In
Fig. 3 the later segment of the data for both the gamma-irradiated and
their unirradiated control animals were shown fitted by a single line, which
was interpreted as meaning that, during this portion of the life span of
these animals, the difference previously observed in the survival rates of
the gamma-irradiated animals and their controls no longer existed and by
definition any radiation damage had been "repaired." The data of the
neutron-irradiated animals and their controls were well described by the
Weibull model for times greater than 20 years (Fig. 4). Here two lines
were obtained showing a distinct difference between the survival rates of
the two groups with respect to time after exposure. We interpret this ele-
vated rate of the neutron-irradiated animals to mean that the neutron-
induced damage persisted and was unrepaired.

These data are being analyzed further to determine whether the Gom-
pertz model would give a good fit to the data for the whole time period.
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age-autched controls, (b) Weik«U tnutrfoni of tke K«fte»-Meier estimtor for tke
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Fig. 3 WeibaU traasfona cf the Kapba-Meier sarrivor faactioa estiautes (with 95% coafi-
deace limits) for the gaauu-exposed aad the aacxpoaed coatroi harroa froai the twentieth post-
exposore year to date, showing that a siagie liae fits both sets of data. • , exposed. • , aaex-
posed.
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Fig. 4 WeiboU traasform of the Kaplaa-Meier saniTor faactioa esdautes (with 95% coafi-
dence limits) for neutroa-gaawia-irradiated aad the aoairradiated coatroi barros, showiag that,
unlike the results shown in Fig. 3, the awrtality rates of the two groups were sigmiflcaatiy dif-
ferent with respect to tine to death after exposure, which suggests that aeutroa-iadaced dam-
age still persisted in exposed burros a w e thaa 30 years after their irradiatioa.



LONGEVITY OF IRRADIATED BURROS 113

Also, a life table is under construction to enable us to compare age-specific
death rates for these three groups. In addition, a dose-response model to
describe the effect of radiation exposure on mortality for exposed burros is
being developed.

CONCLUSIONS

Our conclusions from these preliminary analytical observations on sur-
vival are:

1. Total-body exposure of burros to ionizing radiations causes
moderate "nonspecific" life shortening (up to 5 years within an
approximately 40-year life span).

2. Total-body exposure of burros to ionizing radiation is not carcino-
genic during a 30-year period after exposure.

3. Neutron-gamma exposure of burros produced more severe damage
than gamma exposure, as indicated by the survival function.
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DISCUSSION

R. G. Thomas (Los Alamos National Laboratory): I may have missed
this. What was used as zero time for these burros, in other words, for their
birthdate?

Lushbaugh: Well, veterinarians have a trick of looking at horses'
teeth, and the burro is a horse. His teeth are a pretty good measure of
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time. For these animals the average age at the time of irradiation was
three years.

M. E. Wrenn (University of Utah): It is intriguing that you saw no
malignant neoplasms. What kind of an autopsy was done on the burro?

Lushbaugh: The burros were autopsied by various skilled veterinary
pathologists, and it is true, they saw no neoplasms. I have reviewed most
of the slides, searching to see what might have been missed, and I have not
been able to find anything. The burro apparently does not get neoplasms. I
have several searches in large animal cancer registries going on right now,
looking for burro neoplasms. But I don't imagine any burros have lived to
be 40 years of age in the past. They used to die with their prospecting
buddy, didn't they? So, I am not certain about whether a burro can
develop cancer or not. Obviously, if cancer can't develop, cancer can't
contribute to life shortening, and this may be the factor that allows the
burro to live so long in the face of such large radiation exposures.

Grahn (Argonne National Laboratory): What were the causes of
death?

Lusbbaugh: The causes of death were various kinds of intercurrent
infections. If you have ever worked with horses, you know they suffer very
badly from the heaves, which we call emphysema in human pathology
terms. This is a pulmonary fibrosis. It is associated with recurrent pneu-
monia and it seems to account for most of the deaths here, although 10 to
15% were accidental. There were various kinds of infectious processes, i.e.,
enteritis, colitis, bowel stoppage, heaves. It was as though they had some-
thing wrong with their ability to fight infections.

One thing I failed to state. In the early part of the studies, but within
the first four or five years of their exposure, many of these animals died
from a peculiar thrombocytopenia, which led to a hemorrhagic diathesis,
which was related to complete atrophy of their bone marrow. So there was
a late bone-marrow syndrome that occurred within the first five years of
their exposure.

A. M. Braes (Argonne National Laboratory): At the time that these
burros appeared on the scene at Oak Ridge, I happened to be in a visiting
party. They had just come to the farm, and this particular burro was the
first one to die, and he died rather suddenly. In fact, he fell sideways and I
got my foot out of the way just in time to save my own appendage. It
seemed to me—and I saw this happen—that his left leg suddenly weak-
ened and his right legs became spastic, and I thought of, perhaps, vascular
or cerebral vascular accident. I was wondering if it is customary to do a
craniotomy?

Lushbaugh: They did remove the brain to look for brain pathology.
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Braes: Is it aneurysms that burros have, or is it a massive cerebral
accident of some sort?

Lushbaugh: I think you have just described the Brues Syndrome.
Braes: Well, thank you, sir.
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Irradiation of Beagles by Cobalt-60
Gamma Rays

T. E. FRITZ, T. M. SEED, D. V. TOLLE, and L. S. LOMBARD
Division of Biological and Medical Research, Argonne National Laboratory,
Argonne, Illinois

ABSTRACT
So that a stronger basis for extrapolation of low-level radiation effects to man can be pro-
vided, existing data from small laboratory animals are bsing supplemented by studies in a
longer lived animal, the dog. Beagle dogs are exposed to continuous cobplt-60 irradiation
either throughout life or until predetermined total doses are accumulated. The radiation-
specific excess-mortality rate and associated causes of death will be related to both dose rate
and total dose. The ongoing studies also emphasize the pathogenesis of myelogenous
leukemia. At dose rates of 3.75 to 26.25 rads/day, given continuously, responses were con-
sistent, highly dose-rate dependent, and limited primarily to the hematopoietic system. At
rates as low as 0.3 rad/day, the hematopoietic system is still the limiting factor for survival,
but below 3.75 rads/day present evidence suggests that the responses are independent of dose
rate.

Longitudinal studies of peripheral blood and bone marrow have permitted a description of
four preclinical phases of myelogenous leukemia. These phases have been characterized by
standard hematologic end points, ultrastructural features, in vitro cloning assays, and the
acute radiation sensitivity of stem cells. The results suggest that an induced error-prone repair
mechanism is the basis for the onset of radiation-induced myelogenous leukemia. Interim data
from dogs given terminated exposures suggest that the types of tumors and times to death are
different from controls but the numbers of tumors are not yet greater than in controls. The
data being derived from these studies should help to determine whether there is a constant
radiation-injury parameter that may be characteristic of all mammalian species, as well as to
provide understanding of the pathologic responses in a major target organ, the hematopoietic
system.

This paper reviews the results of studies completed over the last 10 years
and of others still in progress which are defining the response of the beagle
to protracted whole-body cobalt-60 gamma irradiation. The ultimate goal
of these studies is to understand the risk and implications to human health
of exposure to ionizing radiation. This goal is being approached in a series

116
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of experiments oriented toward (1) obtaining data on life shortening and
causes of death (neoplas.tic and nonneoplastic) when irradiation is pro-
tracted over predetermined portions, or the entire adult lifetime, at several
dose rates, and (2) using the data from this comparatively long-lived
experimental animal to increase the reliability of extrapolation to man
from the smaller, more commonly used laboratory species.

As discussed elsewhere in this volume (Grahn and Fritz, 1986), we are
seeking explanations of species differences in sensitivity and response to
radiation which can be expressed as a unifying concept for extrapolation to
man. In addition, the effects of protracted irradiation on the hematopoietic
system are being emphasized because of the importance of hematopoietic
responses in both early and late effects of irradiation. Even at high single
doses (=LD50), the basis for species differences is uncertain, although it is
known to be related to hematopoietic function (Vriesendorp and
van Bekkum, 1979). Studies of the relationships of dose or dose rate to
effects have shown that mice, and other organisms including plants and
fungi, respond similarly, even though observed effects are as varied as the
organisms and their relative sensitivities (de Serres, Mailing, and Webber,
1968; Sacher, 1965, 1966, 1973; Sparrow, Underbrink, and Rossi, 1972).
The responses ail produce a nonlinear relationship of effect vs. dose on &
log-log plot as illustrated for mice in Fig. 1.

As shown in Fig. 1, the slope of the excess-mortality rate for mice
(Sacher, 1966) increases with the logarithm of the daily dose rate as a lin-
ear function of the square of the daily rate between —24 and
125 rads/day. At daily rates below 20 rads, however, the slope varies
linearly with the first power of the daily exposure rates; i.e., radiation-
induced excess mortality is independent of dose rate and total dose
(Grahn, 1970; Sacher, 1976; Sacher and Grahn, 1964). The breakpoint of
such a curve from a slope of •— 2 to a slope of -—1 has been defined as the
biological boundary between the high-dose and low-dose regions. It also
determines the point at which the causes of death are related to soft-tissue
tumors rather than acute damage to the hematopoietic system.

The relationship of excess mortality to dose rate defines a chronic radi-
ation injury syndrome that has not been measured in longer lived, larger
animals. It is characterized by decreased life expectancy and increased
tumor incidence, which are additive with total exposure and independent
of exposure rate. For purposes of extrapolation to man, if this additivity
with total exposure for injury and clinical manifestations could be demon-
strated for man, data from the mouse can be used with greater confidence.
Additional discussion of the data on survival times and the present status
and projections of survival times for continuous exposures are presented
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elsewhere in this volume (Grahn and Fritz, 1986). This paper focuses on
the influence of radiation dose rate and total dose on the clinical and
pathological responses that define the spectrum of late effects and cumula-
tive response to protracted irradiation.

METHODS

In studies of whole-body exposure to cobalt-60 gamma rays, beagles
from the closed breeding colony at Argonne National Laboratory have
been used. The colony and its management have been described previously
by Norris and associates (1968). For both the lifetime- and tenninated-
exposure studies (radiation given to predetermined total doses), equal
numbers of both sexes of young adults (~400 days old) are assigned to
experimental groups. For the lifetime-exposure studies, a control group of
dogs of similar ages and sexes is caged in a room adjacent to the radiation
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facility. For terminated-exposure studies, controls are kept in the kennels
under conditions identical to those for the irradiated groups.

The health status of the animals is monitored by daily observation, reg-
ular physical examinations, and routine hematological evaluations. On
every deceased dog, a complete necropsy examination is conducted, and a
standard set of organ weights is recorded and tissues are collected for bis-
topathologic examination. Selected tissues also are examined by transmis-
sion and scanning electron microscopy. To evaluate bone marrow function,
we used special techniques, particularly in vitro culture methods, to mea-
sure the granulocyte-monocyte committed stem cells (GM-CFU,) and the
circulating serum colony-stimulating activity or factor (CSA) and to deter-
mine the radiation sensitivity (Do, Dq)* of the GM-CFU, in the course of
the irradiation.

Protracted whole-body irradiation (22 hr/day, 7 days/week) from
cobalt-60 gamma sources was given in specially constructed facilities
(Norris, Tyler, and Sacher, 1976; Fritz et al., 1982) and was continued
until death or until predetermined total doses were accumulated in several
related experiments. As discussed elsewhere in this volume (Grahn and
Fritz, 1986), particular attention was given to dosimetry, and all factors
contributing to the dose rate and total dose were normalized in the irradia-
tion field by migrating dogs through all positions and orientations with
respect to the irradiation source.

RESULTS AND DISCUSSION

Continuous Irradiation

Survival Patterns and Causes of Death

We have measured the survival times and the responses of young adult
beagles irradiated throughout life at rates ranging from 3.8 to
225 rads/day and are currently measuring the same parameters at rates
below 3.8 rads/day.t Major interest has centered on the effects observed
during lifetime exposure to rates below 26.3 rads/day where, with
decreasing daily exposure rate, we found sequential systematic, consistent,
highly exposure-rate-dependent responses of the hematopoietic system.
Table 1 lists survival times and primary causes of death in beagles under

•Do, radiation dose required to reduce survival to 37%; Ds, radiation dose required to
reduce survival below 100%.

t Average absorbed dose in rads is equal to the exposure rate in roentgens X 0.75.



TABLE I

Dose Rate, Survival Times, and Causes of Death
in Beagles Continuously Irradiated with Cobalt-60 Gamma Rays

Dose rate.
rads/day

54.0
37.5
26.3
12.8

7.5

3.8

1.9

0.8

0.3
0

No. dead/
No, irradiated

4/4
8/8

16/16
13/13

76/82*

24/24

12/46

4/46

4/92
9/54

Meaa
sarrival, days

(for all canes)

26
38
55

301

692

1887

1459

1897

1439
3077

Cane of death

Scpticemia
Septicemia
Septicemia
Scpticemia
Anemia
MPD

Anemia
MPD
Other

Anemia
MPD
Other

Anemia
MPD
Other

MPD
Other
Other
Other

No. of

4
8

16
7
4
2

52
15t
9

3
11
10

1
8
3

1
3
4
9

(100)
(100)
(100)
(54)
(31)
(15)

(68)
(20)
(12)

(12)
(46)
(42)

(8)
(67)
(25)

(25)
(75)

(100)
(100)

Meu
sarriuri, days

(fcycane)

26
38
55

139
220

1038

264
892

1649

1119
1456
2591

729
1444
1830

1829
1920
1439
3077

Meaa
Mrriralof

Hvfafcdays*
(Jmt 1983)

-t
-
-
-
-
-

-
-
_
-
-

-
2328

-
2163
1998
2111

'Numbers refer to survivors still being irradiated at the dose rates listed.
tDash indicates none living (no data).
JSix survivors are in various states of developing myeloproliferative disease (MPD).
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continuous irradiation at dose rates of 3.8 to 54 rads/day, as well as
interim data for studies still in progress at dose rates of 0.3 to
1.9 rads/day and 7.5 rads/day.

Three separate radiation-induced causes of death have been defined.
All involve the hematopoietic system and are related more directly to dose
rate than to total dose as shown in Figs. 2 and 3. These causes of death
were (1) septicemia associated with granulocytopenia (at doses of 12.8
and 26.3 rads/day), (2) anemia (1.9 to 12.8 rads/day), and (3) my-
eloproliferative disordei (MPD) that occurred largely as myelogenous leu-
kemia (0.8 to 12.8 rads/day). The percent of dogs with myeloproliferative
diseases (MPD) exposed to 3.8 and 7.5 rads/day approached 50 and
20%,* respectively, and the disease onset was characterized by typical
hematological changes well in advance of clinically apparent symptoms. A

100

75 — s

O

50 —

25 —

1 1 I I I I I I I
'-•—26.3 rads/day /-12.8 rads/day

-

,'-•—3.8 rads/dav

1.9 rads/day ft
1 -,-Q^M

1 1
0 2,000 4,000 6.000 8,000 10,000 12,000 14,000

TOTAL DOSE, rads

Fig. 2 Infliieace of dose rate oa the cause of death is shows by ptortisg the Mortality rate
against the total dose at the time of death for beagles coatiwtously irradiated with cooalt-
60 gamma rays. S, septkeaia. A, aaeaia. M, myeioproUferatiTe disease. O, all other
causes of death.

'Data in Figs. 2 and 3 for the end points at 7.S rads/day are from studies already com-
pleted, and those in the tables include data from studies still in progress.
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All myeloproliferative
disease (27 cases)
occurred at 383 '
to 1949 days. I
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TIME TO DEATH, days

5,000 10,000

Fig. 3 ReiatioBship betweea causes of death awl time to death by plot of mortality rate
against time to death. Irrespective of the dose rate, the causes of death show the same
sequential and time-span relationships. S, septkemia. A, anemia. M, myeloprolifenitive
disease. O, all other causes of death.

fourth group of responses, unrelated to the hematopoietic system, was evi-
dent in the last 10 deceased dogs exposed to 3.8 rads/day. In these 10
dogs several malignancies were observed, including one osteogenic sarcoma
and a variety of degenerative and inflammatory disorders (Table 1).

As shown in Table 1 and Figs. 2 and 3, the hematologic effects
occurred in an ordered fashion as follows: septicemia occurred earliest, at
the highest exposure rates; anemia appeared next after longer survival
times and lower dose rates; and MPD became an important end point at
dose rates of 7.5 and 3.8 rads/day, with even longer times of survival. At
3.8 rads/day the hematopoietic system recovered from the initial depres-
sion and became equilibrated in the 10 dogs surviving longest. These 10
survivors, although receiving more than twice as much radiation as all oth-
ers in the group, maintained adequate hematopoietic function, failed to
develop either aplastic anemia or leukemia, and died of causes other than
bone-marrow damage. The fact that some dogs recover from the initial
bone-marrow suppression and apparently accommodate completely sug-
gests that there may be a critical period for development of MPD. The
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MPD has been observed to occur between —400 and 2000 days of irradia-
tion, irrespective of dose rate, but not at later times, for either continu-
ously exposed dogs or dogs given terminated exposures (Fig. 3).

The majority of the 46 cases of MPD observed in irradiated dogs were
classified on the basis of pathologic and cytologic examination, as my-
elogenous leukemias (Table 2). Eight of these had the clinical and patho-
logic form of erythroleukemia or erythemic nr-iosis: five were observed in
dogs irradiated at 3.8 rads/day and three in dogs irradiated at
1.9 rads/day. Also, seven of the eight cases of erythroleukemia and
erythemic myelosis were in males, whereas only 20 of 38 of the remaining
forms of MPD were in males. The fact that erythroleukemia occurred only
at dose rates of 3.8 rads/day or lower and predominantly in males sug-
gests that there may be an exposure-rate and sex dependence for the vari-
ous forms of MPD. Erythroleukemia in dogs is rare; only two spontaneous
cases have been reported previously (Anderson and Johnson, 1962; Liu and
Carb, 1968). Other forms of MPD in dogs, induced by whole-body exter-
nal radiation or by internally deposited radionuclides, have been reported
(Dungworth et al., 1970; Upton, 1977). No case of MPD has been
observed in 136 deceased adult, nonirradiated control dogs in these
experiments.

Hematological Responses

The numbers of thrombocytes and leukocytes in the peripheral blood of
the dogs irradiated at 3.8 to 26.3 rads/day showed somewhat different
patterns for the dogs that became septicemic or anemic as compared to
those that developed MPD. In all irradiated dogs, there is a progressive,
dramatic, exposure-rate-dependent drop in number of circulating thrombo-
cytes and a slower progressive decline in leukocytes (WBC) [Figs. 4 and
5(a)]. Although survival time is appreciably longer for dogs dying of
anemia and still longer for those dying of MPD as compared to those
dying of septicemia, there is no apparent difference in the rate of the
thrombocyte decline, regardless of the eventual hematopoietic response. (A
provocative and important finding in dogs showing low or even essentially
no circulating platelets is that hemorrhage does not occur until just before
death and only then if a dog becomes septicemic.) The effect on circulat-
ing erythrocytes is more variable, i.e., the dogs that live longest and
develop MPD are those which tend to show a less severe depression of the
erythrocytes.

A decrease in circulating cells is early and progressive in the peripheral
blood of all irradiated dogs. In those ultimately dying with MPD, a tern-



TABLE 2

Irradiation-Induced Myeioproliferative Disorders (MPD)* in Beagles

Histologic-
bematopatkotogic

diagnosis

Coatunous exposures to death

No. of
cases

Dose rate, rads/day

0.3 0.8 1.9 3.8 7.5 12.8

Temiuted exposorest

No. of
cases

Dose rate, rads/day

3.75 7.5 12.8 26.3

Myeloid leukemia 18
Myelomonocytic leukemia 6
Monocytic leukemia 1

Erythroleukemia 6
Erythremic myelosis 2
Myelofibrosis 4

Total M P D cases 37

Total dogs irradiated 303
Deceased dogs 133
Percent of deceased

dogs with MPD 28

92
4

1

46
4

46
12

8 11

24
24

15

82
76

0 25 67 46 20

13
13

15

6
1
1

0
0
1

265
121

64
23

83
47

II

75
27

11

40
24

m
p

0
>

I
o

*MPD does not include deaths due to aplastic anemia or septicemia secondary to granulocytopenia.
tExposures were terminated at total accumulated doses of either 450, 1050, 1500, or 3000 rads.
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porary nadir was reached at a total cumulative exposure of —1500 rads
irrespective of exposure rate [Figs. 5(b) and 6]. After this nadir, recovery
is continuous (although oscillatory) and is a characteristic prelude to onset
of leukemia [Figs. 5(b) and 6] which mimics the preleukemia syndrome in
man (Seed et al., 1977, 1978; Tolle, Fritz, and Norris, 1977; Tolle and
Cullen, 1983). As illustrated by Fig. 6, in which the values are given for a
single dog developing myelogenous leukemia, the erythrocytes show the
least response until near the end of life when anemia becomes the immedi-
ate cause of death.

Significant changes in bone-marrow function and structure have been
documented at 7.5 rads/day (Seed et al., 1977, 1978, 1982; Seed, Chubb,
and Tolle, 1981). These changes parallel the peripheral-blood responses.
Longitudinal studies of bone marrow have shown sequential changes in
numbers of GM-CFUa (i.e., granulocyte-monocyte committed stem cells),
indices of granulocyte reserves, and CSA (colony-stimulating factor) at
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various times during the radiation exposure. Each of these indicators of
hematopoietic function has been shown to vary progressively for the first
200 to 300 days of irradiation (representing 1500 to 22S0 rads of accumu-
lated dose) as shown in Figs. 7 and 8 for GM-CFU, and CSA, respec-
tively. Approximately 50% of the irradiated dogs die during the first 200
to 300 days of complications arising from bone-marrow aplasia. The
remaining dogs survived for prolonged periods of exposure and developed
MPD at a high frequency. In the MPD-developing group of long-term sur-
vivors, the indicators of marrow (granulopoietic) function exhibited
marked improvement between 350 and 800 days of exposure, compared to
the earlier depressed values. Absolute marrow cellularity, as well as the
granulocyte reserve index and GM-CFUa (Fig. 7), began to approach con-
trol values, whereas the CSA declined toward control values (Fig. 8). Pro-
gression to overt myeloid leukemia is characterized by greatly elevated
( — 150%) absolute marrow cellularity, associated with aberrant but
expanded granulocyte reserves and committed stem-cell pools.

The alternative responses of bone marrow relative to causes of death of
dogs given continuous radiation at 3.8 to 26.3 rads/day and the projected
responses at lower dose rates are shown in Fig. 9. The projections are
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CUMULATIVE RADIATION DOSE, rads
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tio*. For amfuham, tke doaogcflk actirity of •arrow cda froai a dog with
•oMcytk kakcada is *bowa. (Data froai Sceii ct aL, 1978.)

based upon the results to death which are summarized in the subsequent
comments. Leukemia resulting from increased marrow proliferation after
initial depression and recovery occurs with increased frequency at the
lower exposure rates, whereas hypofunction resulting in septicemia and
anemia is less frequent at lower exposure rates. Terminal lesions in the
nonhematopoietic tissues also become more frequent at the lower exposure
rates. Important questions remaining are (1) whether leukemia will occur
in dogs being irradiated at lower dose rates and (2) what other types of
lesions, particularly solid-tissue malignancies, will occur. Interim data
(Table 1) clear! >now that MPD occurs at the 1.9 rads/day dose rate
and probably occurs at 0.8 rad/day. The latter conclusion is based upon
one dog dying with marrow aplasia and myelofibrosis at —1800 days of
irradiation. Previous results, however, suggest that few if any additional
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cases will occur because of the limiting time factor, i.e., at all other dose
rates (continuous and terminated exposures), MPD occurred after a mini-
mum of —1500 rads and between 400 and 2000 days after initiation of
irradiation (Table 1 and Fig. 3). Furthermore, since the mean life span of
control dogs is —4000 days (irradiation is begun at 400 days), the dogs
being irradiated at 0.3 rad/day will not accumulate the apparently critical
minimum dose of 1500 rads.

These studies have demonstrated two basic patterns of survival and the
associated hematologic responses based on peripheral-blood and bone-
marrow changes. These are (1) short-term survival (<300 days) with
bone-marrow aplasia and anemia resulting in death and (2) long-term sur-
vival (>300 days) characterized by an initial depression of circulating
blood cells followed by a subsequent recovery to more-normal values and a
predilection to the development of MPD. Three-hundred days was selected
as the breakpoint because, except for one case of myelofibrosis, all cases of
MPD occurred later than 300 days. Table 3 summarizes the data for
these alternative survival patterns in dogs irradiated at 7.5 rads/day. Fig-
ure 10 similarly contrasts the bone-marrow responses in dogs irradiated at
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7.5 rads/day on the basis of the GM-CFU, numbers for dogs dying of
marrow aplasia or MPD. The latter alternative, that of hematopoietic
recovery after significant depression, has remained an important issue in
the attempt to understand the mechanism of radiation induction of my-
elogenous leukemia. Studies of the radiosensitivity of the GM-CFU, both
of unirradiated dogs and of those developing radiation aplasia and MPD
have provided a new insight into the relationships between the two clinical
alternatives and the integrity and function of the stem cells that are the
putative precursors of myelogenous leukemia. As shown in Fig. 11,
GM-CFUa isolated from the bone marrow of continuously irradiated
(7.5 rads/day) dogs that exhibit long-term survival and predisposition to
MPD are significantly more resistant to brief in vitro doses of cobalt-60
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TABLE 3

Survival Times and Causes of Death of Continuously
Gamma-Irradiated (7.5 rads/day) Beagles

So-rival pattens

Sfcort LOBE
Parameter (<300 days) (>300 says)

Mean survival times, days (± SE) 219 (± 6) 838 (± 92)
Range of survival times, days 131 to 296 305 to 1966
No. deaths/total no. animals" 44/76 32/76
Percent 57.9 42.1

Cause of death, t
Septicemia-aplasia 6/44(14%) 2/32 ( 6%)
Aplasia 37/44(84%) 7/32 (22%)
Myelofibrosis 1/44 ( 2%) 2/32 ( 6%)
Myeloid leukemia 0 12/32 (38%)
Solid tumors-degenerative

diseases 0 9/32 (28%)

•Of 82 irradiated (7.5 rads/day) dogs included in this study, 76
died and are included in this table. The six remaining dogs are still
alive (with mean survival to date of >900 days). These six dogs are
considered to be in various phases of developing leukemia.

tNumber dead of each cause/Total number dead (%).

gamma rays than are either the controls or those dogs similarly irradiated
but which die of marrow aplasia ind anemia (Seed et al., 1982). Thus the
hematopoietic recovery that is a prerequisite to long-term survival is tem-
porally and, we believe, causally related to the induction of leukemia.
Although the cellular-molecular basis of this increased radioresistance is
not known, the increased shoulder (Dq value) on the dose-response curve
suggests enhanced repair of sublethal damage.

Terminated Exposures

Survival Patterns and Causes of Death

In contrast to dogs given continuous whole-body irradiation, those
given protracted irradiation to predetermined total doses die largely of
causes unrelated to the hematopoietic system. The dose rates and total
doses given, and current (as of June 1, 1983) survival times of the dogs
given terminated irradiation are shown in Table 4. Irradiation was ter-
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minated at the total values shown because (1) completed studies showed
excessively high mortality from bone-marrow aplasia above total doses of
1500 rads given at 12.8 rads/day and above 1050 rads at 26.3 rads/day
[these total doses are LDso values (Fritz et a!., 1978)); (2) 1000 to 1400
rads is the integrated total dose delivered by LD50 doses of cesium-137
intravenously injected in dogs of similar age; (3) 1500 rads is the total
dose at which the thrombocytes and leukocytes in peripheral blood reach
the nadir after which recovery occurs (in dogs continuously irradiated at
12.S, 7.5, or 3.8 rads/day) as a prerequisite to induction of myelogenous
leukemia; and (4) a total dose of 600 rads produces significant hemato-
poietic depression but is clearly out of the range of the dose at which
recovery and subsequent myelogenous leukemia induction were observed.

This study of the late effects of predetermined total doses of irradiation
given at dose rates similar to those in our earlier studies of irradiation
until death excluded dogs dying during irradiation or within 100 days after
termination of exposure. As shown by the results to June 1983, only one
dog that survived for more than 100 days after the termination of irradia-
tion died of anemia,* and none died of septiccmia.

•One dog irradiated at 12.8 rads/day to a total of 1500 rads died of marrow aplasia and
anemia 128 days after termination of irradiation.
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Although fewer MPD cases have been observed in the terminated-
exposure groups than in dogs irradiated continuously, they represent a sig-
nificant number because no cases have been seen in control animals. A
comparison of the occurrence of MPD in the two experimental groups, i.e.,
those irradiated until death and those given terminated exposures, is shown
in Table S. On the basis of total number of deceased dogs, the nine cases
seen in the terminatcd-exposure groups represent a much lower percentage
of cases than those observed for dogs irradiated continuously at the same
exposure rates (3.7S, 7.5, or 12.8 rads/day). These interim results also
suggest that total-dose and dose-rate limitations exist for the induction of



134 FRITZ, SEED, TOUE. AND LOMBARD

TABLE 4

Survival Times of Beagles Given Terminated Exposure to
Protracted Cobalt-60 Gamma Irradiation at Several Dose Rates

Dead Alhe

Days to death froa Days to J I M 1, 1983, froai
radiation OMet radiatkw oaset

Total
dose, rads

0

450
1050
1500

450
1050
1500
3000

450
1050
1275
1500
3000

450
1050

No.

37

1
15
7

1
10
16
20

0
5
5
12
10

5
19

Meu

3136*

1933
2791
2391

2672
2182
2322
2364

-
2127
1923
2435
3421

395
2948

Raage No.

Dose Rate, 0 rads/day

546 to 4987* 49

Dose Rate, 3.75 rads/day

-

931 to 3872
729 to 3299

19
9
13

Dose Rate, 7.5 rads/day

_

865 to 3665
539 to 3580
655 to 4030

19
14
3
0

Dose Rate, 12.8 rads/day

_
1708 to 2557
405 to 3586
245 to 3501

2187 to 4488

20
16
0
12
0

Dose Rate, 263 rads/day

615 to 2017
1316 to 4281

15
1

Meu

3326*

2435
3798
3064

2520
3221
3769
-

2466
2955
-

2553
-

2320
5066

Ruge

2072 to 5296*

2415 to 2466
3377 to 4083
2970 to 3370

2286 to 2640
3057 to 3357
3630 to 4323

-

2234 to 2637
2861 to 3043

-
2079 to 3645

-

2239 to 2415
-

'Actual ages minus 400 because irradiated groups were put into the
gamma field at approximately 400 days of age.

MPD. This is because no cases of MPD were seen in dogs given total
doses below 1300 rads, and, as with continuous irradiation, none occurred
before 400 days or later than 2000 days after the onset of irradiation.
These time and dose limitations also agree with boundaries established for
the induction of MPD by continuous irradiation as described earlier
(Fig. 3).

The dogs receiving terminated exposures showed an obvious recovery
from hematopoictic damage after irradiation is terminated, then died at



TABLE 5

Comparison of Number of Dogs Dead with Myeloproliferative Disorders (MPD)
per Number Irradiated by Continuous or Terminated Irradiation £

Coattaaow irraAatkw to fcath TenaJaate* irretfatkw 3

Dose rate, rafc/day Total Dose rate,

0.0 0.3 0.75 1.9 3.75 7.5 12.8 rafa 3.75 7.5 12.8 263 3>
o

0/54* 0/92* l/46» 8/46* ll/24t 15/82* 2/13t 450 0/20* 0/20* 0/20* 0/20 |
(0%) (0%) (2%) (17%) (46%) (18%) (15%) (0%) (0%) (0%) (0%) o

1050 0/24* 0/24* 0/21* 0/20 |
(0%) (0%) (0%) (0%) 5

1500 1/20* 2/19* 3/24» -f ™
(5%) (11%) (13%) 8

3000 - 3/20* 0/10* - | °
(13%) (0%) |

•Not all dogs were dead, but hematologic responses suggest that no additional cases of leukemia would 5
occur. §

tAll dogs were dead.
$Six survivors were in various stages of developing leukemias.
{Dash indicates none living (no data).

u
«J1
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later times of soft-tissue malignancies. To date, approximately 70% of all
the deceased dogs in the irradiated groups and the controls have died of
malignancies, but both the age at death and the types of tumors differ sig-
nificantly between the controls and the combined irradiated groups.

The mammary gland is the origin of more malignancies than any other
site, but the percentage of dogs with mammary malignancies is not dif-
ferent between control and irradiated groups on the basis of numbers
observed in deceased dogs. The mean time to death, however, is signifi-
cantly shorter for the irradiated dogs than for the controls.

Another important observation is that the spleen has been the site of at
least 14 nonepithelial (connective-tissue) malignancies in the irradiated
group as compared to one such malignancy in the controls. Ten malignan-
cies have been classified as fibrosarcomas, probably of nerve sheath origin,
and four as angiosarcomas.

Two types of tumors, i.e., lymphomas and thyroid tumors, are showing
a decreased incidence in the irradiated dogs as a proportion of those now
dead. This deficit appears to represent a manifestation of the earlier time
to death of irradiated dogs. The mean time to death ( ± standard error)
for dogs with lymphoid tumors in our control population is 4159 ± 233
days, and, for dogs with thyroid tumors, the value is 4153 ± 223 days.
The mean time to death ( ± standard error) for all irradiated dogs is
currently 2968 ± 95 days and for those with connective tissue malignan-
cies, 3094 ± 155 days.

Hematological Responses

The pattern of hematopoietic recovery after termination of radiation as
compared to that occurring in continuously irradiated dogs as a prelude to
MPD is shown for the platelets in Fig. 12. Both the rate of depression and
the rate of recovery are dose-rate dependent and are greater at the higher
dose rates. Although alternative explanations are not excluded, these find-
ings suggest that the kinetics of hematopoietic recovery are based upon
greater recruitment of precursor cells into the dividing compartment in
those animals irradiated at the higher dose rates. Thus, when irradiation is
terminated, these animals have a larger reservoir of cells available for a
greater rate of differentiation and maturation.

As seen with the groups of dogs continuously irradiated until death, the
occurrence of MPD in only those groups receiving total doses in excess of
1500 rads further suggests that induction of MPD has a time requirement
which may be related to the degree of hematopoietic suppression required
to induce the requisite preleukemic changes in stem-cell function. Only
dogs showing the nadir of peripheral blood values and subsequent recovery
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at total doses in the range of 1500 rads have developed MPD. If radiation
is terminated at a fixed total dose below 1500 rads, this response would
not be expected.

SUMMARY AND CONCLUSIONS

Studies of protracted irradiation of beagles are providing an important
insight into the late effects of whole-body irradiation. These studies will
provide a better perspective on the influence of life span and the late
effects of low doses of radiation, as well as other species-dependent vari-
ables, including acute-radiation sensitivity. Such information should pro-
vide a better basis for extrapolations to man from existing data derived
from smaller, shorter lived laboratory species.

In addition to strengthening extrapolations on the basis of life shorten-
ing and radiation-specific mortality rates, these studies provide a better
understanding of the physiological-pathological-clinical basis for the late
effects that contribute to radiation life shortening. The concept of
changing target organs as limiting factors related to survival in the classi-
cal radiation syndromes is not new (Thomson and Straube, 1958; Bond,
Fliedner, and Archambeau, 1965). Our studies, however, allow a better
understanding of the variability and range of responses for one of these
target organs, the hematopoietic system. Thus the bone marrow, largely
regarded as the limiting factor over a narrow range of acute doses and
time, has been shown to be highly responsive to continuous irradiation, and
an important factor in late effects (i.e., MPD and its constituent patholo-
gies including myelogenous leukemia).

The ability to sample and, therefore, to monitor and define the struc-
ture and function of the hematopoietic system as emphasized in these stud-
ies is somewhat unique among the mammalian organs and tissues. It is,
however, an example of the need for both in vitro and in vivo components
in studies to define biological effects. These two different components or
approaches to experimental biology provide data for evaluating the effects
on a mechanistic, as well as a descriptive, basis.
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DISCUSSION

M. Goldman (University of California, Davis): What do you think
are the radiobiological implications for what appears to be a rather short
plateau of risk? Regardless of the radiation modality, in those groups in
which myelogenous leukemia is induced, removal of the radiation stress is
followed soon thereafter by reduction of the risk. This goes against a great
deal of the thinking about relative risk and the duration of this plateau of
risk. Your model suggests that the progenitor cells may switch to a differ-
ent form of expression, to solid tumors rather than this myeloid risk; and
yet those cells still persist, though they may divide. Would you comment
on this?
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Fritz: 1 don't believe that there is any relationship between leukemia
and the other tumors. The target organs are different, and I think the
tumors occur from a decidedly different mechanism. We have tried to
exploit the hematopoietic system to look at the mechanisms that might be
involved. It is a model that one can explore without seriously violating or
invading the animal, by using bone-marrow biopsies, rib biopsies, pelvic
biopsies, etc. I think that you induce the primary lesion, it either leads to
the final outcome within a finite period of time, or the lesion is somehow
mended, abrogated from expression.

I wish I had a better explanation, but the two hypotheses we are left
with are that either (1) you have a minor population of the bone marrow
which is selected for, is uncontrolled by the chronic radiation, and, being
freed from normal control mechanisms, it becomes the dominant popula-
tion; or (2) you are inducing a repair mechanism, to repair sublethal dam-
age, but it is an error-prone repair. You are repairing the damage faster
than you kill the cells, but the repair errors eventually lead to a total dis-
tortion of the mechanisms required for continued survival and for
production of the cells needed for defense mechanisms, i.e., leukocytes, for
oxygenation, i.e., red cells.

We do see erythroleukemias and erythemic myeloses, as well as the
granulocytic leukemias. We have looked at your dogs and compared them
with ours, and we have looked at ^Sr-exposed pigs from Pacific Northwest
Laboratory, and they are all very comparable in their pathology So, prob-
ably the damage is not at the point of the committed
granulocyte-monocyte stem cell but at a lower level of order—the true
pluripotential stem cell, I would suggest.
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ABSTRACT

Sensitivity to radiation carcinogenesis is being studied in 1680 beagle dogs that received
whole-body "Co gamma radiation exposures during development. Eight treatment groups of
120 dogs each received 0.16 or 0.83 Gy at one of three prenatal (8, 28, or 35 days postcoitus)
ages or at one postnatal (2 days postpartum) age. One treatment group of 120 dogs received
0.83 Gy as juveniles at 70 days postpartum, and one treatment group of 240 young adult dogs
received 0.83 Gy at 365 days postpartum. Three-hundred-sixty control dogs were sham irra-
diated. As of Dec. 31, 1982, of the 1680 dogs, 1058 were dead. Approximately 25% of these
deaths were related to malignant neoplasia. The age-related incidence of neoplasia is being
evaluated. While the incidence of all neoplasms is being studied, particular emphasis is being
placed on types of cancer with known susceptibility to induction by radiation, such as thoss of
breast, thyroid, and hematopoietic tissues. Neoplasms are classed as (1) incidental, i.e., those
found at necropsy in dogs that died of an unrelated cause; (2) mortality independent, i.e.,
those seen in live dogs and removed surgically, or (3) fatal, i.e., those directly or indirectly
responsible for death. Analyses of incidental tumors are done by a prevalence method,
whereas analyses of mortality-independent and fatal tumors use an onset-rate or death-rate
method. The results of these methods are then combined to give a composite age-related inci-
dence of specific neoplasms. Analyses also are done on disease subgroups to attempt to delin-
eate the effect of intercurrent disease on tumor incidence. The results of such analyses sup-
port the concept that age at exposure is an important factor in radiation carcinogenesis.

Ionizing radiation is well known to be a potent inducer of neoplastic dis-
ease (BEIR Advisory Committee, 1980). Despite the extensive documenta-
tion, a considerable controversy remains over the magnitude of the effects
of low-level radiation on cancer induction Most of the available informa-
tion on humans is derived from epidemiologic studies of persons who
received significant radiation exposures from medical, occupational, or
military-weapons sources (BEIR Advisory Committee, 1980; Boice, 1981;
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Kato and Schull, 1982). From such studies it is evident that some types of
human cancers are highly sensitive to induction by radiation. It is also
clear that age at radiation exposure is a major factor (BEIR Advisory
Committee, 1980; Fry, 1981) in the carcinogenic response; it even has
been suggested to be the single most important factor (Boice, 1981). For
some cancers, notably thyroid and breast cancers and leukemias, children
up to 15 years of age seem to be at greatest risk for cancer induction.

Much less clear, with respect to the effect of age at exposure, is the
potential for cancer induction after prenatal irradiation. Stewart, Webb,
and Hewitt (1958) first noted that low-level diagnostic X-ray exposures
might be associated with increased cancer risk in children irradiated in
utero. Such epidemiologic findings have been confirmed by some studies
(Ford, Patterson, and Treuting, 1959; McMahon, 1962; Mole, 1974;
Shiono, Chung, and Myrianthopoulos, 19S0), but others have failed to
make similar observations (Kato, 1978; Oppenhcim, Griem, and Meier,
1974).

Studies of the effects of prenatal and early postnatal irradiation on
neoplastic induction in experimental animals are relatively few. Experi-
mental results have been varied, with some studies demonstrating supposed
increased sensitivity for the fetus (Sasaki et al., 1978a, 1978b;
Vesselinovitch et al., 1974) and other studies demonstrating no such effect
(Rugh, Duhamel, and Skaredoff, 1966; Upton, Odell, and Sniffen, 1960).

The life-span study at the Collaborative Radiological Health Labora-
tory (CRHL) was designed to evaluate the effect of age at exposure on an
animal's response to radiation injury (Benjamin et al., 1986). A major end
point in this study has been the induction of neoplasms. The large number
of experimental animals and the correspondingly large number of neo-
plasms expected in thia ongoing study make the analysis of carcinogenicity
data a major task. This paper updates some of the data on induction of
neoplasms, but it primarily discusses approaches that are being used for
analysis.

MATERIALS AND METHODS

The beagle dogs used in this experiment vere derived from a breeding
colony at the CRHL. The dogs are housed in outdoor kennels and are fed
dry food and water ad libitum unless there is a medical reason to change
the diet for individual dogs. All dogs are observed daily and are given
complete annual physical examinations. In case of illness the dogs are
given more-frequent examinations as required.
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In the life-span experiment, 1680 male and female dogs, in equal
numbers, received either a single whole-body exposure to ^Co gamma
radiation or a sham exposure. All exposures were bilateral for a total of 10
min. Dogs were exposed or sham exposed at 8, 28, or 55 days postcoitus
(dpc) or 2, 70, or 365 days postpartum (dpp). The irradiation was either
20 or 100 R measured as the midline in-air exposure. The detailed pro-
cedures for exposures and dosimetry have been reported (Angleton and
LoPresti, 1977; Angleton, 1978). The overall mean doses for dogs exposed
at 20 or 100 R were 0.16 or 0.83 Gy, respectively. The dogs were entered
into the study over a 5-year period from 1967 through 1973. Two-thirds of
the animals were to be maintained for the duration of their natural lives,
whereas the remaining one-third was to be sacrificed for sequential study
at 5, 8, 11, or 14 years of age.

A variety of effects have been evaluated in the life-span of dogs. Carci-
nogenesis and life-shortening are now the primary effects of concern. Neo-
plastic diseases are recognized both clinically and at necropsy. When clini-
cally recognized, neoplasms are removed surgically or biopsied as soon
after detection as possible, if feasible. All dogs that die, are euthanatized,
or are sacrificed at predetermined ages are given complete gross and his-
topathological examinations. All pathologic data, including tumor diagno-
ses, are entered into a natural-language, computerized data storage and
retrieval system. Most computerized statistical packages are compatible
with this system to simplify the analysis of data.

In a study of this magnitude, the analysis of the incidence of neoplastic
disease is complex. The approach addressed in this report is based on the
work of Peto et al. (1980). The simplest appro-ch is to compare directly
the number of animals with one or more tumors of a specific type in dif-
ferent treatment groups, making suitable adjustment for differences in sur-
vival. For such an approach Peto et al. (1980) suggest that neoplasms be
categorized as to the context in which they occur. Thus a neoplasm which
is directly responsible for the death of ?n animal is categorized differently
from one which is found incidentally at necropsy. The contexts of observa-
tion include:

1. Incidental tumors: Those which are found at necropsy in animals
which died or were euthanatized for causes unrelated to that tumor or any
tumor of that type. Tumors found at necropsy in scheduled-sacrifice dogs
also are considered incidental but usually are analyzed separately.

2. Fatal tumors: Those which cause the death of an animal either by a
direct effect of the tumor or by an indirect effect (e.g., overwhelming
infection in a leukemic animal).
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3. Mortality-independent tumors: These tumors are observed in a live
animal and thus are not dependent on an animal's death for recognition.

The analysis of data in these different categories is handled differently.
For analyzing fatal tumors, a death-rate method of analysis is appro-

priate. A death-rate analysis examines the number of deaths at a given age
as a result of the tumor of interest relative to the number of animals sur-
viving to that age. The assumption is that all animals surviving to a given
age are equally likely to get a fatal tumor. For analyzing tumors seen in a
mortality-independent context, an onset-rate method of analysis is appro-
priate. An onset-rate analysis is similar to a death-rate analysis. The
difference is that an onset-rate analysis examines the number of new ob-
servations of the tumor at a given age, relative to the number of animals
surviving to that age and not having the tumor. The assumption is that all
surviving animals not yet having this tumor are equally likely to get a
tumor of this type. For analyzing incidental tumors, a prevalence method
of analysis is appropriate. A prevalence analysis examines animals in a
specific age range with tumors of interest which have not been classified as
fatal. This is compared to the animals in a specific age range that died of
causes other than the tumor of interest. The assumption is that all animals
examined were likely to have had the tumor type of interest detected at
necropsy. A prevalence method is used because incidental tumors are
recognized only in animals that die from unrelated causes. These pro-
cedures are used to evaluate carcinogenicity data while adjusting for
differences in longevity. After the individual analyses are completed, data
from all three categories are combined to estimate a pooled tumor
incidence.

Analyses for all three contexts of observation compute an "expected"
value for the number of tumors observed in each treatment group, based
on the number of tumors observed in the pooled treatment groups. Using
the number of animals considered at risk based on the analysis assump-
tions given above, the "observed" number and the "expected" number for
each treatment group are used to generate various test statistics. A "test
for heterogeneity" tests for differences between the treatment groups by a
chi-square statistic assuming that any deviations of the observed from the
expected values are due to random variation. A test for "positive trend"
involves computing a "trend test statistic" and its variance. The "trend test
statistic" is calculated by multiplying the difference between the observed
and expected values by the dose (or another score) for the treatment
group, then summing these products over all treatment groups. Thus, the
"trend test statistic" will be a large positive number when the high dose
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groups have an observed value greater than the expected value. Then a
normally-distributed test statistic is calculated by dividing the trend test
statistic by the square root of its variance. In our study, positive trend
values are used for looking at dose-related responses within treatment
groups. Comparisons between treatment groups are performed using the
heterogeneity test.

RESULTS

As of Dec. 31, 1982, a total of 1058 of the 1680 animals on study were
dead. Of these, 729 died or were euthanatized because of terminal illness.
The live dogs ranged from 9.9 to 15 years of age. Further details not relat-
ing to carcinogenesis are described elsewhere in this volume (Benjamin et
al., 1984).

In a study where there are significant age differences between treat-
ment groups, reporting uncorrected percentages of animals with tumors
can be misleading. All statistical analyses are thus performed taking into
account age-specific incidence rates. Since the mean age of the dogs
remaining alive was about 12 years as of Dec. 31, 1982, all analyses were
performed for dogs up to 12 years of age. This reduces bias due to the fact
that some groups are overrepresented in the population of dogs over 12
years of age.

Malignancy as a Cause of Death

Although both malignant and, to a much lesser degree, benign neo-
plasms can be a cause of death, the malignant neoplasms that are classi-
fied in a "fatal" context represent an important subset for evaluation of
radiation effects. Table 1 summarizes the data on a number of dogs thai
died with malignancy as the major cause. Four dogs died before 2 years of
age with fatal malignancies. All four had been irradiated in the perinatal
period. Of two dogs that received 0.83 Gy at 55 dpc, one died at 2 months
with a cerebral astrocytoma and the other died at 21 months with a
malignant lymphoma. One dog given 0.16 Gy at 2 dpp died with a nasal
cavity fibrosarcoma at 23 months of age, and one dog given 0.83 Gy at 2
dpp died with an oral squamous-cell carcinoma at 3 months of age.

In the analysis of malignancies of all kinds as a cause of dsath, the
dogs irradiated at 55 dpc show a highly significantly increased fatal-tumor
incidence up to 2 years of age (P, 0.002). This difference (P, 0.003) per-
sists up to 12 years of age and is primarily due to the high incidence of
lymphomas, which are discussed subsequently. For dogs irradiated at
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TABLE 1

Aft tt
exponre.

fays

Controls
(Al l ages)

8+

28*

55+

70$
3651

IB

Dow
(TOO*

Gy

0

0.16
083
0.16
0.83
0 16
0.83

0 16
083
0 83
0 83

Total

Beagle

'iitri

360

120
120
120
120
120
120

120
120
120
240

1680

Dogs Irradiated Dviag DevdopaKat

Nwber
MM

cattaMtized

IS5

36
42
59
38
53
58

57
50
54

127

729

Naabcraead
fee to

•tUgwcy

30

14
7

14
7

18
19

11
17
19
35

191

OfauMtr
1M*

9

4
1
1
1
1
4

1
3
2
4

31

cr with fital M H |

Of bcaato-
1 poirtk

sy«ta*

5

5
1
6
0
5
6

0
3
5
7

43

pwacy

OftkyraU

2

0
0
0
0
4

0

2
0
5
4

17

'All tumors of hematopoielic system were malignant lymphomas except for 2 dogs, given 0.83 Gy al 2 days
postpanum. which had a granulocytic leukemia or myeloproliferalive disorders

•Posicoitus
tPostpartum

2 dpp, the increased fatal-cancer incidence up to 2 years of age is less
striking (P, 0.10). The other treatment group showing a significantly
increased incidence of death due to malignancy are the dogs, irradiated at
70 dpp (for dogs up to 12 years of age; P, 0.006). This is because of the
increase in fatal thyroid cancers, which are discussed later.

Peto et al. (1980) suggest that, although all types of neoplasms can be
combined and evaluated, a more sensitive method is to analyze individual
tumor types. For purposes of this interim analysis, we have chosen tumors,
of three tissue types, which are among the most common in our dogs:
those of the hematopoietic system, the breast, and the thyroid gland.
Table 1 includes the numbers of fatal tumors of each of the tissue types.
These three categories account for almost 50% of all fatal malignancies in
the study.

Mammary Gland

Although 31 dogs had fatal malignant tumors which arose from mam-
mary gland tissues (Table 1), it is important to remember that the popula-
tion primarily at risk for these tumors (females) is only half the total num-
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bcr in each treatment group. No mammarv tumors have been seen in any
male dog to this time. Furthermore, dogs with fatal mammary-gland
malignancies represent only a small fraction of the dogs with any mam-
mary tumor. Large numbers of females have incidental tumors found at
necropsy, as well as mortality-independent tumors that were recognized
clinically and removed surgically. For this report we restrict the analysis to
female beagles with fatal mammary cancer. Table 2 gives this death-rate
analysis. Through 12 years of age, no evidence exists of any significant
differences in fatal mammary tumors between treatment groups.

TABLE 2

Death-Rate Analysis (Through Dec. 31, 1982) of Fatal Mammary
Gland Cancer in Female Dogs up to 12 Years of Age

Age at
exponrc,

toys

Dote Observed (O) (O - Ef

Expected (E)

Positive tread*

Zt

Controls

8*

28*

55$

2§

70§
365§

0.

0.16
0.83
0.16
0.83
0.16
0.83

0.16
0.83
0.83
0.83

1.065

2.097
0.554
0.617
0.518
0.582
1.607

0.650
1.047
1.057
0.944

0.024

2.296
0.360
0.238
0.448
0.300
0.687

0.189
0.004

0.006
0.010

X2 - 4.562
P > 0.501

(-0.558)

(-0.669)

0.678

(-0.014)

(-0.026)
(-0.185)

0.72

0.75

0.25

0.50

0.51
0.58

'Positive-trend test for individual age groups compared with controls.
tMinus values indicate negative trend.
tPostcoitus.

§Postpartum.
lOne-tailed test for heterogeneity.

Hematopoietic Tissues

In contrast to mammary tumors, all dogs are at risk for hematopoietic
neoplasms, and relatively few nonfatal hematopoietic neoplasms have been
found. Thus in this case the fatal cancer incidence (Table 1) is a good
approximation of the overall tumor incidence.
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Most of the fatal malignancies have been neoplasms of the lympho-
reticular system (i.e., lyrnphomas). However, two dogs had neoplastic or
related disorders of the bone marrow: one with myelogenous leukemia and
one with myeloproliferative disorder and myelofibrosis. Both had received
0.83 Gy at 2 dpp.

Table 3 gives the death-rate analysis for hematopoietic malignancies in
dogs up to 12 years of age. The heterogeneity test indicates significant
differences between treatment groups; however, most of this does not cor-
respond to a positive trend with dose. Only in dogs irradiated at 55 dpc is
there a strong suggestion of a positive trend with dose.

TABLE 3

Death-Rate AiuJysb (Through Dec. 31,1982) of Fatal Hematopoietic Cancer
in Dogs uf> to 12 Years of Age

Afett

CAJPUWVf
days

Controls

8*

28*

55$

2§

70§
365§

Dote

Gy

0.00

0.16
0.83
0.16
0.83
0.16
0.83

0.16
0.83
0.83
0.83

0*mrf<0)

Expected (E)

0.504

1.938
0.399
2.127
0.000
1.522
2.382

0.000
0.749
1.132
1.216

(O-Ef

E

1.949

2.269
0.905
2.985
2.795
0.716
4.811

2.435
0.168
0.046
0.230

X2 - 19.309
P < 0.051

Pod the

zt

(-0.139)

(-1.038)

2.386

0.521

1.106
1.370

treat"

P

0.56

0.85

0.008

0.30

0.13
0.09

'Positive-trend test for individual age groups compared with controls.
tMinus values indicate negative trend.
tPostcoitus.
§Postpartuni.
tOne-tailcd test for heterogeneity.

Thyroid Gland

Thyroid tumors have been recognized in all three contexts of observa-
tion, i.e., incidental, mortality independent, and fatal. Hypothyroidism,
associated with lymphocytic atrophic thyroiditis, is also a major disease
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problem in dogs in the life-span study, and there is a strong association
between hypothyroidism and the occurrence of thyroid tumors. Because of
this complex situation, we have selected thyroid neoplasia to illustrate a
complete analysis of tumor incidence.

Through 1982, seventeen dogs have died because of thyroid cancer.
The death-rate analysis for these fatal thyroid cancers is given in Table 4.

TABLE 4

Death-Rate Analysis (Through Dec. 31, 1982) of Fatal Thyroid Cancers
in Dogs up to 12 Years of Age

Age at
exposare,

days

Dow Okterred(O)

Expected (E)

(O-Ef tread*

Zt

Controls 0.00 0.656 0.180

8$

28$

55$

2§

70§
365§

0.16
0.83
0.16
0.83
0.16
0.83

0.16
0.83
0.83
0.83

0.000
0.000
0.000
0.000
3.904
0.000

0.000
0.000
5.849
1.060

0.508
0.491
0.456
0.546
4.320
0.497

0.483
0.526
12.059
0.003

X2 - 20.069
P < 0.051

(-0.655)

(-0.668)

(-0.505)

(-0.635)

2.335
0.321

0.75

0.75

0.69

0.74

0.01
0.63

'Positive-trend test for individual age groups compared with controls.
tMinus values indicate negative trend.
JPostcoitus.
fPostpartum.
tOne-tailed test for heterogeneity.

The test for heterogeneity indicates a significant difference among
treatment groups, and the jx>sitive-trend analysis indicates that the most
significant effect of irradiation on cancer death rate is in dogs exposed at
70 dpp.

Many other dogs have developed thyroid neoplasms within the contexts
of the incidental and mortality-independent categories. It is appropriate to
analyze each of the three contexts independently and then to combine the
results for a composite view of thyroid tumor incidence. The evaluation of
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incidental thyroid tumors is complete only through Dec. 31, 1981, so that
we shall present the analysis of all three contexts through that date only.
The fatal thyroid tumor analysis will differ, therefore, from that presented
in Table 4. The numbers of animals with thyroid tumors in each of the
contexts, not adjusted for age at death, are given in Table S. Dogs that

TABLES

Summary (Through Dec. 31, 1981) of Dogs with Thyroid Neoplasia
After Irradiation During Derelopmenf

Age at
exposure,

days

Controls
(All ages)

8*

28

55

2t

70
365

Dote
gronp,

Gy

0.00

0.16
0.83
0.16
0.83
0.16
0.83

0.16
0.83
0.83
0.83
Total

NMfcer
hi grasp

360

120
120
120
120
120
120

120
120
120
240

1680

Nnaher
•each
fro"*

133

26
31
47
26
42
43

46
37
43

108
582

Naafer of top with thyroM

bcMeatal

23

3
3
8
3
5
5

4
3
9

22
88

Mortality

3

0
0
0
0
4
0

1
2
2
4

16

tm*H

Fatal

1

0
0
0
0
2
0

0
0
2
1

6

•Postcoitus. tPostpartum.

had a thyroid neoplasm removed surgically are included in the mortality-
independent category even if they developed another neoplasm at a later
time or if a thyroid neoplasm was ultimately the cause of death. Thus the
context of the earliest diagnosis of a thyroid tumor in each animal is the
context used for this analysis. This makes it appear as if there were fewer
fatal thyroid cancers, because several of these dogs had tumors removed
surgically prior to death. In this way a dog with a thyroid tumor is
counted only once. Since fatal and mortality-independent tumor data are
ultimately combined, there is no bias in the overall tumor incidence esti-
mate. Nineteen percent (i.e., 110 of 582) of the dogs that had died or been
euthanatized as of Dec. 31, 1981, had one or more thyroid neoplasms.
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Relatively few dogs were beyond 12 years of age as of Dec. 31, 1981,
and a disproportionate number of those were dogs given 0.83 Gy at 365
dpp and the comparable control dogs. Therefore, the age-adjusted analysis
of incidental tumors is reported for dogs that were up to 12 years of age at
death. This included 88 dogs that were hypothyroid. Analysis of the
heterogeneity between treatment groups revealed no significant differences
in the incidence of hypothyroidism. However, 40 of the 88 hypothyroid
dogs had thyroid tumors. In contrast, only 39 of 362 euthyroid dogs had
thyroid tumors, which indicates an association between hypothyroidism
and thyroid neoplasia. The analysis of incidental tumors was done indepen-
dently for hypothyroid dogs and for euthyroid dogs. The two data sets
were then combined to give a composite view of prevalence of thyroid
tumors (Table 6). Dogs irradiated at 70 dpp showed the highest prevalence
of thyroid tumors in both the euthyroid and hypothyroid groups. The dif-
ference is striking when euthyroid and hypothyroid groups are combined.
Tests for heterogeneity show no significant differences between treatment
groups. When the positive-trend test is used, however, the results strongly
suggest a radiation effect in dogs irradiated at 70 dpp.

TABLE 6

Prevalence of Incidental Thyroid Neoplasms (Through Dec. 31, 1981)
in Dogs up to 12 Years of Age

Age at

day.

Controls

8J

28J

55|

21

701
3651

Daac

Gy

0

0.16
0.83
0 16
0.83
0 16
0.83

0.16
0.83
0.83
0.83

O/Et

1.022

0.655
0.816
1.494
0.000
1.208
0.877

1.293
0.879
2.101
0.628

EatfcynM

( O - E ) »

E

0.004

0.182
0.083
0.654
2.216
0.143
0.051

0.266
0.033
3.461
0.883

X2 - 7.976
P > 0 .50"

Hy

O/E

0.943

0.813
0.511
0.604
1.276
0.611
1.222

0.000
0.000
1.828
1.637

- . i l l

ftmjnm
(O - £f

E

0.031

0.087
0.468
0.781
0.179
0.248
0.081

2.534
1.487
1.125
3.964

X2 - 10.985
P > 0 .25"

C

O/E

0.981

0.752
0.681
0.915
0.657
1.011
0.989

0.711
0.532
2.001
1.239

tmHmi
( O - Ef

E

0.007

0.245
0.450
0.055
0.538
0.001
0.001

0.470
0.825
4.509
0.919

X] - 8.020
P > 0.50"

Pmtthtttmf

Z% P

(-0.680) 0.75

(-0.678) 0.75

0.001 0.50

(-0.886) 0.81

1.942 0.02
0.943 0.17

'Poiitive-irend ten for individual afje croup* compared with cootroli.
tRatio of observed (O) to expected (E).
tMinui value* indicate negative tread.
IPoMcoitu*.
TPoilpartum
••One-tailed tett for heterogeneity.
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The independent analyses of incidental, mortality-independent, and
fatal tumors are combined in Table 7. This composite demonstrates signif-
icant heterogeneity between treatment groups. The positive-trend test indi-
cates a highly significant radiation effect in dogs irradiated at 70 dpp.
Suggestion of a lesser effect is present in dogs exposed at 365 dpp.

TABLE 7

Combined Analysis of Thyroid Neoplasia (Through Dec. 31, 1981)
in Dogs op to £2 Years of Age

Age at DMC

feys Gy

Control* 0.00

8* 0.16
0.83

28$ 0.16
0.83

55* 0.16
0.83

2 | 0.16
0.83

70} 0.83
365| 0.83

'Ratio of observed
tPositivc-trcod test
JPoslcoitu*.
|Postpvtum.
lOne-uikd test for

1
IK1MBUH •

O/E«

0.981

0.752
0.681
0.915
0.657
1.011
0.989

0.711
0.532
2.001
1.239

Msrtatty-

mmn

O/E

0.540

0.000
0.000
0.000
0.000
3.741
0.000

0.938
2.050
1.902
1.689

(O) to expected (E).
for individual

heterogeneity.

age groups

Fat*]r M M

O/E

0.718

0.000
0.000
0.000
0.000
4.521
0.000

0.000
0.000
4.440
1.114

GOCDpATOd

TmmanbMaBtk

(O

O/E

0.896

0.579
0.539
0.778
0.492
1.703
0.763

0.703
0.774
2.167
1.288

x 2 -
? <

with controls.

tsc csatsxt

E

0.256

0.921
1.180
0.446
1.571
3.191
0.368

0.629
0.263
8.170
1.607

18.602
0.051

scasrtiMfl

Pssttfce

P

0.8S

0.86

0.69

0.59

0.003
0.07

DISCUSSION

These results represent data from a life-span study in progress, and
many dogs have just entered the age range in which most neoplasms are
expected. The rates of tumor occurrence over the past several years sug-
gest that, for fatal cancers, we can expect to see between 200 and 300 new
cases in the dogs that remained alive after Dec. 31, 1982. This will more
than double the numbers reported here. Comparable increases are expected
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in incidental and mortality-independent tumors. Understandably then, cur-
rent results must be treated with caution.

The objective of this paper is to discuss the use of specific methods for
statistical analysis of carcinogenesis data (Peto et al., 1980). For such
analysis three tumor types were chosen which are known to be sensitive to
induction by radiation (BEIR Advisory Committee, 1980) and which,
coincidentally, are among the most common found in dogs in this study.

With respect to fatal mammary cancer, there is no evidence to date
that supports an increased incidence in the irradiated females. In another
study one-year-old female beagles given whole-body X irradiation (100 or
300 R) showed a significantly increased risk for fatal mammary gland
malignancies, primarily in older nulliparous animals (Chrisp et al., 1976).
A slight, but not significant, effect was present in parous bitches in that
study. Similar protective effects of pregnancy have been reported in
women (McMahon, et al., 1970). In our study the majority of the female
beagles have had litters, which would reduce the risks for mammary carci-
nogenesis. These factors are yet to be evaluated for our dogs.

Earlier reports (Benjamin et al., 1980) presented data suggesting that
dogs irradiated at 55 dpc had a higher incidence of malignant lymphomas.
Although dogs given 0.83 Gy at 55 dpc still have the highest death rate
related to such neoplasms, the continuing appearance of lymphomas in
other treatment groups could weaken this trend. Nonlymphoid leukemias
are rare in the dog except in irradiated populations. The beagle has been
shown to develop myelogenous leukemias and myeloproliferative disorders
after exposure to radiation from external sources or internal emitters
(Dungworth et al., 1970; Fritz et al., 1970; Benjamin et al., 1973). Two
dogs given 0.83 Gy at 2 dpp in our life-span experiment developed either
myelogenous leukemia or a myeloproliferative disorder similar to those
described after irradiation. It is felt that these probably represent
radiation-induced bone-marrow disorders.

Thyroid neoplasia is a well-documented result of exposure to ionizing
radiation in humans (Maxon et al., 1977) and animals (Casarett, 1973).
In our study there appears to be an increased risk for thyroid neoplasia in
dogs irradiated as juveniles at 70 dpp. This finding is consistent with infor-
mation about thyroid tumorigenesis in humans (Maxon et al., 1977); chil-
dren are at greater risk than adults for radiation-induced thyroid tumors.

Another rare event in the canine population is death due to malignant
disease before 2 years of age. In our study, four such cases were observed.
A fatal-cancer death-rate analysis of all tumor types combined is less sen-
sitive and less meaningful than analysis of specific tumor types (Peto et
al., 1980); however, such an analysis does indicate that the increase in
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early-occurring tumors is a significant finding and is strongly suggestive of
a radiation effect.

The methods of analysis as proposed by Peto et al. (1980) appear to
have the necessary flexibility for handling the data that are being gen-
erated in the CRHL life-span experiment. The techniques give us the abil-
ity to look at a variety of tumor subgroupings of animals, and a variety of
contexts in which the tumors appear, and then to combine these contexts
and subgroups. This should allow us to distinguish between effects due to
experimental treatment and nontreatment related diseases, which can be
important in cases such as thyroid tumors where hypothyroidism affects
the overall tumor response.
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DISCUSSION

B. A. Muggenburg (Lovelace, Inhalation Toxicology Research
Institute): You said that you compared the normally functioning thyroid
dogs to those that were hypothyroid and found a higher incidence of thy-
roid cancers in the hypothyroid dogs. How did you establish the hypothy-
roid population?

Benjamin: That's a good question, but it is difficult to answer it
briefly. These are all dogs that are dead, not dogs that are still alive. We
use necropsy findings, which include an absence or a severe reduction in
size of thyroid and changes in the pituitary gland which would include
severe hypertrophy and vacuolation of thyrotropic cells. The evidence also
would include clinical signs such as obesity, classic changes in hair coat,
hypercholesterolemia, and anemia. These criteria were used to classify an
animal as hypothyroid. We did, in a number of living animals, do thyroid-
function tests but did not find these to be terribly helpful as absolute cri-
teria.

F. F. Hahn (Lovelace, Inhalation Toxicology Research Institute): In
this paper, and also in your overview paper this morning, you showed
effects in animals which were irradiated at about the time of parturition,
either before or shortly after, and then effects also in the animals which
were irradiated as juveniles. Would you comment on how the development
of the dog, both in utero and neonatally, corresponds to development in
other species—in particular, man?

Benjamin: In many respects the development of the dog is quite simi-
lar to that of man. There are some differences—too many to go into—but,
for example, consider the development of the eye. In man, the development
of the retina is fairly complete at birth. In the dog, there is continuing dif-
ferentiation of the retina up until about six weeks after birth. Another dif-
ference of particular interest to me is the immune system. The develop-
ment of the immune system is very comparable in dog and man in terms
of the differentiation of the thymus and when the thymic associated cells,
i.e., T cells, are seeded out into the peripheral blood and into the periph-
eral lymphoid organs. Contrast that to the rodent in which immunologic
development is not complete until after birth. You would have to go
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through a catalog of many different systems to look at all the similarities
and differences.

T. E. Fritz (Argonne National Laboratory): Dr. Rosenblatt earlier
mentioned the problem of analyzing mammary tumor data. I assume the
tumors you are talking about are malignant?

Benjamin' Yes.
Fritz: Do you find that leaving tumors on the animals for long

periods of time has any influence on whether they become malignant and
whether they mevastasize?

Benjamin: We remove mammary tumors before they reach 2 cm in
size. So in our study we are protecting the dogs, if you will, against most
of them dying from mammary tumors, as happened in the University of
California, Davis X-ray study. Whether this is right, wrong, good, or bad
can be argued, and, as you know, it has been argued many times. It is my
personal feeling that most of the mammary tumors which are killing dogs
arise de novo as malignancies; they do not arise as benign tumors which
then undergo malignant transformation. I feel very strongly about that,
and we have good data to support it.

Fritz: I would agree with you. I think whether you leave the mam-
mary tumor there 90 days or 900 days, if it is going to metastasize, it will
do so early. Taking it off avoids the ulceration and the suppuration and all
the mechanical problems.

Benjamin: Yes, I agree.
S. A. Book (University of California, Davis): Did you mention what

the four cancers were that occurred in the first two years?
Benjamin: There was one at three months of age, a cerebral astro-

cytoma; one at about four months of age, a squamous carcinoma of the
oral cavity—very unusual for a dog at that age; one at about 1.8 years of
age, a fibrosarcoma of the nasal cavity; and the one at about 1.9 years of
age, a lymphoma.

H. Me'tivier (French Atomic Energy Commission): What percent of
tumors have you categorized as incidental and as fatal?

Benjamin: I don't know. We have just begun this type of analysis, and
one of my goals for the next year is to go back in our records and do this
type of categorization. It was fairly simple to categorize the few examples
we chose. The mammary tumors which were malignant and killed the
animal—that is fairly straightforward. The hematopoietic neoplasms whivh
killed the animal—that too is fairly straightforward. There are other
areas, however, where the categorization becomes more difficult. The
beauty of the Peto classification is that it allows you to say not only, "This
is a fatal tumor," but it allows you to say, "This is probably fatal." He has
a category for "probably fatal" and for "probably incidental," and he
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shows that even if you have lesions that fall into these "probably" catego-
ries, this is not going to cause great problems in the interpretation of your
data.

Me'tivier: In your last table, in the combined analysis, do you con-
clude that fatal tumors are the main factor?

Benjamin: I don't know exactly how to answer that, other than to say
that this is an advantage of categorizing them in this fashion; you can look
at them independently. If you want to say that the fatal tumors are really
the important ones, you can look at and talk about them independent of
the incidental tumors. I don't think you should lose sight, however, of the
total number of neoplasms, even if many are only incidental neoplasms.
They are still important in terms of human health. If you develop a thy-
roid nodule and have to go to surgery to have it removed—even if it is a
benign nodule—that is important in terms of human suffering and in
terms of medical costs. I think both fatal and incidental tumors have to be
factored in.

R. Gray (Oxford University): I would like, first of all, to congratu-
late Dr. Benjamin on his choice of statistical techniques. I was slightly
unclear about one thing You show in the young adults, in the juveniles, a
test for trend with respect to dose, but you had only one dose group.

Benjamin: I am glad you brought that up. It's something I wanted to
discuss with you later. We didn't really quite know how to handle that.
This is a preliminary analysis, and I present it as an application of a tech-
nique that we are just learning to use.



Use of Linear Model Analysis Techniques
in the Evaluation of Radiation Effects
on the Life Span of the Beagle

G. M. ANGLETON, A. C. LEE, and S. A. BENJAMIN
Collaborative Radiological Health Laboratory, Department of Radiology and Radiation
Biology, College of Veterinary Medicine, Colorado State University, Fort Collins, Colorado

ABSTRACT

The dependency of the beagle-dog life span on level of and age at exposure to "Co gamma
radiation was analyzed by several techniques; one of these methods was linear model analysis.
Beagles of both sexes were given single, bilateral exposures at 8, 28, or SS days postcoitus
(dpc) or at 2, 70, or 365 days postpartum (dpp). Dogs exposed at 8, 28, or 55 dpc or at 2 dpp
received 0, 20, or 100 R, v bercai those exposed at 70 or 36S dpp received 0 oi 100 R. Bea-
gles were designated initially either as sacrifice or as life-span animals. All deaths of life-span
study animals were classified as spontaneous, hence for this group the mean age of death was
a quantitative response that can be analyzed by linear model analysis techniques. Such analy-
ses for each age group were performed, taking into account differences due to sex, linear and
quadratic dependency on dose, and interaction between sex and dose. At this time most of the
animals have reached 11 yean of age. No significant effects of radiation on mean life span
have been detected.

The principal study at the Collaborative Radiological Health Laboratory
(CRHL) at Colorado State University involves evaluation of the influence
of age at exposure on the long-term effects of irradiation. Beagle dogs
were given single, whole-body *°Co gamma exposures of 0, 20, or 100 R.
The average doses for these groups were 0, 0.16 and 0.83 Gy (Angleton,
1977, 1978). Irradiations were performed at one of six ages, including
three in utero at 8, 28, or SS days postcoitus (dpc) and three during the
first year of life at 2, 70, or 36S days postpartum (dpp). Since there were
variations among the actual exposures and in the sizes of the beagles at
the time of irradiation, doses were estimated for each dog, and these indi-
vidual dose estimates were used in all analyses involving dose.

One group of animals was designated as the life-span group. All deaths
for these animals were spontaneous. The experimental design for life-span

160
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animals is given in Table 1, which also gives the number of animals alive
in each group as of June 30, 1983. The age-at-death data for these
animals have been used in the analyses for assessing the effects of irradia-
tion on mortality.

The maximum expected life span of CRHL beagles is over IS years.
The age for 50% survival for beagles entered into the life-span study is
about 12 years. Kaplan-Meier (1958) survival curves have been generated
for all principal categories of the data. As for the 11 -year life span, no dis-
placement in the mortality curves was detected. Several methods are avail-
able for analyzing these data to detect the effects of irradiation on survival
probabilities and tumor incidence. These include the Kaplan-Meier
analysis (Kaplan and Meier, 1958), the Wilcoxon Test (Gehan, 1965), the

TABLE 1

Experimental Design and Survival Statistics for the CRHL Long-Term Study

Age it

days

Postcoitus
8

28

55

Postpartum
2

70

365

R

0
20

100

0
20

100

0
20

100

0
20

100

0
100

0
100

Total

NMBBf
M

Male

20
40
40

20
40
40

20
40
40

20
40
40

20
40

20
80

560

roffefi
if*

Feaak

20
40
40

20
40
40

20
40
40

20
40
40

20
40

20
80

560

N B

Jm

Male

11
24
25

7
14
18

7
20
18

10
22
19

4
17

11
27

254

•fccraMre
e 30,1983

FcaMle

7
23
23

8
18
21

6
16
14

6
15
15

7
11

5
21

216
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Cox Regression (Cox, 1972), and the methodologies proposed by Pcto
(Petoet al., 1980).

An alternate method involves the comparison of mean times of survival
by using linear mode! analysis techniques. In this paper some of the gen-
eral concepts of linear model analysis are discussed. Also, a brief
discussion of how linear model analyses were applied to the CRHL beagle
data is presented. The linear model analysis techniques described here
were considered a supplement to other methods, not a substitute.

LINEAR MODEL ANALYSES

Many commonly used statistical methodologies such as the f-tcst, the
analysis-of-variance procedures, the techniques of linear and curvilinear
regression, and those of covariance analysis, are special cases of linear
model analyses. It is important to note, however, that linear model analysis
is used in the analysis of quantitative responses (dependent variables) such
as time to occurrence of an event. They do not apply directly to the
analysis of qualitative response data such as the analysis of disease
incidence data when the response is given a value of zero or one, depend-
ing on whether an event did or did not occur. However, when linear model
analyses are being performed, it is important to remember that indepen-
dent variables may be categorized by the value of zero or one.

Linear model analysis involves fitting an equation to a set of data by
using least-squares estimation techniques to obtain estimates of the param-
eters (or coefficients) of the equation. For example, if one were to postu-
late that a quantitative response R has a quadratic or curvilinear depen-
dence on a treatment variable T, such as dose, a three-term linear model
would be used as shown in Eq. 1:

R = a, + a2T + a3T2 (1)

To test the hypothesis that a linear model fits the data as well as a qua-
dratic model does, one would test the null hypothesis (Ho) which equals
zero, as given by Eq. 2:

Ho: a3 = X (2)

This would be equivalent to asking the question, Does the linear equation
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describe the data as well as the quadratic equation does? The linear equa-
tion is a two-term linear model as shown in Eq. 3:

R = a, + a2T (3)

Alternately, one could generate hypotheses which correspond to questions
such as those which follow, with the corresponding null hypothesis given
below each question:

• Is there a treatment effect on mean age to death?

Ho: a3 = 0 and a2 = 0 (4)

• Is the mean age at death for control subjects equal to a specific
value k?

Ho: a, = k (5)

Does the slope of the treatment-response relationship approach zero
as the level of treatment approaches zero?

Ho: a2 = 0 (6)

Is there a treatment effect, given that the conditional mean age at
death is equal to a known value k?

HQ: «3 = 0 and 0(2 = 0, given aj = R (7)

It is important to note that the test of a single null hypothesis involves
evaluating the relative plausibilities of two models for describing the data.

This point is also illustrated by Fig. 1. The curves represent differing
descriptions of a response R as a function of a treatment variable T. The
response curves R3, R2, and R] represent least-squares fits of a quadratic,
a linear model, and a horizontal line to a hypothetical set of data, respec-
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tively. To test the hypothesis of no treatment effect would be equivalent to
asking, Does the response curve R| describe the data as well as the
response curve R3 does? The null hypothesis in this case would be that
given in Eq. 4.

In a typical experiment several variables exist which possibly influence
a response. Some of these may not be quantitative. Such a variable can be
quantified as a zero (not existing) or as a one (existing); the techniques of
linear model analysis can still be used. The models (response surfaces)
plotted in Fig. 2 illustrate the applications of linear model analysis tech-
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niques when the response R is postulated to be a simultaneous function of
treatment T and pathologic condition P. If P is observed to exist in a sub-
ject, its value is set equal to one; if it does not exist, P is set equal to zero.
If R were not a function of P or T, a one-term linear model as shown by
Eq. 8, i.e.,

R = <*! (8)

would describe the data. If R were a linear function of T, the two-term
linear model such as Eq. 3 would be used. If R were a linear function of T
and P simultaneously, the three-term linear model

R = a, + a2T + a3P (9)

would be used. If the linear dependence on T were thought to be different
for subjects with and without the pathologic condition, then the analysis
would involve the use of the four-term linear model

R = a, + «2T + a3P + aAP*T (10)

The last term in Eq. 10 is referred to as an interaction term. A large
number of hypotheses could be tested. For example, if one were to test the
hypothesis of no dependence of R on P, the hypothesis would be

Ho: «4 = 0 and a3 = 0 (11)

This would result in evaluating the relative plausibilities of the models, as
given by Eqs. 3 and 10.

If there were other variables of possible importance, the model could
be expanded. Thus, if one more variable was added, such as a term for
sex, the analysis would then be performed in four dimensions.

Many experiments require the simultaneous fitting of models (or
response surfaces), illustrated in Fig. 2, to two or more sets of data. The
techniques of linear model analysis can be used to compare the shapes of
the treatment-response relationships among several groups. Figure 3 is
used to illustrate such a situation. Suppose the four-term linear model
illustrated in Fig. 2 was used to perform separate analyses on data for
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female subjects and then on data for male subjects. Two •"* irate response
surfaces R, and R2 could be generated as illustrated in tig. 3. Alter-
nately, the same analysis could be performed by using a single eight-term
linear model. The eight-term model would represent the two four-term
linear models. The model could be written as follows, where the second
subscript on each regression coefficient refers to sex:

R = R , (12)

a41T*P CK22T + a32P + a42T*P

A wide variety of hypotheses can be tested. The following hypothesis state-
ments are illustrative examples of such hypotheses:

• Is the response affected by the presence of the pathologic condition
in either males or females?

a42 = 0, and a^ — 0, and a^ = 0, and a^ — 0 (13)

Is the effect of the pathologic condition the same for females and
males?

"42 = °Ui and an = (14)
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Considerable theoretical discussion could be devoted to formulating
hypotheses and then to identifying, procedures for interpreting test results
for such hypotheses. Such discussions that follow are presented relative to
the analysis of the mortality data in the CRHL life-span study.

ANALYSES OF LIFE SPAN

In a life-span experiment where there is no censoring of subjects, the
effects of a treatment or other independent variables on mortality can be
easily evaluated by using mean time to death. For example, for any age
group in the CRHL Long-Term Study, one can study life span (L) with
regard to its dependence on sex (S), its linear and quadratic dependence
on dose (D), and its interactive dependence on sex and dose (S*D) by
using the five-term linear model as given in Eq. 15:

L = a, + a2S + a3D + a4D2 + a5S»D (15)

The parameters in the modei can be defined as follows:

a] = mean age of death for control males.
c*2 = difference in mean age of death between control males and con-

trol females.
a3 = linear dose dependence for mean age of death for males.
a4 = quadratic dose dependence for mean age of death for males and

females.
a5 = change in linear dose dependence between males and females.

Since there are six age groups in the life-span study, the composite
linear model includes thirty terms. Null hypotheses concerning any of a
number of combinations of the parameters can be tested. At the same time
hypotheses comparing the similarities of the response patterns among age
groups can be tested.

Linear model analyses can be performed at any time during the course
of the study; reasonable care, however, must be exercised in making infer-
ences when dealing with incomplete data. The results of analyzing the
mortality data through 11 years of age are given in Table 2. This table
contains the estimates of the parameters of the five-term linear model as
obtained for each of the six age groups.

Several nonstatistical inferences can be made on the basis of these
parameter estimates. First, the estimated mean age to death for control
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TABLE 2

Parameter Estimates for a 30-Tenn Linear Model Describing
Mean Time to Death as a Function of Sex and Dose in Grays

Model

Tern

Male
Female
Sex

Dose(L)t
Dosc(Q)$
Dose/sexf

Parameter

or, + a2*
« 2

« 3

a*

Age it expo«ve,
toys poatcotan

8

4.70
8.35
3.65

8.16
-5.79
-2.85

28

7.51
8.25

-0.74

5.34
-7.23

2.10

55

5.24
7.01
1.77

20.2
-21.3
-2.77

Afe tt expoMre,
toys pottfitm

1

8.86
7.74

-1.12

-8.29
6.23
2.31

70

6.14
6.43
0.29

31.2
-36.5

1.52

365

4.52
24

2.72

16.2
-1.45
-3.26

•The sums of a, and a2 are the estimates of mean age of death for females.
fLinear dose term.
{Quadratic dose term.
§ Linear dose-by-sex interaction term.

males (as given by at) dying before 11 years of age is inconsistent among
groups. Second, the difference in mean age to death between control males
and control females (as given by a2) varies with mean age to death in con-
trol males. The sums of the parameters a{ and a2 are the estimates of
mean age to death for females (Table 2). As can be seen, mean age to
death varies considerably less for control females than for control males.
Third, there appears to be no significant decrease in life span for males as
described by the estimate of parameter a3. The signs of these parameter
estimates are mainly positive. Fourth, a decrease in life span m?y exist for
both males and females as described by the quadratic dose term since the
signs for the estimates of the parameter estimates a4 are mostly negative.
Finally, there appears to be no consistent difference in dose dependence for
life span for females over that described for the males, as indicated by the
parameter estimates of a$. Half these estimates are positive; half are nega-
tive.

A closer look at the statistical significance of the parameters describing
the dose-response relationships can be made by individually testing null
hypotheses of no-dose effects for each dose term in the model. The P
values for such hypotheses are tabulated in Table 3. Interpreting P values
such as those given in this table should be done carefully. Above ali, one
should not focus only on P values of 0.05 or 0.01. For example, if there
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TABLE 3

Probabilities for Null Hypotheses of No-Dose Effects OD Mean Time to Death

Age at exposure, Age at expoaare,
days postcoitas days postpartaai

Hypothesis

Ho,
No linear dose dependence

H02

No sex-by-dose interaction
H03

No quadratic dose dependence

8

0.27

0.47

0.21

28

0.43

0.34

0.32

55

<0.01

0.18

<0.01

2

0.26

0.26

0.40

70

0.64

0.48

0.65

365

0 20

0.13

0.33

was absolutely no dose effect on mean time to death, then half the terms
should have P values greater than 0.50. Note should now be taken of the
distribution of P values given in Table 3. For the most part the P values
are 0.40 or less. This might suggest that some type of a dose-response
relationship exists.

SUMMARY

For the linear dose term in the model, five out of six of the parameter
estimates are positive; hence, there is no indication of a significant
decrease in mean life span for males. The dose-by-scx-intcraction term
describes the difference in linear dose dependence between sexes. The P
values for the hypotheses are sufficiently large to conclude that no appre-
ciable sex-by-dose interaction exists. In a similar manner, there appears to
be no appreciable quadratic dependence on dose for decreased mean life
span except possibly for exposures given at 55 dpc. However, in this case
the positive linear term tends to compensate for the negative quadratic
term. On the other hand, since the signs of the estimates for parameter a5

are mainly negative (with the exception of the parameters for the 2-dpp
exposure), that an overall negative effect may exist is suggested. At the
same time there is no suggestion of a sex-by-dose interaction for mean
time to death for animals dying before 11 years of age.

The brief discussions in this paper lead one io conclude that inferences
based on linear model analysis about the effects of exposure to MCo
gamma rays on the life span of the beagles must be made carefully. First
of all, the methodology should not be used before a very high percentage
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of all subjects have died spontaneously, because the method does not allc
for censoring. Second, the method can be extended to include a disease
condition as a regression variable in the same manner as sex and dose were
included. However, it is important to note that, whereas the classification
of subjects according to sex and dose groups takes place prior to the exper-
iment, classification of subjects according to disease condition or cause of
death takes place after death. In a linear analysis both types of variables
are treated the same way. Third, it is important to realize that this meth-
odology does not provide information about probabilities of incidence. It
does provide information about the significance of an effect once it is
known to exist. This is an important aspect of the use of linear model
analyses. Fourth, the methodology does not allow for censored data. To esti-
mate and compare probabilities of incidence for censored data, the meth-
odologies described by Kaplan and Meier (1958), Cox (1972), and Peto
(1980) must be utilized. These latter methods, however, are not easily used
in studying mean times to death as a function of several variables. Linear
model analyses do allow for an assessment of treatment effects on mean
time to death, taking into account ancillary factors that may affect the
time to death.
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DISCUSSION

R. Gray (Oxford University): This method is probably reasonably
effective, given a linear dose dependence on treatment, but I see no advan-
tage over the simple and standard log-rank method, which doesn't depend
on any prior distribution. The test statistic is additive. The variance of the
test statistic is additive, so it is simple to look at treatment given sex or sex
given treatment. You actually can tell whether there is an effect of sex or
treatment much more easily by using such a method. Have you any com-
ment?

Angleton: I don't really have any comment. It is another approach,
and I think it is worthwhile to be familiar with both approaches and to use
both. I am not sure I really understood your question.

Gray: I am suggesting that many dose responses are not linear or
quadrilinear, and then your method may be inefficient.

Angleton: The nonlinearity in the model was the quadratic term, a
nonstraight-line dependence, but it is still a linear model. You can have
quadratic, cubic, or whatever power terms you want. You can take the
linear term out and leave only a quadratic. The real power of this method
over almost any other method is that you can include as many independent
variables as you want. You can include just one variable at a time or
several variables.
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ABSTRACT

Life-span shortening and causes of death, ascertained by autopsy and histological examination
at the time of spontaneous death, after single or fractionated X-ray, gamma, or d(50)-Be neu-
tron irradiation, are being studied for two mouse strains (BALB/c and CS7BL) with different
disease characteristics. Fractionation schedules that have been implemented are: X rays, four
weekly exposures (C57BL); gamma rays, 10 daily exposures (BALB/c); and neutrons, eight
exposures at 3-hr intervals (CS7BL). The data are incomplete but suggest the following con-
clusions: the dependency of life shortening on dose is related to the types of effects induced
by radiation and results in different functions, linear or sigmoid, for the two mouse strains.
Fractionated gamma irradiation causes more tumors than single exposure, but, generally, this
is a result of multiple tumors occurring in animals. Hie relative biological effectiveness
(RBE) for life shortening for d(50)-Be neutrons as compared to gamma rays is on the order
of 1 to 2 and is slightly greater for the C57BL than for the BALB/c strain.

The risk of late effects and, in particular, of radiation-induced cancer in
man is based on two sources: cpidemiologica! data from man and experi-
mental data from animals. The most reliable information is that from epi-
demiologic studies, but these data are limited to high dose, high dose-rate
exposure from low LET (linear energy transfer) radiations, and to certain
internal emitters such as radium, Thorotrast, and iodine (United Nations
Scientific Committee on the Effects of Atomic Radiation, 1977, 1982).
Data on the influence on carcinogenesis of age and dose protraction or
dose fractionation in man are fragmentary; the data on low doses and on
the relative efficiency of radiations of different qualities are controversial
(United Nations Scientific Committee on the Effects of Atomic Radiation,
1977, 1982).

Besides being the mainstay for studying mechanisms of carcinogenesis,
animal experiments can, to a certain extent, supplement lacking informa-
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tion and have been used in the study of radiation-induced cancer for more
than 40 years (Russ and Scott, 1939; United Nations Scientific Committee
on the Effects of Atomic Radiation, 1977, 1982). Yet, their quantitative,
as contrasted to qualitative, interpretation is prejudiced by two principal
difficulties: the shorter life span of experimental animals and their differ-
ent sensitivities to a spectrum of effects. Generally, the latency time until
cancer appears is proportional to the life span of the species, and compara-
ble tumors often arise at about the same physiological age. Nevertheless,
the interpretation of risk models becomes uncertain when a cancer that
tends to arise only near the end of the animal life span is compared with
one that occurs over a much larger part of the human life span. The vary-
ing disease spectrum in different animal species, particularly that of can-
cer, poses a still greater problem for interpretation of animal experiments.
Few human cancers have their exact counterpart in experimental animals,
and this, unfortunately, is the case for most of the tumors relevant to
human radiation protection such as cancer of the lung, the mammary
gland, the gastrointestinal tract, and myeloproliferative disorders. More-
over, the development of many of these tumors in man is subject to the
modifying influence of various external and internal factors.

Even though the extrapolation of such data to man for a specific can-
cer is difficult, animal experiments can make a valid contribution to the
understanding of the influence of dose fractionation and protraction, of
radiation quality, age, disease, and various external and internal promoting
factors, as well as to the relevance of relative and absolute risk models
(United Nations Scientific Committee on the Effects of Atomic Radiation,
1977, 1982). The fact that different animal strains and species vary
greatly allows delimitation of the range of these factors under different
conditions. In studying long-term effects of radiation, we have chosen two
strains with different disease and tumor characteristics (the BALB/c
strain, with a high spontaneous incidence of cancers, and the C57BL
strain, with a much lower incidence), and we are seeking to obtain answers
regarding the influence of the following factors:

1. Radiation quality. Neutrons are compared with gamma and
X rays. So far we have studied the highly energetic d(50)-Be neutrons
which are used in radiation therapy and for which biological information is
scanty.

2. Dose fractionation. Different fractionation schedules are com-
pared to a single exposure. Data are now available for four doses of
X rays given at weekly intervals to C57BL mice, for eight exposures to
neutrons given at 3-hr intervals to C57BL mice, and for 10 daily exposures
to gamma rays given to BALB/c mice. Other experiments are under way
(Table 1).
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TABLE 1

Treatments, Radiation Doses, and Sample Sizes
of BALB/c and CS7BL Male Mice Exposed

to Gamma and Neutron Irradiation

No. of
•ice exposed

987
1388
828

443
523
544

1507
1146
729

354
670
581

Treatment Dose, Gy BALB/c C57BL

Control 686 477

Gamma single dose 0.25; 0.5; 1; 2; 4; 6
Neutron single dose 0.02; 0.06; 0.18; 0.54; 1.65; 3
Gamma fractionated dose* 10 X (0.025; 0.05; 0.1; 0.2; 0.4; 0.6)

Gamma fractionated doset 8 X (0.125; O.?,5, 0.5)
Neutron fractionated doset 8 X (0.0225; 0.0675; 0.206)
Neutron single dose* 0.02; 0.06; 0.18; 0.54; 1.65; 3

Total 5399 5464

'Twenty-four-hour interval. fThree-hour interval. $Local exposure of lungs.

3. Influence of age. Most experiments have been carried out in
3-month-old adult mice, but limited data are also available for C57BL
mice irradiated at an age of 6 days.

Many of the results have been published (Maisin, Mattelin, and
Larnbiet-Collier, 1977; Maisin et al., 1978, 1980, 1982, 1983a, 1983b,
1983c). Other studies ?re still in progress. We shall, therefore, summarize
only the most important aspects and report newer data obtained with frac-
tionated neutron exposure.

CHARACTERISTICS OF CONTROL ANIMALS

BALB/c and C57BL male mice were raised in our animal colony,
existent for more than 20 years. Control BALB/c mice die frem noncan-
cerous lung disease, lung alveolar carcinoma, nonthymic lymphoma, kidney
diseases (glomerulosclerosis), and thymic lymphoma (Table 2), in that
order. The spontaneous incidence of cancer in the male, nonirradiated
BALB/c is high and has slightly increased over the years. Benign nonfatal
tumors are frequent and are most often seen in the adrenal cortex.
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TABLE 2

Average Life Span and Incidence for Causes and Possible
Causes of Mortality in Control BALB/c and C57BL Mice

175

D&ease

Nonstochastic lung diseases
Cause
Possible cause

Nonstochastic kidney diseases
Cause
Possible cause

Thymic lymphoma
Cause
Possible cause

All leukemias
Cause
Possible cause

Lung carcinomas
Cause
Possible cause

All cancers except lung
Cause
Possible cause

All cancers
Cause
Possible cause

Benign tumors
Cause
Possible cause

All causes

SwriTilof
- ice ,

BALB/c

734
740

800
812

469
469

758
775

788
788

743
773

775
775

791
733

762 ±

fays
C57BL

700
717

737
735

658
658

658
658

0
0

620
640

652
650

658
704

43*

A?cnge
iacidesce, %

BALB/c

36
54

2
14

2
2

23
27

35
40

3
6

61
61

10
24

698 ±

C57BL

43
65

15
37

2
2

12
12

0
0

3
4

15
16

3
18

72*

'Standard deviation.

Nonirradiated CS7BL mice die most often from noncancerous lung
disease and glomerulosclerosis. Lung alveolar carcinomas and nonthymic
lymphoma are rare (Table 2). Liver adenomas are often seen but rarely
cause death. The recent introduction of specific-pathogen-free mice has
increased the incidence of nonstochastic lung lesions in irradiated and con-
trol C57BL mice, caused, no doubt, by the unavoidable exposure of these
animals during transport of some 80 miles between laboratory and irradia-
tion facility. This is reflected in the different life span of control C57BL
mice in Fig. 1 from that given in Table 2.
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IRRADIATION PROCEDURE

The mice were exposed to single or fractionated doses of either 137Cs
gamma rays (3 Gy/min) (Maisin et al., 1982, 1983a, 1983b, 1983c);
250-kVp X rays (1 Gy/min) (Maisin, Mattelin, and Lambiet-Collier,
1977; Maisin et al., 1978, 1980), or d(50)-Be neutrons (0.01 to 1.5
Gy/min, dependent on dose to obtain equal exposure times) (Maisin et al.,
1983a, 1983b, 1983c). The neutrons were generated in the Cyclone cyclo-
tron at Louvain-la-Neuve (Belgium) by irradiating a beryllium target with
deuterons accelerated to 50 MeV; they had a maximal energy of 50 MeV
and a modal energy of about 23 MeV, with a gamma contamination of
less than 5% in the center of the beam (Pannentier et al., 1970; Wamber-
sie et al., 1979).

TREATMENT OF DATA

Data were analyzed by the method of Kaplan and Meier (1971) as
described by Walburg (1975), and the various groups were compared by
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the nonparametric test proposed by Hoel and Walburg (1972). The
diseases distinguished were: thymic iymphoma, nonthymic lymphoma,
myeloid leukemia, lung alveolar carcinoma, adrenal carcinoma, thyroid
carcinoma, sarcoma, adrenal adenoma, thyroid adenoma, liver adenoma,
spleen adenoma, other adenomas, noncancerous lung diseases, noncan-
cerous kidney diseases, and other diseases. Also, the following groups
were combined and evaluated: all leukemias, all carcinomas and sarcomas
except those in the lung, all carcinomas and sarcomas, all malignant
tumors, all benign tumors. A distinction was made between cause of death
and possible cause of death (Maisin et al., 1983a, 1983b, 1983c). Trend
for fatal and incidental diseases was analyzed by the method of the Inter-
national Agency for Research on Cancer (1980).

SINGLE AND FRACTIONATED LOW-LET EXPOSURES

In male BALB/c mice, life shortening is linearly dependent on dose
and is about the same after fractionated (38.1 ± 3.1 days/Gy) or single
(46.2 ± 4.3 days/Gy) gamma-ray exposure (Maisin et al., 1983a)
(Fig. 1). In an earlier experiment with 250-kV X rays, life shortening
was 55.2 ± 2.2 days/Gy (Maisin, Mattelin, and Lambiet-Coilier, 1977).

After a single exposure malignant tumors are the principal contributors
to shortened survival in the low dose i ange up to about 2 to 4 Gy; nonsto-
chastic lung and kidney lesions are preponderant at higher doses. The
tumor spectrum also depends on the dose of radiation. At low doses lung
tumors are important, whereas at intermediate doses thymic lymphoma,
nonthymic lymphoma, and other carcinomas and jarcomas become more
important (Maisin et al., 1983a).

The incidence of malignant tumors tends to increase at high doses after
fractionated exposure, mainly as a result of a greater incidence of
nonthymic lymphoma, myeloid leukemia, all carcinomas and sarcomas; the
incidence tends to decrease after a single exposure. However, as shown in
Table 3, this is primarily due to changes in the proportion of animals with
multiple tumors. An increased incidence of thymic lymphoma after single
4-Gy doses appears to occur only after higher doses of fractionated expo-
sures. Noncancerous lung lesions and glomerulosclerosis play a greater role
and are more serious after a single dose of 4 or 6 Gy than after a similar
fractionated dose.

In C57BL mice, the relationship between dose and survival time after
X irradiation is sigmoid, compared to the linear relationship in BALB/c
mice (Maisin et al., 1980, 1983b). No single value for life-span shortening
can therefore be given, and comparison of different radiation modalities is
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TABLE 3

Occurrence of Cancers, by Dose, in BALB/c Mice
After Single or Fractionated Gamma Irradiation

PcrcxM of a nfcc wttfc

No. of No. of (cuKtnocr O M W M R O K TWO Throe

Control* 193 141 0.73 62 49 12

Single expoiure
2Gy
4Gy
6Gy

Fractionated
exposure

2Gy
4Gy
6Gy

149
94

113

74
74
78

116
61
67

64
66
75

0.78
0.65
0.59

0.96
0.89
0.96

65
59
57

65
68
64

51
54
54

46
50
46

14
5
3

16
14
17

0
0
0

3
4
1

'Multiple cancers m<*t frequently attocicted are aoathymk lympboma, lung carcinoma, sod
other carcinoma*.

difficult. After a single exposure, thymic lymphoma and, to a moderate
extent, lung tumors, are seen in the low dose range. In addition to thymic
lymphoma, nonstochastic lung and kidney lesions contribute to death after
doses of 4 to 6 Gy. Four X-ray exposures given at weekly intervals to
C57BL mice were more effective than the same total dose given in a single
exposure, with respect to survival and the induction of thymic lymphoma
and nonthymic lymphoma, but not with respect to myeloid leukemia
(Maisin et a3., 1983b). If 3.2 Gy of X rays, instead of being given in a
single exposure at the age of 6 days, is split with 1.2 Gy at the age of
6 days, and the remainder is given at 9 days, survival from 3 to 6 months
after eroosure is reduced, apparently as the result of failure of the hemo-
poietic system; however, late death is not affected.

SINGLE NEUTRON EXPOSURES

The relationship of survival time and dose for d(50)-Be neutrons in
BALB/c mice (Fig. 1) is linear (slope, 55.8 ± 4.0 days/Gy) and does
not differ significantly from that of gamma irradiation (Maisin et al.,
1983c). The disease spectrum also is similar after neutron exposure except
for a slightly enhanced death rate from carcinomas, sarcomas, benign
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tumors, and (at a dose of 3 Gy) from myeloid leukemias. Nonstochastic
lung and kidney diseases also occur at lower doses as compared to
gamma-ray exposure. At very low neutron doses (e.g., 0.02 Gy), the mice
had a tendency to live longer than controls. The relative biological effec-
tiveness (RBE) of d(50)-Be neutrons for BALB/c mice thus does not
differ significantly from that of gamma rays.

The data on C57BL mice (Fig. 1) are more difficult to evaluate
because of the nonlinear dependence of life span on dose (Maisin et al.,
1983b). Moreover, information is not yet available for all doses. A reduc-
tion in survival is observed after 1.65 and 3 Gy, mainly as a result of an
earlier occurrence of nonstochastic lung and possibly kidney lesions after
1.65 Gy, and of thymic lymphoma after 3 Gy. Nevertheless, it appears
that the RBE in this mouse strain is higher than in BALB mice and is
about 1.7 after doses from 2 to 4 Gy (Maisin et al., 1983b).

NEUTRON FRACTIONATION

Damage due to neutrons is often considered to be irreparable. Frac-
tionation of fission neutron exposure does not reduce the incidence of
malignant tumors (Ullrich aid Storer, 1981; United Nations Scientific
Committee on the Effects of Atomic Radiation, 1977, 1982). The
d(50)-Be neutrons used in this study, however, show a distinctly lower
RBE than fission neutrons and also behave differently with respect to
repair (Maisin et al., 1982, 1983b; Thompson et al., 1981). Indeed, the
rate of death from nonstochastic lung damage is significantly lower when
these neutrons are fractionated into eight fractions given at 3-hr interval,
than after a single neutron exposure [Fig. 2(a)]. Fractionated exposure to
1.65 Gy is, however, more effective in causing malignant tumors,
apparently a result of an increase in leukemia and carcinomas and sarco-
mas, although the death rate lies below that occurring after a single dose
of 3 Gy [Fig. 2(b)]. The most marked effect appears with respect to
benign tumors whereby a single dose to 1.65 Gy reduces the incidence,
whereas a fractionated dose causes an earlier and more-frequent appear-
ance of all types of benign tumors, mainly liver adenomas [Fig. 2(c)].

CONSIDERATIONS

The data are incomplete, and some of the exposure groups are rather
small. Thus general conclusions cannot be drawn. The following con-
siderations appear, however, to be warranted:

1. Dose vs. survival-time relationships depend on the disease spectrum
introduced and therefore on the strain of mice. The two strains used indi-
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cate this clearly with a linear relationship in BALB/c mice and a sigmoid
one in C57BL mice.

2. Life-span shortening after fractionated gamma exposure (i.e., 10
equal daily doses) has about the same effect on survival as a single expo-
sure to the same total dose. The disease spectrum, however, is different;
fractionated exposure causes more tumors and less nonstochastic damage
than a single exposure.

3. The RBE of d(50)-Be neutrons for survival of mice is considerably
lower than that of fission neutrons. It does not differ significantly from
that of gamma rays for BALB/c mice and is about 1.7 for CS7BL mice.
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ABSTRACT

We previously investigated the dose-effect relationship for lung carcinomas in rats exposed to
radon and daughters at doses ranging from 20 to 12,000 working-level months (WLM). For
comparison of the carcinogenic effectiveness of neutrons, rats of the same strains were given
doses from 0.01 to 8 Gy, and the dose-effect relationship was estimated for the same lung
carcinomas. Other malignant and benign tumors from various organs were saalyzed by using
a classification similar to that used for man. The data obtained make it possible to relate fre-
quency and time of observation to radiation dose for each type of cancer. The dose-effect
relationship for the various types of radiation-induced cancers differs. The relative radiosensi-
tivity of organs is therefore also apparently dose dependent. If effects from radon are taken as
a reference, the carcinogenic effectiveness of neutrons in rats is higher than is reflected by the
quality factor currently used for man.

The risk for cancer induction by neutrons in man is of great current inter-
est because of the uncertain status of the neutron dosimetry of humans
exposed at Hiroshima and Nagasaki. Although information relevant to this
sue :ct can be obtained from in vitro studies, more confidence is apt to be
placed in studies of cancer indue ion in animals. Since human data exist
on the induction of lung cancers by high-LET (linear energy transfer)
radiations from radon-daughter exposure, the direct comparison of experi-
mental lung cancers induced in animals by exposure either to radon or to
neutrons could provide relevant data. We have adopted this approach,
focusing on the induction of lung cancer. We also have analyzed the data
on extrapulmonary cancers and have discussed their possible relevance.

184
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MATERIALS AND METHODS

The rats used in these studies were Sprague-Dawley males, 3 months
old at the beginning of exposures. The 1008 exposed rats were compared
to 606 controls. Doses of high-LET fission neutrons ranged horn 0.01 to 8
Gy plus a gamma component equivalent to 30% of the neutron dose. Expo-
sure times ranged from 1 day to 42 days. Details of the experimental pro-
cedures have been described previously (Lafuma, Morin, and Masse,
1982).

The pathological techniques (Lafuma et al., 1974) included serial sec-
tioning of paraffin-embedded organs. Tumors were classified according to
the criteria for man (International Classification of Diseases). Carcinomas
were classified according to the organs from which they arose; sarcomas
were classified according to their origin in connective, vascular, bone, bone
marrow, lymph, or nervous systems. Thyroid tumors were considered
separately since they are thought to develop differently from other carcino-
mas, possibly due to interfering nutritional and hormonal effects. Pituitary
tumors were not investigated in this study. Interfering substances could
include an increasing content of biphenyis in the food (J. C. Martin,
1981) since ultrastructural lesions similar to those observed in the thyroid
tumors have been reported in rats fed biphenyis (Collins et al., 1977;
Collins and Capen, 1980).

RESULTS

Effects on Survival (Table 1)

The decrease in survival is dose dependent. The decrease is not signifi-
cantly different from controls at doses of 0.012 and 0.020 Gy. The life
span is less than 50% of the mean observed in controls at doses of about 5
Gy.

Percentage of Animals with Cancer vs. Dose (Tables 2 to 4)

As compared to controls, a doubling of the percentage of animals with
cancer is observed at doses as low as 0.016 Gy, whereas it is multiplied by
about 3.5 in the dose range of 2.4 to 3.6 Gy. The highest incidence
appears at doses of about 2.4 Gy. At doses higher than 14 Gy, the
decreased survival results in a decrease in cancer rates.

The increase in the percentage of animals with tunors as the dose
increases is not the same for various cancer types (Table 3); howcer, the
carcinoma-to-sarcoma ratio dotes not vary greatly with the dose (Table 4).
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TABLE 1

Survival Time

No. of
rats

606
300
158
!50
100

120
100
60
20

Radiation dose, Gy

Average !

0
0.016
0.08
0.4
1.5

2.4
3.6
5.4
8.0

For groups combiaed

0.012, 0.020
0.06,0.10
0.3, 0.5
1.5, 1.5

2.3, 2.5
3.2, 4.0
4.8, 6.0
8.0, 8.0

Average dayn
postirradiatkw

1 uati] death

752
748
665
552
475

446
402
357
239

TABLE 2

Malignant-Tumor Incidence for Various Neutron Doses

Dose,Gy

0

0.016
0.08
0.4
1.5

2.4
3.6
5.4
8.0

Total No.
of cancers

190

159
107
139
102

139
HI
57
11

Percentage of total n t s
showiag specified 1

Cardwwu*
(excMtag

thyroid)

9

20
23
49
60

68
66
50
20

Sarcoaas

9

19
33
39
38

48
39
40
35

leak*

Thyroid roator

14

14
11
5
4

3
4
5
0
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TABLE 3

Location of Cancers at Various Neutron Doses
and Percentage of Rats with Lesion

Orgaa or systeai

Lung
Skin
Urinary system
Pancreas
Digestive tract

Liver
Mammary gland
Male genital system
Adrenals

Thyroid

Nervous system
Bone
Hemato and lymphoid
Blood vessel
Connective tissue
Other sarcomas

CoBtrob

0.8
1.8
0.8
0.8
0.3

0.2
0.3
0.3
1.7

1.2
0.3
2.1
1.3
3
0.7

0.016

2
5
0.7
2.3
0.7

0.7
0.3
1
6

1.7
0.3
1.7
6.3
6
2.3

0.08

6.3
3.2
4.4
0.6
1.3

0.6
0
0.6
3.8

I ft ft
lU.o

0
4.4
3.2

11.4
11.4

1.3

Dose,

0.4

13.3
6.7
7.3
3.3
0

0.7
3.3
3.3
8

0.7
6
4

10
15.3
2

Gy

1.5

31
28
20
4
1

1
5
6
6

0
8
7

20
36

1

2.4

23.3
20.8
11.7
0
0.8

1.7
1.7
1.7

4.2

1.7
8
4

11
27

4

3.6

17
24
8
2
1

0
6
3
3

3
4
4
9

13
4

5.4

11.7
6.7

10
3.3
6.7

1.7
1.7
3.3
0
c
J

0
8.3
1.7

11.7
10
3.3

8.0

10
5
0
5
0

0
0
0
0
n
U

0
15
15
0
5
0

TABLE 4

Ratio of Carcinomas and Sarcomas
at Various Neutron Doses

Carcinomas
Sarcomas

0

1.0

0.016

1.1

0.08

0.7

Dow,Gy

0.4 1.5

1.3 1.6

2.4

1.4

3.6

1.7

5.4

1.3

8.0

0.5

Time to Onset of the Various Cancer Types
as a Function of Dose (Tables 5 and 6)

Depending on the organ, the time to cancer onset decreased by a factor
of 1.5 to 2.5 as the dose increased from 0 to 3.6 Gy. Over the same dose
range, the survival decreased by a factor of 1.9 (Table 1).
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TABLE 5

Median Time (in Days) to Cancer Onset

Orfuor tis«K

Lung
Urinary system
Skin
Pancreas
Digestive tract

Liver
Mammary gland
Male genital system
Adrenals
Thyroid

Nervous system
Bone
Hemato and lymphoid
Blood vessel
Connective tissue
Other sarcomas

Coatrob

867
852
688
827
706

811
720
711
770
827

604
853
764
746
663
722

0.016

827
853
763
931
798

618
894
706
826
856

812
814
680
790
734
776

0.08

807
738
710
801
794

396
•

665
753
753

•
683
743
546
660
577

Neatroa

0.4

651
624
580
626
•

754
589
670
680
695

337
532
469
525
490
630

toe,
1.5

551
579
492
539
497

584
453
542
635
529

•
430
310
346
461
591

Gy

2.4

484
544
499
574
516

549
477
535
550
518

376
406
280
455
460
474

3.6

485
462
451
409
212

•
502
462
462
500

411
345
301
453
416
427

5.4

371
386
341
422
295

179
404
213

•
485

•
371
389
296
394
459

8.0

267
•

224
203
•

•
297
183
•

259
*

•No cancer.

TABLE 6

Median Time (in Days) to Cancer Onset

Ncatroc toe, Gy

Coatrob 6.016 0.08 0.4 1.5 2.4 3.6 5.4 SJ

Carcinomas
(excluding thyroid) 780 823

Thyroid carcinoma 827 858

Sarcomas 729 783
All malignant tumors

(excluding thyroid) 753 814

771 629 549 513 462 356 224
753 695 529 518 500 474 •

633 530 441 449 411 389 2S9

713 585 508 484 460 371 224

•No cancer.

Nonmalignant Tumors (Table 7)

The percentage of animals with nonmalignant tumors was not dose
dependent, but the time to onset decreased by a factor of 1.8 in the range
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TABLE 7

Nonmalignant Tumors

Neatroa Total No. Percentage Meaiaa tiaw
dose, ofbeaiga of total tooaaet,
Gy taotors rats days

0 95 16 794

0.016
0.08
0.4
1.5
2.4
3.6
5.4
8.0

54
20
28
29
24
20
8
0

18
13
19
29
20
13
13
0

822
705
614
551
513
438
388
0

of 0 to 3.6 Gy. This is comparable to the acceleration observed for malig-
nant tumors.

DISCUSSION

Cancer Kinetics

Generally, as the dose increased, the percentage of animals with
tumors increased and the time to onset of tumor decreased. This was
observed for both sarcomas and carcinomas, but the onset delay was
shorter for sarcomas. The shortened time to onset and the increased per-
centage of animals, with tumors, as a function of dose, varied among dif-
ferent tissues of tumor origin, and there was no close correlation between
the two effects.

Shape of the Dose-Effect Relationship (Ta:»» 8)

In the determination of excess cancer incidence, the observed percent-
ages should be corrected by the cancer incidence that would have been
observed in the same number of controls. This correction can be effected
in either of two ways: The first way uses Assumption 1, i.e., exposure
speeds up spontaneous and radiation-induced cancers similarly. The data
on nonmalignant tumors can also be interpreted on this assumption. The
incidence of radiation-induced cancers is obtained by subtracting cancer
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TABLE 8

Percentage of Excess Cancers (Excluding Thyroid)
at Various Neutron Doses

Assumption
Assumption

1
2

0.016

21
22

0.08

48
48

0.4

70
83

Dose,

1.5

80
95

Gy

2.4

98
112

3.6

87
103

5.4

72
90

8.0

43
54

incidence in controls from the incidence in exposed animals without taking
into account the time factor. The alternative way uses Assumption 2, i.e.,
the exposure has no effect on the delay in occurrence of spontaneous can-
cers. To obtain the incidence of radiation-induced cancers, we subtracted
from the total incidence of cancers the incidence that would have been
found in the same number of controls if they had the same survival curve.

Depending upon the assumption chosen, the shape of the dose-effect
relationship varies. Assumption 2 is most often used; the incidence of
excess cancers, however, is then higher at higher doses, which gives a
weaker impression of supralinearity.

Extrapolation to Man via Comparison with Radon

For radon, at low doses, in SPF Sprague-Dawley rats, the incidence is
about 400 cancers per 106 WLM (Chameaud et a l , 1983). In man, at
equivalent doses, the incidence is estimated between 150 and 450 cancers
per 106WLM.

The incidence of lung cancers per unit dose increases in the rat when
the dose decreases. With neutrons at S and 0.016 Gy, it is, respectively,
200 cancers per 104 Gy and 7500 cancers per 104 Gy.

In the rat, with a neutron dose of 0.016 Gy the increase of lung cancer
is 1.2% as compared to controls; therefore by linear interpolation a cancer
excess of 1% would correspond to a dose of 0.013 Gy. With radon the
same cancer excess of 1% is obtained with 25 WLM.

Extrapolating these values to man, using the radon data to provide an
effects ratio between rat and man, we would predict an incidence ranging
between 2900 and 8700 cancers per 104 Gy. This number is presently
estimated by the International Commission on Radiation Protection at 200
cancers per 104 Gy, on the basis of a quality factor (QF) of 10 for neu-
trons.



EXPERIMENTAL STUDY OF FISSION NEUTRON CARCINOGENESS 191

CONCLUSIONS

Our results raise questions concerning the appropriate value of QF for
neutrons. A number of problems are involved in any attempt to generalize
from the present data.

In the rat, lung cancers represent only 5% of all the cancers, whereas
this percentage is much higher in man. The localization of the observed
cancers within the lung is different in rat and man, as is also the radiosen-
sitivity of various other organs or tissues. Moreover, we have not consid-
ered the problem of lethality of the various cancers nor the problem of
adjusting for survival differences. Some of these problems have been dis-
cussed by Chmelevsky and associates (1982).

In neither our neutron nor radon exposure studies have lung tumors
been usually lethal. Radon exposure produced a low rate of extrapul-
monary tumors, compared to the much higher rate observed with neutron
exposure. Therefore risk estimates based on comparison of the lung-tumor
incidence after radon and neutron exposure might be expected to underes-
timate the risk from neutrons because of the greater number of competing
causes of early death in the neuron studies.
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DISCUSSION

D. Grahn (Argonne National Laboratory): Did you do an age-
specific death-rate analysis, or a prevalence analysis on the benign tumors,
or any kind of age adjustment? It appears as though you were looking just
at final percentage of total numbers at risk?

Masse: Yes. Here we are comparing raw incidence. Kapiin-Meier
graphs were also used which led to the same suggestion that irradiation
caused earlier, but not more, benign tumors.

R. Gray (Oxford University): At high doses there seems to be an
excess of other types of tumors besides lung tumors. Did you see a signifi-
cant effect at any other site?

Masse: We see at high doses an excess of sarcomas. Most of these
tumors arose from the connective tissue and blood vessel-related cells such
as hemangiopericytomas, angiosarcomas, and alveolar cell sarcomas.

F. F. Hahn (Lovelace, Inhalation Toxicology Research Institute):
What strain of rat did you use in these experiments?

Masse: They were Sprague-Dawley rats, male.
Hahn: One other question. I noticed that risk factors were affected by

radiation dose. There did not appear to be a plateau at the lower doses. If
you would extrapolate to still lower doses, it would seem that the risk fac-
tor might go way up.

Masse: It could be; I'm not sure. The excess cancer incidence at the
lowest dose studied was statistically significant; but the excess number is
rather low.

Hahn: Do you have an error that you could put on the incidence at
that lowest dose?

Masse: I think the error is in the range of 20 to 30% of the nominal
value.
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ABSTRACT

Thirty-nine adult male beagle dogs received either fast-neutron or photon irradiation to the
right hemithorax and right rostral abdomen. Twenty-four dogs (six per group) received fast
neutrons (IS MeV) to total doses of 1000, 1500, 2250, or 3375 cGy in four fractions per
week for six weeks. Fifteen dogs received 3000, 4500, or 6750 cGy of photons (five per
group) in an identical fractionation pattern. One photon-irradiated dog and 13 neutron-
irradiated dogs died or were euthanatized because of hepatic and gastrointestinal disturbances
47 to 708 days after irradiation; 20 dogr. died of other causes. These 34 dogs were necropsied
and have been studied microscopically; the remaining five dogs are still alive seven years after
irradiation. Neutron-induced lesions included hemorrhage, necrosis, fibroris, and atrophy of
the heart, liver, pancreas, pylorus, duodenum, and kidney. All lesions were associated with
degenerative and occlusive vascular changes including coronary arteriosclerosis. The relative
biological effectiveness (RBE) of fast neutrons, assessed by clinical signs and by grots and
microscopic pathology, is between 3 and 4.5 for pancreas, —4.5 for heart, pylorus, duodenum,
and kidney, and greater than 6.75 for liver. Ten malignancies and two benign tumors
developed in the irradiated field of six of 12 neutron-exposed dogs that survived over one year
after irradiation. Two malignancies and one benign tumor arose in three of 12 photon-exposed
dogs surviving over one year postirradiation. Only one neoplasm developed in the same field
in 11 nonirradiated controls or in 62 dogs irradiated at sites other than the thorax or abdo-
men. The neutron RBE for neoplasia is approximately 6.75.

Fast neutrons are now used routinely throughout the world for the treat-
ment of malignancies not well controlled by conventional methods (Cat-
terall, 1982; Duncan et al, 1982; Eichhorn, 1982; Griffin et al., 1982;
Tsunemoto et al., 1980). This study was designed to obtain values for the
RBE of fast neutrons on normal tissues that are dose limiting when they
are located within a treatment field. This paper describes the pathological
effects of fast neutrons or photons given in a clinically used fractionation

193



194 ZOOK, BRADLEY, CASARETT, AND ROGERS

pattern on the heart, liver, pancreas, pylorus, duodenum, and kidney,
which were included in a hemithorax irradiation. It also describes all neo-
plasms arising within the irradiated volume, which is of importance to
medical, occupational, and military exposures to neutrons.

MATERIALS AND METHODS

Animals and Animal Care
One hundred sixty-one, one-year-old, purebred, conditioned beagles

were obtained through the Animal Research Facility of The George
Washington University Medical Center. The animals were quarantined for
one month. During this time and periodically thereafter, each dog received
a thorough physical examination and was vaccinated for common canine
infectious diseases. Clinical pathology tests including fecal examinations
for parasite,*, dirofilaria tests, complete blood counts, and serum chemis-
tries (SMA-12) were performed periodically, and other tests were done
when needed. The dogs were housed in 1.8- by 2.2-m kennels, separate
from all other animals. They were fed a standard dry dog chow diet and
received fresh water automatically. The beagles were observed daily and
were weighed and examined bimonthly.

Irradiation

Thirty-nine dogs were randomly placed into dose groups (Figs. 1 and
2). Eleven n^nirradiated controls from this study and 111 beagles from
related studies, irradiated at sites other than the thorax or abdomen
(Zook et al., 1980, 1981a), served as sex- and age-matched controls.
Sixty-two dogs in the latter group survived over one year postirradiation.
A clinically used fractionation schedule for neutron therapy was used, i.e.,
four fractions per week (Monday, Tuesday, Thursday, and Friday) for six
weeks. The total doses were designed to bracket the clinical range and
establish a dose grid pattern enabling numerous comparisons of results for
possible RBE values. Illustration of the treatment position and details of
the dosimetry have been published previously (Zook et al., 1981c). The
dogs were tranquilized with droperidol-fentanyl (1 ml/7.5 kg of body
weight) before irradiations.

Photon irradiations were accomplished by a cobalt therapy unit with an
output of 135 cGy/min for a 50-cm2 field at 80 cm from the source.
Source decay corrections were made, parallel opposed portals were used,
and both fields were treated on every treatment day. Verification port
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films were obtained for each field, as well as biweekly check films. Isocen-
tric setups were used, and the dose calculation was from mid-depth
(6.5 cm average). The field size was 6 by 18 cm.

The neutron source was the cyclotron at the Naval Research Labora-
tory in Washington, D.C. The dose rate at a treatment distance of 167 cm
was —22 cGy/min and was calibrated daily with the standard chamber
against a 137Cs source. The neutron treatment parameters were identical to
those for ^Co irradiation except that the setups were accomplished with
fixed source-to-skin distance (167 cm) instead of isocentrically and a spine
and axilla block was used to reduce penumbra. Depth dose data were
measured in tissue-equivalent fluid for the actual blocked field size used.

Pathology

Necropsies were performed on all dogs that died or became moribund
and were euthanatized. Photographs and measurements were made of
gross lesions. Samples of all major organs and tissues were examined and
were fixed as soon as possible after death by immersion in at least 10
volumes of 10% neutral buffered formalin. Sections were processed for
light microscopy by the usual methods and stained with hematoxylin and
eosin (H&E). Special stains included Masson's trichrome, Van Gieson's,
Congo red, periodic acid Schiff (PAS), and Jones's silver stain. Kidney
sections from most dogs were embedded in glycol methacrylate, sectioned
at 1 fim and stained with toluidine blue. The gross and microscopic lesions
were compared to one another and to controls. The extent and degree of
pathologic changes were graded. The methods of study used and interim
results are reported for liver (Zook et al., 1981a), heart (Zook et al.,
1981b), pancreas and gar-ointestinal tract (Zook et al., 1983a), coronary
arteries (Bradley et al., Iv81b) and kidneys (Zook et al., 1983b), and for
cancers of these or other irradiated tissues (Bradley et al., 1981a). Those
studies had been extended as additional data were gathered. Table 1 is an
update and composite of pathologic scores of irradiated tissues; scores have
been normalized for ready comparison.

RESULTS

Clinical Findings

Most dogs lost up to 1.5 kg during irradiation, which was regained in
4 to 5 weeks except in the high-dose neutron-exposed dogs. Terminal
weight loss of 1.7 to 5.0 kg was observed in dogs that developed digestive
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TABLE 1

Dose, Length of Survival, and Pathologic Scores* of Irradiated Tissues

Dose

Sorrifal
postirratiattoa,

Dog No. days

Pykra

Lifer Heart Paacreas Kifaey

3375 cGy

2250 cGy

1500 cGy

1000 cGy

6750 cGy

V-2
V-4
V-l
V-5
V-3
V-6
Means

T-2
T-l
T-5
T-3
T-6
T-4
Means

S-2
S-l
S-3
S-4
S-5
Means

R-6
R-4
R-2
R-5
R-l
Means

1-1
1-2
1-5
1-4
1-3
Means

47
49
54
56
57
59
54

56
59
75
84

109
367
125

291
1144
1624
2220
2298
1515

396
705

2285
2457
2586
1686

196
708

1112
2123
2446
1317

Ntmtnm ImAatioe

8.0
8.4
i ••

4.6
7.8
7.4
7.6

5.6
6.8
9.2
9.4
7.2
9.0
7.9

3.8
2.0
3.2
5.2
5.0
3.8

5.2
5.0
2.2
1.8
1.4
3.1

!.O
1.5
2.0
1.5
2.0
0.5
1.4

3.0
3.5
3.5
4.0
3.5
2.0
3.3

1.5
2.0
1.5
2.5
2.0
1.9

1.0
1.5
1.5
1.0
0.5
1.1

Photos lmiiMtUm

0.2
7.2
0.6
2.2
2.8
2.6

1.5
2.0
2.0
2.0
2.5
2.0

4.0
4.3
6.3
3.7
4.0
5.3
4.6

5.7
6.7
6.3
6.0
2.7
4.0
5.2

0.6
0
0
0.3
0
0.2

0
0
0
0.3
0
0.1

0
0.3
0
0
0.6
0.2

3.1
5.3
4.2
5.3
5.5
5.7
4.9

3.1
6.1
5.7
4.0
4.8
5.7
4.9

2.1
0.2
1.3
0.2
0.2
0.8

0.7
0.2
0
0.7
0
0.3

0.2
2.1
0.5
0.5
0.7
0.8

2.7
3.3
2.3
3.7
3.0
3.3
3.1

3.7
3.3
2.0
2.7
1.7
3.7
2.9

0
0.3
0.3
0.7
0
0.3

0
0
0
0
0
0

0.3
1.0
0.3
0
0
0.3

(Table continues on next page.)
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TABLE 1 (CoatiMKd)

Dose

4500 cGy

3000 cGy

Dog No.

H-2
H-6
Means

G-5
G-2
G-l
G-4
G-3
Means

Swrfral
postirradiatioo,

days Liver Heart

Photoa Irrediatkw

198
968
583

288
1445
1972
2127
2180
1602

0
1.8
0.9

0.4
0.8
0.8
2.2
1.4
1.1

0.5
1.0
0.8

0.2
0.3
0.5
0.1
0.2
0.3

Pylorus
and

dnodeaon

0
0
0

0
0
0
0
0
0

Paacreas

0.9
0.7
0.8

0
0
0
0.7
0
0.1

Kktaey

0
0
0

0
—
—
—
—
0

"Scores based on gross and microscopic evaluation: 10, severe; 0, negative; —, not graded
because of amyloidosis. Neoplastic changes were not scored in this table.

disturbances. Skin lesions characterized by erythema, complete alopecia,
and focal uiceration developed in the 3375- and 2250-cGy neutron-exposed
dogs, complete alopecia in the 1500-cGy neutron-exposed dogs, and partial
alopecia in the 6750-cGy photon-exposed dogs. Various degrees of graying
of the hair was observed in other dose groups.

Clinical signs were first seen in the 3375- and 2250-cGy neutron-
exposed dogs at 32 to 56 days postirradiation (DPI). These signs included
anorexia, lethargy, abdominal tenderness, and icterus. The only other dogs
to develop similar signs were one 1500-cGy neutron-exposed dog (S-2) at
112 DPI, and one 6750-cGy photon-exposed dog at 265 DPI. Supportive
therapy was given and included prednisolone (5 to 20 mg/day) to four
dogs in wnich death seemed imminent (Figs. 1 and 2). The clinical signs
were progressive, and stools of many dogs eventually contained occult or
frank blood. No signs of pulmonary, renal, or cardiac dysfunction were
observed except for two dogs (H-6 and R-6) which had sudden heart
failure.

Fourteen dogs that developed clinical signs of liver and gastrointestinal
damage died or were euthanatized when moribund. Twenty dogs that did
not develop hepatic or gastrointestinal signs died. Six dogs failed to
recover from the pentobarbitol anesthesia used to obtain pulmonary func-
tion data. Also, five neutron- and two photon-irradiated dogs died because
of radiation-induced cancers, two dogs died of cancers arising outside the
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field of irradiation, one dog had a myocardial infarct (Zook et al., 1981b),
and four died of renal amyloidosis. Five dogs remain alive (Figs. 1 and 2).

Clinical Pathologic Findings

Blood values of irradiated dogs did not vary from those of controls or
from expected values during or following irradiation except as subse-
quently described. Three of the 14 dogs that became clinically ill
developed a neutrophilic leukocytosis with a left shift; three others became
mildly anemic (packed cell volume, 32 to 36). Several dogs had occasional
episodes of leukocytosis, usually unassociated with fever. Certain serum
chemistry values became altered in nearly all irradiated dogs at one time
or another. The alterations were transient in most dogs but became per-
manent elevations in all dogs that developed clinical signs of hepatic and
gastrointestinal dysfunction. Near death, bilirubin ranged from 1.4 to
8.3 mg/dl, serum alkaline phosphatase (SAP), from 1800 to 8496 fim/ml,
and serum glutamic pyruvic transaminase (SGPT), from 100 to
2860 Mm/ml. The cholesterol was elevated (x = 1% mg/dl) in 11 of 13
neutron-irradiated dogs that died of digestive disturbances. Two dogs (S-2
and T-4) had sustained hypercholesterolemia, averaging 297 and
361 mg/dl, respectively, and were found to have atherosclerosis at
necropsy (Bradley et al., 1981b). Amylase and glucose values were
normal.

Beagles that did not suffer from clinical digestive problems had various
serum chemistry values. Three of five 1500-cGy neutron-exposed dogs had
consistently high SGPT, SAP, and cholesterol. The remaining two dogs in
this group had transiently elevated values of the same serum factors. The
six 1000-cGy neutron-exposed dogs had only occasional slight serum eleva-
tions. Three 6750-cGy photon-exposed dogs survived over one year without
clinical signs of digestive disturbances. All had mild, usually consistently
elevated SGPT, SAP, and cholesterol. The same factors were only rarely
increased in 4500-cGy photon-exposed dogs, except for one living dog with
hypercholesterolemia. The 3000-cGy photon-exposed dogs had no increase
in liver enzymes, but four developed hypercholesterolemia for three months
to over one year before suddenly becoming uremic with renal amyloidosis.
Cholesterol values did not exceed a mean of 200 to 250 mg/dl in any of
the dogs that have died in this study, except dogs S-2 and T-4 (mentioned
previously) and in two 3000-cGy photon-exposed dogs averaging 300 to
400 mg/dl. The neutron RBE for liver damage as indicated by elevated
hepatic enzymes is greater than 6.75 (6750/1000). There were no other
hematologic, serum chemistry, or urinalysis data to indicate cardiac, pan-
creatic, or renal injury.
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Pathologic Findings

The liver was grossly affected in all 22 necropsied neutron-irradiated
dogs but in only three of 12 necropsied photon-exposed dogs. The irradi-
ated right lobes were atrophic and the nonirradiated left lobes, hyper-
trophic. The irradiated lobes of 3375- and 2250-cGy neutron-exposed dogs
weighed an average of 25% of total liver weight; the 1500- and 1000-cGy
neutron-exposed groups of dogs both avera ed 31%. The irradiated portion
of the liver of 6750-cGy photon-exposed dogs weighed an average of 39%
total liver weight. The right lobes weighed 48 to 52% of total liver weight
in 3000- and 4500-cGy photon-exposed dogs, the same as that of controls.
Microscopic changes included portal fibroplasia, bile ductule proliferation,
and bile retention accompanied by occlusive and degenerative vascular
lesions. There was slight fibrosis of sublobular veins, but central veins were
not significantly affected. Nodular hyperplasia was observed in both right
and left lobes of seven test and two control dogs. The gross and micro-
scopic changes in the liver suggested a neutron RBE greater than 6.75
(6750/1000) (Table 1).

The right atrium, right circumflex coronary artery, and a small portion
of the right ventricle were irradiated. Gross hemorrhage was present in
dogs dying 47 to 109 DPI. Mural and endocardial scarring was seen in all
but the lowest dose photon-irradiated dogs that died 75 or more days post-
irradiation. Microscopic changes consisted of hemorrhage, myocardial
necrosis, hemosiderosis, and fibrosis. Occlusive vascular lesions were prom-
inent. The right circumflex coronary artery and its major branches had
some arteriosclerotic changes in all dogs that survived 75 or more DPI.
Two neutron-exposed dogs with ~300 mg/dl of blood cholesterol had cor-
onary atherosclerotic plaques. Only two other dogs (both exposed to
3000-cGy photon) had mean cholesterol levels as high; they had a minimal
accumulation of lipid in irradiated intramural coronaries. Three of ten
(one exposed to 1500-cGy neutron, two to 6750-cGy photon) dogs with
mean cholesterol levels of 200 to 250 mg/dl had similar lesions. The neu-
tron RBE for heart was about 4.5 (6750/1500, and 4500/1000).

The pancreas was severely atrophic in the 3375- and 2250-cGy
neutron-exposed dogs having only 1 to 6% of the original pancreatic
volume. Microscopically there was a loss of zymogen granules with
necrosis and collapse of acini. Islets of Langerhans were spared. Pancreatic
ductule cells proliferated, and fibrous tissues replaced acini in dogs surviv-
ing longer. Vascular changes were associated with all lesions. Nodular
hyperplasia of acinar tissue was observed in two neutron-exposed dogs, but
no neoplasms were observed. The neutron RBE for pancreas was between
3 (4500/1500) and 4.5 (6750/1500).
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Lesions in the pylorus and duodenum included hemorrhages, erosions,
ulcerations, and, with time, fibrosis and hyalinization of submucosal col-
lagen. Ulcers perforated the intestine in five dogs. Hyperplastic polyps
developed in the irradiated areas of one 6750-cGy photon-exposed dog and
one 1500-cGy neutron-exposed dog; no gastrointestinal polyps occurred in
controls. No neoplastic lesions were seen. The neutron RBE for pylorus
and duodenum was about 4.5 (6750/1500).

The irradiated cranial half of the right kidney was grossly atrophic,
causing up to 37% weight loss. The left kidney underwent compensatory
hypertrophy. Renal lesions were characterized microscopically by hemor-
rhage, edema, and tubular necrosis 60 DPI or less. Atrophy, interstitial
fibrosis, and glomerulosclerosis were prominent after 60 DPI. Vascular
damage was associated with both early and late lesions. The neutron RBE
for kidney was about 4.5 (6750/1500).

Neoplastic lesions were observed in the irradiated fields of six neutron-
and three photon-irradiated dogs (Table 2). Four of the six neutron-

TABLE2

Neoplasms Arising in the Field of Irradiation

Cue No.
(Dcg. No.)

1 (R-6)
2 (S-3)
2 (S-3)
2 (S-3)

3(S-4)
3(S-4)
4(S-5)
4(S-5)

4(S-5)
5 (R-3)
6(R-1)
6(R-1)

1(1-4)
2 (1-3)
3 (H-4)

Raaiatioa

cGy

1000
1500
1500
1500

1500
1500
1500
1500

1500
1000
1000
1000

6750
6750
4500

Caacer
first

obserred*

Fast
389

1554
1624
1624

2220
2220
2285
2285

2298
2290t
2585
2585

Location

Histologic daaiirkatkM

Matigaut

Neatroa Irratictioa

Heart
Subcutis
Lung
Heart

Lung
Subcutis
Rib
Subcutis

Lung
Skin
Rib
Liver

Hemangiosarcoma
Osteosarcoma
Adenocarcinoma
Hemangiosarcoma

Adenocarcinoma

Hemangiosarcoma

Adenocarcinoma
Squamous-cell carcinoma
Osteosarcoma
Hepatocellular carcinoma

Pfcotoa Imriiatioa

2123
2445
2469t

Lung
Lung
Subcutis

Adenocarcinoma
Adenocarcinoma

BealfB

Hemangjoma

Hemangioma

Lipoma

'Days postirradiation.
tTumors were removed surgically from dogs R-3 and H-4; the carcinoma recurred in R-3

and was operated upon again. Both dogs are now alive and apparently free of tumors.
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irradiated dogs had multiple tumors; three had two or more different pri-
mary malignancies. Adenocarcinoma of the lung was the most frequent
cancer and the only malignant tumor of photon-exposed dogs. In all five
cases the pulmonary carcinomas appeared to arise diffusely and simulta-
neously near the bases of two or more of the irradiated lobes. The right
cranial, middle, and caudal lobes were scarred, atrophic, and consolidated
near the hilus, butv they contained no primary distinct masses, the carcino-
mas occurring as diffuse infiltrates (Figs. 3 to 5). The bronchial lymph
nodes, periphery of the right lobes, and the left lung contained metastases
from 0.1 to 2.0 cm in diameter in all cases. Metastases outside the lung
(adrenal, brain) occurred in one neutron-irradiated dog. The microscopic
appearance was of densely cellular acinar structures invading adjacent
lung and peribronchial lymphatics. Bronchial epithelium and bronchial
glands appeared to be involved in the malignant process. Small foci of
squamous metaplasia were present in two dogs. The neoplastic cells were
generally large, anaplastic, and accompanied by a vascular hyperplastic
stroma. Necrosis was frequently present, especially in the center of meta-
static nodules.

Hemangiosarcomas arose in three neutron-irradiated dogs; primary
sites were the right atria of two dogs (Figs. 6 and 7) and from an irradi-
ated rib near its vertebral attachment in one dog. One dog had metastases
to the lung and another dog, to the spleen. The sarcomas were composed
of large anaplastic spindle-shaped cells lining vascular spaces. Osteosarco-
mas developed in the irradiated subcutis of one dog and in a rib of
another. Dog S-3 developed a mass at 1013 DPI. The mass was biopsied
1043 DPI and diagnosed as an atypical fibroma. The mass almost disap-
peared, then returned 1S43 DPI as a rapidly growing osteosarcoma which
at necropsy was found to have metastasized to both kidneys. Two other
primary malignancies were found in this dog, an adenocarcinoma of the
lung and a cardiac hemangiosarcoma; the latter had metastasized to the
spleen. Both the osteosarcoma and the hemangiosarcoma metastasized to
distant organs without involving the lung. Microscopically, the osteosarco-
mas were composed of spindle cells forming osteoid and, occasionally, car-
tilage (Fig. 8).

A 1000-cGy neutron-irradiated beagle (R-3) developed a skin mass in
the field of irradiation which was removed 2290 DPI and upon histologic
examination proved to be a squamous-cell carcinoma. The tumor reoc-
curred, grew rapidly, and was widely excised two months later. The dog
has appeared to be free of cancer for nine months since the last surgery.
Another 1000-cGy neutron-exposed dog, euthanatized because of an
osteosarcoma of the rib, was found to have an expanding 3- by 4-mm mass
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TABLE 3

Comparison of Dogs Developing Neoplasms in
Field of Irradiation with Tumor-Free Dogs at Risk*

Groap

Dogs without

Dogs with aeoplasau Alto Dead
Dogs with aeopimsas

Dogs at risk

Dose,
cGy No.

x
(DPI)t No.

x
(DPI) No.

x
(DPI) No. Total

Neutron

Photon

Nonirradiated
controls

Irradiated
controls^

2250
1500
1000

6750
4500
3000

0
3
3

2
1
0

1

2013
1962

2284
2469

2500

0
1
0

0
2
0

6

33

2621

2674

2618

1
1
3

2
1
4

28

367
1144
1816

910
968

1931

1916

0/1
3/5
3/6

2/4
1/4
0/4

0/11

1/62

6/12

3/12

0/11

1/62

•Dogs at risk: (1) dogs surviving ?1 year after end of irradiation and (2) age-matched controls.
tDays postirradiation.
fDogs that survived >l year after end of irradiation at sites other than thorax or abdomen. Only neoplasms arising

in thorax and rostral abdomen are included in this table.

to
§
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in an irradiated lobe of liver. The nodule was composed of large, bizarre
hepatocytes sufficiently anaplastic to be designated a hepatocellular carci-
noma despite its small size. Benign tumors were subcutaneous hemangio-
mas in two neutron-exposed dogs and a lipoma in a photon-exposed dog.
Hyperplastic changes were observed in two dogs with intestinal polyps and
in two other dogs that had nodules of hyperplastic pancreatic acinar tissue.
Nodular hyperplasia of nonirradiated, as well as the irradiated, lobes of
liver of seven dogs (and two controls) is probably not a preneoplastic
change.

The two groups that appeared to have the most comparable incidence
of neoplasia (Table 3) were the 6750-cGy photon-exposed and 1000-cGy
neutron-exposed dogs. Both had a 50% incidence of neoplasms, resulting in
a neutron REE for neoplasia of 6.75.

DISCUSSION

Normal tissue injuries from the therapeutic use of fast neutrons have
been reported for many years. During a five-year period beginning in
1939, 226 patients were treated at the Lawrence Cyclotron at Berkeley
(Calif.). Dr. R. S. Stone concluded that, although fast neutrons could
eradicate cancer, the late effects on normal tissue were unacceptable and
neutron therapy should be discontinued (Stone, Lawrence, and Absersold,
1940; Stone and Larkin, 1942; Stone, 1948). Reevaluation of Stone's
results indicated that the patients had been overexposed as a result of cer-
tain radiobiological factors which were unknown at the time (Sheline et
al., 1971). Discovery of these factors, including variation in the RBE of
neutrons with the size of fractional dose and the lack of repair of sublethal
damage (Aaronson and Broerse, 1970; Elkind, 1971), encouraged new tri-
als of fast-neutron therapy. However, unacceptable sequelae have also been
reported in the current clinical trials (Cohen et al., 1981; Ornitz et al.,
1979a, 1979b) where a steep dose-response curve has been demonstrated
for tumor control and for normal tissue damage (Batterman, Hart, and
Breur, 1981; Ornitz et al., 1979a, 1979b).

The severity of hepatic damage due to neutrons in this study was unex-
pected. The radiosensitivity of the liver was not appreciated until 1965
(Ingold et al., 1965), and only recently have we and others reported
hepatic effects of neutrons. Preliminary data indicated a neutron RBE
greater than 3 (Zook et al., 1977) and pathologic end points later gave an
RBE near 6.75 (Zook et al., 1981a). An RBE for late hepatic injury of 4
to 6 was found (Geraci et al., 1980) in rats exposed to single doses of
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8-MeV neutrons. Radiation-induced lesions of the liver of laboratory
animals, including dogs, are not precisely the same as those in humans in
one respect: occlusive changes of the hepatic veins observed in man
(Fajardo and Colby, 1980; Reed and Cox, 1966) are not generally promi-
nent in animals (Fajardo and Colby, 1980; Hebard, Jackson, and Christen-
sen, 1980). Occlusive vascular lesions reported in animals are principally
of arteries and arterioles although we have observed some stenosis of por-
tal and sublobular veins (Zook et al., 1981b). The data from laboratory
animals suggest that late radiation injury of the liver may not be depen-
dent upon venous sclerosis. In other respects the hepatic lesions in man
and dogs are similar. The high RBE for fractionated neutrons on the liver
observed in this study has been substantiated in the clinical situation
where unacceptable sequelae have been seen (Bukowski et al., 1982;
Bradley et al., 1984).

The right atrium and a small portion of the right ventricle of the heart
were irradiated in this study. Some workers (Hartman et ai., 1927;
Stryker, Lee, and Abt, 1980; Michaelson and Schreiner, 1971), using vari-
ous irradiation portals, found that the right atrium was more readily
injured by irradiation than other parts of the canine heart. Others (Gavin
and Gillette, 1982), using laterally opposed portals in dogs, did not con-
firm this finding but have indicated the presence of other lesions typical of
human irradiation cardiopathy, including pericarditis (Fajardo and
Berthrong, 1978). In this study irradiated canine epicardial coronary
arteries developed arteriosclerotic lesions, and in the presence of elevated
blood cholesterol, i.e., ~300 mg/dl, atherosclerotic plaques developed
(Bradley et al., 1981b). Mildly elevated cholesterol levels (200 to 250
mg/dl) induced minimal fatty lesions in intramural coronaries, and no ath-
erosclerotic plaques were seen with normal or only transiently elevated
blood cholesterols. Preliminary data yielded a neutron RBE for heart and
coronary arteries of ~4.5 (Bradley et al., 1981b; Zook et al., 1981b);
additional data from this laboratory have confirmed those findings. No
other reports of neutron RBE values for heart or coronary arteries were
found.

The pancreas is generally considered radioresistant, and there are few
reports of experimental radiation injury (Rubin and Casarett, 1968;
Fajardo and Berthrong, 1981). The results of treatment of carcinoma of
the pancreas have been disappointing, and complications within the irradi-
ated volume have been severe (Kaul, Cohen, and Hendrickson, 1981;
Smith et al., 1981; Al-Abdulla et al., 1981). Dogs in this study had a loss
of acinar cells, resulting in atrophy with a proliferation of ductules and
fibrous connective tissue, all associated with occlusive vascular lesions. The
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islets of Langerhans, however, were unharmed. The earlier reported neu-
tron RBE between 3 and 4.5 (Zook et al., 1983a) is still valid.

Gastrointestinal injury caused by therapeutic irradiation is common
(Kwitko et al., 1982). The lesions observed in dogs in this study (hemor-
rhage, erosions, ulcerations, fibrosis, and hyalbization) are similar to those
reported in humans (Rubin and Casarett, 1968). The neutron RBE for
intestine has been determined by crypt-cell counts to range from 1.4 to 3.4
(Broerse, Barendsen and van Kersen, 1968; Geraci et al., 1977; Gueulette
and Wambersie, 1978; Phillips and Fu, 1976; Withers et al., 1974; Zeman
et al., 1972; Zywietz et al., 1979). Fractionated neutrons resulted in an
RBE of 3.4 for mouse small intestine (Geraci et al., 1977). Low dose rate
single exposures of 14.7-MeV neutrons and 600-MeV neutrons produced
RBE's of 4 and 2.7, respectively, in the same model (Hendry, Potten, and
Chadwick, 1982); there was no indication of higher RBE values at lower
dose rates. Study of recent data indicates the neutron RBE for pylorus and
duodenum to be the same (4.5) as reported earlier (Zook et al., 1983a).

Therapy-related and experimental radiation nephritis has been studied
extensively. In this study, early renal lesions characterized by hemorrhage,
edema, and tubular necrosis, were followed by atrophy, fibrosis, and
glomerulosclerosis. Vascular changes were present in all stages. The lesions
were not unlike those in humans although there was no evidence of hyper-
tension. The RBE for single-dose neutron irradiation to the kidney has
been estimated in mice to be near unity (Nowell and Cole, 1959) and in
pigs to be between 1.7 and 2.0 (Hopewell ct al., 1982). Preliminary data
for fractionated neutrons gave an RBE of 2.5 to 2.8 in rhesus monkeys
(Raulston et al., 1978). We find the neutron RBE to be - 4 . 5 for kidney
in dogs (Zook et al., 1983b).

The pulmonary adenocarcinomas observed in this study were of the
undifferentiated type according to Moulton's classification (Moulton, von
Tscharner, and Schneider, 1981). The single lung neoplasm occurring in a
control dog differed from those in irradiated dogs in that it was well dif-
ferentiated, peripheral rather than hilar, and occurred as a single mass
rather than multifocal. Adenocarcinomas are the most common type of
canine lung tumor, but pulmonary neoplasia is uncommon, occurring in
only 0.004 to 0.5% of dogs at an average age of 11 years (Moulton, von
TSeharner, and Schneider, 1981; Dora et al., 1968). Carcinomas and
hemangiosarcomas of the lung have been reported in beagles subjected to
internal emitters (Park et al., 1976; Benjamin et al., 1975).

Three hemangiosarcomas and two hemangiomas were observed in the
irradiated field in this study. Malignant vascular neoplasms have followed
irradiation by internally deposited radionuclides in dogs (Benjamin et al.,
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1975) and humans (Jennings and Priestley, 1978) but apparently are rare
following therapeutic radiation (Paik and Komorowski, 1976). Primary
cardiac hemangiosarcomas are not rare in dogs but are quite uncommon in
two- to seven-year-old beagles (Kleine, Zook, and Munson, 1970; Moulton,
1978). The spontaneous heart neoplasms arise in just that portion of
atrium irradiated in this study. Bone tumors are fairly common after ther-
apeutic radiation in humans; most are osteosarcomas or fibrosarcomas
(Sim et al., 1972). Bone neoplasms have been induced in dogs by bone-
seeking radionuclides (Taylor et al., 1981; Park et al., 1976; Benjamin et
al., 1975) and in rabbits by fractionated neutrons (Bradley et al., 1977,
1979). Hepatic malignancies caused by external radiation are apparently
rare (Moore, Ferrante, and Crowson, 1976).

No second malignancies were reported from the early neutron trials
(Stone and Larkin, 1942), but the induction of malignancies is not rare
after photon irradiation (Walker et al., 1981; Barel, Larsson, and Matts-
son, 1977). We may therefore expect a certain incidence of second malig-
nancies to follow successful treatment of primary tumors by fast neutrons.
It is of great importance to determine the relative risk and latent period of
these neutron-induced neoplasms compared to photon irradiation. The
induction of malignancies by using a clinical fractionation pattern of
15-MeV neutrons in rabbits has previously been reported from this labora-
tory (Bradley et al., 1977, 1979) and from the present dog studies (Brad-
ley et al., 1981a). A short latent period for tumor induction in neutron-
irradiated animals was found in both experiments, but, since there were no
neoplasms in the photon series, RBE values could not be determined. The
RBE values for tumor induction can vary with neutron energy, site of
irradiation, species irradiated, and total doses. Since RBE values will also
increase with fractionation, because of tissue repair in photon-irradiated
animals, interpretation of results and extrapolation to the human popula-
tion are difficult.

Induction of tumors in animals (mostly rodents) from fission spectrum
neutrons has yielded RBE values varying from 1 to over 100 (Hulse, 1969,
1980; Vogel and Zaldivar, 1972; Shellabarger, Chemelevsky, and Kellerer,
1980; Ullrich, Jernigan, and Storer, 1977; Ullrich, 1980, 1983; Yokoro et
al., 1980; Hollander, Van Zweiten, and Broerse, 1980; Nowell and Cole,
1959; Vogel, 1978). At higher neutron energies (8 to 400 MeV), reported
tumor RBE values in rodents range from 1 to 4.6 for single-dose whole-
body exposures (Nowell and Cole, 1959; Broerse et al., 1978; Montour,
Hard, and Flora, 1977; Covelli et al., 1976; Darden et al., 1967). Our
data, from large animals with high total doses delivered in a fractionated
scheme, indicate an even higher neutron RBE for the induction of neo-
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plasia. The RBE of 6.75 is the maximum that can be inferred from the
data as it represents the actual dose groups (6750/1000) used in this
study. If the shorter latent period and particularly the multiplicity of pri-
mary neoplasms in the neutron-irradiated dogs are considered, the risk of
neutron carcinogenesis is increased.

As other authors have suggested, the neutron RBE data should be
studied carefully in several biological systems, taking particular note of not
only the incidence of disease but also of the particular disease processes
involved (e.g., numbers of benign vs. malignant tumors and sarcomas vs.
carcinomas). These data not only will be important for those exposed clini-
cally but also may be considered in estimating risk to those who are occu-
pationally exposed to neutrons (Rossi and Mays, 1978; Upton et al., 1970;
Maisin et al., 1983; Ullrich, 1983).
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Lifetime Effects of Single-Event
Proton Exposures in Rhesus Monkeys
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Brooks Air Force Base, Texas

ABSTRACT

Since 1964 the U. S. School of Aerospace Medicine has conducted a study of the lifetime
effects of proton irradiation in rhesus monkeys. Life-span shortening has been associated
with proton energies of 55 MeV and above, as well as with doses greater than 360 rads.
Female rhesus monkeys have a higher mortality than males as a result of high incidence of
endometriosis in the irradiated animals. A dose ordering effect is apparent. Mortality rates
began to accelerate at eight years after doses of 360 to 400 rads; at two years, after 500 to
650 rads; and less than one year, after 800 rads. Malignant tumors accounted for 18% of the
deaths in the proton-exposed animals. Endometriosis was the cause of 25% of the deaths in
this group. Energy-specific effects were observed. Eight malignant brain tumors occurred in
animals exposed to 55-MeV protons and in no other group. Cataract incidence was highest in
animals exposed to 32 and 55 MeV. These observations suggest a positive relationship with
the Bragg peak energy distribution in the area of the brain and crystalline lens. Glucose
'olerance was lowest in the animals exposed to totally penetrating radiation, where the frac-
tion of the surface dose reaching the pancreas was highest. Age-matched control animals have
yet to pass their median survival time, and the colony continues to be a valuable source of
data on the relationship of total-body radiation to age-related diseases in captive monkeys.

This study was begun in 1964 by the U. S. Air Force School of Aerospace
Medicine and the National Aeronautics and Space Administration
(NASA) with the primary intent of determining the acute effects of pro-
ton irradiation encountered during space flight. Rhesus monkeys were
exposed to protons of one of several discrete energies (32, 55, 138, 400,
and 2300 MeV) representative of the radiation spectrum in space. Dalrym-
ple and Lindsay (1966) provided the rationale for the selected energies. In
brief, the average cross-sectional diameter of the animals was about
10 cm. The 32-MeV proton, with a depth of penetration of 1 cm, was
chosen to give information concerning skin and subcutaneous tissue. These
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protons did not have sufficient range to expose bone marrow and the gas-
trointestinal tract. The 55-MeV particle, with a 2.5-cm depth of penetra-
tion, irradiated these regions but spared approximately 25% of the total
body volume. The higher energies (5*138 MeV) provided a homogeneous
depth dose distribution and increasingly greater production of secondary
radiation. The 400-MeV particle is of interest because it approximates the
highest energy particle occurring in significant concentrations in the Van
Allen radiation belts. The 2300-MeV particle simulated very-high-energy
galactic cosmic particles.

When the acute experiments were completed, sufficient survivors—both
experimental and control—remained to allow a long-term study of the
delayed effects of proton irradiation. Monkeys surviving the 120-day
postexposure period were segregated in a separate colony in which all
animals were periodically examined, with emphasis on detection of such
known radiation effects as life-span shortening, cataractogenesis, and car-
cinogenesis. The colony was later expanded to include animals exposed to
X rays, electrons, and mixed-energy protons. Mortality experience at nine
years postexposure was described by Krupp (1976).

EXPERIMENTAL DESIGN

Two-year-old rhesus monkeys of both sexes, confined in wire-mesh
cylinders, were rotated in a proton beam in an effort to achieve (1) uni-
form whole-body surface exposures in the 32- and 55-MeV groups and
(2) essentially uniform total-body penetrating exposures with higher ener-
gies. Data on the original exposures are presented in Table 1. Details on
exposure and dosinietry methods have been published by Mitchell et al.
(1966) and Williams, Hall, am.' Morgan (1966).

All animals in the colony are housed in individual, covered outdoor
cages in ambient environmental conditions; but during the winter months
protection from extreme cold is provided by exterior enclosure flaps and
thermostatically controlled gas heaters. With this system the minimum
environmental temperature is approximately 55°F (13°C). A commercial
laboratory primate diet, treated with isoniazid, is fed twice daily and is
supplemented with fresh fruit biweekly. Water is provided ad libitum.

Physical examinations are conducted every four months on each animal
in the colony. Standard clinical hematology, serum biochemistry analysis,
tuberculosis testing, and dental hygiene (if required) are accomplished.
Rectal palpation of all females is used as a screening technique for
endometriosis. If a mass is discovered, an exploratory laparotomy is per-
formed and the lesion is surgically removed, if possible. If invasion of sur-
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ILower dose groups (25-, 50-, and 100-rad groups and one-half of the 200-rad group) were exposed at the lower dose

rate of 12.5 rads/min, with the remaining subjects being exposed at 100 rads/min.
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rounding tissue or impingement on vital organs is extensive, the animal is
euthanized (with sodium pentobarbital intravenously) and a complete
necropsy is performed. Routine veterinary care—including minor surgery
and medications—is provided, but heroic lifesaving measures are not
attempted.

RESULTS

Data on five specific radiation-related effects are presented in this
report: life shortening, carcinogenesis, cataractogenesis, glucose intoler-
ance, and endometriosis. At initiation the colony consisted of 358 animals:
57 controls (34 males and 23 females) and 301 exposed animals (173
males and 128 females). In the colony the mortality is 24.5% in controls
and 48.5% in the exposed groups. A chi-square test indicates that the
difference in proportions is significant (P < 0.01). Mortality differences
between the exposed animals and their sex-matched controls were also sig-
nificant: (P < 0.05 for males; P < 0.01 for females).

Of the 146 deaths in the exposed animals, 105 have occurred in the
proton-exposed groups. The mortality in the proton-exposed animals is
summarized by energy and dose in Fig. 1. In the proton-exposed groups,
the initial number of subjects was 217; therefore the 105 cases represent a
mortality of 48.4%, which is significantly different from the control mor-
tality of 24.5% (P < 0.01) by a chi-square test. In these proton-exposed
animals, the mortality by sex was 41.1% in males and 58% in females.

The Kaplan and Meier (1958) survival curves in the entire colony (358
subjects: 301 exposed and 57 controls) are illustrated by sex in Fig. 2.
Both for the combined sexes and for the males only, the exposure curves
were almost uniformly lower than their respective controls; deaths
occurred significantly earlier (P < 0.01 in the combined sexes, and
P = 0.068 in the males). Not until almost nine years postexposure did
the exposed females have consistently lower probability of survival than
the control females.

Figure 3 compares the survival in the proton-exposed (217 subjects)
with the controls (57 subjects). These survival curves are quite similar to
the entire colony's curves in Fig. 2. The curves for the combined sexes and
for the males only in the proton-exposed animals were always lower than
for their respective controls. After approximately nine years, the probabil-
ity of survival in the females became uniformly lower than that of the con-
trols. The combined-sex groups had significantly shorter life spans
(P = 0.018) than the controls. The individual sexes were close to border-
line significance (P = 0.10) as compared to sex-matched controls.
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For each animal that died, a probable cause was assigned from one of
the following nine categories:

1. Infection or parasitism
2. Specific organ system degeneration
3. Endocrine disorders
4. Tumors of bone, skin, muscle, or blood
5. Tumors of nervous tissue
6. Tumors of viscera
7. Endometriosis
8. Bloat (acute gastric dilatation)
9. Accidental or undetermined death

When animals had several disorders that contributed to their death, the
single most probable cause of death was given.
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Illustrated in Fig. 4 is the probable cause of death as a percentage of
the total deaths for the proton-exposed monkeys. The leading cause in this
group were primary infections (30%), followed by endometriosis (25%) and
organ system degeneration (17%). In the electron, X-ray, and mixed-
proton studies, infections accounted for 24% of the 41 deaths; organ sys-
tem degeneration, 20%, and endometriosis, 24%. In both the proton-
exposed and the other studies, tumors of bone, skin, muscle, or blood
explained approximately 10% of the deaths.

TUMORS OF BONE,
SKIN, MUSCLE, OR BLOOD

9%

NERVE TUMORS
8%

VISCERA TUMORS
1%

ENDOCRINE
1%

ENDOMETRIOSIS-
25%

ORGAN SYSTEM
DEGENERATION

17%

INFECTIONS
30%

•UNKNOWN
6%

Fig. 4 Causes of death in protoa-imdiated moakeys.

The incidence of malignant tumors in each radiation group is presented
in Table 2. The most striking observation is the high incidence of one type
of brain tumor, glioblastoma multiforme, found exclusively in the group
exposed to 55 MeV. Eight of these tumors occurred during the period
from 18 months to 13 year; postirradiation. No new glioblastomas have
occurred in that group during the last six years. Doses associated with the
brain tumor ranged from 400 to 800 rads. Only one case of leukemia has
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TABLE 2

Number and Percent of Animals with
Malignant Tumors

Type of
radiation

Proton
32McV
55McV
138 McV
400 McV
2300 MeV
10 to 100 MeV

(solar flare)

X ray, 2 MeV

Electron
1.6 MeV
2.0 MeV

Control

No. of
tmors

0
11
6
3
1

1

4

3
0

2

Subjects
•trisk

12
72
32
55
46

28

32

12
12

57

IacMeace,%

0
15
19
5
2

4

13

25
0

4

been observed. This occurred 34 months after exposure to 100-rad
400-MeV protons (Siegal et al., 1968).

In 1978 a standard system of classifying cataract formation (Merriam
and Szechter, 1975) was initiated. By use of this system, the average stage
of cataractogenesis for each dose and energy group has been calculated
(Table 3). The lowest averages were observed in the control population
and in the mixed-proton (solar flare) exposed group. Those animals
exposed to low-energy (high-LET) protons, in doses above 360 rads, had
the highest average.

The cumulative incidence of hyperglycemia (defined as fasting blood
glucose of greater than 200 mg/dl on two or more successive physical
examinations) is given in Table 4. The apparent high incidence of hyper-
glycemia in the irradiated monkeys, particularly in those exposed to the
higher energies, prompted a survey of glucose tolerance and insulin
response in the entire colony. Standard intravenous glucose-tolerance tests
were administered to all subjects in 1982. The results of these determina-
tions are summarized in Table 5. The older control animals had signifi-
cantly lower glucose tolerance than the young controls. Lowest glucose-
clearance rates were seen in the high-energy, high-dose proton, and X-ray
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TABLE 3

Average Stage* of Cataractogenesis

Gnmp

Proton
High energy,! high dosct
High energy, low dose§
Low energy,1 high dose
Low energy, low dose
10 to 100 MeV, mixed, 300 to

1200 rads

X ray, 2 MeV, 360 to 640 rads

Electron, 1.6 to 2 MeV,
900 to 1500 rads

All controls

No. of eyes

40
84
30
48

44

14

26

76

Avenge
cataract

stage

1.0
1.1
1.8
1.0

0.1

1.3

1.2

0.1

* Lens-opacity grading system (after Merriam and
Szechter, 1975): 0, no visible opacity. 1, smallest observ-
able optically dense area. 2, larger opacity with distinct
border. 3, large enough to be visible on gross examination.
4, complete opacification of lens.

tHigh energy, 138 MeV; 400 MeV; 2300 MeV.
tHigh dose, 360 to 640 rads.
|Low dose, 25 to 280 rads.
f Low energy, 32 MeV; 55 MeV.

exposed groups. Average maximum insulin levels followed the same pat-
tern.

Endometriosis, the proliferation and abnormal location of the lining of
the uterus, occurs spontaneously in human females and all other primates
which have a true menstrual cycle. Shown in Fig. S is the probability over
time of an exposed female remaining free of endometriosis compared with
that of control females. Beginning at approximately seven years postexpo-
sure, the exposed females have an increasingly greater probability of
developing the lesion. The relationship of dose and energy to incidence of
endometriosis is presented in Fig. 6. Of particular interest is the signifi-
cant incidence in the lowest dose range (25 to 113 rads). With respect to
energy the only incidence rates significantly higher than those of the con-
trols occur in the two highest energy groups.
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TABLE 4

Number

Type of
radiation

Proton
32 MeV
55 MeV
138 MeV
400 MeV
2300 McV
10 to 100 McV

(solar flare)

X ray, 2 MeV

Electron
1.6 MeV
2.0 MeV

Control

and Percent of Animals with
Hyperglycemia

No. of
hyperglycemks

2
5
7
6
7

0

11

0
0

1

Subjects
at risk tack

12
72
32
55
46

28

32

12
12

57

17
7

22
11
15

0

34

0
0

2

DISCUSSION AND CONCLUSIONS

The original experiments were acute studies. Since all animals were
approximately the same age, the relationship between the effects produced
and the age of the subjects at the time of exposure is unknown. Further-
more, original plans did not include a longitudinal health survey on the
survivors. As a result many of the potential experimental combinations
contain either no data or sparse amounts of data, thus making a detailed
analysis difficult. Nevertheless, several medically relevant conclusions can
be supported with valid statistical inferences. We have shown that, when
all our proton-exposed animals are considered as a group, the minimum
dose to produce significant life shortening falls between 360 and 400 raids
(Yochmowitz, Wood, and Salmon, 1983). When only females are con-
sidered, the significant life shortening can be demonstrated at doses
between 25 and 113 rads. Increased mortality in the females is due almost
entirely to endometriosis. These findings suggest that the radiosensitivity
of the endometrium may be an important factor in determining acceptable
doses for women in extended space operations. Total-body penetrating
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TABLE 5

Average Glucose Clearance and Maximum
Insulin Response

Group

Proton
High energy,* high doset
High energy, low doset
Low energy,§ high dose
Low energy, low dose
10 to 100 MeV, mixed, 300 to

1200 rads

X ray, 2 MeV, 900 to 1500 rads

Electron, 1.6 to 2 MeV,
900 to 1500 rads

Age-matched controls
(17 to 20 years)

Young controls
(9 to 11 years)

No. of
subjects

22
43
15
26

20

9

13

42

10

Gtecose
clearance

ntedft
%/nia

2.0
2.3
2.4
2.6

2.6

1.9

2.7

2.6

3.2

Maxiau
s e n i imHi
lerdOMAX)
postadaiEis-

trarJoa,
wi/ml

114
220
221
232

263

174

256

267

309

•High energy, 138 MeV; 400 MeV; 2300 MeV.
tHigh dose, 360 to 640 rads.
JLow dose, 25 to 280 rads.
§Low energy, 32 MeV; 55 MeV.

radiations, both proton and X rays, are more effective in promoting
endometriosis than are nonpenetrating radiations. Therefore the mortality
rate in female monkeys is significantly greater than in the males in the
higher energy groups (>138 MeV). This sex difference became apparent
after approximately 10 years.

Mortality rates in both the proton and other radiation type groups are
greater than in the controls. For proton-exposed animals this effect is
observed only in those energies of 55 MeV and above, where tissue-
penetration depths were greater than 2.5 cm. Apparently the population of
cells irradiated by 32-MeV particles in nonfatal acute exposures was not
critical to the long-term survival rate in our subjects. Here tissue-
penetration depths were approximately 1 cm. In comparing time of death,
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no difference could be found among the three totally penetrating proton
energies (138, 400, and 2300 MeV). The time of death in the 32-MeV
exposure groups was later and, in the 55-MeV exposure groups, earlier
than in the higher energies. In comparing time of death with respect to the
proton dose groups, no differences were detected below 360 rads with the
controls. Above this apparent threshold increasing doses were associated
with earlier deaths. Mortality acceleration began after approximately eight
years in the 360- to 400-rad group, two years in the 500- to 650-rad
group, and approximately one year in the 800-rad group. Females died
earlier than their male counterparts after exposure at energies of 32, 133,
and 2300 MeV, and in the 25- to 113-rad and 200- to 280-rad dose
groups.

Infections and parasitism, the leading cause of death in the colony,
resulted in approximately one-third of the deaths in both the irradiated
and control animals. The most striking difference in cause of death is the
18% rate of malignant tumor-related deaths in the proton-exposed animals.
If endometriosis is also considered to be a neoplasm, the mortality from all
forms of neoplastic conditions is 43% in the proton-irradiated animals, as
compared with 7% (1/14) in control subjects. The number of deaths in the
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controls were not sufficient to permit detection of statistical differences
due to other causes.

According to Comfort (1959), radiation can be said to induce "preco-
cious aging" if it "... (i) caused the force of mortality to rise more
rapidly in affected than in control animals; (ii) brought forward the age of
onset of diseases which affect the control, but did not greatly alter the
sequence or the incidence of causes of death; (iii) made any characteristic
feature of the aging syndrome in that species...appear at a propor-
tionately lower age." The estimated life span of Macaca mulatto is 30+
years (Van Wagenen, 1972). At the present time death rates are higher in
the exposed group than in the controls, and diseases that affect the con-
trols are occurring earlier. Sufficient time has not yet elapsed, however, to
evaluate morbidity and mortality in the controls.

Spontaneous neoplasia is an uncommon cause of death in captive
rhesus monkey populations (Siebold and Wolf, 1973). To our knowledge
no reports of glioblastomas in nonirradiated animals exist. The only other
reported glioblastomas have occurred in association with fission-neutron or
thermal-neutron exposure (Broerse et al., 1978; Kent and Pickering,
1958). The occurrence of eight of these tumors, exclusively in the 55-MeV
proton exposed group, suggests that the Bragg peak-energy distribution in
the area of the cerebral cortex might be an important etiological factor.

Glucose tolerance in rhesus monkeys appears to diminish as a normal
consequence of aging. The progression of glucose intolerance to a hypoin-
sulinemic, hyperglycemic state (analogous to human adult-onset diabetes
mellitus) has been shown to occur in captive macaques (Hamilton and
Ciaccia, 1978). Total-body proton and X-ray irradiation, particularly in
the energy range providing complete-body penetration, appears to increase
the probability of development of the diabetic syndrome. High-energy X
rays and proton energies of 138 MeV and above allowed the pancreas to
absorb a higher percentage of the surface radiation dose than the lower
energies. This may have accelerated the loss of responsiveness of the beta
cells to glucose challenge. In pancreases from hyperglycemic animals
examined at necropsy, amyloidosis, fihrosis, and reduction in the number
of functional islet cells have been consistent findings; therefore the
increased incidence of hyperglycemia is probably due to direct radiation
effect on the pancreatic islets.

Whole-body radiation has been demonstrated to cause cataracts in
rhesus monkeys (Sonneveld, Peperkemp, and vanBekkum, 1979). In our
animals the greatest incidence was observed in the group exposed to ener-
gies that had a Bragg peak-energy distribution in the tissues. Under the
exposure conditions used in our study, both the 32- and 55-MeV protons
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could have a high-energy distribution in the area of the crystalline lens,
depending on the position of the head as it was rotated in the beam.

The data indicate that endometriosis occurs earlier and more fre-
quently in irradiated animals than in the general population. The syn-
drome appears to be more efficiently promoted in subjects exposed to
high-energy protons than in controls, although the level of significance is
conclusive only in the 400- and 2300-MeV groups. The 50% incidence in
the 32-MeV group (Fig. 6) is probably an anomaly due to the small sam-
ple size and the fact that the six animals in that group received no less
than 280 rads, whereas other groups had some animals that received much
lower doses. The depth of the pubis in a 2-year-old female rhesus is
approximately 5 cm (Clark and New, 1969). Because of the anatomical
location of the reproductive tract and the limited tissue-penetrating capa-
bility of the 32-MeV particle (~1 cm), one doubts that the uterus
received much proton irradiation of this energy.

Another factor that may account for the apparent lower incidence in
the lower energy (32- and 55-MeV) groups is low production of secondary
radiation from collision interactions. Below 100 MeV secondary radiation
does not contribute measurably to the total dose. At 138 and 400 MeV,
the fraction of total dose derived from secondary radiation is —3 and 18%,
respectively, as estimated from data reported by Turner et al. (1964). In
contrast, the level of secondary radiations from exposure to 2300-MeV
protons, as measured in our experiment, was 43%.

As the colony approaches its 20th anniversary, the value of this unique
group of animals in assessing the risk of human exposures to space radia-
tion is becoming increasingly apparent. The large population of
age-matched control animals not only adds statistical validity to our obser-
vations but also provides valuable baseline data for other lifetime or geron-
tological studies in this species. Our nonirradiated animals have yet to pass
their median survival time, and continued observation may reveal signifi-
cant relationships between single-event proton exposures early in life and
the pathogenesis of age-related diseases. The data on specific radiation-
related effects—such as life shortening, cataracts, malignant tumors, and
endometriosis—when coupled with an accurate definition of the space
radiation environment and human-exposure probabilities, will enable mis-
sion planners to make rational risk-benefit decisions for both military and
civilian space operations.
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DISCUSSION

B. A. Muggenburg (Lovelace, Inhalation Toxicology Research Insti-
tute): Between 48 months and 72 months, you seem to have a loss of
animals in your control population. Was there a particular problem, or can
you explain what happened?

Wood: I don't believe there was any single cause for the loss of
animals during that period. The causes of death in the controls and treated
animals were about the same, percentagewise, except for the tumors and
endometriosis in the treated animals. Thirty percent of the control animals
died from infections or parasitisms, and a couple of them died from acute
gastric dilation.

Muggenburg: Was the control population formed ai a different time
from the original groups of exposed animals?
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Wood: The controls entered the experiment at the same time as the
irradiated groups, which were exposed over a period of about 24 months.
Certain groups of control animals were added at a later time, but they
were not included in this particular evaluation. They were age-matched
controls.

B. B. Boecker (Lovelace, Inhalation Toxicology Research
Institute): These results on monkeys are very interesting. How would you
plan to extrapolate these results to people?

Wood: We are primarily interested in whether we need to revise the
permissible doses that were developed for astronauts by the National
Academy of Sciences panel about 10 years ago. {Space Science Board
Radiation Protection Guides and Constraints for Space Mission and Vehi-
cle Design Studies Involving Nuclear Systems, Report of the Radicbio-
logical Advisory Panel Committee on Space Medicine, National Academy
of Sciences, National Research Council, Washington, D. C , 1970.) On
the basis of our acute studies and the relative biological effectiveness
(RBE) of protons, we probably should revise those exposure limits down-
ward. In reference to the military situation, we would like to be able to
construct some sort of risk-benefit nomogram for use by operational com-
manders so they can weigh the risk vs. the benefits of mission completion.
This is entirely different from the civilian problem.

Boecker: This morning we heard quite a bit about different species'
sensitivity to radiation. How are you going to handle the question of rela-
tive radiation sensitivity between the rhesus monkey and people?

Wood: The 30-day lethal dose for X rays in the rhesus monkey is
about 650 rads. These are the only data that we have to go on with
respect to extrapolating from rhesus monkeys to humans.

R. O. McCleUao (Lovelace, Inhalation Toxicology Research Insti-
tute): With regard to endometriosis, could you comment on the histologi-
cal appearance of the pituitary and the ovaries. Were any studies done
with regard to circulating hormone levels?

Wood: No, no hormone studies have been done on the animals. I
believe there has been no attempt to correlate the pathological data from
pituitaries or adrenals with the endometriosis, but such pathological data
are available from the tissue blocks.



Panel Discussion Following Session 2

K. S. CRUMP,* L. S. ROSENBLATT, t and M. A. SCHNEIDERMANJ
'Science Research Systems, Inc., R us ton, Louisiana; tGencticon, Walnut Creek, California;
and ^Clement Associates, Arlington, Virginia

Crump: First, I would like to pick up on something that Dr. Schnei-
derman mentioned yesterday. He raised the question of whether we should
have a minimum set of statistical analyses that everyone could agree on. I
would move that idea back one more level and urge that we at least state
what analysis is being used. It is important to give enough information so
that a person could, if he had your data, reproduce your statistical
analysis. There are a number of reasons for this: (1) in a given situation
not all statistical tests are equally valid (you want to convince your audi-
ence that you have used an appropriate test); (2) among tests that are
valid, the test statistics may be testing different hypotheses, and just indi-
cating statistical significance may not convey enough information to the
reader; (3) among tests that are valid and testing the same hypothesis,
some may have more power in a given situation than others. So it would
be helpful to your reader to know exactly which test you used. If some
exotic analyse? are used, these might be explained in an appendix. It is
important to îve enough information so the reader can figure out what
analysis was done.

Second, I wish to comment on some of yesterday's papers. Dr. Benja-
min reported on the "context of observation" type of analysis recom-
mended by Peto and associates. (Guidelines for Simple Sensitive Signifi-
cance Tests for Carcinogenic Effects in Long-Term Animal Experiments,
International Agency for Research on Cancer, 1980). I think it is very
important in doing an analysis to take into account whether a particular
tumor is fatal or incidental. To illustrate this, let us suppose that we have
control and treated groups with 100 animals in each. Suppose that 30
animals died in the control group and 60 animals died in the treated
group. Also, suppose that we are looking at a particular type of tumor; in
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the control group 10 animals were found to have this tumor, and in the
treated group 20 animals were found to have this tumor.

Cortrol Treated
100 100

Dead 30 60
Tumors 10 20

One method of analysis would be to say you have 100 control animals
and 10 with tumors (10%); in the treated group, you have 100 animals, 20
with tumors (20%). That is a highly significant (P < 0.01) difference.
That would be an appropriate approach if these tumors were fatal tumors.
However, if these tumors were not fatal tumors and were observed inciden-
tally when death was due to another cause, then the appropriate analysis
would be to look at the animals examined. In the controls you have exam-
ined 30 animals, 10 with tumors (33%); in the treated group you have
examined 60 animals, 20 with tumors (33%). So, if these tumors are inci-
dental tumors, there is no difference in the incidence in the control and
treated groups. There are examples of actual data in which the results of
analysis can flip-flop just this dramatically, depending on whether you
consider the tumors to be fatal or incidental.

Peto's context-of-observation approach considers basically two groups:
tumors that were fatal and tumors that were not fatal. You analyze the
fatal tumors; you analyze the nonfatal tumors. Then there is a method for
putting the two results together to come up with the overall result. This
result can be expressed, as we saw yesterday, in terms of observed/
expected ratios, which are meaningful to most people.

Deciding the context of observation for a particular tumor sometimes
will not be a cut-and-dried decision, and I don't think there is a perfect
solution to that problem. Peto and associates suggest four contexts: fatal,
probably fatal, probably incidental, and incidental. These allow some room
for waffling in your decision. I think I would handle such a problem by
considering the "probably" categories first as fatals, and then as inciden-
tals, and if the results were the same, no matter which category you put
the "probably" tumors in, then you can have confidence in your results.

The linear model approach used in Dr. Angleton's paper is one that has
been widely used. The hypotheses tested concern the mortality patterns of
animals that have died up to that time. The experiment is not yet com-
plete, so the analysis doesn't consider animals that have not died. If one
wishes to test hypotheses about the mortality patterns evident up to that
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time—considering animals that have not died, as well as animals that have
died—there are other types of regression analysis that might be used. One
such analysis is the Cox regression. Basically, this assumes that the proba-
bility of an animal's dying by a particular time can be written:

1 -

in which the most important thing is that the expression in the exponent
factors into the product of a function of time X(t) and a function which
depends only on your independent variables, Z, such as dose. For example,
as independent variables you could use linear and quadratic dose terms,
you could have terms indicating the sex of the animal, and you could test
hypotheses about the effect of those variables. The Department of Vital
Statistics of the University of Washington has Cox regression software
which they would be glad to furnish to you.

Rosenblatt: I would like to comment on something that Dr. Crump
talked about yesterday with regard to the so-called practical threshold.
When we speak of a practical threshold, we really do not mean to imply
that there is an actual threshold. In fact, in trying to model in three
dimensions—time, dose and response—we stated very clearly that there
were no thresholds; as the dose decreased, the risk decreased but was never
zero.

In biologic terms, time is an important variable that needs to be con-
sidered in dose-response modeling. If one thinks of a situation where the
latency in a human population increases 20 years for every 10-fold
decrease in dose, so that a group of people irradiated at 20 years of age
with 100 rads would show tumors at age 40, with 10 rads would show
tumors at age 60, and so on. One can see that the amount of life shorten-
ing is going to continue to decrease until at some point it becomes almost
meaningless in people that receive very low doses. A good exposition of
that notion was given at one of the earlier Hanford Symposia—I think it
was in 1972 at the meeting on radionuclide carcinogenesis by Roy Albert
and Bernie Altshuler [in Radionuclide Carcinogenesis, C. L. Sanders
et al. (Eds.), pp. 233-253, AEC Symposium Series, USAEC Report
CONF-720505 (1973), NTIS].

And so, when data are presented showing incidence and not showing
time, I get the itch to know: When did these tumors occur? For example,
in Dr. Benjamin's paper more thyroid tumors were seen than expected,
especially in the 70-day postpartum group. I'm sure that Dr. Benjamin
would like to be able to say whether there were significantly more tumors
in some groups than others. But If think we also need to know when these



240 CHUMP. ROSENBLATT. AND SCHNEIDERMAN

excess tumors occurred. Did they occur earlier in the animals exposed at
one age of development than in those exposed at another?

With regard to incidental tumors, there is one point I am not too clear
about in Dr. Benjamin's paper. The incidental tumors may have resulted in
some dogs being hypothyroid. In Colorado with dogs housed outdoors, they
may die at a higher rate when the weather is cold than when the weather
is not cold. Such cold-weather deaths would increase the significance of
so-called incidental tumors because they are found upon necropsy at death.
But, in fact, were they incidental? Or were they a contributory factor in
producing the death of that animal? And if so, how do you handle that
statistically? Are these data going to tell us about radiation effects? If the
same experiment were done in a different colony, would we have gotten
different results because of factors that were not held constant from one
colony to another? I do not have answers for these questions, but I think
we certainly need to think about them.

Schneiderman: My comments fall into two classes today: philosophic
and technical. The philosophic comments derive from my belief that
almost all scientists are Bayesians. This means that they have some ideas
about the results they are going to get before they start an experiment,
and the strength of those ideas influences how they handle the data which
they get. This was expressed by Ralph Waldo Emerson who said, "Always,
first comes the thought. Then comes the fact."

This leads me to a set of questions which I would like to see addressed
when we are talking not just among ourselves but with the general public,
with legislators, with administrators. We have to bring them conceptually
to where we are—why we are doing the things we are doing.

The first question is: What did you hope to find out from this work
that you are telling me about? Don't just give me the facts. We're not
playing at Dragnet on television. What did you really expect to find out?

The second question is: Why was this important to find out? What
were the issues in the back of your mind that made you do this kind of
research?

The third question is: Did you find out what you expected to find out?
And the question that follows immediately is: What did you find out that
you didn't anticipate? I am not worried about using data to generate
hypotheses or research ideas (called data dredging). If you're doing a sin-
gle experiment in your lifetime, then maybe you should worry about data
dredging. If you're spending a lifetime developing something and are mov-
ing on from experiment to experiment to experiment, and if you don't
examine the data for possible information, you're not taking advantage of
your data. Data dredging is absolutely essential if you are going to move
forward and learn something.
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Then, after you have answered these questions, the next question obvi-
ously is: What further work does all this imply? You have not answered
all the questions that exist in the world. You haven't cleared up all the
issues. So what further work is implied?

And finally, Why is it important to do this further work? Are the ques-
tions that are left of some consequence? Those are essentially the philo-
sophic remarks that I had to make, and I really would like to see this
approach used.

John Edgecomb, a colleague at the National Cancer Institute, asked
me one day, "Marvin, how many animals are you guys using a year in
your cancer chemotherapy experiments?" I did some quick calculations
and came up with 200,000 mice. John, who is about twice my size, looked
down at me and said, "Marvin, go home tonight and pray God is not a
mouse." I think this is relevant to the question of how we allocate animals
to various experimental groups? Are there some optimal allocations which
can be developed, in terms of the questions which we are asking, so that
when we get results the variance of the difference between a control and a
treated group is going to be minimal—or the regression line we are going
to produce is the best regression line which can be produced in that it has
minimal variance?

Related to this, I have a question concerning historical controls. If
scientists really are Bayesians (which means they keep in mind what has
happened in the past and it influences what they think is going to happen
in the future), it means, in effect, that they are using historical controls.
We are going to have to deal with that fact.

Someone remarked to .lie during the break that a great advantage of
the Peto system, aside from the fact that it is an organized way of looking
at the data and an organized way of thinking about some of the problems
which come up in handling the data, a further advantage is that you can
do most of the required calculations on the back of an envelope. In
Thatcherian England, I think this may be extremely important.

With regard to the concept of incidental tumors, we should keep in
mind that our ultimate concern is the human, and in humans hardly ever
is a tumor incidental—incidental in terms of emotional impact and inci-
dental in terms of economic cost. The additional cases of cancer of the
endometrium which were found after the extensive use of postmenopausal
estrogens killed very few women—very few. And in that sense, in the Peto
sense, these were incidental tumors. That doesn't mean that they weren't
important to these women, to their families, or to the medical profession.
It doesn't mean that it wasn't important that American physicians stopped
or sharply reduced their writing of prescriptions for postmenopausal estro-
gens. It was important, and I think we have to keep such things in mind.
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If you have a statistician available to you, I would urge that you and
the statistician together go through the Peto recommendations—I believe
they are very useful, they are very good. Then find out what you can do
that is even better. In that sense I think we can use the Peto approach as a
jumping-off point to do the first class work that it makes possible.

S. A. Benjamin (Colorado State University): Dr. Rosenblatt raised a
question relating to hypothyroidism in the Colorado State dogs and its pos-
sible effect on finding tumors. The answer is that the hypothyroidism
predated the neoplasms by a number of years in virtually all cases, so the
hypothyroidism may be a factor in causing the neoplasms. Hypothyroid
dogs do die during cold weather because they cannot stand the stress. That
should not affect the number of tumors one sees in a particular group,
since the hypothyroidism is spread equally among all the groups. We have
seen no effect of radiation on the hypothyroid state itself.
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ABSTRACT

In the internal-emitters toxicity program at the University of Utah Radiobiology Laboratory,
each experimental group carries its own specific control cohort, which is the same size as
most of the individual experimental cohorts. Variations in average lifetime are observed
among individual control cohorts. This may be due to external causes, genetic variances
such as the occurrence of epileptic syndromes, or change? such as those that result from
improved medical care or husbandry. The Stover-Eyring method was used to eliminate from
control and experimental, cohorts those dogs with specific diseases such as epilepsy —dogs that
were at risk for too short a time for a later pathological response to occur. By the use of con-
ventional statistical techniques, it was shown to be reasonable to pool individual control
cohorts into a much larger selected cohort that provided greater precision in the estimate of
control survival and thus a more sensitive basis for the estimation of the relative life shorten-
ing in the experimental groups. The analysis suggested that control groups could be com-
bined, and a control population of 114 beagles was proposed. Their average lifespan was
4926 ± 849 days, and the time when half the animals had died was 5000 days.

Exposure to radiation can lead to malignant or benign lesions; these are
either typical effects of the radiation or are effects for which the natural
frequency of occurrence is enhanced or for which the time after exposure
or the age when the lesion occurs is shifted from its normal range. In addi-
tion, the ensuing malignancies may or may not result in significant life
shortening. For cases in which life shortening is expected, one would an-
ticipate a dependence on the radiation dose that was received. In general,
the degree of life shortening is not difficult to determine when it is caused
by large doses of radiation, but life shortening at low doses is difficult to
distinguish from no life shortening. That is, although a radiation-induced

•This paper was presented by F. W. Bruenger at the symposium meeting.
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lesion shortens the life of the affected animal, a comparison of experimen-
tal with control groups may show no statistically significant effects. The
necessarily small number of dogs for which experimental data can be
obtained, typical for the University of Utah beagle program and similar
programs at Battelle, Lovelace, Davis, and Argonne, necessitates careful
selection of the respective cohorts of experimental and control dogs to
make a rigorous determination of the significance and degree of life short-
ening.

The topic of this paper concerns selection of the largest control cohort
that can be justified and used to increase the precision in testing the
occurrence and degree of life shortening in experimental animals, espe-
cially for animals exposed to low doses of radiation. Depending on the
analysis to be performed, certain restrictions may have to be imposed on
the composition of the control cohort. Specifically, the selection should
take into account that most radiation effects observed in the low dose
range are expressed only after many years (i.e., long latent periods). Thus
control animals which do not survive the respective minimum risk period
and which have no chance to develop the syndrome should be considered
for exclusion.

AVAILABLE DATA BASE

The following discussion is limited to the selection of a control group
that can be used in investigating possible life shortening which results from
injection of **0.057 /tCi of 226Ra/kg or <0.016 fid of 239Pu/kg. These two
quantities constitute borderline values above which life shortening in
beagles injected as young adults soon becomes noticeable. The
plutonium-radium experiment was designed originally so that each nuclide
was given in five graded dosages to each group of 12 beagles, and it was
assumed that no radiation effect would be observed at ths lowest dosage
level. In addition to the dogs injected with either of the two nuclides, con-
trol groups of 12 beagles were injected for each nuclide group with the
injection medium but without radioactivity. These individual control
groups are referred to as subgroups.

In the original experiment radiation effects (e.g., osteosarcomas and
liver damage) were detected at the lowest dosage level injected (0.016 fiCi
of 239Pu/kg). Consequently, the original program was extended to include
three additional lower dosage levels and an overlap v/ith the lowest previ-
ous dosage level, plus a new control group. As the investigations of the
laboratory grew in scope, more nuclides were introduced and each nuclide
group also included a group of control beagles which received the injection
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medium but without radioactivity. Furthermore, throughout this period the
laboratory maintained ancillary groups of noninjected, aging controls.

The following analysis uses individual control subgroups that
correspond to the toxicity groups for each nuclide. The advantage of this
method is that we have a group composed of practically equal numbers of
male and female dogs, introduced into the experiment at the same time as
the experimental toxicity groups and composed of the same genetic stock.
The disadvantages are (1) that these subgroups are small (i.e., in general
no larger than the cohorts of each individual dosage level) and (2) that for
plutonium and radium they consist of two subgroups which were intro-
duced into the overall experiments a decade or more apart. Any such
difference in the time of introduction could have an effect on the total life
expectancy if external factors such as an improvement in animal husband-
ry or general advances in veterinary care contributed to a longer life. In
Table 1 the nuclide-dependent control subgroups are tabulated, and aver-
age ages, their standard deviations, group sizes, and times of introduction
are given. The control groups for the 239Pu and 226Ra studies are separated
according to the time period in which they were introduced.

Although there is no obvious way to eliminate the influence of external
factors, the disadvantages of small subgroup sizes can be overcome by
combining two or more individual control subgroups. For instance, it
would seem reasonable to combine the 239Pu and 226Ra controls, since the
plutonium and radium studies actually constitute a single experiment.
Also, both consisted of two subgroups, one introduced between 1952 and

TABLE 1

Comparison of Individual Control Groups According to
Nuclide, Without Any Exclusions

239pu

23»pu

2 3 9Pu

226Ra
226Ra
226Ra

239Pu
228Ra
228Th
*>Sr

Nuclide

(all)
(first subgroup)
(second subgroup)

(all)
(first subgroup)
(second subgroup)

+ 226Ra

Interval of
introduction

1952 to 1974
1952 to 1956
1964 to 1974

1953 to 1976
1953 to 1956
1964 to 1970

1952 to 1974
1954 to 1963
1954 to 1963
1955 to 1963

Group
size

44
12
32

43
12
31

87
13
13
13

Average
lifetime, f

4712
4718
4710

4800
4145
5047

4755
4755
4480
4723

o

968
807

1034

860
1010
654

912
1553
1616
1322
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1956 and the second introduced between 1964 and 1974. This would give
a control group of 87 beagles. However, if it can be demonstrated that the
controls for the three other completed studies (228Ra, 228Th, and ^Sr) do
not differ statistically from the plutonium-radium group, there is no rea-
son not to include these additional 39 controls. Concurrent with this core
of controls, an additional 63 beagles from the ancillary group could be
considered for inclusion. These beagles did not receive the injection of
citrate buffer, and individual animals were assigned to that group quite
randomly throughout the existence of the laboratory (at times not related
to initiation of individual experiments). However, an imbalance between
male and female beagles exists in this group (IS males and 48 females),
and an earlier comparison between male and female beagles had shown
some difference in the life expectancy. Although this difference was not
statistically significant, it was felt that the uncertainty introduced by
disproportionate numbers of males and females was too large. For this rea-
son the ancillary group was not considered for inclusion. This left a core of
seven subgroups with a total of 126 beagles as the d?ta base.

METHOD OF ANALYSIS

Since most statistical tests require that the data be normally dis-
tributed, a test for normality was conducted for each of the core subgroups
and for the combined group. The combination of seven groups considered
for consolidation required (7 X 6)/2 = 21 separate, possible, paired
comparisons. A multiple comparison test is the method of choice for
analyzing the data when differences are present. For this particular prob-
lem a one-way analysis of variance sufficed to determine the presence of
any mean survival differences among the control subgroups. If significant
differences are found, one of several types of multiple comparison tests
must be used (Snedecor and Cochran, 1980).

Individual parameters for the Stover-Eyring survival equation were
calculated whenever certain groups of animals appeared inappropriate for
inclusion in the combined control cohorts (Stover and Eyring, 1970). The
survival equation has the form

S = [1 + exp -(•-•*>]-!

where S = fractional survival at time t
a = measure of the animal's "reserves" to combat death
b = measure of the difference between the respective rate constants

for damage and recovery
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DEVELOPMENT OF A TENTATIVE BEAGLE CONTROL
POPULATION FOR THE EVALUATION OF
RADIATION-INDUCED LIFE SHORTENING
FROM LOW DOSES OF RADIATION

Life shortening due to small doses of radiation requires long latent
periods for the appearance of the ensuing radiation-induced lesions. Thus
it appears reasonable to eliminate all those animals that have died from
trauma, accidents, or certain other diseases which cause premature life
shortening. Of course, this necessitates that such exclusions also should be
made in the experimental cohorts. Elimination of those animals that died
early from causes such as trauma and accidents is relatively easy, but
there are also certain diseases which lead to premature death. Stover
had excluded from a much smaller group of control beagles all those that
died from epilepsy, lymphosarcoma, lymphoma, or fatal accidents (Stover,
Eyring, and Atherton, 1972). Before such an exclusion is made here, the
likelihood of premature death was verified by testing the life expectancy
and the Stover-Eyring survival parameters. Lesions suspected of causing
premature death were status epilepticus, the hemopoietic malignancies
(lymphatic and myeloid), and, because of the somewhat shorter survival of
female beagles, the mammary carcinoma. The average time of survival
T ± standard deviation, estimates of the Stover-Eyring survival parame-
ters a and b, and the correlation coefficient r are listed in Table 2. The

TABLE 2

Parameters of Equations for Survival for Groups of
Exposed and Control Beagles Dying from Epilepsy, Hemopoietic

Malignancies, and Mammary Carcinoma
(S = [1 < * > l

Group

Epileptics
Hemopoietic

malignancies
Mammary

carcinoma
126 0-level

controls

SarrivsJ

T ± <7

3195 ± 1096

4085 ± 1052

4779 + 757

4719 ± 1072

Surma!

•

5.05

7.04

10.71

7.60

parameter

b

0.00158

0.00169

0.00224

0.00161

r*

0.984

0.988

0.992

0.960

B

21

23

37

126

Pt

0.001

0.01

0.30

•"Coefficient of correlation.
tProbability of no difference between individual groups and 126 0-level

control group (n = 126).
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estimated parameters are for control and injected beagles (combined)
which had the indicated lesion. The survival curves together with the curve
representing the 126 controls are shown in Fig. 1.

From these results we conclude that, in addition to the decision to
eliminate dogs which died from fatal accidents before 2000 days of age, all
epileptic dogs should be excluded from the control cohort, as well as from
the group of injected dogs, at least up to the exposure level of 0.016
/iCi/kg. Dogs dying from mammary carcinoma should not be excluded.
Beagles with hemopoietic malignancies constitute a borderline case; their
average survival time is significantly different from the control average,
but the lifespan extends well into the range within which osteosarcomas
have been observed. Therefore we include dogs with hemopoietic malig-
nancies or mammary carcinoma in the control cohort, eliminating only
accidental fatalities prior to 2000 days and epileptics. The proposed con-

100

Mammary carcinoma

75

en

50
Epileptics

126 0-level controls
(no exclusion)

25

2000 3000 4000
AGE AT DEATH, days

5000 6000

Fig. 1 Compaiisoa between survival data for control beagles aad those dogs that died fron
epilepsy, bemopoietic malignancies, and mamnary carcinoma. Survival characteristics for dogs
with epilepsy and bemopoietic malignancies are different from the controls, but the difference
between controls and dogs that died from mammary carcinoma is small.



LIFE EXPECTANCY FOR UNIVERSITY OF UTAH BEAGLE COLONY 249

trol cohort is then composed of 114 dogs as shown in Table 3. The sur-
vival curves of the individual and combined cohorts according to the
Stover-Eyring method are shown in Fig. 2.

With the data base that should be considered established, it had to be
determined whether it was permissible to combine the different subgroups
into one large cohort of control dogs.

TABLE 3

Elements of Proposed Control
Cohort as of Jan. 1, 1983

Avenge tiae Addition! dogs
No. of No. of of nrrival, sniriTing as of

Group dogs exclusions T ± S.D. J u . 1, 1983

2 3 9Pu
2 2 6 Ra
2 2 8Ra
2 2 8Th
*°Sr

Total

41
39
12
10
12

114

3
4
1
3
1

12

4880 ± 756
4895 ± 802
5000 ± 926
5043 ± 881
5012 ± 852

4926 ± 849

3
2
0
0
0

5

The first step in the analysis was to prepare frequency distributions for
each of the control subgroups and to test them for normality. Because of
the small numbers in the individual control subgroups, clear-cut normality
could not be determined, but, in general, the control subgroups seemed to
be compatible with the normal distribution. For a more definitive answer,
the control subgroups were combined. The computer-printed graph in
Table 4 shows the appearance of the overall frequency distribution. It is a
bell-shaped curve but appears somewhat truncated at the higher ages. The
cumulative-frequency distribution given in Table 4 was tested for normal-
ity by plotting on probability paper. The data from the control animals
gave a satisfactorily straight line and thus may be considered compatible
with the normal distribution. Therefore tests based on the normal curve
were used in this analysis. Neither the logarithmic or the reciprocal
transformation is appropriate with this particular set of data.

An analysis of variance was performed on the set of seven subgroups of
114 beagles, and the results are given in Table S. The hypothesis tested
was that there was no significant difference in the average age at death
among the various control subgroups. The probability value of 0.41 lends
support to the idea that the hypothesis is correct; we may say that there is
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Combined 114 controls

75
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50

25
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2000 3000 4000 5000

AGE AT DEATH, days
6000

Fig. 2 Surfed canes for a proposed groap of 114 coatrol beagles aad their coatribatiag sab-
groups after exclusion of dogs that died fron epilepsy or early (prior to 2000 days) accMeats.

TABLE 4

Freaaeacy Distrihatioa of CoaihuMd Groaps

Age at death, days
clan Uaitf

2000.00 < 2500.00 1
2500.00 < 3000.00 0.
3000.00 < 3500.00 3:
3500.00 < 4000.00 13:
4000.00 < 4500.00 18:

4500.00 < 5000.00 21:
5000.00 < 5500.00 28.
5500.00 < 6000.00 24:
6000.00 < 6500.00 S:
6500.00 < 7000.00 1:
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TABLE 5

Analysis of Variance Table

Sovce

Between
Within

Total

Swof
sqaares

3948642.469
68138952.140

72087594.610

Defmaof
free**

6
107

113

Mesa sqnre

658107.078
636812.637

F ratio

1.033

ProfcafctHty

0.41

no evidence for a significant difference between any of the subgroups.
Once this conclusion is reached by the analysis of variance, further com-
parisons among the subgroups are considered unnecessary (Snedecor and
Cochran, 1980).

CONCLUSION FROM ANALYSIS

The general conclusion from the analysis performed above is that the
control subgroups tested do not differ significantly from one another in the
age at death and may be combined into one larger control cohort. This
conclusion does not apply to any variable but the age at death. The
increase in the size of the control group from 12 to 114 will increase the
precision of further analyses by a factor of slightly more than 3.
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DISCUSSION

J. F. Park (Battelle, Pacific Northwest Laboratories): I probably
missed it, but what was the reason for censoring all controls in which
accidental death occurred prior to 2000 days?

Bruenger: The earliest sarcomas are observed shortly after the
2000-day period. So, for the present, we consider 2000 days as the neces-
sary latent period for those lesions. We don't want anybody later to say,
"You included in your overall compilation animals that died early, and
therefore you shifted your average into a region which cannot be
defended."

R. O. McOellao (Loveiace, Inhalation Toxicology Research
Institute): I have a lot of difficulty with what you have done. It seems as
if you have made a prior decision that the only effect which is really of
interest is osteosarcomas, and then you proceed to select control popula-
tions and manipulate the data to support that as a conclusion from the
data. I don't understand why you exclude any animal. They all represent
valid data. I presume the assignment procedure was such that there is the
same likelihood that an epileptic would get assigned to any one of the
treatment or control groups, so whether or not the animal has epilepsy is
independent of treatment. Why shouldn't you use all the data and analyze
it accordingly? I think it is really inappropriate to go through a procedure
to select a control population. Could a member of the Statistical Panel
comment on this question?

L. S. Rosenblatt (Geneticon): I would have to agree with Dr. McClel-
lan. It is not clear to me why a life-table analysis is not being used or
cannot be used, because it, too, would censor those early deaths due to
canine distemper or epilepsy. I would also agree that the epileptic dogs and
others are not influenced selectively by the injected radionuclides. So I am
not sure why these manipulations should be made or what they add to the
results.

Wrenn: It would be quite appropriate to do a life-table analysis and
to make these age adjustments. But this has not yet been done. You must
realize that many of the dogs in the experiments are still alive, and we
have taken the position that we will not embark upon such analyses until
all the data are available.
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ABSTRACT

In the completed "6Ra portion of a 30-ycar-long experiment to determine the relative
radiotoxicity of injected 226Ra and "*Pu, 42 of 116 ariiuals injected with 226Ra developed 63
bone sarcomas; none were observed in 44 controls. Average alpha plus beta dose to the skele-
ton to death was calculated on the basis of mathematical functions developed from sequential
measurements of radium and radon retention in each dog. Bons sarcomas were identified
radiographically or clinically, with subsequent histopathological confirmation and classifica-
tion. Most primary bone tumors were classified as osteosarcomas if osteoid arose from a
malignant stroma. The dose-response curve over the six lowest injected dose levels (0.0074 to
1.1 pCi/kg) fits well (R2 = 0.99) to a linear, no-threshold, least squares fit, through a con-
trol incidence of 0.8%, and with a slope of 0.042% incidence per rad.

In 1950 Shields Warren, John Bowers, Charles Dunham, Paul Pearson,
Walter Claus, Robley Evans, Wright Langham, and Austin Brues
hypothesized that empirical studies in animals, designed in relation to the
human experience with the toxicity of radium-226, would make it possible
to predict the long-term toxicity of plutonium and other bone-seeking
radionuclides in humans (Dougherty et al., 1962; Stover and Stover, 1972;
Mays and Dougherty, 1972; National Bureau of Standards Handbook,
1953; Brues, 1951). Specifically, from the beagle studies involving 226Ra
and 239Pu, the following relationship should be useful in predicting the tox-
icity of 239Pu in humans:

239Pu toxicity j __
226

239Pu toxicity
226Ra toxicityRa toxicity j 1 ^ ^ ixaiuiuvit; man

253
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DESIGN AND CONDUCT OF STUDY

Information exists on the human bone tumor response to 226Ra, but no
bone tumors have been attributed to plutonium exposure in man. Studies
were therefore started to compare the bone tumor response in beagles to
graded doses of 239Pu and 226Ra. We report the results of the study with
226Ra, for which all the dogs on test have died and the pathology and
dosimetry have been completed. One hundred and sixty dogs given single
intravenous injections either of 226Ra (116 animals) or a nonradioactive
solution (44 controls) were part of this 30-year-long experiment. The
experimental design of the study, veterinary care, preparation of injection
solutions, and dosimetric studies have been reported previously
(Dougherty, 1962; Lloyd et al., 1976). Results of the high-dose portion of
the study have been reported (Dougherty, 1962; Mays et al., 1969), as
well as progress in the low-dose portion (Jee et al., 1976). The most strik-
ing biological effect observed was bone sarcomas, predominantly osteosar-
comas; we found 42 dogs with one or more bone sarcomas out of 116
animals injected with 226Ra. None of the controls developed a bone tumor.

The last dog injected with 226Ra died in 1982; one control dog is still
alive. During the 30-year period of this experiment, every effort was made
to keep veterinary care, living conditions, and diet as invariant as possible.
Dogs were housed in runs with free access to a heated-inside or
open-air-outside environment, generally with three dogs per run. The dogs,
although not inbred, were all from the Utah controlled, pedigreed stock-
breeding colony established in 1951.

Dogs received single intravenous injections of 226Ra citrate at about 17
months of age. At that age skeletal development is analogous to that of a
young adult human, simulating the young adult radium-dial painter.

The lowest nominal injected activity was 0.0074 AiCi/kg and the
highest 10 /iCi/kg. Each of the eight dosage levels contained 10 to 12 dogs
except for 23 dogs at the 0.062 ftCi/kg level and 25 dogs at the 0.022
fid/kg level. Of the 23 dogs in the 0.062 jtCi/kg group, 12 were in the
early study completed in the mid-1960's, and 11 were in the second phase
of the study reported here. The study design and results for bone sarcoma
induction are shown in Table 1.

DOSSMETRY OF 226Ra IN THE SKELETON

Radium-226 decays by alpha emission with a half-life of 1600 years
through eight sequential radionuclides representing isotopes of five dif-
ferent radioelements, all decaying with different half-lives, by alpha or
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TABLE 1

Design and Summarized Results of 2UR» Toxicity Study
in Beagles at the University of Utah

Average
Ejected

dose,
Md/kg

10.
3.2
1.1
0.34
0.17

0.062
0.022
0.0074
0

Average
age at
death,
years

4.1
5.7
7.4

12.2
12.0

12.2
13.5
12.3
13.1

Total

Total hot*
sarcoma per

total dogs

15/10
24/12
13/12
5/12
2/12

3/23
1/25
0/10
0/44

63/16C

Dogs with oae
or BMreboac
sarcoasas per

total dogs

9/10
12/12
11/12
5/12
2/12

2/23
1/25
0/10
0/44

42/160

Average
skeletal

doses to death,
rads

14,553
5,592
2,173

957
432

179
85
30

beta emission, often accompanied by gamma rays. The decay scheme is
shown in Table 2, along with the half-lives, energies, and type of decay. A
complication of the dosimetry is that most of the radon produced in the
skeleton is not retained, and the fraction that is retained varies with time

TABLE 2

Decay of 2"R» and Its Daughter Products
Through Stable ^Pb , Showing Half-Lives

and Principal Mode of Decay (Alpha or Beta)

NBcBde

22*Ra
2 2 2Ra
2 "Po
214Pb
214Bi
214Po
210Pb
2I0Bi
2 l 0 Po
M6pb

Deoiy ••ode

a
a
a

a

P

a

Hatf-Hfe

1600 years
3.82 days
3 months
27 months
20 months
164psec

22 years
5 dsys
138 days
Stable
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after injection. The ratio of radon to radium has been described previously
(Mays, Lloyd, and VanDilla, 1975) and integrated into a dosimetric
framework (Lloyd et al., 1976) to take account of the energy deposited in
bone by the alpha and beta emissions both of radium and of radon and the
short-lived daughters down to, but not including, 2l0Pb. In addition to
radium and the short-lived daughters of radon, on the basis of the reten-
tion equations developed by Lloyd et al. (1976), we have recently
evaluated the dose from 210Pb, 210Bi, and 210Po. This last part of the chain
arises either from ultimate decay of radon in bone or by skeletal deposition
of 2l0Pb directly from the injection solution. For the dogs injected in the
low-dose study, 2l0Pb injected directly makes a small contribution to the
total skeletal dose (typically 12%). For the high-dose study, started when
the radium injection solution was young and little 210Pb had yet grown in,
the contribution of dose from 210Pb injected with the 226Ra is about 1%.

Measurements of dogs occurred over a 30-year period, and although
during this time the whole body counters in use, the personnel, and the
instrumentation changed, the in vivo measurement of the gamma rays
associated with the radioactive decay of the 2MBi and 214Pb daughters of
222Rn was the basis for the program of sequential measurements for each
dog in the study. By using the equation that fitted the measured ratio of
retained radon to retained radium, it was possible from these in vivo mea-
surements to estimate the dose to the skeleton from radium and retained
radon and short-lived daughters.

For injection levels between 0.04 and 4 ^Ci/kg, retention of radium in
the total dog was represented as the sum of five exponentials, the last
three of which represent retention in the skeleton. These three exponentials
were characterized by 21% retention with a half-time of 43 days, 18%
retention with a half-time of 347 days, and 15% retention with a half-time
of 13 years. For the higher dose level dogs, a modified retention function
(Lloyd et al., 1976) was necessary since the activity was sufficiently large
to disturb the metabolism of the skeleton. Lloyd (1983) has recently
revised dose estimates for all the dogs in the 226Ra study. The major revi-
sions from values reported in the 1976 paper were due to the fact that the
skeleton is now represented by three exponential terms rather than two,
and the mass of the skeleton is taken as 0.1 kg/kg of body weight, rather
than 0.075 kg/kg of body weight. The revised estimate of skeletal mass
was based on careful measurements of individual bones after autopsy
under conditions of proper hyuration to represent the living skeleton. The
energy deposited in the skeleton was used to calculate average dose; it was
assumed that alpha particles deposited their entire energy in the skeleton,
whereas beta-particle energies were adjusted for fractional absorption in
the skeleton. Ninety-seven percent of the dose was from alpha particles.
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Figure 1 shows cumulative skeletal dose as a function of time for
radium plus radon and its short-lived daughters, and for 2l0Pb through
210Po from ingrowth and from direct injection. In the case of a typical bea-
gle injected in 1953 with 1 jtCi of 226Ra/kg, about 98% of the dose was
due to radium plus radon and short-lived daughters, 1% due to injected
210Pb, and 1% due to ingrown 210Pb. In contrast, for a typical low-level-
dose dog injected with radium in 1966, 86% of the dose was from radium
plus radon and short-lived daughters, 12% from injected 210Pb, and 2%
from ingrown 2l0Pb.

4000

2000 4000
TIME AFTER INJECTION, days

6000

Fig. 1 Cumulative average dose to toe beagle skeleton as a function of time after injection
of 1 »Ci of IURa, along with 0.2 p d of "*Pb: dose from 2z*Ra and short-lived daughters,
from injected 2I*Pb plus daughters, and from ingrowth of 2l*Pb and daughters.

The average dose rate to skeleton from the injection of 1 fid of
226Ra/kg along with 0.2 fid of 210Pb/kg, as a function of time, is shown
in Fig. 2. Note that dose rate increased rapidly after injection to a max-
imum of about 1.7 rads/day and thereafter fell monotonically to 0.3
r ad/day at about 5000 days post injection. Thus the dogs did not experi-
ence a constant dose rate but a declining dose rate.

Because radon daughter gamma rays were measured in each dog, it
was possible to adjust the dose estimate for individual dogs to the refer-
ence retention equation since there appeared to be a constant ratio
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1. 1 , i 1

2000 4000
TIME AFTER INJECTION, days
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Fig. 2 Average dote rate to the beagle skeletal as a fwctioa of t iae after iajectioa of 1
nCi of ^ R a , aloag witfc 0.2 ttd of > l ( Pk dose rate horn ^ R a ami sfcort-Hfed daaghters,
from Injected 1 ! tPb p)w daughters, awl from ugrowtfc of M*P» aid daughters.

between the retention as a function of time in individual dogs and the
reference equation representing the average of all dogs. This was impor-
tant because it meant that errors in the estimation of average dose to the
skeleton were minimized. We believe that the uncertainty in dose was suf-
ficiently small so that in the dose-response analysis the error in the dose
may be neglected.

DOSE TO CELLS ON ENDOSTEAL SURFACES

Detailed studies of endosteal dose from *26Ra are yet to be done. Dose
factors have been proposed which can be applied to selected bones of bea-
gles to estimate endosteal dose (Beddoe and Spiers, 1979), but more reli-
able data on radon retention and radioactivity distribution within bone, in
particular, are needed before such factors can be used with confidence. A
detailed analysis of endosteal dose in bony sites susceptible and resistant to
226Ra-induced bone sarcoma is in progress, as has already been reported
for 239Pu (Wronski, Smith, and Jee, 1980).
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PATHOLOGY

The pathology induced by radium in the beagle, and indeed in humans,
is complex b it can be generally categorized as soft-tissue pathology and
skeletal pathology. Most notable among the soft-tissue effects were cancers
of the eye associated with accumulation of radium in the pigmented
melanocytes (Taylor et al., 1972). These malignant melanomas of the eye
have not been observed in humans and accordingly are not considered in
this summary. Radium-induced effects in the skeleton were grouped into
four categories: radium jaw, resorption, fractures, and bone cancers. The
First three of these effects were generally found at relatively high doses
and were seen in the early radium-dial painters. Of particular interest were
bone cancers, nearly all of them bone sarcomas, which occurred at lower
doses and were prominent features in the group of radium-dial painters
being studied at Argonne National Laboratories, among whom 84 bone
sarcomas have been observed or inferred (Argonne National Laboratory,
1982).

Bone sarcoma occurred at dose levels well below those producing non-
neoplastic changes such as radium jaw, resorptive changes, fractures, or
hematopoietic changes. Thus cancer induction is the most sensitive indica-
tor of radium-induced injury.

Bone sarcomas in the beagle were identified either radiographically or
clinically, with subsequent histopathological confirmation by one or more
veterinary pathologists. Generally, slides were made of all suspicious
masses identified in any organ at gross autopsy, as well as of most normal
organs. Fifty or more slides per dog were made, and 8000 were screened
by a pathologist. Subsequently, slides showing unusual characteristics were
more carefully read by a veterinary pathologist. Whenever radiographi-
cally suspicious lesions were found, sections of bone were made.

Most of the primary bone tumors were osteosarcomas, with the degree
of osteogenesis varying from densely bony to mostly fibroblastic. This is
illustrated in the radiogranh of a beagle with bilateral osteosarcomas in
the proximal tibiae (Fig. 3). The tumor on the left tibia was osteolytic; the
one on the right tibia was densely bony. There was clinical justification in
distinguishing the osteosarcoma from the chondrosarcomas and fibrosarco-
mas in that the osteosarcoma is more prone to metastasize. A significant
number of the tumors observed in this study contained a combination of
fibroblastic, chondroblastic, and osteoblastic components. If, in examina-
tion of these, small amounts of osteoid or bone were observed to originate
from a sarcomatous stroma, the given tumor was classified as osteosar-
coma regardless of the amount of fibroblastic or chondroblastic tissue.
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Left hind leg
T26 R4

(a)

Right hind lag
T26R4

(b)

Fig. 3 Radiographic evidence of (a) an osteolyik osteosarcoma in the left proximal tibia
and (b) a densely bony osteosarcooia in the right proximal tibia, in a beagle given six injec-
tions, 56 days apart, with a total activity of 3.5 jtCi of "*Ra/kg, and accumulating a dose to
the skeleton of 5400 rads at death »t *ge 2158 days.
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Although the animals were euthanized when pain was evident or when
satisfactory clinical management became difficult, it is quite certain that
without euthanasia the immediate cause of death would frequently have
been metastatic disease, principally involving the lungs. Grossly apparent
metastases were observed in about one-third of the dogs with osteosar-
coma; the recorded incidence undoubtedly would have been higher if a
microscopic search had been possible.

Bone sarcomas other than osteosarcomas occurred but in lower
numbers. For example, a fibrosarcoma arose in the mandible about 5000
days after injection of 0.02 juCi of 226Ra/kg, in a dog with an average dose
to the skeleton of 87 rads. This was the lowest dose from radium which
has been observed to produce a bone sarcoma in our beagles and was a
lower dose than has been observed to produce a bone sarcoma in humans.

Bone sarcomas were induced by 226Ra in a wide assortment of anatom-
ical sites (Fig. 4). The region that was noticeably free of such tumors was
the rib cage. This contrasted with the unusually high incidence of radium-
induced rib fractures (Taylor et al., 1966) and indicated the absence of

1 1

2.

t - 1

* - 5

Fig. 4 Location of 63 bomt sarconu teheed is 116 beagles injected with raata-226.
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any relationship between fractures or healing and bone sarcoma induction.
Nearly one-half of the tumors occurred in the hind legs, and as many
developed in the femora or the tibiae as arose in the entire spine. There
was much less predilection for areas with large amounts of spongy bone
than has been observed for plutonium-induced bone sarcomas in beagles.
Twice as many tumors occurred in the proximal tibia as in the proximal
humerus—the proximal humerus being the most prominent site of spongy
bone in the appendicular skeleton. It was also notable that the distal
radius, which has the highest spontaneous tumor incidence in dogs (Bro-
dey, Sauer, and Medway, 1963), did not develop a single radium-induced
sarcoma, which suggested a different etiology for naturally occurring and
226Ra-induced bone sarcomas.

DOSE-RESPONSE RELATIONSHIP

Numerical information on bone sarcomas and average skeletal dose is
given in Table 1. No bone sarcomas were observed in the lowest dose
group consisting of 10 dogs that received an average skeletal dose of 30
rads to death, but one bone sarcoma was found among the 25 dogs in the
next higher dose level with an average skeletal dose of 85 rads. Bone sar-
coma incidence was a monotonic increasing function of dose up to 3.2
//Ci/kg injected, or 5600 rads average skeletal dose, despite the small
number of animals per group. No bone sarcomas were seen among the 44
controls in this experiment, although one, occurring at 16.1 years, has been
observed among the total of 126 control animals in our colony that have
died. Because a similar incidence of naturally occurring bone cancer has
been observed in two other dog colonies where pathological surveillance is
equally intense, we constrained the dose-response curve to pass through an
incidence of 0.008 for the bone sarcoma incidence at zero dose.

Above about 2000 rads, multiple bone sarcomas, which apparently
originate independently and in distinctly separate parts of the skeleton,
became common. Accordingly a distinction was noted between sarcoma
rate (total number of sarcomas per total number of dogs in the group) and
incidence (number of dogs with one or more tumors per number of dogs in
the group).

Dose-response estimation was done by unweighted least squares pro-
cedures, with the incidence at zero dose constrained to be 0.008 (Thomas,
1960). The date were veil fitted by a linear function of dose over six injec-
tion levels to 2200 rads, with a slope of 0.042% per rad (Fig. 5). The coef-
ficient of determination (R2) for sarcoma incidence vs. dose was 0.99 for a
linear fit through doses of 2200 rads. Figure 5 shows error bars represent-
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ing the standard error for single data points, calculated by the method
suggested by Evans et al. (1969) and applied by Mays et al. (1976). These
errors were not part of the least squares analysis.

When the y intercept was allowed to vary for the linear least squares
fit, unrealistic values of incidence for zero dose were sometimes obtained,
such as negative values when the fit was made to only low-dose points, or
impossibly high values (e.g., 20%) when the fit included the highest dose
points. Sarcoma rate (total bone sarcomas per total dogs) also fitted a
linear function with a slope of 0.048% per rad, up to 3.2 /xCi/kg, or 5600
rads. Ths dose-response data cannot be well fitted to a dose squared
function.
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Bone sarcoma incidence was >90% in the three highest dose groups
even though survival time decreased significantly with increasing dose. The
mean time from injection to death was 2.9 years at 10 /xCi/kg injected, 4.1
years at 3.2 jxCi/kg, and 6.1 years at 1 /iCi/kg, all dosages at which bone
sarcoma incidence exceeded 90%. At 0.02 pCi/kg mean survival from
birth (13.5 years) slightly exceeded that of controls (13.1 years).

CONCLUSIONS

1. Little or no life shortening occurred with injected doses up to 0.3
jiCi/kg or, roughly, 960 rads cumulative lifetime average skeletal dose.

2. For the six lowest dose levels (up to 1 ftCi/kg or 2200 rads cumula-
tive dose to skeleton), the incidence of dogs with one or more bone sarco-
mas was well fitted by a linear function with a slope of 0.042% per rad
(R2 = 0.99). Fitting a linear response through the four lowest dose groups
did not significantly change the value of the slope; the best fit was
obtained when all the data from the six lowest dose levels were included.
Thus the results of low-dose and high-dose experiments gave the same
slope for a linear bone sarcoma response, provided that data for responses
above 2200 rads were excluded.

3. The time to first tumor appearance clearly decreases with increasing
dose above 1000 rads; at lower doses it cannot be ascertained from the
data whether the minimal time to tumor appearance actually decreases
with increasing skeletal dose or whether the apparent decrease is merely a
function of increased probability of observation.

4. The number of multiple bone sarcomas observed was greatly
increased with doses above 1000 rads. The lowest dose group in which a
multiple bone sarcoma was found was the 179-rad group. It is unlikely,
however, that we would detect bone sarcomas with diameters less than 0.3
cm.

5. Bone sarcomas occurred in many locations, preferentially in the
ends of long bones relative to the mid-shafts.
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DISCUSSION

O. G. Raabe (University of California, Davis): Concerning your
Fig. 5, in which you show a linear dose-response relationship—presumably
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what you plotted is the raw tumor incidence; it is not life-table corrected
or corrected in any way for competing risks?

Wrenn: It is not life-table corrected, but the animals that died before
1000 days were removed from the denominator.

Raabe: But no correction was made for competing risks? This is just
the raw data?

Wrenn: That is correct. But all the competing risks at the high doses
appear to be bone sarcomas.

Raabe: Another question concerning the doses plotted in your
Fig. 5—in your dose groups you have a wide spread of cumulative dose
due to the differences in the life spans of the animals, as much as a factor
of 2 or 3. Do you plot the average dose of the animals that died with
tumors, or is it the average dose of all the animals in the group?

Wrenn: It is the average dose of all the animals in the group,
irrespective of the cause of death, and it is based on the dose calculated to
the time of death. Dr. Mays has also analyzed the data by looking at dose
to the time of tumor appearance, which is another important way of look-
ing at the data.

Raabe: So there could be an error bar of some sort put on the dose
since there is an uncertainty with regard to dose?

Wrenn: Yes. The dose is the mean for the group. The dose estimate,
for any given animal, has a standard error of the order of 10%, based on
the variables we can identify. We doubt that the variables we cannot iden-
tify would more than double that error estimate.

Raabe: May I be permitted one more question regarding the back-
ground incidence of osteosarcoma? In 1969 Dr. Mays published a paper
suggesting that the background incidence in beagles was approximately
0.01%. Today you have suggested a background incidence of 0.8%. This is
quite an important difference. If you were to combine the control-dog data
from Utah and Davis, you would have one osteosarcoma out of about 230
controls, which would be an incidence of about 0.4%.

Wrenn: Obviously, one animal doesn't give you very reliable statistics.
There were only 126 dogs which we felt were suitable controls in terms of
what u~ knew about them, the autopsy procedures, and so on, so 1 over
126 is 0.8%. We would be interested in learning of the experience in other
colonies. I called around informally, and my understanding is that ITRI
has one bone sarcoma in control dogs. And I have heard that Davis had
one in a breeding-colony dog.

B. R. Scott (Lovelace, Inhalation Toxicology Research Institute):
You commented that the average time of appearance of the tumors is not
dose dependent. Have you looked at the time to first occurrence of tumor
as a function of dose?
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Wrenn: Your paraphrasing is not correct. I have noted the decreasing
time to bone sarcoma appearance with increasing dose above 1000 rads
average skeletal dose. Dr. Mays has examined this question.

C. W. Mays: The time to first tumor shortens as you get to higher
and higher doses. Part of this may be due to promotional effects occurring
at high doses that advance the time at which the tumors appear. I would
like to comment on the control osteosarcoma incidence. To my knowledge,
in the DOE-supported beagle studies, three osteosarcomas have occurred
in control dogs: one at Utah, one at Lovelace, and one at Battelle. The
total number of control animals that have lived out their lives and died is
about 400 in the combined colonies. Additional animals are still living. So
it looks as if under laboratory conditions the incidence of osteosarcoma is
on the order of three out of 400 or something like 0.8%. This is consider-
ably higher than Glenn Taylor and I suggested some years ago, on the
basis of a survey of nearly alJ the veterinary colleges in the English-
speaking world. I think the major reason for this difference is that under
natural conditions beagles get run over by cars, tortured by children, and
poisoned by neighbors. Relatively few live to the long times at which
naturally occurring osteosarcomas appear in dogs. Thus our older numbers
should be regarded as inappropriate for beagles under laboratory condi-
tions, although they may pertain to beagles in the general population.
About 25 years ago Bud Andersen placed some beagles into homes as pets
and found that the average survival time was only about 4.5 years. Under
laboratory conditions the typical survival time of beagles is about 13 years.

B. J. Stover: If my memory is correct, a fourth control osteosarcoma
was reported in the X-ray reproductive study at Davis.

Wrenn: I would just comment that we did the least squares analysis
for the dose-response curve of Fig. 5 every way we could think of, includ-
ing letting the origin float; and it really doesn't matter in terms of the
slope of that particular curve whether or not the control incidence is 1% or
0%.
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ABSTRACT
Tetravalent "*Pu or trivalent "'Am in a citrate buffer, given via a single intravenous injection
to beagles, induced very pronounced liver changes, usually at relatively long postinjection
times. The lesions consisted of cell injury or cell necrosis which was followed by nodular
hyperplasia and a significant incidence of primary liver tumors. The most frequent neoplasm
was the bile duct adenoma, followed by the bile duct carcinoma. A lesser number of sarcomas
were also induced, especially fibrosarcomas. The number of hepatic cell tumors was low. An
abnormally high incidence of both hyperplastic nodules and primary liver tumors occurred at
long pootinjection times and at average doses extending down to —10 rads. The various nodu-
lar lesions and liver tumors frequently occurred as incidental findings in dogs dying from
other causes, especially bone cancer.

In comparison to bone neoplasia, the liver was a much less important target organ in the
high-dose level group?, but in some of the low-dose groups, especially in the "'Am groups, the
risk of radiation-induced liver cancer was approximately equal to or exceeded the risk of
skeletal tumors. However, iu any projection of the risks observed in this animal model to man,
one should be mindful that the beagle skeleton is approximately 25 times more sensitive to
radiation-induced bone neoplasia than is the human skeleton (Mays et al., 1976) and that the
radiosensitivity difference for the beagle and human liver is unknown.

The relative importance of the liver as a target organ in actinide toxicity is
unresolved. The early biological studies on plutonium were conducted with
rats and conventional mice. Both species rapidly excrete plutonium from
their livers (Belyayer, 1969; Lindenbaum and Rosenthal, 1972; Rosenthal
and Lindenbaum, 1969; Tseveleva and Yerokhin, 1969), which led the
International Commission on Radiological Protection (ICRP) to conclude
(incorreray) that the systemic body burden of plutonium in man would be
90% in bone and 7% in liver (ICRP, 1960). It was not until 1972 that the
ICRP published a revised report indicating that of the plutonium reaching
the blood, about 45% deposits in bone and 45% deposits in the liver
(ICRP, 1972).

268
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Since the ICRP reference man has a 7000-g skeleton (without marrow)
and an 1800-g liver, the average concentration of plutonium in the human
liver is about four times that in the skeleton (ICRP, 197S). Although bone
cancer has, thus far, been the most important plutonium-induced end point
in beagle studies, it should be noted that the beagle skeleton is estimated
to be approximately 25 times more sensitive than the human skeleton to
radiation-induced neoplasia (Mays et al., 1976). However, we have no
assurance that this wide species difference in sensitivity also will exist for
radiation-induced liver cancer. If the response to alpha irradiation in the
human and beagle liver is more similar than in the skeleton, the induction
of hepatic tumors in people could be one of the most serious risks associ-
ated with body burdens of plutonium, americium, and other liver-seeking
radionuclides (Mays, 1982).

It is the objective of this study to describe some of the hepatic lesions
and the incidence of liver tumors observed in beagles with various body
burdens of 239Pu or 24lAm.

METHODS

All the experimental animals used in these studies were purebred bea-
gles from a moderately inbred colony. They were maintainsd under
disease-free conditions and uniform dietary and husbandry procedures
(Dougherty et al., 1962).

The 239Pu was administered in the tetravalent form and the 24lAm in
the trivalent form in a citric acid sodium citrate buffer (pH 3.5) via a sin-
gle intravenous injection at approximately 16 to 17 months of age
(Dougherty et al., 1962).

Most of the animals were kept until death or were sacrificed when
death was imminent. A much smaller number were sacrificed serially at
various postinjection times.

For plutonium dosimetry, the retention parameters determined by
Stover and associates were used (Stover, Atherton, and Buster, 1971). For
americium those established by Lloyd and Mays (1978) were used. The
blood-filled liver was assumed to weigh 500 g (Cuddihy et al., 1972).

RESULTS

Radionuclide Distribution

After a single intravenous injection of tetravalent 239Pu or trivalent
241 Am in young adult beagles, approximately 34 or 50%, respectively, was
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retained in liver tissue (Lloyd et al., 1970; Stover, Stevens, and Bruenger,
1972). Initially these radionuclides were distributed uniformly within the
hepatic epithelium, with very low retention in the portal tracts, including
the bile ducts (Taylor et al., 1972) (Fig. 1). "Hot" spots were not seen.
With increasing postinjection times, the distribution became progressively
less uniform, with the trend toward nonuniformity occurring earliest in the
higher dose levels where the acute effects were most extreme.

Two of the most important factors in the redistribution of the radionu-
clide were: (1) a shift from the hepatocytes to the phagocytic lining cells
of the sinusoids (reticuloendothelial, Kupffer) presumably, after hepatocyte
degeneration and/or necrosis and (2) a displacement of the older
epithelium toward a more centrolobular position by expansion of relatively
"cold" regenerating hepatocytes in the periportal areas of the acini.

The uptake in macrophages was seen as early as two to three months
postinjection in the 2.9 jtCi/kg dose level and occurred at progressively
longer postinjection times in the lower dose groups. The rate of transloca-

Fig. 1 Artor»*ogrm« of bem{lc Hrcr 13 faya after a +& tatraTcaow ejec-
tion of 2.4 M a of Z3*PM/kf of Ikody wdgbt, ahowtac idathdy • i f m iktrikm
tioa of the 1>>Pa wHMm tfce kefwtocytet, very low acthity la tae portal regtom,
iacMiBg the Mle fret epithdin, nmi aa ahaeace of hot spots. (47-4ay sxponre;
heautoxytta u 4 eoita state. Magatfkatio*, 675 X.)
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tion was clearly related to the degree of injury. Ultimately a high percent-
age of the radionuclide-bearing phagocytes migrated to the periportal,
subcapsular, and central areas (Fig. 2). This type of movement was most
prominent in the two highest dose level groups (—0.9 and 2.9 /iCi/kg),
where at late postinjection times a high percentage of the radionuclide was
retained, principally in phagocytic cells. Only minimal amounts of the
older radioactive hepatic epithelium remained at late postinjection times in
dogs injected with these high doses.

In the lower dose level groups at relatively long postinjection times, the
radionuclide was retained in the phagocytes plus a significant amount in
the older hepatic epithelium, which was probably present at the time of
injection. The latter was compressed into relatively narrow zones in the
more central regions.

Nodular Hyperplasia

One of the most obvious lesions induced by plutonium or americium
was a marked increase in the incidence of liver nodules (Fig. 3). In a sig-

• \

: < * •

Fig. 2 ArtontfofTMi froai a betfle 1400 fays after tyctioa witfc 2.91 p d of
"*Pii/kg of body weight, showiig a narked shift of the ratfktwdMe to Macro-
phages *m6 their localization la the ceatrolobalar regioBS. The actirity hi a high
percentage of the hepatic epitfectivi is rdatirdy low. (Fowteea-day exposve;
bematoxyliB aad eosia staia. Ma|[iJfkatkM, 17$ X.)
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Fig. 3 Photograph of crow sectioa of the left lateral lofce of the Ifrer fro* a
beagle 4957 days after a siagle iatrareaou iajectkw of 0.00454 p d of 23*Pn/kg
of body weight (MagaifkarioB, 1.5 X.)

nificant number of the dogs injected at the lower dose levels, these were
the only grossly apparent radiation-induced lesions seen at autopsy, and an
abnormal incidence was observed at long postinjeciion times at dose levels
down to approximately 10 rads.

The nodules consisted of partially hyperplastic acini in which periportal
hepatocyte proliferation had occurred, sometimes quite asymmetrically.
Microscopically, the hyperplastic tissue was characterized by irregularly
arranged hepatic cords which were frequently two cells thick, were
prominently eosinophilic, and were arranged without a clearly apparent
orientation toward a central vein (Fig. 4). They were further distinguished
by glycogen-rich foci, increased smooth endopiasmic rcticulum in the
hepatocytes, and a deficient amount of argyiophilic connective tissue. In
some of the larger foci, focal areas of fatty and feathery degeneration were
frequently seen. Relatively few lipofucsin granules were present in the
hepatocytes. Neither the nodules nor their acini were encapsulated, and
the hyperplastic tissue merged directly into the surrounding normal paren-
chyma without any intervening membrane or capsule.
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Fig. 4 Mkropbotocrapk of Iher dame froa a beagle 2660 fays after a stagle
intraTeaoos iaJectkM of 0.04930 ,uO of "*P«/kg of Jxxly weight, i l tetrad^ tke
jwKdoa betweea a ayperplastic foci (arrows) aad tke aajaceat aoaregeaeradBg
liver parenchyma. Most of the hepatic cords la the hyperphutfc area are two
ceils thick, their arraageattat is atypical, aid there is ao eacapsalatioa, Coa-
dnuity of the siawokfa ia the hyperpiastk aad ia the •ovegeaeratiBg areas is
also evident. (Henatoxytia aad eosi'j suia. Magaifkatkw, 250 X.)

The morphological impact of the expanding acini on the adjacent tissue
was principally that of compression and displacement to the more central
areas of the lobule. The hepatocytes in these compressed areas of the acini
generally contained relatively large numbers of lipofucsin granules, a nor-
mal feature of the older epithelium in the more central areas of the liver
lobule. These changes tended to delineate the hyperplastic areas thai were
most clearly seen after silver impregnation (Fig. 5).

In spite of the very significant increase in hyperplastic nodules, the
liver mass generally remained within normal limits (Fig. 6). The most
prominent exception was seen in the 2.9 ^Ci of 241 Am/kg dose, where
regeneration was impaired and the liver weight fell to less than one-half of
normal by approximately 400 days postinjection. The hyperplastic nodules
appeared to represent a focal compensatory, regenerative response to
radiation-induced degeneration or necrosis of hepatocytes. Thus the degree



2 74 TAYLOR MAYS WRENN SHABESTARI AND ' . L O Y D

Fig. 5 Argyroafcilk staia of a H»er aodak Utastratias tae larfe aaaiaer of Uao-
fucsin graaofes ia the oMer aoaregeacratiai; aepatocytes of tae ceatroloWUr
region, aad their sparsity ia the hyperptastk area. A saudl portal tract (arrow)
withia the nodale gites the appearaace of so-called rererae loaaiatioa. Ahhoafh
»?t shown ia this mkrophctogrtpa, atost of the ptatoaiuai was retaiaed iatracei-
lularly within the hepatocytcs of the graaulated area. Same dog as showa in
Fig. 4. (Magnification, 250 X.)

of nodular change was related to the degree of injury and was clearly dose
dependent (Fig. 7). Similar nodules were seen in low numbers in some of
the older control dogs.

On the basis of very limited observations, the duration of the nodules
appeared to be long. In one beagle injected with approximately 0.30 j*Ci
of 241Am/kg, but whose liver burden of americium had been reduced by
ZnDTPA therapy to a nondetectable level by approximately six months
postinjection, an abnonnal number of nodules were still present at approxi-
mately 10 years postinjection.

By using serially determined blood levels of alanine aminotransferase
as an index of hepatocellular damage or necrosis (Latner, 1975), liver
injury and presumably the secondary regenerative response appeared to be
progressive until death (Fig. 8).
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Radiation-Induced Liver Tumors

Liver burdens of americium or plutonium induced a significant number
of primary hepatic tumors (Tables 1 and 2). They generally occurred after
long latent periods and thus were seen principally in the lower dose level
groups. Most of the tumors were benign, and these, along with many of
the malignancies, were observed as incidental findings in dogs dying or



INCIDENCE OF UVEft TUMORS IN BEAGLES 277

TABLE 1

Liver Tumor Incidence and Postinjection Times in Beagles
Given a Single Intravenous Injection of 239Pu

Injected

na/kg

0
0.00063
0.00189

0.00567
0.0105
0.0160

0.0510
0.103
0.296

0.91
2.88

Average
liver dose
at death,

rads

0
3

10

28
50
80

224
374
673

1472
2975

Average

All dogs

4386
4122
4099

3781
3587
3934

3196
2496
1656

1320
1338

time postiajectioa, days

Dogs with liver tumors

5294
4933
4729

422!
4190
4879

3535
2948

1324

No. of
dogs
dead

38
21
38

27
13
24

13
12
12

12
9

Perceat of
dogs with

oae or more
tumors

5
5

29

26
31
25

54
25
0

0
11

TABLE 2

Liver Tumor Incidence and Postinjection Times in Beagles
Given a Single Intravenous Injection of M1Am

Iajected
M1Am,
MCI/kg

0
0.00177
0.00546

0.016
0.048
0.10

0.30
0.91
2.9

Average
liver dose
at death,

rads

0
12
41

110
308
579

1073
2296
1970

Average

All dogs

4386
3882
4202

3671
3299
2822

1767
1381
377

time postmjectkM, days

Dogs with ttver tmnors

5294
4401
4542

3969
3587
2928

1819
1551

No. of
dogs
dead

38
12
11

12
16
12

12
12
3

Perceat of
dogs with

oae or mote
tmaors

5
33
36

67
81
75

17
25
0
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sacrificed because of bone cancer. The latency of the bone tumors was
usually shorter than that observed in liver neoplasia and was a competing
risk which appeared to obscure the full expression of radiation-induced
liver carcinogenesis, except in the lower dose level groups. When correction
is made for these and other death causes, the incidence of liver tumors was
seen to increase progressively with dose level (Kaplan and Meier, 1958).
Nevertheless, the number of dogs dying f on primary hepatic neoplasms
was relatively low, especially when compared to the incidence of fatal bone
cancer (Table 3).

The most frequently occurring tumor was the bile duct adenoma, fol-
lowed by the bile duct carcinoma (Tables 4 and 5). The benign bile duct
tumors were usually small and of no immediate clinical importance. Non-
neoplastic biliary cysts were also frequently seen. These were generally less
than 1 cm in diameter but some attained giant size.

The incidence of hepatic cell tumors was surprisingly low, especially in
view of the marked hyperplasia involving this cell type. All those observed
were malignant, and benign adenomas were not seen.

An increased incidence of primary liver tumors that were derived from
nonparenchymatous tissues was also seen. Fibrosarcomas occurred in both

TABLE 3

Comparison of the Incidence of Liver and Bone Malignancies in
Beagles Given a Single Intravenous Injection of 23fPu or M1Am

Approx.
iajected
dose,

Md/kg

2.9
0.91
0.30
0.10

0.51
0.0)60
0.0105
0.0055

0.0018
0.0006
0

Dogsdyug

Because of
boae sarcomas

«P«

7
12
12
13

10
1
3
4

1
1
I

241 Am

0
8

11
7

5
2
0
1

0
0
0

or sacrificed

Because of liver
•aligaaacies

~Pu

0
0
0
0

1
2
1
0

4
0
0

- A -

0
1
0
2

5
3
0
2

0
0
0

Dogsw
lifer R

botaot

~P»

1
0
0
1

3
1
1
0

2
0
0

ithncMeatal
iilinawifti
death cawe

141 A a

0
2
I
4

4
3
0
0

0
0
0
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TABLE 4

Classification of 41 Primary Liver Tumors Observed in Beagles Gi*en
a Single Intravenous Injection of Giade^ Doses of 23>Pu

Iijected
dose,

Bile
fact

T w o r type

Bile Hepatic
feet cell car- Fikro- Myx- Mast-eel Lyapfco-

carciao«a d a o m sarcoaa owa

2.88
0.91
0.296

0.103
0.0510
0.0160

0.0105
0.00567
0.00189

0.00063
0

2
4
4

3
7
6

1
2

1
4
2

1

2

Percent 62 21

1

TABLE 5

Classification of 60 Primary Liver Tumors Observed in Beagles Given
a Single Intravenous Injection of Graded Doses of

Iajected
dose,

THBortypc

Bile Bile
dact feet

•deaoata cardaoaa

Hepatic
cell car- Fifcro- Myx-

Mart-
cefi Lyphe

2.9
0.91
0.30

0.10
0.048
0.016

0.00546
0.00177
0
Percent

1
1

6
11
6

2
4
2
55

2
5
4

18

1
1

1

5

1

3
1

1

1(
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the plutonium and americium groups but were most frequent in the dogs
with americium burdens and generally in the higher dose level groups.

A malignancy of moderate frequency that was somewhat unexpected
was the mast-cell sarcoma. This may be an idiosyncrasy of the dog since
the canine liver is particularly rich in mast cells that are predominantly
arranged along the sinusoids (Selye, 1965). Mast cells have also been
obtained from cultures of fetal liver tissue in mice (Goldberg and Rabino-
vitch, 1977). The mast-cell tumors included in this study appeared to orig-
inate in the liver, but this could not be unequivocally established, because
of the concurrent involvement of other organs. They were tentatively con-
sidered to be primary hepatic tumors because their major localization was
in the liver and because of their frequent and sometimes selective invasion
of the portal lymph nodes. Also, in a review of 100 cases in dogs, internal
mastocytomas were never observed in the absence of cutaneous tumors
(Nielsen and Cole, 1958). Only one of the tumors included in their study
involved the skin, and in this instance the skin involvement was relatively
minor. Two of the tumors assumed a leukemic state.

The number of liver tumors per injected microcurie was generally
higher in dogs treated with americium. This appeared to reflect the signifi-
cant difference in the initial liver and skeletal retention for 239Pu (51%
skeleton and 34% liver) and for 24lAm (36% skeleton and 60% liver)
(Stover, Atherton, and Buster, 1971; Stover, Stevens, and Bruenger, 1972).
Thus the liver dose rate in dogs treated with americium was higher and
the competitive risk of bone cancer was lower.

DISCUSSION

The induction of an abnormal incidence of nodules was the most fre-
quent grossly apparent change induced by plutonium and americium.
Abnormal numbers were produced at all dose levels studied, except the
lowest (0.00063 /iCi/kg). Since they usually did not produce detectable
clinical illness, their significance is largely dependent on whether or not
they have neoplastic potential. Several factors at least suggest this possibil-
ity. For example, foci of excess glycogen storage were noted in some of the
nodules. Similar foci have been seen in humans with multicentric hepato-
cellular carcinomas (Altmann, 1978). Also, the incidence of liver cell car-
cinomas is very high in humans with inborn glycogenosis (Howell et al.,
1976). A second indication was seen in the persistence of the nodules. In
rat studies over 98% of the hyperplastic foci induced by chemical carcino-
gens such as diethylnitrosamine were shown to regress and disappear when
the treatment was stopped; however, the incidence of malignant transfor-
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mation was significant in the few that persisted (Bannasch et al., 1982;
Farber, 1982). In our beagle studies, "stop" type observations were limited
to one dog, whose liver burden had been removed by chelation treatment
to a nondetectable level by approximately six months postinjection. Some
of the nodules were still present at 10 years postinjection in this animal.
Such factors raise the possibility that at least part of the radiation-induced
hyperplastic foci represented more than just a simple physiological regen-
erative response. Nodular hyperplasia of the liver has also been reported in
beagles subjected to chronic beta irradiation (Benjamin et al., 1977).

One of the unexpected events in this study, which has also been
observed in the human Thorotrast cases (Mori, Kato, and Kumatori, 1983;
Kato, Mori, and Kumatori, 1983; Van Kaick et al., 1983; Wegener and
Hasenohrl, 1983), was the high incidence of bile duct tumors and the rela-
tively low number of hepatomas, especially since the major hyperplastic
change involved the hepatic epithelium and not the bile ducts. Biliary
hyperplasia was much less extensive and progression into neoplasia within
the portal tracts was not observed. Also, with the possible exception of the
ducts of Herring, irradiation of the bile ducts was minimal. The frequency
of bile duct tumors might be explained by the normal developmental rela-
tionship of hepatocytes and bile ducts. Embryologically, the biiiary
epithelium is derived from the hepatic cords (Arey, 1954), and the bile
duct tumors possibly have the same origin, differentiating from the
hyperplastic hepatic parenchyma. This was further suggested by the fact
that the dose level at which nodules and adenomas were first observed was
the same.

The significance of the benign bile duct adenomas was not determined
although they have been cited as possibly having premalignant significance
(Moulton, 1961). This was also indicated by the presence of benign foci in
some of the spontaneously occurring bile duct carcinomas (Patnaik et al.,
1981).

On the basis of earlier relatively short-term observations, the liver has
sometimes been described as a radioresistant organ (Case and Warthin,
1924; Furth and Upton, 1953; Gershbein, 1956; Ingold et al., 1965; Loiet-
sky and Gustafson, 1952; Patt and Brues, 1954; Weinbren, Fitschen, and
Cohen, 1960); however, in our long-term beagle experiments, the liver
emerges as a highly radiosensitive tissue, with an abnormal incidence of
both hyperplastic nodules and liver tumors induced at dose levels down to
approximately 10 rads. Unfortunately, it was not possible to project the
liver risk observed in this beagle experiment to humans without making
some very tenuous assumptions since the relative liver toxicity of 239Pu and
24lAm in beagle and human liver tissue is unknown. The use of toxicity
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ratios and the human Thorotrast experience is precluded since Thorotrast
toxicity studies have not been conducted in the beagle. Nevertheless, the
relatively high retention of 239Pu and 24lAm in the human liver (ICRP,
1972), the very significant hepatic lesions induced in beagles and other
animal models with similar high and long-term retention (Brooks et al.,
1979), plus the increased relative importance of liver tumors at the lower
dose level groups of this study (Table 3) were all indicative of the poten-
tial significance of the liver as a target organ for these and other liver-
seeking radionuclides.
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DISCUSSION

S. A. Benjamin (Colorado State University): Your data on the liver
nodules are interesting. We also have observed an increase of nodular
hyperplasia in the livers of some of our high-dose dogs—those given
0.83 Gy. However, I would be very, very cautious about extrapolating that
observation to hepatic cell carcinoma. The nodules derive from hepatic
parenchymal cells, not from bile duct cells. You indicated in your data
that hepatic cell carcinomas were relatively few. With very few hepatic
cell carcinomas, it seems to me highly unlikely that the nodular hyper-
plasia is a premalignant lesion.

G. N. Taylor: I think that is a point well taken. I would state, though,
that embryologically the bile ducts are derived from the hepatic cords.
And, frankly, I feel that the bile-duct tumors that we see are derived in a
similar manner from the hepatic cords.

In many cases we can, on section, see small microadenomas, and they
are seldom in the portal tracts. They are usually midlobular and frequently
within the hyperplastic areas of the liver. So I think the hepatocyte can go
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one way or the other with respect to neoplasia. I really believe that the
bile-duct tumors are closely related to the hepatocytes.

Benjamin: I agree with that. The reservation I have, though, is that in
the studies done at Lovelace and elsewhere, where there is significant radi-
ation damage to the liver, there is a compensatory bile-duct hyperplasia.
Often those hyperplastic nodules are very difficult to distinguish from neo-
plastic nodules. The hepatic cell tumors and these bile-duct lesions appear
to act differently and, I think, they have a different genesis. In our study
also we see very few hepatic cell tumors but many dogs with large
numbers of hyperplastic nodules.

J. F. Park (Battelle, Pacific Northwest Laboratories): Have you per-
formed any liver function tests on the animals with nodular hyperplasia?
Second, what did the serum glutamic pyruvic transaminase levels look like
in these animals? And, third, we haven't found very many of these tumors
in our dogs. Do you use special procedures in searching for these lesions?

Taylor: Relative to your first question, we do a battery of biochemical
tests on these animals; two tests are probably the most meaningful and
show the greatest relationship to radiation-specific changes. One is the
alkaline phosphatase test, and this of course gives an index of bile drainage
from the liver. This index tends to be increased proportionally to the num-
ber of nodules. The second test is that for alanine aminotransferase, and
this probably has shown the closest correlation with the degenerative
changes which we see in the liver, especially the nodules. I could have
shown a slide in which the values derived from these tests are summarized
on a dose-level basis, and you would see that the indices increase with
increasing dose.

Many of these non-bile-duct-type tumors are in the range of 3 to
4 mm in diameter—very small and of no immediate clinical significance.
We find these by slicing up the whole liver in 3- or 4-mm sections. I am
sure we miss some; the figures I have shown are minimum values. These
tumors would be easy to miss if you weren't looking for them.

F. F. Hahn: (Lovelace, Inhalation Toxicology Research Institute): In
your autoradiographs showing the distribution of the radionuclides in the
liver, you indicated that there was a centrilobular concentration. Does that
result from an actual translocation of the radionuclide, or is it just that the
liver remodeling is pushing the material into the older portion of the liver?

Taylor: There is an actual migration of the radionuclide from its ini-
tial hepatocyte location toward the central areas. The material also
migrates toward the larger branches of the portal tracts. However, we see
both an expansion of the unlabeled epithelium pushing toward the central
area and the movement of macrophages carrying plutonium, in the same
way that they would carry carbon particles or other paniculate material.
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ABSTRACT

On the basis of information gathered from the 2WPu life-span study in beagles at the Univer-
sity of Utah, the following tissue features were found to be characteristic of high-incidence
bone-tumor sites compared to low-incidence sites: (1) More hematopoietic tissues in the bone
marrow. (2) Greater trabecular bone mass. (3) Greater bone remodeling rates. (4) Greater
mineral apposition rates. (S) Greater density and activity of bone surface cells. (6) Greater
density of putative bone-cell precursors. (7) Greater initial uptake of plutonium on bone sur-
faces. (8) Greater marrow vascular volumes and a venous sinusoidal bed. Although most of
these studies are not yet complete, the information being collected, should contribute to our
understanding of the mechanisms of radiation-induced osteogenic sarcomas. This should aid
in predicting the types and characteristics of osseous tissues where radiation-induced osteo-
genic sarcomas may arise in humans.

Osteogenic sarcoma appears to be the dominant life-threatening pathology
in life-span-study beagles injected with 239Pu as young adults (Jee et al.,
1962; Mays et al., 1969). Although the long-term plutonium-toxicity study
is not yet complete, it is apparent that certain skeletal sites are more prone
to develop plutonium-induced osteogenic sarcomas than others. For a bet-
ter understanding of how these tumors develop, it is important to define
the environment in which these skeletal tumors are likely to arise. This
paper summarizes some of the tissue characteristics of high- and low-
incidence osteogenic sarcoma sites in beagles. Continued studies, however,
will be necessary to determine which of these features are important for
radiation-induced carcinogenesis.

286
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EXPERIMENTAL DESIGN OF 239Pu-TOXICITY STUDY

The first 239Pu life-span study in beagles at Utah was conducted from
1952 to 1972. Young adult beagles (~1.4 years old) were given a single
intravenous injection of 23*Pu in citrate buffer. All doses of 239Pu (0.016 to
2.88 /iCi/kg) produced osteogenic sarcomas. Four of the 14 dogs at the
lowest dose level (0.016 /iCi/kg) developed osteogenic sarcomas
(Dougherty, 1971). Additional dogs were injected for studying lower dose
levels (0.0007 to 0.016 fiCi/kg); 58 of these dogs remain alive in the
extended plutonium-toxicity study, as of Mar. 1, 1983. As of the same
date, 83 dogs had developed osteogenic sarcomas in both experiments; it is
the skeletal distribution of these tumors that is the subject of this paper.
Radiation dose and latent period are not considered.

TISSUE CHARACTERISTICS OF TUMOR SITES

The site-specific distribution of osteogenic sarcomas that have occurred
in 83 beagles injected with 239Pu (Thurman, 1971; Kimmel, 1983) is listed
in Table 1. Most tumors arose in the axial skeleton and the proximal por-
tions of several long bones. These high-incidence sarcoma sites have some
common tissue characteristics that distinguish them from the low-incidence
sites.

Relationship of Bone-Marrow Composition and
Tumor Incidence

The number of tumors per skeletal site and the estimated hemato-
poietic tissue (red marrow) content for that particular site are listed in
Table 1. The relative area of bone marrow occupied by red marrow com-
pared to total marrow area was estimated by histological examination of
serial, ground sections through each skeletal site. This was done in young
adult beagles (age, 490 to 550 days). Five marrow groupings were made:
(1) all red marrow (~)00%), (2) mostly red marrow (—75%), (3) half red
marrow (~50%), (4) mostly fatty marrow (~25% red marrow), and (5)
all fatty marrow (~0% red marrow). More precise determinations of mar-
row composition have not yet been done for most skeletal sites.

Excluding all other factors (to be discussed subsequently), there was a
positive correlation between the number of tumors at each skeletal site and
the approximate content of hematopoietic tissue in the bone marrow for
that site (r = 0.82, significantly different from zero with P < 0.005).
When these data were ranked and a Spearman's rank correlation coeffi-
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TABLE 1

Site-Specific Tabulation of Osteogenic Sarcomas, Marrow
Composition, and Bone-Turnover Rates in Life-Span Beagles

Injected as Young Adults with 23*Pu

Site

Lumbar vertebra
Cervical vertebra
Thoracic vertebra
Proximal femur
Proximal humerus

Ischium
Skull
Scapula
Ilium
Ribs

Foot bones
Sacrum, coccyx
Proximal tibia
Mandible
Distal tibia

Distal humerus
Sternum
Distal femur
Proximal radius
Distal radius

Proximal ulna
Distal ulna

No. of
tumors

11
9
8
8
8

6
5
4
4
4

3
2
2
2
2

2
1
1
I
0

0
0

Estimated narrow
coapositioa, red

marrow, %

100
100
100
75
75

75
50

100
75
75

0
50
25
25
25

25
75
25
0
0

0
0

Anan«l timorer
rate, perceat/

year*

205
122
167
138
175

143
65
97

164
121

67
132
112
109
66

57
97

122
127
85

56
45

'Data from Kimmel and Jee (1982).

cient (rs) was determined, the relationship of red-marrow content and
tumor incidence was very positive (rs = 0.92, P < 0.005).

Relationship of Trabecular Bone Mass
with Tumor Incidence

Most Pu-induced tumors originate in spongiosa regions of the skeleton
(Jee et al., 1962; Vaughan, 1973). Although detailed quantitative studies
have not yet been completed, some data are available which can be used to
correlate tumor incidence with trabecular mass. Spiers and Beddoe (1983)
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reported the trabecular mass of five whole bones in the beagle. The bones,
in order of decreasing total trabecular bone mass, were: the humerus,
femur, tibia, ulna, and fibula. Table 1 shows that the humerus had 10
tumors, the femur had nine tumors, the tibia had four tumors, but the
ulna and fibula had no tumors. The correlation coefficient for the number
of tumors (Table 1) against trabecular bone mass (Spiers and Beddoe,
1983) was 0.99 (P < 0.01). This confirmed a strong linear relationship in
these few sites between trabecular mass and tumor incidence.

In a larger study Gong, Arnold, and Cohn (1964) determined the tra-
becular bone ash weights of 13 different bones in the beagle skeleton.
These included, in order of decreasing total tr^becular bone ash, the ribs,
vertebral column, cranium, femur, foot bones, humerus, tibia, pelvis, man-
dible, ulna, scapula, radius, and fibula. The correlation coefficient of tra-
becular bone ash with the number of tumors in each bone (Table 1) was
0.52. Thus, by using these data, a strong linear relationship between tra-
becular bone mass and tumor incidence was not established. However, the
relationship is much stronger using the Spearman's rank test (rs = 0.74,
P < 0.02). This indicated that there was a positive relationship between
trabecular bone mass and the number of tumors, but the relationship may
not be linear.

Examples of the spongiosa areas of skeletal sites containing red bone
marrow arc shown in Fig. 1. The lumbar vertebrae [Fig. l(a)] have the
greatest number of tumors (Table 1) and have a large spongiosa region,
whereas the scapula [Fig. l(b)] and rib [Fig. l(c)] have smaller spon-
giosa regions per anat .rn.cal location.

Relationship of Bone Remodeling Rates with
Tumor Incidence

Annual turnover rate (ATR) for bone at a given skeletal spongiosa site
is a volume-based measurement determined as described by Frost and
Meunier (1977). These data were collected in one male beagle at age 517
days and one female beagle at age 520 days, as previously reported by
Kimmel and Jee (1982). In this paper the data for the male and female
are combined. The ATR is determined for the entire spongiosa region of
each skeletal site, and no distinction is made concerning specific marrow
composition. The marrow composition can be quite different within a given
skeletal location.

Table 1 lists the number of osteogenic sarcomas per skeletal site and
the ATR for bone in the spongiosa of these skeletal sites. A positive linear
relationship (r = 0.71, P < 0.01) between the number of tumors in a



290 MILLER. JEE. SMITH. AND WRONSKI

Fig. 1 Mkroradiograpfcs (ia reverse image) of groaad sectioas of boaes coa-
taining red boae marrow, Ulostratiig differeaces ia aaroaat of spoagkwa. (a)
Cross section of a lumbar rertebra. (b) Cross section of the Made portioa of the
scapula, (c) Cross sectkw of a rift. (Magaifkatioa, 1 X.)

given skeletal location and the ATR was estimated. There was also a posi-
tive correlation (rs = 0.72, P < 0.01) when the data were ranked by the
Spearman's rank test.

Relationship of Mineral Apposition Rates with
Tumor Incidence

Wronski, Smith, and Jee (1981) found that skeletal sites containing
mostly hematopoietic marrow had significantly higher mineral apposition
rates than sites with mostly fatty bone marrow (Table 2). The red-marrow
sites that were quantified (lumbar vertebra, proximal humerus, and pelvis)
also had many more tumors than the fatty-marrow sites (distal humerus
and proximal ulna).

Relationship of Bone Cell Populations, Bone Cell
Activity, and Tumor Incidence

Greater densities of bone surface eel's (osteoblasts and osteoclasts)
exist in areas of increased bone remodeling (Frost, 1964). Thus the annual
bone turnover rates as shown in Table 1 can be considered as a relative
indicator of bone-surface cell populations in these osseous regions. Also,
mineral-apposition rates, as shown in Table 2, are considered as an indica-
tor of osteoblast activity and function. These relationships indicated a
very positive correlation between the density and activity of bone-surface
cells and tumor incidence.
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TABLE 2

Mineral Apposition*! Rates of Trabecul&r Bone from Three
Red-Marrow High-Incidence Osteogenic Sarcoma Sites

and Two Fatty-Marrow Low-Incidence Osteogenic Sarcoma Sites

Site

Lumbar vertebra
Ilium and ischium
Proximal humerus
Distal humerus
Proximal ulna

Red •arrow,*
%

100
75
75
25
0

No. of
toaora(of
83total)t

11
10
8
2
0

Aypcdtio.d
rate4

pa/day ± S.D.

0.95 ± 0.20
0.93 ± 0.21
0.91 ± 0.19
0.72 ± 0.16
0.67 ±0.13

* Estimated percent of hematopoietic tissue in marrow from Table 1.
tFrom Table 1.
(Data from Wronski, Sm.th, and Jee (1981), corrected for trabecular orien-

tation according to Frost and Mcunicr (1977).

Relationship of the Density of Putative Osteogenic
Precursor Cells and Tumor Incidence

Osteoblasts and osteoclasts arise from different cell lineages, as
reviewed by Jee and Kimmel (1977) and Owen (1980). Osteoclasts appear
to arise from cells of the monocyte-macrophage cell line. The progenitors
for these cells are found in hematopoietic tissues but are likely delivered
via the bloodstream to more distant locations, such as periosteal surfaces.
On the other hand, osteoblasts appear to arise from local, sessile
mesenchymal-like cells. On endosteal surfaces determined and inducible
osteoblast progenitors included bone-lining cells (Miller and Bowman,
1981) which were in apposition to bone surfaces and marrow stromal cells
(Friedenstein, 1976) distributed throughout the marrow.

Because bone cell progenitors were found in hematopoietic tissues, it
was not unreasonable to conclude that endosteal surfaces next to red mar-
row may have greater availability of progenitors than bone surfaces in
fatty-marrow regions. This conclusion was supported by experimental evi-
dence indicating that hematopoietic marrow, but not fatty marrow, sup-
ports hormonally induced osteogenesis (Miller, 1983).
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Relationship of Plutonium Uptake on Bone Surfaces and
Tumor Incidence

In a study by Wionski, Smith, and Jee (1980), it was found that the
initial deposition of 239Pu on trabecular bone surfaces was greater in high-
incidence tumor sites compared to low-incidence sites (Table 3). This

TABLE 3

Concentration of M9Pu on Trabecular Bone Surfaces from
Three Red-Marrow High-Incidence Osteogenic Sarcoma Sites and

Two Fatty-Marrow Low-Incidence Osteogenic Sarcoma Sites
up to One Year After Injection

Red
marrow,*

Site
No. of

tumors*

Average M*Pu
coftceatration,t

pa/cm2

Days after injection

15 56 210 365

Lumbar vertebra
Ilium and ischium
Proximal humerus
Distal humerus
Proximal ulna

100
75
75
25
0

11
10
8
2
0

8.5
7.8
8.1
1.4
1.4

3.5
3.2
4.0
1.0
1.0

3.8
2.6
4.0
1.3
1.0

1.7
1.7
2.6
1.2
0.9

*From Table I.
tData from Wronski, Smith, and Jec (1980), expressed as the mean of two

dogs for each time period. The data were collected from fission track autoradio-
graphs of ground sections of bone.

study was limited to three high tumor-incidence red-marrow sites (lumbar
vertebra, ilium and ischium, and proximal humerus) and two low tumor-
incidence fatty-marrow sites (distal humerus, proximal ulna). The initial
(to 28 days) concentration of 239Pu was almost six times greater in the
red-marrow sites than in the fatty-marrow sites. At later intervals to 1
year, the concentration of 239Pu declined in the red-marrow sites, which
was likely due to increased bone-remodeling activities in these regions
(Wronski, Smith, and Jee, 1980).

We have also studied the uptake of 24lPu on trabecular bone surfaces
in different marrow environments. Much greater surface deposition was
observed in bone adjacent to red marrow [Fig. 2(a)] than fatty marrow
[Fig. 2(b)].
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. ' * «

BONE
V >V V

BONE

Fig. 2 Light-microscope autoradiographs of 1 «un-thick plastic sections of tra-
becular bone, Ulustrating the surface deposition of "'Pu-citrate one week after
intravenous administration, (a) Bone spicuk surrounded by betnatopoietic tissue
in the distal femoral metaphysis. Numerous autoradiographic grains are seen on
forming and resting bone surfaces, (b) Bone spicuk surrounded by fatty marrow
in the distal femoral epipbysis from tne same dog. Very few autoradiographic
grains are on these surfaces compared with those surfaces surrounded by red
marrow as seen in part (a). (Magnification, 800 X.)
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Relationship of Bone-Marrow Microvascuiature and
Tumor Incidence

As described earlier in this paper, a positive correlation was found
between the number of tumors and the marrow composition of skeletal
sites in the beagle. Unlike cortical bone that has its own blood supply, tra-
becular bone and cortical endosteal surfaces share the vascular supply of
the adjacent bone marrow. Distinct differences in the vascularization and
microvascular ultrastructure of red and fatty marrow have been described,
and these differences may be important for the physiology of adjacent
bone surfaces. Hematopoietic tissues have a greater vascular perfusion rate
and perfusable vascular space (Smith, Miller, and Jee, 1984) than fatty
bone marrow (Fig. 3). Red marrow has an extensive venous sinusoidal bed
with spaces in the endothelial lining to allow migration of maturing blood
cells into the circulation. The basal lamina lining of these sinusoids was
also incomplete (Majno, 1965). On the other hand, the microvascuiature
of fatty bone marrow was a true capillary bed (Trueta and Harrison,
1953; Miller and Jee, 1980). These capillaries have a continuous
endothelial lining and basal lamina (Fig. 4).

\

\

Fig. 3 Low-power light •krofraph i l v tn t fa f the ahrapt tnmitiom hetwsea
metapfcyseal red marrow R and epiphyseal fatty auurrow F. Arrows udkaie
India-ink-fllled siaasoMs of the red marrow aad capillaries of the fatty marrow.
B, boM. (CeUokUa sectkw, Baigiiflcatk», 200 X.)
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\

FC

Fig. 4 Low-power electron micrograph of a fatty hojif marrow capillary Mar a
booe surface in the distal femoral epiphysis of a beagle. The capillary has a con-
tinuous endotbeUnm and basal lamina (BL) and is separated from the boM sur-
face by a thin layer of boce-liaing cell cytoplasm (indicated by arrows). FC, fat
cell cytoplasm. (Magnification, 8400 X.) (From Miller and Jee, Mctmb. Borne
Dis. Ret. Res., 2: 239-246, 1980.)

Some of the differences in vascularization of red and fatty marrow
may explain some differences in trabecular bone and endosteal surfaces
adjacent to these types of bone marrow. Transport across the vascular
endothelium was usually passive (Renkin, 1977). Thus it would be
expected that bone surfaces next to the more highly vascularized red mar-
row would have a greater availability of nutrients and other substances,
including radionuclides, than bone surfaces surrounded by fatty bone mar-
row. In this regard, Humphreys, Fisher, and Thome (1977) reported a
correlation between blood flow and 239Pu deposition in the mouse femur.
These differences in marrow vascularization and microvascalar structure
may help explain differences in the uptake of plutonium on trabecular
bone surfaces (Fig. 2; Smith, Miller, and Jee, 1984).

DISCUSSION

Most 239Pu-induced osteogenic sarcomas appear to originate on endos-
teal surfaces of spongiosa regions of the skeleton (Jee et al., 1962). There
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is substantial nonuniformity among skeletal sites in the incidence of osteo-
genic sarcomas in beagles. However, some significant differences exist in
the high- and low-incidence osteogenic sarcoma sites, and some of these
have been presented in this paper.

The composition of the bone marrow may be one of the most important
determinants of endosteal physiology, metabolism, and carcinogenic poten-
tial in the adult long-lived mammal. Trabecular bone is dependent on the
vascular supply of the adjacent bone marrow. As reviewed in this paper,
different types of bone marrow have vastly different circulatory and micro-
vascular characteristics. It is likely that the marked differences in local
bone physiology and metabolism in sites surrounded by hematopoietic tis-
sue compared to fatty tissue were due to these vascular differences (Miller
and Jee, 1980).

In addition to the vascular characteristics of bone marrow which may
have important influences on skeletal physiology, hematopoietic tissues
were also an important source of progenitor cells for both osteoblasts and
osteoclasts. This could help account for the greater number of bone cells
and remodeling activities in red marrow compared to fatty-marrow sites. It
is also generally believed that osteogenic cells residing on or near bone sur-
faces are candidates for induction of osteogenic sarcomas by internally
deposited radionuclides (Loutit et al., 1967). In this regard our studies in
beagles indicated that the majority of osteogenic sarcomas originate in
spongiosa regions surrounded by hematopoietic tissues where these
osteogenic progenitor cells would reside.

This paper summarizes some of the tissue characteristics of high- and
low-incidence 239Pu-induced tumor sites which have become apparent in
the life-span beagle studies. Further studies will be needed to define the
importance of these tissue characteristics in the induction of skeletal
tumors by radiation. Although some of the more obvious tissue charac-
teristics of high-incidence osteogenic sarcoma sites have been discussed,
other factors may also be important in radiation induced carcinogenesis.
Some of these would include the physicochemical state of the adminis-
tered radionuclide, age at exposure, sex, type of exposure (e.g., chronic or
acute, inhaled or injected), nuclide retention, genetic and other conditions
that would predispose to tumor induction.

REFERENCES

Dougherty. T. F., 1971, Research in Radiobiology. USAEC Report COO-119-244. University
of Utah. NTIS.

Fnedcnstein, A. J , 1976, Precursor Cells of Mechanocytes, Int. Rev. Cytoi.. 47: 327-355.



TISSUE FEATURES OF PiHNDUCED OSTEOGENtC SARCOMA SITES 297

Frost, H. M., 1964, Dynamics of Bone Remodeling, in Rone Biodynamics, pp. 315-333, Lit-
tle, Brown & Co., Boston, Mass.
, and P. J. Meunier, 1977, Bone Histomorphometry, pp. 371-381, Armour Montagu.
Publishers, Paris.

Gong, J. K., J. S. Arnold, and S. H. Cohn, 1964, Composition of Trabecular and Cortical
Bone. Anai. Rec. 149: 325-332.

Humphreys, C. D., G. Fisher, and M. C. Thorne, 1977, The Measurement of Blood Flow in
Mousft Femur and Its Correlation with 239-Pu Deposition, Calcif. Tissue Res.. 23:
141-145.

Jce, W. S. S., and D. B. Kimmel, 1977, Bone Cell Origin at the Endosteal Surface, in Bone
Histomorphometry, pp. 113-132, Armour Montagu, Publishers, Paris.
, B. J. Stover, G. N. Taylor, and W. R. Christensen, 1962, The Skeletal Toxicity of 23VPu
in Adult Beagles, Health Phys.. 8: 599-607.

Kimmel, D. B., 1983, Radiobiology Division, University of Utah, personal communication.
, and W. S. S. Jee, 1982, A Quantitative Histologic Study of Bone Turnover in Young
Adult Beagles, Anal. Rec. 203: 31-45.

Loutit, J. F., A. M. Brues, L. D. Marinelli, F. W. Spiers, and J. M. Vaughan, 1967, A
Review of the Radiosensitivity of the Tissues in Bone. ICRP Publication 11, International
Commission on Radiological Protection, Pcrgamon Press, Inc., New York, N. Y.

Majno, G., 1965, Ultrastructurc of the Vascular Membrane, in Handbook of Physiology.
Vol. 3, pp. 2293-2375, Williams & Wilkins Co., Baltimore, Md.

Mays, C. W., et al., 1969, Radiation-Induced Bone Cancer in Beagles, in Delayed Effects of
Bone Seeking Radionuclides. pp. 387-408, University of Utah Press, Salt Lake City,
Utah.

Miller, S. C, 1983, University of Utah, unpublished data.
, and B. M. Bowman, 1981, Medullary Bone Osteogenesis Following Estrogen Adminis-
tration to Mature Male Japanese Quail, Dev. Biol, 87: 52-63.

and W. S. S. Jec, 1980, The Microvascular Bed of Fatty Bone Marrow in the Adult
Beagle, Metab. Bone Dis. Rel. Res.. 2: 239-246.

Owen, M., 1980, The Origin of Bone Cells in the Postfetal Organism, Arthritis Rheum.. 23:
1073-1080.

Renkin, E. M., 1977, Multiple Pathways of Capillary Permeability, Cir Res.. 41: 735-743.
Smith, J. M., S. C. Miller, and W. S. S. Jee, 1984, Influence of Bone Marrow Microvascula-

ture on the Microdistribution and Local Dosimetry of Plutonium, Radial. Res., 99: 324-335.
Spiers, F. W., and A. H. Beddoe, 1983, Sites of Incidence of Osteosarcoma in :he Long

Bones of Man and the Beagle, Health Phys.. 44(Suppl. I): 49-64.
Thurman, G. B., 1971, Growth Dynamics of Osteosarcomas in Beagles. USAEC Report

COO-119-243, University of Utah, NTIS.
Trueta, J., and M. H. M. Harrison, 1953, The Normal Vascular Anatomy of the Femoral

Head in Adult Man, / Bone Jt. Surg. 35B: 442-461.
Vaughan, J., 1973, Uranium, Plutonium. Transplutonic Elements, pp. 451-471, Springer-

Verlag, New York, Inc., New York, N. Y.
Wronski, T. J., J. M. Smith, and W. S. S. Je-5, 1980, The Microdistribution and Retention of

Injected 2J*Pu on Trabecular Bone Surfaces of the Beagle: Implications for the Induction
ot Osteosarcoma, Radial. Res.. 83: 74-89.

— , J. M. Smith, and W. S. S. Jec, 1981, Variations in Mineral Apposition Rates cf Trabec-
ular Bone Within the Beagle Skeleton, Calcif. Tissue Int.. 33 583-586.



298 MILLER. JEE, SMITH, AND WRONSKI

DISCUSSION

G. Scboeters (SCK-CEN, Nuclear Energy Research Center, Mol,
Belgium): Do you find the same correlation with radium-induced tumors
as with plutonium-induced tumors?

Miller: I have not done the analysis yet with radium. My initial
impression is that the correlations will not be as strong with radium as
they are with plutonium.
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ABSTRACT

The toxicity ratio concept assumes the validity of relationships such as.

239Pu toxicity I __ 1239pu toxicity
226Ra toxicityJMin ~ (226Ra toxicity

In this example for bone sarcoma induction, the approximate toxicity of zwPu in man can be
calculated algebraically from the observed toxicity in the ra 'ium-dial painters and the ratio of
"'Pu/^'Ra toxicities in suitable laboratory mammals. In a species highly susceptible to bone
sarcoma induction, the risk coefficients for both UfPu and m R a are elevated, but the toxicity
.atio of U9Pu to ^ R a tends to be similar to the ratio in resistant species. Among the tested
species the toxicity ratio of U9Pu to 226Ra ranged from 6 to 22 (a fourfold range), whereas
their relative sensitivities to M9Pu varied by a factor of 1 SO.

The toxicity ratio approach can also be used to estimate the actinide risk to man from
liver cancer (by comparing to the Thorotrast patients), from lung cancer (by comparing to
the uranium miners and the atomic-bomb survivors), and from neutron-induced cancers (by
comparing to cancers induced by gamma rays). The toxicity ratio can be used to predict the
risk to man from a specific type of cancer (1) which has been reliably induced by a reference
radiation in humans and (2) that can be induced by both the reference and the investigated
radiations in suitable laboratory animals.

How can the toxicity to humans from 239Pu be predicted when no
239Pu-induced cancers have been identified in man? Use of the following
relationship has been proposed:

239Pu toxicity
226Ra toxicity Man

239Pu toxicity
226Ra toxicity

(1)
Animal

299
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For bone sarcoma induction the approximate toxicity of 239Pu in man may
be calculated algebraically from the observed toxicity in the radium-dial
painters (Rowland, Stehney, and Lucas, 1983) and the ratio of
239Pu/226Ra toxicity in suitable laboratory animals.

It is useful to regard the toxicity ratio as a generalized extension of the
relative biological effectiveness (RBE). In this example the RBE is the
ratio of 226Ra dose to 239Pu dose required to produce a given level of
incidence. For the special case of linear dose-response relationships passing
through control incidence, the toxicity ratio equals the 239Pu risk coeffi-
cient divided by the 226Ra risk coefficient.

If high sensitivity in a species tends to increase that species' risk coeffi-
cients proportionately in both the numerator and denominator of a toxicity
ratio, the effect of sensitivity tends to cancel out. Thus the toxicity ratio
should remain relatively similar among different species, including man,
although the risk coefficients for a particular radionuclide can vary widely
among species.

HISTORY OF THE TOXICITY RATIO

The groundwork for the toxicity ratio concept was laid by Robley
Evans and colleagues in studies of radium poisoning in rats between 1936
and 1941 (Evans, Harris, and Bunker, 1944; Evans, 1983). The animal
studies allowed Evans and his associates to see the whole course of the
induced illness on a compressed time scale, but they emphasized that
quantitative dosimetry in the animals (e.g., for toxic doses of Ra, As, Hg,
Pb, etc.) bore no useful relationship to quantitative values for humans.
This and the evaluation of the risk to the radium-dial painters (Evans,
1943) set the stage for the use of dosimetric ratios or "toxicity ratios"
when 239Pu became available for radiobiological research in 1944. Evans
has continued to recommend the use of toxicity ratios (Evans, 1962, 1966).

The first animal studies on the comparative carcinogenicity of 239Pu
and 226Ra were done in mice, rats, and rabbits at the Argonne National
Laboratory. Austin Brues, Hermann Lisco, and Miriam Finkel (1946)
reported preliminary results in 1946. Later in 1950, their toxicity ratio of
239Pu/226Ra in rodents was used to derive the famous maximum permissi-
ble body burden of 0.04 /iCi of 239Pu for occupational exposure (McMur-
trie, 1950; Brues, 1951; Langham and Healy, 1973). This was the first use
of a toxicity ratio from laboratory animals in the derivation of a radionu-
clide limit for humans.

At the persuasive urging of Robley Evans, Austin Brues, and Wright
Langham, the Radiobiology Laboratory at the University of Utah was
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founded in 1950 to compare the toxicities in beagles of 239Pu, 226Ra, and
other radionuclides at lower doses than were used in the early rodent
studies at Argonne (Stover and Stover, 1972). Subsequently, we have
extended our evaluation of toxicity ratios to a variety of laboratory mam-
mals.

VALIDATION OF THE TOXICITY
RATIO CONCEPT

Experimental results in animals of low, intermediate, and high sensi-
tivity to radionuclide-induced bone sarcomas are given in Figs. 1 to 3,

100

795 t 90 bone sarcomas

1000 2000 3000 4000 5000
AVERAGE SKELETAL DOSE AT 140 DAYS BEFORE DEATH, rads

Fig. 1 Boae sarcoau iacMeace ia C57BL/Do mice of both sexes injected with
"*Pu or "*Rt (Taylor et ah, 1983). Dose dariag the last 140 days of life was
considered as wasted, with respect to the iadactioa of obterraMe boae sarcoaua
in mice (Mays and Lloyd, 1972). Linear dose responses were constrained to pass
through the control incidence of one bone sarcoma ia 299 coatrol mice. Standard
deviations are shown for iacideace poiats for Uaear risk coefficients, aad for the
23*Pu/12*Ra toxicity ratio of 15.3 ± 3.9.

respectively. The results are collected and compared in Table 1. The rela-
tive sensitivity to 239Pu-induced bone sarcomas shown in Table 1 varied
among species by a factor of about 150, whereas the 239Pu/226Ra toxicity
ratios (ranging between 6 and 22) varied by only a factor of 4. At least for
bone sarcoma induction, the toxicity ratios varied much less than the risk
coefficients among species.
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AVERAGE SKELETAL DOSE AT 1 YEAR BEFORE DEATH, rads

Fig. 2 Bone sarcoma iacideace in yooag adait beaghs injected with ap to
0.05 nCi of " 'Pa /kg or up to 1 pd of "•Ra/kg. Iiforaatioa oa the iadividaal
dogs is available (Wreaa et «1., 1983). ( M y life-span dogs sarviviag 500 or more
days after injection were coasidcred to be at risk froai am observable boae sar-
coma. Boae sarcomas were observed ia 1 of 126 dead controls, 21 of % dogs
injected with "*Ra (all dead), aad 27 of the 139 dogs that have died after **Pm
injection. Nearly all the 53 Hviag 13*Pa-iajected dogs will accaaMdate average
skeletal doses below 30 rads. Their S J U I I expected addttkn to the caawlative
numbers of boae sarcomas aad beagle-rads is sot anticipated to iacrease or
decrease the "*Pu risk coeffkieat appreciahly. The **Ra doses were receatiy
revised to iaclade the minor coatribatioB froai "*Pb aad Us daughters. For adaH
dogs the mass of the total skeletoa (hoae alas marrow) was revised froai 7.5% to
a more realistic 10% of body mass at iajectioa. Dose daring the flaal year was
considered wasted (Tharaua et al., 1971). Iiaear dose-respoase rdatloaships
anchored taroagh control iacideace gave a 2 * P a / a * R a toxkity ratio of 17 ± 5.

OTHER POSSIBLE APPLICATIONS
OF TOXICITY RATIOS

Plutonium-Induced Liver Cancer

The only reliable human data for the induction of liver cancer by a
radioactive material comes from the Thorotrast patients who were injected
intravascularly with colloidal 232Th and its decay products (van Kaick
et al., 1983; Faber, 1979; Mori et al., 1983; da Motta, da Silva Horta,
and Tavares, 1979). However, the punctate distribution in the liver of
these aggregates, and their possible "foreign-body effect," raises questions
on how well the risk coefficient for Thorotrast-induced liver cancer applies
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Fig. 3 Tine to boae sarcoau la Saiat Beraard dogs injected witk u*Pm or
"'Ra. At high dosage of hoae-seekiag radtosHcUdes, the iaddeace of boae sarco-
mas in seasitife species teads to satarate at aboat 100%. la sacb drcaaMtasces
tine to tuator is most asefd thaa coaTeatioaal iacideace as a graded awasart of
biological respoase. The iadiridaaJ dogs ia each dose groap are plotted as crosses
( + ) wad cluster rather well. The coawoa daw to death of 4 years reaaires abort
7 tines nwre dose from m R i thaa froat 23*Pa. However, thb is a provisioaal
estimate of the toxicity ratio. LaproTed cstiautes shoaM be avaiiable ia the
future wbea our Saiat Beraards wjected with lower dosages of "*Pa aad ^ R a
develop boae sarcoaus at loager tuaes aad lower iacideaces. The a3*P« reteatfoa
seems similar ia Saiat Beraards aad beagles. Taas °*Pa dose to the Saiat Ber-
aards was calcalated from the " 'Pa reteatioB eaaatioa ia beagles. The n *Ra
dose, however, was based oa the iadividuOly evanated reteatioa ia each Saiat
Bernard aad teaded to average abort 1.3 of the reteatioa hi beagles (Lloyd et aL,
1983). The Saiat Beraard is the most seasitive kaowa mammal to aatarally
occurriag aad radiatioB-iaduced boae sarcomas (Taylor et aL, 1981b).
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TABLE 1

Risk Coefficients, Relative Sensitivities, and Toxicity Ratios*
(for 239Pu in Terms of Skeletal Dose Averaged Over Marrow and Bone)

BOM sarcomas Relative Toxkity ratio,
Mammals 10* numnal-rads sensitivity

Mice C57BL ( M a l e s 2 5 3 * 6 6 l 6 * 3

' D [Females 1,340+152 5 22 ± 7
Beagles (both sexes) 7,700 ± 1,400 30 17 ± 5
Saint Bernards (both sexes) —38,000 —150 —7

'The risk coefficients and toxicity ratios are from this paper, from the mouse data
of Taylor et al. (1983), and from the observation that 239Pu is about 5 times more
toxic in Saint Bernards than in beagles (Taylor et al., 1981b).

to 239Pu, which is more uniformly distributed and less colloidal. For equal
activities there are 600,000 atoms of 232Th for each atom of 239Pu.

To predict the approximate risk to man from actinide-induced liver
cancer, we have injected graded activities of 239Pu, 24lAm, or Thorotrast
into deer mice {Peromyscus maniculatus) and grasshopper mice (Onycho-
mys leucogaster) to evaluate toxicity ratios for liver cancer such as:

Pu toxicity
Thorotrast Man

Pu toxicity
Thorotrast Deer mice

Pu toxicity
Thorotrast

(2)
Grasshopper mice

The experiment is in progress and will take several more years to com-
plete. The deer mice and grasshopper mice tenaciously retain 239Pu and
241Am in their livers and have a low natural incidence of liver tumors
(Taylor et al., 1981a). The Thorotrast was supplied by Alexander Kaul
and W. Riedel as part of a collaborative investigation (Mays, 1982). The
Thorotrast was carefully prepared by the same method used to prepare the
Thorotrast injected into European and Japanese patients. If the paniculate
nature of the Thorotrast tends to decrease the effectiveness of the irradia-
tion, perhaps because fewer cells are irradiated, this should decrease pro-
portionately the Thorotrast risk coefficients in the denominators of the
equation while increasing proportionately the toxicity ratios so that the
new ratios should still remain in approximate balance. Conversely, if irri-
tation from the Thorotrast aggregates increased the Thorotrast risk coeffi-
cients, the toxicity ratios should also remain balanced.
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Piutonium-lnduced Lung Cancer

Perhaps the toxicity ratio approach may be used to evaluate the risk
from plutonium-induced lung cancer in man because the lung cancer
incidence is elevated both in the uranium miners (exposed to inhaled 222Rn
daughters) and the atomic-bomb survivors (exposed to atomic-bomb
gamma rays and some neutrons). Toxicity ratios for lung cancer might be

Pu toxicity
Rn daughter toxicity I Man

Pu toxicity
Rn daughter toxicity Animal

(3)

and

Pu toxicity
Gamma-ray and neutron toxicity j M i n

Pu toxicity .1
Gamma-ray and neutron toxicity j ^ u ^

(4)

Complications are that the dose from inhaled 239Pu is highest in the lymph
nodes, alveoli, and bronchioles, whereas the dose from 222Rn daughters is
highest in the bronchial lining. In contrast, the external gamma rays and
neutrons irradiate all parts of the lung more or less uniformly. The com-
plexity of reality is a challenge for the scientist.

Neutron-Induced Malignancies

Until recently it was believed that human risk coefficients for
leukemias and solid cancers could be derived for neutrons with Hiroshima
data and for gamma rays with Nagasaki data. Now it appears that the
overwhelming dose at both cities was from gamma rays. It should be possi-
ble, however, to derive reasonable risk coefficients for neutrons, at least for
the most prominent radiation-induced cancers in man, by using the
atomic-bomb results for gamma rays and the following toxicity ratios:

Neutron toxicity
Gamma-ray toxicity Man

Neutron toxicity
Gamma-ray toxicity Animal

(5)

Although a considerable amount of neutron and gamma-ray data has
been obtained from experiments in inbred rodents, it would be valuable to
extend these comparisons to outbred species such as dogs, whose spectrum
and frequency of tumor types more closely reseir ble those in humans.
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Those who might prefer simply to multiply the gamma-ray risk coeffi-
cients by a "quality factor" for neutrons should be aware that the quality
factor is intended as a weighted average RBE for the total detriment at
low doses. The use of individual RBE's (or toxicity ratios) for each specific
type of malignancy should produce better results.

LIMITATIONS IN USING TOXICITY RATIOS

After the discussion of some advantages of toxicity ratios, it is now
appropriate to discuss some limitations. The toxicity ratio should be used
to estimate the risk for a specific end point (usually a particular type of
cancer) which has been reliably induced by a reference exposure in
humans and which can be induced by both the reference and the
investigated exposures in suitable laboratory mammals. For example, the
induction of bone sarcomas by 226Ra in the human skeleton can be used to
predict bone sarcoma induction by 239Pu in humans but not the human
risk from 2j9Pu-induced liver cancers or lung cancers.

Since radiation-induced cancer results from the absorption of radiation
energy by cells, the dose (in rads) to specific target tissues should be
evaluated when possible. If the local distribution of dose to the target cells
is uncertain, it may be necessary to use average dose to organs and to let
the toxicity ratio indicate biologically the effect of the local dose distribu-
tion. For example, all the 239Pu/226Ra toxicity ratios in Table 1 exceed
unity, which indicates that bone-surface-seeking 239Pu is more toxic than
bone-voluine-seeking 226Ra in inducing bone sarcomas. If the changing
dose rate to the target cells for bone sarcoma induction could be reliably
evaluated, such a dose should be a more relevant dosage parameter than
the average skeletal dose.

Because radionuclide deposition and excretion rates vary widely among
species, the administered activity (in microcuries or becquerels) is usually
a less satisfactory dosage parameter than the absorbed dose in rads for use
in toxicity ratio inferences. For 226Ra intake to the bloodstream, the total-
body retention, one year later, is about 23% in a young adult beagle
(Lioyd et ah, 1976) but ninefold less (only 2.5%) in an adult human
(Norris, Speckman, and Gustafson, 1955), whereas 239Pu is tenaciously
retained by both dog and human.

Reliable toxicity ratios require a statistically adequate number of
induced tumors in animals and humans. Therefore, in predicting the risk
to man from actinide-induced liver cancer, we could not have used conven-
tional mice or rats which rapidly excrete 239Pu and 241Am from their
livers, thus preventing the accumulation of enough dose to produce a sig-



TOXIOTY RATH3S: THEIR USE AND ABUSE IN PREDICTING RISK 307

nificant increase in liver cancer. The use of deer mice and grasshopper
mice should overcome this problem, but, because of the long latent period
for liver cancer, we may have to wait until nearly the end of our experi-
ment to discover whether an adequate number of liver cancers will appear
and whether they are of the same histological types (i.e., bile duct carci-
noma, angiosarcoma, and hepatic eel! carcinoma) as are produced by
Thorotrast in humans.

SUMMARY

Among species, toxicity ratios should be less variable than the risk
coefficients (cancer incidence per rad). Thus, where human cancers have
clearly resulted from a reference exposure, toxicity ratios may provide the
most reliable estimate of the risk to man from a different radiation source
for which the actual effect on humans has not yet been observed.
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DISCUSSION

O. G. Raabe (University of California, Davis): In your presentation
you have used such terms as "incidence per rad" or just a "level of
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incidence." I am bothered by the fact that the incidences you have used
are uncorrected for competing nsk. Your bone cancer incidence is a result
of the competing risks as well as of the bone cancer. Consequently, in dif-
ferent species where you have different competing risks, your incidence of
bone cancer might be affected differently. In this case you are not taking
the ratio of comparable numbers. So I am concerned about using incidence
or incidence per rad without the competing risks adjustment.

Mays: With regard to bone-seeking radionuclides in the mammals
that I dealt with—the beagle and the Saint Bernard dogs, and the
mouse—the dominant cause of radiation-induced death was bone sarcoma.
For a particular type of mammal at equal incidence of bone sarcoma from
injected 239Pu or 226Ra, the distributions of times to death were roughly
similar. The fraction of animals still at risk from bone sarcoma in a 239Pu
group decreased progressively at about the same rate as in a corresponding
226Ra group. Thus, in this special case, the toxicity ratio based on crude
incidence, should be similar to that based on adjusted incidence corrected
for competing risks. However, when several different types of radiation-
induced cancers compete as causes of death, a correction such as the
Kaplan-Meier procedure is needed.

J. N. Stannard (University of California, San Diego): ICRP Publica-
tion 30 eliminated the use of toxicity ratios in their derivation of max-
imum allowable exposures. It is of considerable interest to see that the tox-
icity ratio is still supported by some people, and I am personally delighted
to see that it is. My question is: Do you think that toxicity ratios are a
viable alternative to the calculation of endosteal cell dose in the derivation
of exposure limits for certain bone-seeking radionuclides?

Mays: Yes. I think we should use toxicity ratios. There was disagree-
ment on this point in ICRP Committee 2, which prepared Publication 30,
with the American members generally opposed to the elimination of com-
parative animal toxicity data and the human radium experience from the
derivation of limits for bone-seeking radionuclides. The primary purpose of
the ICRP has been the protection of radiation workers. With such an
objective, if you can't estimate risks very well, it is prudent to overestimate
them. Such prudence is not appropriate if these risk coefficients are to be
used for purposes of risk compensation in litigation, and there is an
increasing amount of that going on. I think that we should be more con-
cerned about basic radiobiologic principles which govern the induction of
cancer and we should accept the complexity of the situation rather than tie
ourselves to a simplistic model which may be fine for prudent protection of
workers but does not do very well for best estimates of risk.

B. R. Scott (Lovelace, Inhalation Toxicology Research Institute): I
have a comment with regard to performing the analyses of data using
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groups based on dose to death. It might be that dose to death is a random
variable, especially for radionuclides with prolonged retention. For exam-
ple, the ratio which you saw at low doses could be artificial; you have
selected a subpopulation which died early and therefore had to have
received low radiation doses.

Mays: In response to that comment I would point out that I don't
calculate doses to the time of death. I disregard the dose acquired in the
last year of life for beagles and Saint Bernards and in the last 140 days
for the mouse. This I regard as wasted radiation.
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ABSTRACT

The Eyring-Stover theory of survival describes the observed biological phenomena of damage
and repair as steady-state processes that can be expressed in the formalism of absolute reac-
tion rate theory. The steady-state formulation, rather than that of dynamic equilibrium,, is
invoked since biological phenomena, in contrast with most chemical and physical phenomena,
are time irreversible. Tii£ theory is appropriate for calculating life shortening that results
from environmental factors such as irradiation since it does not require universality and
intrinsicality as do some theories of aging. The theory gives not only midrangc mortality rate
values but also end-range values, which are difficult to predict empirically. The previously
calculated life shortening of mice after external X-irradiation and of beagles after internal
irradiation from U9Pu or 226Ra is reviewed; life shortening at low dose levels of u 'Ra is
presented.

Studies of the biological effects of plutonium and other radioactive materi-
als in animals in the Division of Radiobioiogy at the University of Utah
officially began July 1, 1950. Each young, skeletally mature beagle was
given a single intravenous injection of a specific amount of 239Pu, 226Ra,
228Ra, 228Th, or wSr in a citrate buffer solution, or of the buffer solution
only, and was studied for the remainder of its life (Dougherty et al., 1962;
Stover and Stover, 1972). A number of studies have been added of which
one was the extension to lower dose levels of the original intercomparison
of the effects of 239Pu and 226Ra. All the beagles in the extended study of
226Ra, are now dead (Wrenn et al., 1986a, 1986b). Life shortening, as cal-
culated by the Eyring-Stover theory, for these lower dose levels of 226Ra
and for a more recent group of control beagles is presented and compared
with that of the initial study of 226Ra and also with that of the initial
study of 239Pu. Comparison with the extended study of 239Pu is not
presented, since some of those beagles are still living.

311
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LIFE SHORTENING, THEORY

The biological basis for the mathematical formalism of the Eyring-
Stover theory of survival has been presented (Stover and Eyring, 1970a,
1970b; Eyring and Stover, 1970). At maturity, after the phase of growth
and development, we continually see macroscopic evidence of the processes
of damage and repair (e.g., the infliction and healing of a cut, the rise and
fall of temperature with a fever). From modern biology we now know that
these processes also occur at the molecular level (for example, see Petti-
john and Hanawalt, 1964). We know also that biological phenomena show
an overall irreversibility with time which leads to death. Thus the relation-
ship between the processes of change (damage) and reversal of change
(repair) is not one of true equilibrium but rather a steady-state relation-
ship.

Let r equal the number of critical sites in r or fewer cells, and let n
equal the number of sites that have been changed at any time t. Then we
have

( 0

where v; is the rate at which an unchanged site is changing and Vj is the
rate at which a changed site is disappearing, and the steady-state relation-
ship has been invoked. Then the fraction of altered sites, q, is given by

n
- 1

(2)

and the fraction of unaltered sites, p, is given by

p = 1 - q . =

- l

(3)

From these concepts equations for survival, S, death rate, — dS/dt, and
age-specific death rate, — dlnS/dt, in which there are only two arbitrary
parameters, have been derived (Eyring and Stover, 1970; Johnson, Eyring,
and Stover, 1974). They are as follows:

= {1 +exp[-k'(r-t)]}- l (4)
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-^=k 'S( l -S) (5)
dt

(6)3
dt

The two parameters are T, the time to one-half survival, and k', the alge-
braic summation of all the rate constants leading to change and all those
leading to removal of change. Life shortening of an irradiated population
is calculated relative to a control population.

LIFE SHORTENING. APPLICATIONS

The Eyring-Stover theory was first applied to the survival data for bea-
gles that were injected with 239Pu or 226Ra, or to beagles that were given
neither; this analysis of the effect of internal irradiation on survival com-
pared with that of controls is given in the next section.

Two studies of the effects of external irradiation previously have been
analyzed (Johnson, Eyring, and Stover, 1974; Stover 1971). These were
the data of Storer (1965) on the survival of X-irradiated and control mice
and those of Upton et al. (1956) on the survival of the transparency of the
crystalline lens of the rat following irradiation with X rays or fast neutrons
(plus 5 to 15% gamma-ray contamination). The whole body external irra-
diation of the mouse contrasted with the more localized internal irradia-
tion of the beagles, while the irradiation of the lens of the rat provided a
contrast in a different direction since the lens is a small, avascular organ.
In both cases the data were well described by the survival theory.

Some time ago Gompertz (1825) made the empirical observation that
for man, the age-specific death rate or mortality rate increased exponen-
tially from about 35 to 85 years of age. If R is the mortality rate at age t,
n is the number of persons of age t, and RQ and a are constants, then we
have

R = -dln-£- = Roeat (7)

dt

and

lnR = lnRo + at (8)
These equations have been widely used, and they have been a part of a
number of theories of aging in spite of their empirical origin (Streh)er,
1962).



314 STOVER, WRENN. JEE. AND ATHERTON

Storer (1965) used the Gompertz equation to analyze survival data on
externally irradiated mice which received doses of 100, 300, and 500 R.
There were 1000 mice in the control group and In each dose group. A
number of mice were removed for other studies, but some mice in each
group were permitted to live beyond the median survival time, and the sur-
vival data were "corrected" by an actuarial method. Little variation was
found among the estimates of a for the control and irradiated groups. This
simplified the calculation of life shortening as a function of dose based on
the Gompertz equation. Storer (1965) reported life shortening to be only
45 days per 100 R of X-irradiation.

Survival curves calculated for Storer's (1965) data by the Eyring-
Stover theory fit the data well for 0 < t ^ T. For t > T, only one
point was given for each irradiated group and two for the controls. The
estimates of r decreased monotonicalJy with increasing dose, whereas those
of k' were scattered, perhaps, in part, because of the paucity of long-term
data. It has been shown that, if alteration of a site results in a large
change of the concentration of a critical constituent and if k' does not vary
with dose, r will vary logarithmically with dose, and T will vary linearly
with dose if the change is small (Stover and Eyring, 1970b). For these
data T varied linearly with dose, and a least squares fit gave the following:

r = 891 - 0.48 X D (9)

where T is in days, D is the dose in rads, and the standard deviations are
±9 days and ±0.03 day/rad. That the change in T per unit change in
dose was small is consistent with the formation of short-lived free radicals
in the dissipation of the energy of the X rays. Life shortening of 48 ± 3
days per 100 R agrees well with Storer's estimates.

The semiquantitative nature of the data (0 to + + + + ) on the sur-
vival of lenticular transparency of Upton et al. (1956) limited an analysis
of this kind, but the results for X-irradiation were more suggestive of a lin-
ear decrease in r with increasing dose than those for fast neutrons.

The survival of the best structure in a tissue can be calculated by
Eq. 4. Arnold and Wei (1972) measured the number and dimensions of
three components of human trabecular vertebral bone. The samples came
from 35 healthy, active persons who died acutely and whose ages were
such that there were five persons per decade for the third through ninth
decades of life. Since plutonium and other actinide elements deposit to a
large extent on trabecular surfaces, their data on the surface area of tra-
becular bone as a function of age was chosen for analysis (Johnson, Ey-
ring, and Stover, 1974). The surface area, which is maintained by cells
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such as osteoblasts and osteoclasts, decreased slowly at first, then more
rapidly, and again slowly in later years. The age at which the surface area
had decreased to one-half its ultimate value was calculated to be
T = 55 years. Similar studies in other species could help in the under-
standing of the local dosimetry of plutonium.

An application of the Eyring-Stover theory of survival has appeared in
the work of Murphy et al. (1978). They worked with synchronized cultures
of mammalian cells. In molecular biology a limitation in the use of this
kind of system is the rapidity of breakdown in synchrony. Murphy and
co-workers (1978) recorded mitoses in an initially synchronized cell culture
as a function of time by time-lapse cinematography. They then showed
that the resulting data for the first round of cell division can be described
by the Eyring-Stover theory. A plot of the number of ceils vs. time yielded
a curve of the form 1 — S with T— 17 hr and k' = 0.6/hr.

Each of the systems discussed above possesses a degree of homogeneity
that is not found in most human populations. Thus the mathematics of the
theory has been extended to include cases such as multiple independent
mechanisms of the rate of decrease in survival (Stover and Eyring, 1970b).
The resulting formalism has been used successfully to describe the data of
Dorn (1952) for the death rates per 100,000 at age t from 21 different
kinds of cancer (Eyring, Stover, and Brown, 1971). The data were from
white males and females in the United States.

LIFE SHORTENING OF BEAGLES INJECTED WITH 226Ra
OR 239Pu AT SKELETAL MATURITY

In the experiment at the University of Utah to compare the toxicity of
229Pu and 226Ra in the beagle, a radiographic record of the skeleton of
each beagle from shortly before introduction into the experiment to death
has been obtained. Thus there is a comprehensive radiographic record of
both control and irradiated beagles. The observation of an osteosarcoma in
a 7.7-year-old beagle at 6.2 years after the injection of the then lowest
dose level of 239Pu and the fact that in this beagle no other skeletal
changes were observed radiographicaliy that could be distinguished from
those of controls of the same age were among the factors that led to the
addition of three (later four) lower dose levels of 239Pu and two of 226Ra,
as well as the repetition of the lowest level of each.

The values of T, k'r, and the percent life shortening for the second
226Ra experiment and those for a group of contemporary controls are
shown in Table 1 (Wrenn et al., 1984b; Atherton et al., 1984). For com-
parison these parameters for the first 226Ra and 239Pu groups and their
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TABLE 1

Survival Parameters

No.
of

beagles

9
12
12
12
10
9

32

8
24
10
21

9
12
12
i l
13
12
32

Iajected
dose,

Md/kg

10
3.2
1.1
0.34
0.17
0.062

_•

0.064
0.022
0.0074

_•

2.9
0.91
0.30
0.095
0.048
0.016

_•

(toys

"to,
1545
2078
2654
4478
4566
4774
4778

k'T

Perceat
life

saorteaiag

First Experiaeat

10.4
21.8
7.90
8.73
6.50
8.06
8.47

68
56
44

6.3
4.4
0.1
0

"fta, Secoa* ExperioKat

4928
4875
4376
5226

^ ^

1788
1846
2133
3196
3887
4745
4778

9.05
15.0
9.12

22.1

5.7
6.7

16.3
0

First Expeitacat

5.84
16.0
17.8
8.88

11.2
7.99
8.47

63
61
55
33
19
0.5
0

Pereeat
occarreace of
boae taawrs

100
100
92
42
10
0
0

25
4
0
0

78
100
100
91
69
33
0

'Controls, i.e., injection of buffer only to which no "*Ra had
been added.

contemporary controls are given also (Johnson, Eyring, and Stover, 1974).
An apparent typographical error for the 0.34 /tCi 226Ra/kg injected dose
has been corrected; there are twelve beagles.

In the instance of 239Pu, life shortening decreased monotonically with
the decrease in injected dose. Osteosarcomas occurred at all dose levels,
and, with the exception of the highest dose, occurrence decreased with
decreasing injected dose. The values of k'r varied by a factor of 3. At the
dose levels 0.048 and 0.016 MCI of 239Pu/kg, for which the occurrence of
osteosarcomas was less than 100%, the data were analyzed to see if life
shortening was greater for beagles with osteosarcomas than for those with-
out osteosarcomas, but the results were equivocal (Stover, 1972).
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In the first experiment with 226Ra, life shortening decreased monotoni-
cally with the decrease in injected dose, with no decrease at the lowest
dose level. Osteosarcomas occurred at all but the lowest dose level, and, in
general, occurrence decreased with decreasing dose. Three melanomas
occurred at the lowest dose level: one ocular, one oral, and one gingival.
As in the case of 239Pu, the values of k'r varied by a factor of about 3.

In the second experiment with 226Ra, there appeared to be life shorten-
ing at all dose levels. The life shortening was greatest for those beagles
given 0.0074 /iCi 226Ra/kg, and it was least for those given 0.064 pCi/kg,
which was contrary to expectations. Furthermore, the estimate of T for the
21 control beagles assigned to the second 226Ra experiment was about 9%
greater than the estimate of T for the 32 pooled control beagles, with
which the estimates of r for the first 226Ra and 239Pu experiments were
compared. The estimate of k'r for the 21 226Ra controls also was high.

There is considerable suggestive evidence of a progressive improvement
in the general health of the beagle colony at the University of Utah. Fac-
tors that could lead to this apparent change include the selection of breed-
ing stock, changes in the physical plant, and changes in the overall veteri-
nary medical care program. In one instance changes in the beagle colony
have been shown to be statistically significant. Dougherty and Rosenblatt
(1965) analyzed hemograms of 433 beagles that were approximately 18
months old. The blood counts were done over a 10-year period, and the
blood samples were obtained just prior to the experimental assignment of
the beagles. In the 18-month-old beagle, red blood cell counts increased
during the 10 years, whereas white blood cell, lymphocyte, eosinophil, and
platelet counts decreased. These changes are interpreted as an improve-
ment in health status resulting from environmental factors. Thus a retro-
spective study of the effects of the age of the colony on the longevity of
the nonirradiated beagles appears to be needed.

The estimate of r for beagles given 0.0074 jiCi/kg in the second exper-
iment was less than the estimates of r for all but the three highest dose
levels of the first experiment. Life shortening was also observed for the
groups of beagles in the second 226Ra experiment given 0.022 and 0.064
jzCi/kg, and bone tumors were observed in these groups. The estimates of
T for these two groups, however, were greater than those of the first exper-
iment.

These findings suggested several things that need to be done with
respect to the application of the Eyring-Stover theory of survival to deter-
mine life shortening subsequent to long-term internal irradiation. The
apparent variation in the median survival time of the several
subpopulations of controls should be analyzed in terms of the history of
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the colony in which there are a number of identifiable factors. The theory
of multiple independent mechanisms that lead to death should be
developed further and tested with the considerable amount of data avail-
able. It has been shown that, when there is a single factor such as
osteosarcoma, the death-rate curve is sharply peaked, whereas in the case
of multiple causes the curve is broadened. Finally, the goal in risk analysis
is determining the probability of a certain amount of life shortening after
a given amount of long-term irradiation.
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DISCUSSION

D. J. Mewissen: I can see the usefulness of your equation if we have
a monotonic tumor incidence, affecting mortality throughout life span,
with a distribution specific to the particular tumor. But, as so often hap-
pens in a mouse colony over the life span, what if we have several tumors
with peak incidences distributed with different time delays? How do we
deal with such a situation?

Stover: That is one of the challenges that we haven't worked our way
through. The data on the incidence of human cancer that we fit were
determined in a retrospective manner. We started out with complete sets
of data which someone else had already divided into categories of cancer,
and we did the mathematics to show that we could derive equations to
treat multiple independent mechanisms from our simpler equations. How
one looks at multiple independent mechanisms which have considerable
overlap in time, as they are occurring, is a problem which needs attention.
I gave it a cursory look in an earlier paper,* in which I retrospectively
mixed data from two different dose levels of plutonium with those of con-
trol- and looked at the two resulting curves. I asked, if this had been done
prospectively, would I have been able to distinguish the life shortening due
to osteosarcoma from the decrease in survival of the controls. In one case,
I thought maybe I would and in another case, I thought I wouldn't. You
have pointed out an interesting area for study.

•Stover, B. J., H. Eyring, and D. P. Atherton, 1972, Effects of 239Pu and Related
Radionuclides on Survival of Adult Beagles, in Radiobiology of Plutonium (B. J. Stover and
W. S. S. Jee (Eds), pp. 385-407, J. W. Press, Salt Lake City, Utah).
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ABSTRACT

The three-dimensional lognormal cumulative probability power function was used to provide a
unifying dose-response description of the lifetime cancer risk for chronic exposure of experi-
mental animals and people, for risk evaluation, and for scaling between species. Bone tumor
fatalities, primarily from alpha irradiation of the skeleton in lifetime studies of beagles
injected with 226Ra, were shown to be well described by this function. The function is given
by In t — In ft,,, + Z in (Tt — S In I?, where In is the natural logarithm and the
three dimensions are time after initial exposure to death t; average dose rate to skeleton D;
and cumulative risk (which varies from 0 to 1) described by the standardized normal deviate
Z with appropriate sign. The parameters are the median value of the power function coeffi-
cient Km , the geometric standard deviation a,, and the slope S of the power function. This
function described cancer risk in lifetime studies as a curved smooth surface depending on
radiation exposure rate and elapsed time, such that the principal risk at low dose rates
occurred near the end of the normal life span without significant life shortening.

Essentially identical functions with K m displaced with respect to appropriate RBE values
were shown to describe bone-cancer induction primarily from alpha irradiation of the skeleton
in lifetime beagle studies with injected }2*Ra, 22*Th, "*Pu and "'Am, and with inhaled "°Pu.
Application of this model to human exposures to ^ R a yielded a response ratio of 3.6; that is,
the time required for development of bone cancer in people was 3.6 times longer than for bea-
gles at the same average skeletal dose rate. It was suggested that similar techniques were
appropriate to other carcinogens and other critical organs.

Dose-response relationships describing life-span radiation effects involving
chronic irradiation, such as occurs from burdens of internally deposited
radionuclides, depend upon two independent variables; dose rate and
elapsed time after the beginning of irradiation. Although dose rate may
slowly change with time during the course of a life-span study, the dose
rate in such chronic irradiation studies is usually relatively stable and
characteristic of exposure conditions. On the other hand, the cumulative

320



THREE-DIMENSIONAL LOGNORMAL DOSE-RESPONSE SURFACES 321

dose, obtained by integrating dose rate to the elapsed time from the begin-
ning of exposure, continuously changes, even when the dose rate is fixed.
That is, cumulative dose is dependent on the independent variables of dose
rate and elapsed time. Hence, models of bone tumor response to chronic
radiation exposure must involve both dose rate and lime. Thus dose rate
and time form two dimensions of a thres-dimensional response surface
characterizing the risk of succumbing to the effect.

One response function that often describes the distribution of natural
phenomena is the lognormal-probability density function. It has been
widely used for particle size analysis (Raabe, 1971). In general, loga-
rithmic transformations of variables tend to linearize quantitative relation-
ships in nature. Blum (1959) and Druckrey (1967) demonstrated the
applicability of lognormal dose-response probabilities in carcinogenesis
associated with ultraviolet radiation and chemical carcinogens, respec-
tively. Druckrey showed that the median values of dose rate and time to
effect yielded relationships which were linear with respect to logarithmic
coordinates. Albert and Altshuler (1973) applied these relationships to
radiation carcinogenesis.

Raabe and associates (Raabe, Book, and Parks, 1980; Raabe, Parks,
and Book, 1981; Raabe et al., 1981) showed the usefulness of describing
the bone tumor dose-response relationship for 226Ra in beagles as a three-
dimensional lognormal response surface in which the coordinates of the
response surface were the logarithm of average skeletal dose rate, loga-
rithm of time to death after beginning of exposure, and risk given as the
cumulative probability of death from bone cancer in the absence of com-
peting risks. They applied the same model to the available human data
and found a plausible parallel relationship displaced by a response ratio
(RR) of 3.6; that is, the time to death with bone cancer at a given dose
rate (or 226Ra bone concentration) was found to be 3.6 times longer for
people than for beagles. People were thus found to be only 0.28 (the
reciprocal of RR) times as sensitive to 226Ra bone irradiation as beagles,
and this factor was called the relative biological sensitivity (RBS). In addi-
tion, RR was estimated to be 10 for people relative to mice (RBS, 0.1), so
that people appear to be only 0.1 as sensitive to 226Ra in bone as mice.
These results provided a basis for scaling between laboratory animal
species and humans for dose-rate-time-response relationships for bone
cancer. Raabe (1984) showed the applicability of these relationships to
bone cancer induction from skeletal deposits of actinides and developed
relative biological effectiveness (RBE) values based upon available experi-
mental data.

This paper describes the mathematical and phenomenological charac-
teristics of the three-dimensional lognormal dose-rate-time-response sur-
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face and provides several examples based on life-span studies with beagles.
Alternative functions for describing the distribution of observed data, such
as the Weibull or logistic function were statistically tested and rejected on
the basis of 115 cases of 226Ra-induced bone cancer in beagle studies con-
ducted at the University of California at Davis. The implications from
using a lognormal model for risk estimation and scaling between species
are discussed, including the occurrence of a practical threshold at low dose
rates where natural life span limits the manifestation of radiation-induced
effects.

METHODS

Mathematical Analysis

The lognormal model (Raabe, Book, and Parks, 1980; Raabe, Parks,
and Book, 1981) involved a dose-rate-time-response relationship given by

t = K I T S (1)

where D~ is the average dose rate that is lognormally distributed with a
characteristic geometric standard deviation at anytime t; t is the elapsed
time to death after initial exposure that is lognormally distributed with
another characteristic geometric standard deviation at any average dose
rate D~; and K and S are parameters associated with the chosen level of
risk and exposure conditions, and S is a constant. This function in loga-
rithmic coordinates is given by

In t = In K - S In U (2)

where In is the natural logarithm and both In t and In U are normally dis-
tributed. The parameters in this linear function can be estimated by least-
squares regression, providing maximum-likelihood estimators of In K and S
if the errors associated with data points in the logarithmic scale are nor-
mally distributed. The In K and S are called the intercept and slope,
respectively.

If S is assumed known, each data value (D i t) i = 1 , . . . , n cases, can
be viewed as representing a separate estimate of In K. The result obtained
from allowing K to vary is a dose-rate-time-response relationship with the
value of S estimated by linear regression and the estimated value of In K
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defined by the median of a three-dimensional lognormal cumulative
probability dose-rate-time response surface such that

In t = In Km + Z In <7g - S In 15 (3)

where Km is the estimated median risk value of K so that

In K = In Km + Z In 2g (K = Kmo£)

Z is the standardized normal deviate (equal to zero at the median value of
K), and ag is the geometric standard deviation of K (or regressed t) values.
The risk (indicated by Z for a cumulative normal distribution) is the
probability of an individual dying of bone cancer, assuming that there are
no other competing risks; the risk is equivalent to the cumulative incidence
rate used by Rosenblatt et al. (1971). For a given dose rate, Eq. 3
describes times to death that are lognormally distributed with geometric
standard deviation ag; for a given elapsed time, Eq. 3 describes dose rates
that are lognormally distributed with geometric standard deviation <r\
(where r\ is the reciprocal of S).

The geometric standard deviation, assuming a fixed value of S, is
estimated by using each n total cases by

(In <rg)
2 = - 2 On tj - In Km + S In £>j)2 (4)

n j _ ,

Then the standardized normal deviate is given by

(In t - In Km + S In P )

In <rg

and the risk, given by the cumulative normal distribution function F(Z)
can be approximated by using a standard algorithm to obtain the area
under a portion of a normal distribution function (Abramowitz and
Stegan, 1964). The risk can also be calculated at a given average dose rate
D (with respect to the elapsed time) by using the lognormal probability
density function f(t) at the median time tm with the geometric standard
deviation a%. Then the risk is given by

T

F(t) = J f(t)dt
o
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so that the risk is the probability of succumbing at a time t earlier than a
specified time T, in the absence of competing risks.

If the natural life expectancy postexposure is assumed to be iognormal
with median survival time tL and geometric standard deviation ?,[., then
the lifetime incidence of radiation-induced effect depends upon the com-
petition of risks from radiation exposure and from spontaneous deaths
associated with aging. This incidence fraction, I, can be calculated at any
chosen average dose rate by

00

1 = 1.0-J{FL(t)][f(t)dt] (7)

with the cumulative function FL(t) giving the risk with respect to time of
spontaneous deaths associated with aging. As discussed by Raabe, Book,
and Parks (1983), it is inherent in this model that all exposed individuals
eventually succumb to bone cancer (with risk = 1) given enough time
and the absence of competing risks. The exact incidence of bone cancer
depends upon the nature and distribution of competing risks. The lognor-
mal model describes the underlying risk distribution in the absence of com-
peting risks. This definition of risk could be modified by an appropriate
susceptibility factor, by assuming that a fraction s of individuals are sus-
ceptible to the given effect, so that the maximum possible risk could not
exceed the value of s.

Relative Biological Effectiveness (RBE)

Relative biological effectiveness (RBE) is defined as the ratio of the
cumulative dose of reference radiation to the cumulative dose of a given
radiation, yielding essentially the same biological response. Since time to
effect must be the same for both the reference radiation and the one being
tested, if responses are to be equivalent, the RBE is equivalent to the ratio
of the average reference radiation dose rate leading to a particular biologi-
cal end point at a given time, to the average dose rate leading to the same
end point at the same time for a specified radiation (Raabe, Parks, and
Book, 1981). Hence, if the skeletal irradiation from 226Ra yields a given
level of risk at a time to death t with average skeletal dose rate D from
226Ra and progeny given by

OR. = -T- (8)
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and if another skeletal irradiation pattern from another radionuclide in
bone has a response at the same level of risk and time given by Eq. 1,
then the RBE is given by

RBE -

where 17 is the reciprocal of S and 17* is the reciprocal of S*. If S ==
then the RBE is the same for every postexposure time period with

RBE = (10)

Usually, K and K* are chosen for the median risk (Z = 0 in Eq. 3) for
calculation of the RBE.

Relative Dose Effectiveness (RDE)

An important feature of the lognoraial dose-rate-time-response rela-
tionship is the negative sign of the slope associated with any given level of
risk so that increasing times to death occur at lower average dose rates.
When the value of the negative slope is between zero and unity (as for
radiation-induced cancer), the resulting product of the time to death and
the average dose rate (tD) which defines the cumulative radiation dose is
smaller for lower dose rates at any given level of risk. Hence a dose-rate-
dependent risk-enhancement factor is assciated with lower dose rates. For
example, the cumulative dose yielding half of the observed 226Ra-induced
bone cancers (primarily from alpha-particle irradiation of the skeleton)
occurs at about 1200 days in beagles at 12.5 rads/day (Raabe, Book, and
Parks, 1980). This cumulative dose is therefore 1200 days X 12.5
rads/day = 15,000 rads. In contrast, the cumulative dose yielding half of
the observed 226Ra-induced bone cancers in beagles at 0.5 rad/day occurs
at about 3000 days. This cumulative dose is therefore only 3000
days X 0.5 rad/day = 1500 rads. Hence, the irradiation is apparently
ten times more effective when delivered at 0.5 rad/day than at 12.5
rads/day.

This relationship defines the relative dose effectiveness (RDE) as the
ratio of the cumulative absorbed dose of radiation delivered at a reference
dose rate to the cumulative absorbed dose at another dose rate yielding the
same level of risk (independent of the time involved). The RDE for other
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dose rates can then be calculated and expressed (Raabe, 1983; Raabe,
Parks, and Book, 1981) as follows:

RDE = — ~ - (11)

where T)t is the reference dose rate. For a risk of 0.5, K. = Km. Clearly,
the cumulative dose alone is an ambiguous estimator of risk since the RDE
varies widely for different average dose rates.

Examples

A major lifetime study of radiation-induced bone cancer from pri-
marily alpha irradiation from 226Ra in the bone of beagle dogs has been
under way at the University of California at Davis, in the Laboratory for
Energy-related Health Research, for over 20 years (Raabe, Parks, and
Book, 1981; Raabe et a!., 1981). This study involved 243 beagles exposed
to six levels of 226Ra, resulting from eight fortnightly intravenous injec-
tions administered over a period from 435 to 340 days of age. A total of
123 cases of bone cancer (primarily osteosarcoma) occurred in exposed
beagles in this study (Book et al., 1981). These 123 cases represent the
largest available cohort of radiation-induced bone cancer cases in beagles
and provide the basis for testing various dose-response models and for
evaluating the results of other studies of radiation-induced bone cancer in
beagles.

Cases of bone cancer induced in beagles by primarily alpha-particle
irradiation from radium and the other bone-seeking actinides were
obtained from progress reports published by two other DOE-sponsored
laboratories (the Inhalation Toxicology Research Institute (ITRI) and the
University of Utah) in which carefully controlled lifetime studies with
purebred beagles have been conducted [Bice, Snipes, and Martinez (Eds.),
1981; Miller (Ed.), 1980]. The effect considered was death, or sacrifice
when death was imminent, from primary bone cancer (primarily osteosar-
coma). These data included 56 cases for skcletally deposited 238Pu subse-
quent to a single inhalation exposure at ITRI and 42 cases for 226Ra, 40
cases for 228Ra, 44 cases for 228Th, 58 cases for 239Pu, 29 cases for 241Am,
10 cases for 249Cf, 6 cases for 252Cf, and 1 case for 253Es, each given as a
single intravenous injection at the University of Utah. The skeletal doses
used were those reported by the respective laboratories, except that the
University of Utah doses were multiplied by 0.89 and the ITRI doses by
1.19 to adjust for differences in assumed average skeletal weights from
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those used at the University of California at Davis (Garsd, Goldman, and
Rosenblatt, 1981). Although the diagnoses given in progress reports must
be considered tentative, the general analyses discussed herein are not sensi-
tive to small variations.

Those few cases of bone cancer which occurred very late in life at
lower dose rates were not used in fitting the lognormal model, because
they are not representative of bone cancer risk in the absence of other
competing risks. Specifically, competing risks from either natural aging at
low dose rates or from non-cancer injury at very high dose rates distort the
distribution in time of the observed deaths from bone cancer. Hence these
cases were purposely omitted from the analysis to focus on estimates of
independent bone cancer risk as distributed with respect to dose rate and
time.

RESULTS

Raabe and co-workers (Raabe, Book, and Parks, 1980, 1983; Raabe,
Parks, and Book, 1981) found the cases of bone, cancer from 226Ra in the
University of California at Davis study to be well represented by the
three-dimensional lognormal response function with S = 0.29,
Km = 2500 (GSE = 1.02), and a% = 1.24 if S is ±0.01 SE, and with
ffg = 1.17 for S exactly equal to 0.29. Similar response functions with
S = 0.29 were shown to be plausible for the available mouse data with
Km = 850 (GSE = 1.11) and the human data with Km = 9000
(GSE = 1.06 and ag = 1.39). The ratio of these Km values yielded
response ratios (RR) of 3.6 and 0.34 for people and mice, respectively,
with respect to the beagle. Hence the K value from Eq. 1 was multiplied
by the appropriate RR to scale between species. However, Raabe, Book,
and Parks, (1983) showed that an observed a% for people as large as 1.39
probably resulted from uncertainties in the human data, and that
ag = 1.17 with S = 0.29 for people, as for beagles, better explained the
lower dose data where no bone cancers have been observed among 134
persons at risk with lifetime cumulative doses less than 800 rads. The
results of Raabe and associates (Raabe, Book, and Parks, 1980, 1983;
Raabe, Parks, and Book, 1981) for the three species are shown in two
dimensions in Fig. 1, in which each bone cancer case was plotted with
respect to logarithmic coordinates of elapsed time t from beginning of
exposure to death (or termination from study) and average dose rate to
skeleton £) during that time. Also plotted was the power function from
Eq. 1 for K = Km in each case. The third dimension of the response
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function is the risk, indicated in Fig. I by the clustering of the cases about
the lines.

The lognormal dose-response model described by Raabe et al.
(Raabe, Book, and Parks, 1980, 1983; Raabe, Parks, and Book, 1981) and
shown in two dimensions in Fig. 1 is illustrated in Fig. 2 as a three-
dimensional surface generated from Eq. 3 with S = 0.29, <J% = 1.17,
and Km = 2500 for beagles, or 9000 for people with RR = 3.6. The
0.05 and 0.95 levels of risk are shown (obtained by letting Z = ± 1.645).

The results of fitting the selected data on beagles with bone cancer
from the three laboratories are summarized in Table 1. The observed dose-
rate-time-response functions for bone tumors for these radionuclide chains
involving alpha irradiation of bone were similar, with an average negative
slope S of 0.29 (SE = 0.01). The distribution of bone cancer cases about
their respective median values of K (Km in Table 2) have about the same
logarithmic variance (in Table 1 ag = 1.17 with SE = 0.01) for the
radionuclides. Hence the functions in Table 1 were similar to the three-
dimensional relationship shown in Fig. 2, displaced according to the
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TABLE 1

Estimated Parameters of the Lognormal Dose-Rate-Time-Response
Surface for Radiation-Induced Bone Cancer in Beagles*

Nuclide
(study)t

" 6 Ra D
226Ra U
228Ra U§
228ThU

»8Pu L
»»PuU

24lAmU
249Cf, 252Cf,

and 253Es U

Averages

K_(GSE)

2464(1.02)
2441 (1.03)

[1793 (1.03)]§
1188 (1.03)

1171 (1.07)
1343(1.04)

1450(1.06)

1399(1.06)

S(SE)

0.29(0.01)
0.30 (0.02)

[0.35 (0.03)]§
0.35 (0.02)

0.25 (0.05)
0.27 (0.02)

0.28 (0.04)

0.31 (0.06)

0.29(0.01)

ff.CSE)

1.17
1.15

[l-20]§
1.16

1.18
1.18

1 19

1.12

1.17
(0.01)

n

115
39

36
39

50
44

28

17

r

0.93
0.95

0.90
0.96

0.62
0.91

0.81

0.82

Dosinetryl

M
M

M
C

C
C

M

M

* Where S is the negative slope (with standard error, SE) and a, is the geometric
standard deviation (based on the estimated S) of values of K about the median Km

(with geometric standard error, GSE) for n cases of bone cancer death (with the
correlation coefficient r between observed and predicted values of In t).

tD, at the University of California at Davis; L, at Lovelace Inhalation Toxicology
Research Institute at Lovelace; U, at the University of Utah.

$M, doses evaluated on the basis of in vivo measurements of body and skeletal
retention on an individual-dog basis. C represents doses calculated on the basis of
average retention equations for separately studied dogs.

§ Radium-228 mixed with different levels of 22lTh; values were not used for calcu-
lating averages at bottom of columns 3 and 4.

respective differences in Km. The 226Ra-induced bone cancer results at the
University of Utah corresponded closely to those at the University of Cali-
fornia at Davis. Figure 3 illustrates in two dimensions the combined 226Ra
bone cancer data from the University of Utah and the University of Cali-
fornia at Davis with the lognormal response function for Km = 2500 and
for Z = ± 1.645 (or 0.05 and 0.95 risk, as in Fig. 2). The third dimen-
sion of the lognormal dose-rate-time-response surface shown in Fig. 2 is
indicated in Fig. 3 by the clustering of the individual cases about the line.

Dose-rate-time-response functions with S exactly equal to 0.29 were
also fitted to these data and are given in Table 2. The observed response
relationships for bone cancer in beagles from 24lAm, 249Cf, 252Cf, and
253Es were all similar as shown in Fig. 4 with the median functions for
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there are no competing risks. However, there are always competing risks,
the most important of which, at lower dose rates, is spontaneous death
associated with aging. The process of risk estimation at low doses is there-
fore a matter of calculating the lifetime incidence fraction I, of the given
radiogenic effect (such as cancer as indicated by Eq. 7) as the resultant of
the combination of two risks, one from presumed natural aging and one
from the radiation-induced effect. By assuming the life expectancy after
beginning of irradiation to be lognormal with <r,L = 1.13 for humans or
1.12 for beagles, the lifetime bone cancer incidence for 226Ra in skeleton
was calculated for Eq. 7 for different lifetime average skeletal dose rates
[Fig. 6(a)] and with respect to the resultant lifetime cumulative absorbed
skeletal dose [Fig. 6(b)] for tL = 13.3 years for dogs and for tL — 50 or
55 years for people. The equivalent incidences for bone cancer from the
other radionuclides in Table 2 can be obtained from Figs. 6(a) and 6(b)
by dividing the indicated dose rate or cumulative dose by the appropriate
RBE. Since other radiogenic risks have been neglected, actual bone cancer
incidences will usually be much lower than calculated and shown in the
figures, especially at intermediate and higher dose rates. These incidence
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TABLE 2

Estimated Parameters of the Lognormal Dose-Rate-Time-Response
Surface for Radiation-Induced Bone Cancer in Beagles, with

Fixed Slope S = 0.29*

Nuclkk
(st«dy)t

226Ra D
U 6 RaU

228Ra U$
228ThU
238Pu L
239PuU

241 Am U
M'Cf, ^Cf,

and 253Es U

K.JGSE)

2464(1.02)
2423(1.02)

[1794(1.03)]$
1240(1.03)

1113(1.03)
1305(1.03)

1440(1.03)

1428(1.03)

1.17
1.15

[120]$
1.19

1.19
1.18

1.19

1.12

•

115
39

36
39

50
44

30

17

r

0.93
0.93

0.89
0.94

0.61
0.91

0.83

0.82

RBE

1.0
1.1

3.0
10.7

15.5
9.0

6.4

6.6

* Where at is the geometric standard deviation of values of K about the
median Km (with geometric standard error, GSE) for n cases of bone cancer. The
correlation coefficient r between the observed and predicted values of In t, and the
calculated relative biological effectiveness RBE relative to the University of Cali-
fornia at Davis U6Ra results are given.

tD, at the University of California at Davis; L, at Lovelace Inhalation Toxi-
cology Research Institute; U, at the University of Utah.

$Radium-228 mixed with small amounts of 22STh. Some individuals were
injected with a solution in which 22*Th contributed 15% of the total disintegration
rate.

24'Am from Table 2. Those for 238Pu and 239Pu were somewhat different
from each other as shown in Fig. S, displayed with the fitted median func-
tions from Table 2. For 239Pu dose rates above 2 rads/day yielded essen-
tially the same time to death, so that the six cases above 2 rads/day were
not used in estimating the lognormal function, because they did not fit
Eq. 2. The relative biological effectiveness (RBE) values were calculated
as given by Eq. 10 by using the 226Ra results as the reference radiation
dose pattern. These RBE values are also given in Table 2.

Risk Estimates

The lognormal dose-response surface described by Eq. 3 (Fig. 2)
predicts that all exposed individuals will even M ally develop cancer if they
do not first succumb to other causes of death. Hence the probability of
cancer risk from irradiation will be 1 when there is no time limitation and
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distributions reflect the chosen life-span median time postexposure and
vary markedly for other exposure conditions. Incidence is therefore a
quantity dependent on age at exposure and on competing risks and is not a
useful indicator of underlying risk; it may be helpful in risk estimation for
consideration of the relative importance of exposures at lower dose rates.
Higher incidences were indicated for people than for beagles exposed as
young adults for specified cumulative doses [Fig. 6(b)] since the max-
imum life spans differed by a factor of about 5, whereas the response ratio
was only 3.6.

A practical threshold for appearance of bone cancer (or other chosen
effect) occurred with the lognormal power function because it predicted
high risks from low dose rates only at long times, which would greatly
exceed the natural life span (Figs. 1 and 2). This was true even though
the RDE was higher at lower dose rates. Hence very low lifetime
incidences occurred at low dose rates or cumulative doses [Figs. 6(a) and

DISCUSSION

Dose-Response Functions

The use of lognormal dose-response relationships in describing data
has been established in toxicology (Litchfield and Wilcoxon, 1949) and
radiation biology (Storer et al., 1957). Also, the apparent linearity, in log-
arithmic coordinates, of time to effect with dose rate has been previously
described for both chemical and radiation carcinogenesis by Druckrey
(1967) and Albert and Altschuler (1973). Raabe and associates further
systematized this approach (Raabe, Book, and Parks, 1980, 1983; Raabe,
Parks, and Book, 1981) with emphasis on the three-dimensional response
surface that described the risk distribution with respect to average dose
rate and time. This report summarizes the characteristics of the three-
dimensional surface as described by the lognormal dose-rate-time-response
function and further demonstrates its usefulness in comparing responses
from different radionuclides and different animal species.

The lognormal response function was found to be readily applicable to
radiation-induced bone cancer. The overall similarity of the response pat-
terns in beagles for several bone-seeking radionuclides (with progeny)
found by using these methods of evaluating the data was apparent
(Table i). The slopes S are all similar, and the distributions of cases
about the median lines have nearly identical variances. Raabe (1984)
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argued that the observed S = 0.29 in these alpha-particle-induced bone
cancers was indicative of an intrinsic slope of exactly one-third as sug-
gested by Jones and Grendon (1975). The interpretation of the results
reduced to consideration of the respective RBE's. The close agreement
between the results at the University of Utah and the University of Cali-
fornia at Davis 226Ra studies was particularly remarkable, considering the
differences in exposure patterns (single injection vs. multiple injections),
laboratory managements, and dog genetic histories.

The fact that lifetime average dose rates to skeleton were used for the
lognormal response function for the bone cancer fatalities in beagles
exposed to several radionuclides (Table 1) was particularly noteworthy
since the actual dose rates changed in various ways with time postexpo-
sure. This was because of uptake, retention, and radioactive decay charac-
teristics of the different radionuclide chains. The 238Pu data involved a
dose rate to bone that was increasing for several years with translocation
of plutonium from lun^ to skeleton and was very low during the first 100
days postexposure. The 226Ra and the various long-lived actinides had
dose rates that decreased very slowly and may still have been 25% of the
initial dose rate at 10 years postexposure. The 228Ra and 228Th decay
chains yielded increasing and decreasing dose rates, respectively, at early
times, and the 228Th dose rate dropped to less than 10% of the initial dose
rate in less than five years because of its relatively short half-life. Since
use of the average dose rates to skeleton yielded essentially the same slope
S in each case, it was inferred that the dose-response relationship for bone
cancer from chronic alpha-particle irradiation was relatively insensitive to
slow changes in dose rate over long time periods. The results were well
represented oy the average dose rates.

The selected 115 bone cancer cases from 226Ra in the University of
California at Davis beagles (Tables 1 and 2) provided the basis for testing
the acceptability of the lognormal model compared to other proposed
mathematical models. The distribution of individual K values for the times
of death and average dose rates of the University of California at Davis
cases (Fig. 1) is shown in Fig. 7 as a histogram with a superimposed log-
normal function. The distribution of K values was the transformed distri-
bution of bone cancer cases as described by the times to death in Eq. 1. A
chi-square test of the accuracy of the prediction for this distribution of K
values yielded probability of <0.7, indicating a satisfactory fit of the log-
normal function to these data.

Other dose-response functions have been suggested and used to
describe similar radiation carcinogenesis data. Stover and Eyring (1970),
Rosenblatt et al. (1971), and Goldman et al. (1973) have used the logistic
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function to describe 226Ra-induced bone cancer in beagles. The logistic
function is given by

1.0 - F(K) - (1.0 + c x p [ - ( a - b K ) ] ~ ' (11)

where F is the cumulative distribution of K values and a and b are param-
eters. Another function that has been used for dose-response relationships
is the Weibull distribution given by

1 . 0 - F ( K ) = exp(-aKb) (12)

where a and b are parameters. Both the logistic and Wcibull functions
were fitted in their logarithmic forms by least squares to the 115 bone
cancer cases from the University of California at Davis 226Ra beagle
study. The results, along with the lognormal model, are show in Fig. 8.

The chi-square tests of the fit of these three distribution functions is
given in Table 3. Only the lognonnal is not rejected at the 0.0S signifi-
cance level. This is an important result since all three adequately describe
the data for risks between 0.1 and 0.9; however, extrapolation to lower
values of K would overestimate the risk given by F(K) for either the
Weibull or logistic functions, as compared to the lognormal function.
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TABLE 3

Chi-Square x2 Tests of V'eibull, Logistic, and Lognormal
Distribution Functions Times to Death t Given by the Values

of K for 115 Cases of Beagle Bone-Cancer Tumor Deaths from
22*Ra at the University of California at Davis*

Raafe
oTK

nkMtt

<2039
2039 to 2241
2242 to 2463

2464 to 2708
2709 to 2978

>2978

Total
Probability

Otaemd
cases «f

base csBccr

12
21
25

29
15
13

115

WdMI

Expected
cuts

10.15
10.37
18.65

28.36
29.89
17.57

115

x1

0.34
10.90
2.16

0.01
7.42
1.19

22.0
<0.001

UfWic

Expected

10.48
12.86
24.23

31.18
22.67
13.58

115

X1

0.22
5.15
0.02

0.15
2.60
0.03

8.17
<0.05

L*fB0

Expected
CMC*

13.25
18.26
25.99

25.99
18.26
13.25

115

mat

xl

0.12
0.41
0.04

0.35
0.58
0.00

1.50
<0.7

'Since each function has two fitted parameters and a known total number of cases, the
degrees of freedom (df) are 6 - 3 - 3 df; only the tognotmal function gave an acceptable
Tit at the 0.05 significance level.

tDose-response power function coefficient equivalent to days to death at 1 rad/day.
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DISCUSSION

B. R. Scott (Lovelace, Inhalation Toxicology Institute): I agree with
your comments regarding the use of cumulative dose when such dose is
evaluated to time of death. But you have now used average dose rate. I
believe your average dose rate is defined as the dose to death divided by
survival time; is that correct?

Raabe: That is the way it is calculated.
Scott: Your cumulative dose to death is not a linear function of time.

This implies that your average dose rate is also a nonlinear function of
time; that is, it changes over time.

Raabe: The average dose rate is a function of the radionuclide concen-
tration in a tissue and that concentration must change slightly with time.
In some cases it goes up (the 238Pu went up), in some cases it goes down,
and in some cases it is fairly level. Calculating an average dose rate by
using the cumulative dose is merely a convenience.

R. Gray (Oxford University): I notice that in your Weibull model,
which failed to fit the data, you didn't allow for the time of development
of the tumor nor did you distinguish between fatal and incidental tumors.
When we have made such allowances, we have found that the Weibull
model fits well.

Raabe: I have tried making such allowances. It has not been very suc-
cessful with these data because it is very hard to find the minimum latency
time that needs to be included.

C. W. Mays (University of Utah): In your Fig. 5 (page 334), at the
lowest dose rates, there are six 226Ra dogs with osteosarcomas. They all lie
below the line you projected. If you were to include the fibrosarcoma in
the nasal cavity, it would make seven. If the line truly described the situa-
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tion, you would have a chance of '/;7, or one in 128, of seeing all the points
on one side of the line.

Raabe: There's a very simple answer to that.
Mays: The simple answer is that it is not a straight line. It bends

over.
Raabe: That's your answer, but that is not what is happening. We

have competing risks. The animals are dying from spontaneous causes
associated with aging. They may be dying from other carcinogenic effects
in some cases. When they die from competing risks, they cannot die from
osteosarcoma. So, because the risk level for osteosarcoma is low at low
dose rates, most of the animals die from something else. Of course, the
points lie below the line because very few animals live long enough to pro-
duce a point above the line.

Mays: Did you fit the line to the actual data with no correction for
competing causes of death?

Raabe: I did not use the values at very low dose rates where there is a
very low incidence and where competing causes of death are a problem.

Mays: You should use all the data if you want the model to represent
reality.

Raabe: You can't do that because the low dose data are distorted by
competing causes of death. Most of the animals have died of causes other
than osteosarcoma so you are never going to get an unbiased picture of
osteosarcoma risk. You cannot have animals dying of osteosarcoma after
they have died of other causes.

Mays: I understand that. My position is that you have used an inap-
propriate model, which has led to wrong conclusions.

I have another question concerning your analysis of human, beagle,
and mouse osteosarcomas (Fig. 1). Your figure shows nine points on the
mouse curve. The paper on which it is based had 17 points. You have
omitted 1 replicate control and the 7 lowest-dose points, all but one of
which had an elevated incidence above control values (p < 0.0S).

Raabe: This discussion we have been through before; it is published in
the proceedings of an earlier meeting [Health Phys., 44 (Supp. 1): 46-48
(1983)]. My answer is still the same.

With this method, I am working only with a restricted area of the
dose-response surface where almost all the causes of death are tumors.
My "competing risk adjustment" is to ignore those areas where there are
high competing risks. So, of course, I used only the high dose rate area to
fit the function. I assume that it extrapolates to lower dose rates.

Mays: Why did you not say that you had omitted the low dose data?
Raabe: I did say, I think quite clearly, that I have to omit any values

where there is a high competing risk.
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Schneidenaan: Let me ask the question: How does our analysis of
data relate to a theory of carcinogenesis? Is there some theory of carcino-
genesis that drives us to look at data in a certain way? Is there a theory of
carcinogenesis that would argue, for example, in reference to Dr. Raabe's
paper, that the Weibull model, somehow or other, was more appropriate
biologically than, let us say, the logistic or the log-normal model. We are
really not interested in curve fitting; that is not our problem here. Our
problem is to develop an appropriate, acceptable, sound theory from which
to do some prediction. It seems to me we must tie ourselves to a model
that has some biological meaning. I want to urge that when we think
about the analyses that we are going to do, when we are planning an
experiment, that the analyses, as well as the experimental design, derive
from biological considerations.

It seems to me, from what I have heard the past couple of days, that
you have a lot of ideas in mind as to what your data should look like. I
would have been interested in seeing some dummy tables. These are the
things we are going to look for, that we are going to tabulate against each
other; this is what we are going to do with these data when we get them. I
want the biology to drive the statistics. I want the biology to tell me what
analyses I ought to be doing. When I am done, I want the analyses to have
contributed to my understanding of the biology and to the design of the
next experiment.

I have just one more comment. My colleague, Charles Brown, has been
looking at several aspects of life-shortening or aging, especially of age at
appearance of tumors. What he found was that, unless you have a very
substantial proportion of the animals developing the tumors, at least 10 or
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15%, age at appearance will be only slightly affected by an increasing
incidence of the tumors.

In humans the most common tumors are lung cancer, breast cancer in
women, colon and rectal cancer in both men and women. For none of these
is the lifetime probability at birth as high as 10%. So I believe we have
real problems if we expect age at appearance of tumors to tell us anything
about low-level exposures. I think that was emphasized in Dr. Raabe's
paper and in Dr. Stover's paper.

Rosenblatt: I fully endorse Dr. Schneiderman's comments about the
biology driving the statistics rather than the other way around.

I was asked this morning to comment on the processes employed in
selection of controls for the Utah experiments. I find it very difficult to
comment, because I really don't know why they want the control group.
That may sound silly, but, in much risk assessment work, the controls are
never utilized.

The original five Utah experiments, not counting the later radium, plu-
tonium, and strontium additions, were set up as complete random block
designs with controls associated with each of the blocks. These constitute
only about 60 out of the 120 or so animals that they are looking at now as
a control population.

But why are the controls wanted? In what kinds of analyses will they
be used? Until this question is answered, it is very difficult to comment on
whether control populations should be censored because of epilepsy or
because of something else.

Crump: I would like to explain a little more about the table that I
presented in the first session (Table 1, p. 101). I shall remind you that
these are theoretical predictions from a Weibull model in which we are
comparing the average age at which tumors occur with the probability of
developing tumors by a particular age. I shall remind you also that the
particular model implies an inverse relationship between dose and median
or average time to tumor. In fact, the average time to tumor varies as the
inverse cube root of the dose. This kind of relationship has been seen in
some experiments and has led to suggestions that there might be a practi-
cal threshold at low doses because the median time to tumor would exceed
the natural life span, which is about 70 years in humans.

The point I want to make is that average or median time to tumor is
not a very good statistic to tell you what is going on. I think the most
important statistic is incidence. You can estimate average or median time
to tumor from incidence. You cannot go back the other way. So incidence
is the more basic measure; it is just a mathematical fact. You can prove
mathematically that, if you decrease incidence, you are going to increase
latency, and, eventually, you are going to decrease incidence so much that
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the average time to tumor is going to exceed any given value you want to
choose, but it does not mean that the risk goes to zero.

As I pointed out earlier, if you have a median time to tumor twice the
normal life span, i.e., 140 years, this model predicts an incidence of 8.5%
by age 70, which is quite typical of the human situation. Most humans do
not get tumors, which means that the median time to tumor does exceed
the normal life span.

I would also point out that these are not necessarily tumors of old age.
If you have 140 years mean latency, you still have, according to this
model, a tumor probability of 1% by age 35. As you decrease incidence,
and increase the median time to tumor, the average life span lost may
become very small. But among those that do get the tumors, no matter
what the median time to tumor, this model predicts an average life loss of
about 15 years, which is about average for all humans. This is a mathe-
matical model, but it predicts just what Marvin said that Charles Brown
has been showing—that the time pattern of tumor appearance is minimally
influenced by incidence.

O. G. Raabe (University of California, Davis): Dr. Crump, when you
say incidence, are you referring to raw or corrected incidence? I get wor-
ri&d about that word "incidence" because sometimes people use it to mean
something that they have calculated from life-table analysis to correct for
competing risk. And sometimes they are just talking about dividing the
total number at risk into the number of cases, and they call that incidence.
What incidence were you talking about?

Crump: I was talking about age-corrected incidence.
Raabe: The tumors that we are worried about from low doses of radi-

ation usually occur near the end of life span. So there is in effect no life
shortening. I do not think that issue has been really well addressed.

Schneidennan: May I comment on that? If there were no cancer
whatever, if cancer were not a cause of death, the average life expectancy
at birth would be increased by roughly two years. This would be the case
if all cancer were eliminated. So in that sense the change in life expec-
tancy caused by all cancer is quite small, and what Dr. Raabe says is
correct and true.

However, if you develop the disease at age 70 and die within a year,
you have had 12 years loss of life. Averaged over the total population, this
is a very small amount. For the specific individuals who develop the dis-
ease, however, the average length of life lost is about 14 or 15 years for
men and about 18 years for women.

So, remember, just because a person is at age 70 and the median life
span is 73 does not mean that that person has only three years' life expec-
tation. At age 70, you have approximately 12 years' life expectation. So



346 CRUMP, ROSENBLATT, AND SCHNEIOERMAN

those diseases that occur at late age do have a serious and important toll
in reduction of life span for those persons who survive to develop them.

J. F. Park (Battelle, Pacific Northwest Laboratories): We saw this
morning some data from Dr. Glenn Taylor on nodular hyperplasia in the
liver. This change appeared to be, on the basis of the slides that he
showed, the sort of thing we might expect to see in 100% of animals
observed at late survival times. Would you estimate the risk of such a
lesion any differently from the way you would estimate cancer risks?

Crump: You might have some practical difficulties handling 100%
incidence. I would assume this is not a fatal lesion and only would be
detected incidentally. I would apply the same principles in this case as I
would for a more serious lesion.

Park: So the methods that we have talked about for handling the
cancer data can also be used to handle nonfatal types of health decre-
ment?

Schneiderman: It seems to me we have to ask ourselves more specific
questions about what these particular data mean. What does a liver nodule
mean? Why are we collecting information on it? Is it really a health
decrement? Or is it only something that is discovered if you do an autopsy
on an otherwise apparently healthy individual? Is there any indication that
it would have any effect later in life?

This is the same concern that I have when we introduce into the labo-
ratory hospital the very large clinical pathology machines that can test 32
or 64 blood chemistries at the same time. Nobody in the population is
without abnormal values in these machines, although a large number of us,
I hope, are without disease.

We have to deal with the biology and with the pathologist and what he
thinks is the meaning of these things. Do they imply a health decrement,
or are they essentially of no consequence? I think that should drive what
one does with the statistics.

B. B. Boecker (Lovelace, Inhalation Toxicology Research Institute): I
am wondering how the comment about biology driving the statistics might
relate to yesterday's suggestion that there might be some minimum num-
ber of tests or calculations which ought always to be done. If biology is
driving the statistics, it should establish a more clearly defined end point
and might set a maximum limit on the statistics that should be done. It
seems to me we are often seeing many different analyses of the same data,
which amounts to little more than variations on a theme—everyone has his
favorite analysis. How far do you need to go with that?

Schneidennan: I don't want to inhibit anybody from doing any com-
putations he wishes to do, so I would be a little concerned about setting a
maximum. It does seem to rne that you could have three or four different
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biological theories, each of which might drive a different analysis. Then
the question would become, which theory receives the greatest support
from these analyses?

D. J. Mewissen (University of Chicago): It seems to me that a major
problem which the biologist encounters when he has a statistician describe
his data by some kind of distribution—and I refer here more specifically
to the time distribution of cancer induction—is that in most models a basic
assumption exists that the process is monotonic with time. If one looks at a
sufficiently large population of mice, however, you see that each type of
cancer has a specific time distribution of its own; and the average curve is
bumpy; it is not a continuous monotonic process. That, in my opinion, is
something that the statistician ought to address.

Schneidennan: I agree. It is true in humans, too, of course. There are
young persons' cancers—the Hodgkin's diseases. And there are old men's
cancers—the cancer of the prostate. And they are at the extremes in the
age distribution.

Crump: I would add that many analyses do not assume a monotonic
increasing incidence rate with time. The Peto analysis, which we discussed
yesterday and this morning, does not make that'assumption. It would be
valid independent of the time distribution of the cancers. In that sense we
call it a nonparametric method.

D. Grahn (Argonne National Laboratory): There is a very practical
question that we have sort of circled around: that is the problem of the
incidental tumor. In the mouse, for example, we work very hard to try to
assign a cause of death. We have tens of thousands of mice with an
assigned cause of death. But in each one of these mice, there are two or
three or four lesions, and sometimes whole classes of tumors will appear as
incidental to the cause of death. Almost all the adrenal tumors, pituitary
tumors, Harderian gland tumors, liver tumors, and kidney tumors, will
appear as incidental. Yet these whole classes of tumors are very significant
as far as differential analyses with regard to dose rate, radiation quality,
sex, age, and pattern of exposure. How do we handle that?

Crump: If I were analyzing data like those to test for an effect, I
would use the Peto-type analysis. If you are trying to fit a dose-response
curve to those kinds of data, then there really is in my opinion a problem.
The first thing you have to do is to separate incidental cancers from fatal
ones by some estimation procedure. Then, if some of the incidental cancers
can also be fatal, you may have biases that cannot be overcome. My
approach would be to fit models both ways: assuming that cancers are
incidental and assuming that cancers are fatal. Usually the results are sim-
ilar, in which case you haven't a serious problem.
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Schneidena&n: May I comment? This reminds me of something John
Goldsmith said—he's an epidemiologist concerned with air pollution in the
State of California. He said there is nothing, so far as he has seen, that
causes fatal cancer, and only fatal cancer, and nothing else. He said he
would like to see some research done on early indicators. He asked, do
particular kinds of material or exposures cause recognizable detrimental
effects early in life and then later in life does this same exposure result in
excess cancers? In a sense, he is talking about the same thing you are talk-
ing about. How do you use this other information to give you an early sig-
nal that you have something of consequence, some material that will later
be a threat to life?

Grann: What Goldsmith is saying is that morbidity is a continuous
process.

Schneidennan: Yes.
Grahn: This process is terminated at some time by death, and you

assign a cause. All the incidental information is often being thrown away,
and we can't afford to do that.
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ABSTRACT

The occurrence of a heritable, multiple intestinal adenocarcinoma (HMIA) was observed in
ifee offspring of an outcross between a male (or female) parent originating from our CS7
Black/6M strain and his female (or male) mating counterpart originating from an experimen-
tal subline of the same strain, propagated with multigeneration exposure of the male parent
to low-level tritium.

Multiple intestinal malignancy was observed with a high-expression frequency in all
animals examined in five subsequent generations, irrespective of the sex of the initial ascen-
dant originating from the experimental subline, exposed to tritiated water. A digenic inheri-
tance with partial penetrance is postulated, involving at least a two-stage process of tumori-
genesis, namely, a dominant mutation at one locus and a second mutation to a recessive
which, as long as it remained homozygous, prevented expression of the tumorigenic dominant
gene.

Carcinogenesis is extensively documented as a life-span radiation effect.
There has been no report, however, of a heritable tumor observed in a
mammalian host after irradiation of parental germinal cells. The occur-
rence of a heritable, multiple intestinal adenocarcinoma (HMIA) was
observed in the offspring of an outcross between a male (or female) parent
originating from our CS7 Black/6M strain and his female (or male) mat-
ing counterpart originating from an experimental subline of the same
strain, propagated with multigeneration exposure of the male parent to
low-level tritium.

Cytogcnic effects of tritium have been of concern to radiobiologists for
a number of years. Abnormalities were observed by Marin and Prescott
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(1964) and by Bender, Gooch, and Prescott (1962) in cultured human
blood lymphocytes and in hamster cells exposed to tritiated thymidine,
leading to the assumption that ionizations along the beta pathways were
indeed responsible for the damage, with no apparent interaction from
transmutation. Chromosome aberrations were observed by Hsu and Zenzes
(1965) in Chinese hamster cells exposed to tritiated thymidine, providing
evidence that the sites of incorporation were the primary targets of beta
irradiation. The question of the relative contribution of selective vs. ran-
domly distributed chromosome breaks as related to labeling heterogeneity
has been extensively reviewed by Bond and Feinendegen (1966). They con-
cluded that labeling patterns of distribution did not play a significant role
in terms of total breaks per cell after exposure to tritium. It appeared,
however, that chronic exposure over several generation times, in which
random distribution of breaks would be expected, was more pertinent for
assessing tritium toxicity in animals.

In radiation genetics programs carried out by Spalding and his associ-
ates at the Los Alamos Scientific Laboratory, no evidence was found of
any radiation-induced genetic injury resulting from multigeneration
radiation exposure. A number of end points were investigated, including
reproduction and litter characteristics, life span (Spalding, Brooks, and
Me Williams, 1964; Spalding, Brooks, and Tietjen, 1981) and resistance to
ionizing radiation (Spalding and Brooks, 1981). Mice used in those
studies were obtained from lines propagated from two sibling pairs of
RFM strain mice. Male mice in each of 45 successive generations in the
experimental line were sibling-mated after exposure to 200 rads of whole-
body X-irradiation at the age of 26 ± 2 days. Control mice were
sibling-mated for the same number of generations but received no expo-
sure. It appeared that external irradiation of successive generations of mice
at the 200-rad dose level did not result in any significant cumulative
genetic injury, as phenotypically expressed in the progeny.

Our current research was primarily aimed at investigating compara-
tively, in successive generations of mice, long-term effects as related to
cumulative genetic injury, possibly induced in offspring produced after
multigeneration exposure of the male germinal line to tritiated thymidine
or tritiated water. The main effects observed (Mewissen et al., 1977;
Mewissen and Ugarte, 1979) were somatic features such as body weight or
weight of specific organs, reproductive fitness, occurrence of dominant
lethal mutations in offspring, and modulation of tumor incidence spectra.
We report here the currently available data pertaining to multiple genera-
tion exposure to tritiated water, with special emphasis on the carcinogenic
effect, as related to the genetic effect.
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MATERIALS AND METHODS

Propagation of Control and Experimental
Sibling Sublines

In early 1975 three different lines of mice were started from three
sibling pairs of C57 Black/6M mice. All breeders were weaned at 28 ± 2
days of age. At each generation in experimental lines, weaned male
breeders, aged 35 days, either received a single injection of tritiated thymi-
dine (1 nCi/g of body weight) or were exposed for 5 weeks to tritiated
drinking water (10 jtCi/ml). Control male breeders and all female
breeders received tap water. At 10 weeks of age, all breeders were sibling-
mated. Breeders were allowed to produce one litter. Thus, the generation
time was about 14 weeks (weaning at 4 weeks, treatment at 5 weeks, mat-
ing at 10 weeks, delivery at 14 weeks). At each generation, the offspring in
the three lines were sibling-mated in the same sequence as their parents.

Estimates of Radiation Dose from Tritieted
Thymidine or Tritiated Water

Young adults, male and female (35 days old), C57 BL/6M mice were
injected intraperitoneally with 1 /xCi/g of body weight of tritiated thymi-
dine. Another group of young adults, male and female (35 days old),
C57 BL/6M mice were given tritiated drinking water (10 pCi/ml) for a
maximum of 35 days. Animals were sacrificed after 24 hr, 7, 14, 21, 28,
or 35 days. Tritium incorporation was assessed both in the aqueous and in
the organic component of tissues from various organs, including the
thymus, spleen, lungs, liver, brain, kidneys, ovaries or testes, small intes-
tine, and remaining carcass. The tritium assay was carried out by dehydra-
tion and subsequent oxidation of the tissue residue in a Packard Tri-Carb
oxidizer according to a procedure involving several successive steps, includ-
ing progressive dehydration, multiple flushing of the memory activity, and
final oxidative combustion of the sample.

EXPERIMENTAL RESULTS

Comparison of Control vs. Experimental
Sibling Sublines

The total number of offspring in the various sublines is listed in
Table 1. At the 6th generation total offspring in the sibling line receiving



TABLE 1

Offspring Characteristics in Contra and Experimental Soblines

Geaer-
atioa
order

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

Uaejq

Total
offcariag

5
17
72

152
376

721
154
312
624

9

25
29
58

111
107

139
262
383
579
54

posed coatroki

StMhf
coaple.

2
8

21
bO

107

20*
41
83
5lt
4

4
7

14
16
17

37
j2
84
57*
18
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size

(•KU)

5.0
8.5
9.0
7.6
7.5

7.2
7.7
8.2
8.0
9.0

8.3
7.3
8.3
7.2
7.1

8.2
7.1
8.0
8.5
7.7

Exposed

Total
offsprlaf

8
17
48
86

164

366
114
216
386

9

15
16
46

106
130

75
136
266
345
46

totrHkted

SiMiag
coaples

2
8

13
20
54

20*
31
58
5lt
2

2
6

16
19
11

17
34
46
57*
15

water

Utter
size

<-esa)

8.0
8.5
6.0
7.2
8.2

7.1
7.1
8.0
7.6
9.0

7.5
8.0
7.7
7.1
7.2

7.5
8.0
S.1
7.7
7.7

Exposed to

Total
offapriac

7
25
42
59
91

108
136
251
476

9

27
15
43
93
52

78
85

109
85
45

trMcted

StUJag
cospics

3
6
9

13
19

20*
37
67
51t
4

2
6

13

n
12

13
15
11
5
2

thyaaaaK

Litter
size

{mmm)

7.0
8.3
7.0
6.6
7.6

6.4
7.6
8.1
7.6
9.0

6.8
7.5
7.2
7.2
6.5

7.1
6.5
7.3
7.7
9.0

'Sibling line reduced to 20 couples. tFifty couples assigned to parallel studies. ^Sibling line reduced.
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tritiated thymidine numbered 108 vs. 336 in the sibling line exposed to tri-
tiated water and 721 in the control sibling line. At that point the subpop-
ulation in all three sibling lines was reduced to 20 couples, which were
assigned to further sibling matings.

At the 9th generation SO couples were assigned to special studies on
reproductive fitness, life span, and dominant lethality. They generated Fl
progeny numbering 416 animals in the control subline vs. 370 and 365 in
the sublines exposed to tritium. Thus data evidenced a trend toward reduc-
tion in the subpopulation of offspring propagated from male parents
exposed to tritiated water or tritiated thymidine. A similar reduction was
repeatedly observed whenever the various sublines were repropagated from
an equal number of couples. Details concerning these observations have
been previously published, as have estimates of radiation dose to the testes
(Mewissen et al., 1977; Mewissen and Ugarte, 1979). The dose to male
sperm over a 35-day period was estimated at about 37 rads from tritiated
water and 39 rads from tritiated thymidine under the experimental condi-
tions described. It should be noted that the previously published doses were
erroneously reported as one-tenth of these values (Mewissen and Ugarte,
1979).

Inheritable Multiple Intestinal Tumors in Outcross
Between Experimental Subline Exposed to Tritiated
Water and Control Subline

In an attempt to prevent extinction in the subline exposed to tritiated
thymidine, it was decided at the 18th generation, in both sibling sublines
exposed to tritium, to outcross males and females from a single litter in
the experimental (muitigeneration-exposcd) subline with mating counter-
parts from a single litter originating from the control subline at the
corresponding generation level. The outcrossed couples were allowed to
have successive litters. Within each litter mice were propagated by sibling
mating for successive generations. The sib-mating sequence was identical
to the one originally used for propagation of the two parallel sublines
except that the male parent was not exposed to tritium. In spite of cousin-
mating, the subline exposed to tritiated thymidine became extinct after the
20th generation. In the subline exposed to tritiated water, however, propa-
gation continued. The total offspring through five successive generations
was assigned to life-span observation (Table 2). At the present time most
of these animals have died. On average 44% of males and 78% of females
exhibited a multiple intestinal adenocarcinoma (HMIA), a tumor type
never observed previously in our colony. HMIA tumors appeared to be
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hereditary since offspring from tumor hosts developed identical tumors
through successive generations in which HMIA tumor expression fre-
quency was again significantly higher in females than in males. The distri-
bution among sexes of other late tumors (commonly observed in aging
mice) was reversed, i.e., it was higher in males than in females, whereas
the total incidence of these more common tumors was markedly decreased
in both sexes, possibly as a result of competing risks.

It must be acknowledged that HMIA induction and /or development in
C57 Black/6M mice might have been a chance event. The occurrence at
random of a new tumor type, never observed before in the C57 Black/6M
strain would, however, be very unlikely. It is noteworthy that the offspring
of each outcrossed couple developed HMIA tumors with high expression

TABLE 2

Incidence of Heritable, Multiple Intestinal Adenocarcinonui (HMIA) in
Fi — F5 Offspring from Outcross at the 18tb Generation

Off-
sprug

F 1
F 2
F 3
F 4
F5

TotaJ

F 1
F 2
F 3
F 4
F 5

Total

No. of

at risk

63
11
16
23
30

143

55
8

11
10
22

106

No. of

exttriaed

63
11
13
16
14

117

55
7
9
7

10

88

Aaiaab

No.

22
5

10
9
6

52

Mean

40
4
6
4
8

62

Mean

with HMIA

%

Males

35
46
77
56
38

4 4 .

Feaules

73
57
67
57
80

70*

Meaa
lateacy
period,

days

498
420
437
401
448

441 ± 36.4

583
562
649
442
475

542 ± 83.7

Amim
otter

No.

15
6
3
2
2

28

8
2
2
0
1

13

ibwitk
tamon

%

24
55
23
13
14

24t

15
29
22

10

15t

Mesa
lateacy
period,

toys

849
701
764
540
454

662 ± 162.1

898
631
591

662

696 ± 138.1

•Chi-square test, P < 0.05. tChi-squarc test, P < 0.01.
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frequency regardless of the sex of the parent originating from the subline
receiving multigeneration exposure to tritiated water. On the other hand,
the initially outcrossed mates originated from two single litters, one
selected from the 18th generation in the raultigeneration-exposed subline
and the other from the matching control generation. This would imply that
a dominant autosomal mutation occurred in the irradiated or in the control
germinal line. HMIA tumors, however, were phenotypically expressed nei-
ther in the control nor in the experimental sublines prior to outcrossing
one with the other. These findings are best explained by a two-l9SB§'
"repulsion" model. The digenic hypothesis is that two • utatiogs, both
involved in the genesis of HMIA tumors, might have accumulated in the
germinal line after multigeneration exposure. One of these mutations must
be dominant and should at least be expressed heterozygousiy to initiate the
tumor. A second mutation might have occurred to a recessive gene which,
as long as it remained homozygous, prevented expression of the tumori-
genic dominant gene. More research is needed before a final statement can
be made on the conceivable induction of HMIA by tritium irradiation.
Nomura (1982) has recently reported heritable tumors apparently induced
by combined X rays and urethane treatment.

Continuing investigation of the occurrence and development of HMIA
tumors is, in our opinion, of special interest. Should further research con-
firm the latter to be radiation induced, direct evidence would be provided
of a dual—mutagenic coupled with carcinogenic—radiation effect in a
mammalian animal system.
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ABSTRACT

This study was designed to elucidate the life-span radiation effects im mice irradiated at the
perinatal period in comparison to mice irradiated at the young adult period. B6C3F, female
mice were irradiated at 17 days of prenatal age, at 0 days of postnatal age, or as young
adults at 15 weeks of age with 19C, 380, or 570 rads of '"Cs gamma rays. Mice irradiated at
the late fetal period showed dose-dependent life shortening of somewhat lesser magnitude
than that seen after neonatal or young adult irradiation. Mice exposed at the late fetal period
were found to be highly susceptible to induction of pituitary tumors for which the latent
period was the longest of all induced neoplasms. Incidence of lung tumors in mice irradiated
at the late fetal period with 190 and 380 rads was higher than in controls. Malignant lympho-
mas of the lymphocytic type (including thymic and nonthymic types) developed in excess,
after a short latent period, in mice irradiated fetally with the highest dose; susceptibility of
prenatally exposed mice was lower than that of early postnatally exposed mice. Liver tumors
developed more frequently in mice irradiated in utero than in controls; susceptibility to induc-
tion of this type of neoplasm was highest at the neonatal period.

In general, carcinogenic response of mice exposed at the late fetal period seemed to
resemble that of neonatally exposed mice but was quite different from that of young adult
mice. It was found that mice exposed as young adults have no, or low, susceptibility to induc-
tion of pituitary, lung, and liver tumors; and a higher susceptibility to induction of myeloid
leukemias and Harderian gland tumors.

Age at the time of irradiation is an important physiological factor
influencing radiation carcinogenesis. This study was designed to elucidate
life-span radiation effects of perinatal irradiation, in comparison with
effects after irradiation of young adult mice. It has been shown that neo-
natal mice have a fairly high susceptibility to induction of several types of
neoplasms, such as thymic lymphomas (Chen and Berenblum, 1968;
Lorenz et al., 19S4; Sasaki and Kasuga, 1981; Upton, Odell, and Sniffen,
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I960); liver tumors (Sasaki et al., 1978b; Sasaki and Kasuga, 1981;
Vesselinovitch et al., 1971), pituitary tumors (Sasaki and Kasuga, 1981;
Vesselinovitch et al., 1971); and ovarian tumors (Deringer and Lorenz,
1955; Holcroft et al., 1957; Sasaki and Kasuga, 1981). On the other hand,
fetal mice have seemed less susceptible to radiation carcinogenesis. Studies
using RF strain (Upton, Odell, and Sniffen, 1960; Upton, Conklin, and
Popp, 1966) and CF1 strain mice (Rugh, Duhamel, and Skaredoff, 1966)
reported no increased incidence of neoplasms after irradiation. In r. previ-
ous experiment, however, we observed a statistically significant increase in
the incidence of pituitary tumors, lung tumors, and ovarian tumors in
B6WF[ mice irradiated at 17 days of prenatal age with 200 R of X rays
(Sasaki et al., 1978a). The incidence of liver tumors was also increased by
irradiation at this same prenatal age with 300 R of X rays, although
susceptibility at this late fetal period seemed to be lower than that of neo-
natal mice (Sasaki et al., 1978b). The present study was designed to
reexamine carcinogenic effects of irradiation during the prenatal period in
comparison with the neonatal and young adult periods.

MATERIALS AND METHODS

First-generation hybrids between the C57BL/6JNrs and the
C3H/HeNrs strains of mice (hereinafter called B6C3F]) were used. Irra-
diated and control female mice were maintained under specific-pathogen-
free conditions until natural death. Mice were irradiated at 17 days of pre-
natal age, at 0 days of postnatal age, or at 15 weeks of age, with 190, 380,
or 570 rads of I37Cs gamma rays. Each irradiated group contained from
65 to 93 mice; an unirradiatcd control group contained 198 mice
(Table 1). When pregnant females were irradiated with the highest dose,
about 20% exhibited a delay of more than 2 days in parturition with resul-
tant stillbirth. The preweaning death rate of living offspring, irradiated
prenatally, did not exceed 10%, but several offspring died between 45 and
90 days of age from hydrocephalus. Because no neoplasms were observed
in mice that died before 100 days of age, incidences of neoplasms were
calculated for mice that lived longer than 100 days. Acute and subacute
death rates were very low in mice irradiated at the neonatal or young
adult period. Detailed data on acute and subacute mortality will be
presented elsewhere.

Animals were allowed to eat pellet diet MB-1 (Funabash Farm Co.)
and to drink chlorinated water ad libitum. Mouse cages were checked for
dead mice once a day, 6 days a week. Upon death, mice were autopsied,
and neoplastic and nonneoplastic lesions were histologically examined.
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TABLE 1

Life Span, Percentage of Mice Bearing Neoplasms,
and Number of Neoplasms per Moose

Life i
Ajeat Dose, No. of days

irradiatkw rads ake (Meu ± S. E.*)

Mkebearteg No. of i

(Meu ± S. E.*)

Control

Fetust

Neonate§

Adultt

0

190
380
570

190
380
570

190
380
570

198

93
81
65

85
81
91

81
80
83

'Standard error,
tliradiated at 17 days of prenatal
^Statistically significant difference

control, P < 0.05.

869 ±

831 ±
741 ±
584 ±

784 ±
642 ±
453 ±

789 ±
723 ±
586 ±

age.
from the

8

14*
18*
21*

17*
16*
16*

17*
19*
19*

90.4

91.4
86.0
70.8*

90.6
96.3
91.2

95.1
91.3
91.6

§Irradiated at
^Irradiated at

1.09 ± 0.04

1.30 ± 0.08*
1.18 ± 0.09
0.95 ± 0.08

1.38 ± 0.09*
1.49 ± 0.08*
1.21 ± 0.07

1.44 ± 0.08*
1.56 ± 0.10*
1.28 ± 0.09

day 0 of postnatal age.
15 weeks of age.

Only observed incidences are presented in this paper; corrected or adjured
incidences are not shown. Correction for competing risks was difficult
because many types of neoplasms seemed to be partially lethal.

RESULTS

Life Shortening

Mean life spans in all irradiated groups were significantly shorter than
the control life span. The life-shortening effect was highest for irradiation
at the neonatal period and lowest for irradiation at the late fetal period in
fetally irradiated mice (Table 1).

Carcinogenesis

Percentage of Mice Bearing Neoplasms and
Number of Primary Neoplasms per Mouse

In unirradiated controls, neoplasms were found in 90.4% of the mice.
The percentage of mice bearing neoplasms at death was not significantly
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changed by irradiation except for a group irradiated fetally with the
highest dose wherein the percentage was lower than in the controls. The
number of primary tumor types in a mouse varied from 0 to 4. As shown
in Table 1, the mean numbers of neoplasms per mouse were significantly
increased in five of six groups irradiated with 190 or 380 rads, but the
mean numbers in three groups irradiated with S70 rads were not different
from the control value.

Malignant Lymphomas of Lymphocytic Type

Lymphocytic neoplasms, including thymic and nonthyr ic types,
developed in excess after short latent periods in five groups irradiated with
380 rads or more. This neoplasm was not seen in unirradiated mice. The
highest incidence was found in mice irradiated neonatally with 570 rads.
Of particular interest was the observation of two cases of thymic lym-
phoma and three cases of nonthymic lymphoma in the 65 mice irradiated
fetally with the highest dose (Fig. 1). This increase in incidence was sta-
tistically significant. Nonthymic lymphoma observed after perinatal irradi-
ation was characterized by generalized enlargement of the lymph nodes
and massive invasion into various organs such as the kidney, liver, and
brain.

Malignant Lymphomas of Histiocytic Type

This neoplasm, called reticulum cell sarcoma in Dunn's classification
(Dunn, 1954), developed very frequently, in unirradiated mice, reaching a
final incidence of 61%. Incidences of this neoplasm were decreased by irra-
diation except for two groups irradiated as young adults with 190 or 380
rads (Fig. 2).

Myeloid Leukemias

Irradiation at fetal and neonatal periods did not induce myeloid
leukemias. This neoplasm was induced by irradiation of young adults, with
the highest incidence at 380 rads (Fig. 3).

Lung Tumors

A statistically significant increase in incidence of lung tumors was
found in mice irradiated fetally with 190 or 380 rads and in mice irradi-
ated neonatally with 190 rads. A tendency toward increase in incidence
was observed in mice irradiated as adults with 380 rads. After fetal and
neonatal mice were irradiated with 570 rads, lung tumors were found in
mice that died at earlier ages, but final incidences were not different from
the control incidence (Fig. 4).
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Liver Tumors

Neonatal mice were found to be highly susceptible to induction of liver
tumors; the incidence reached 58% in mice given 380 rads (Fig. 5).
Deaths with liver tumors were shifted to younger ages with increasing
dose, which suggests a dose-dependent shortening of the latent period. A
slight but significant increase in incidence was seen in mice irradiated at
the fetal period with doses of 190 or 380 rads. Liver tumors were not
induced by irradiation at the adult period.

Harderian Gland Tumors

Exposure of fetal or neonatal mice could not induce Harderian gland
tumors. In contrast, this neoplasm developed at fairly high incidences after
young adult irradiation (Fig. 6).

Pituitary Tumors

The incidences of pituitary tumors were high in mice irradiated at the
perinatal period; highest incidences were observed in fetally irradiated
groups (Fig. 7). No excess pituitary tumors developed after irradiation at
the young adult period.

Ovarian Tumors

This neoplasm, not seen in controls, was significantly increased after
irradiation at all ages examined (Fig. 8). The dose-response relationship
for induction of ovarian tumors by late fetal irradiation appears to be dif-
ferent from that seen after neonatal or adult irradiation.

Bone Tumors

Perinatally irradiated mice showed an increased incidence of bone
tumors. If data from different dose levels were combined, as in Fig. 9, the
increase in incidence was statistically significant. Incidences were as fol-
lows: eight cases among 239 mice irradiated fetally, 10 cases among 257
mice irradiated neonatally, two cases among 244 mice irradiated as adults,
and one case among 198 unirradiated control mice. Most of the bone
tumors were histologically osteosarcornas, and metastasis to such organs as
lung and kidney was frequently observed. The latent period for bone
tumors was relatively short.
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Other Tumors

Various soft-tissue tumors, mammary tumors, skin tumors, gastric
tumors, adrenal tumors, and hemangiomas developed at low incidences in
unirradiated and irradiated mice. There was no indication of an effect of
radiation on the incidence of these tumors.

DISCUSSION

Results of the present experiment confirm our previous findings
(Sasaki et al., 1978a; Sasaki et al., 1978b; Sasaki and Kasuga, 1981) and
further extend our information on carcinogenic effects of irradiation dur-
ing the perinatal period. New findings include the observation of malig-
nant lymphomas of lymphocytic type and bone tumors resulting from
irradiation at the late fetal or neonatal period.

The high susceptibility of mice of the late fetal period to induction of
pituitary and lung tumors is of interest. The relatively long life span of
fetally irradiated mice may favor the development of these late-occurring
tumors. Since the incidence of these tumors in mice irradiated fetally with
190 rads seemed to have reached a plateau in dose-response relationship,
it would be interesting to determine whether these tumors could be
induced at lower doses.

It is not clear why mice of the prenatal period are so highly susceptible
to pituitary tumorigenesis. Possibly a persistent endocrine unbalance
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induced by radiation may result in tumorigenesis in old age. Detailed data
on persistent effects of perinatal irradiation on the endocrine system would
be necessary to elucidate the pathogenesis of pituitary tumors.

It has been shown that an enhanced rate of lung-cell proliferation
occurs soon after birth in mice and continues for several postnatal days
(Crocker, Teeter, and Nielsen, 1970). High susceptibility of perinatal mice
to lung tumorigenesis may relate to this high rate of cell proliferation dur-
ing early postnatal life.

Active proliferation of hepatocytes may be essential for radiation-
induced liver tumorigenesis. Liver tumors could not be induced by irradia-
tion of adult mice with low linear-energy transfer (LET) radiation alone
but were induced if radiation exposure was combined with mitotic stimuli
given by partial hepatectomy (Wiley, Vogel, and Clifton, 1973) or by
administration of carbon tetrachloride (Curtis and Tilley, 1972).
Hepatocytes proliferate actively during early postnatal development of
rodents (Sell et al., 1974), and this may piay an important role in tumori-
genesis after neonatal irradiation.

In general, it seems likely that the age-dependence of susceptibility to
radiation tumorigenesis relates to age-associated changes in the number of
cells at risk and to changes in sensitivity of the controlling mechanisms of
homeostasis, which may influence tumorigenesis. Tissues containing
actively dividing cells during or shortly after the time of irradiation seem
to be highly susceptible to radiation tumorigenesis. This simple hypothesis
might be extended to other organs. It is well known that the immune sys-
tem develops rapidly during the early postnatal period. The high suscepti-
bility of neonatal mice to induction of malignant lymphomas of lympho-
cytic type may relate to active proliferation of lymphocytes during the
early postnatal period. Bone-tumor induction by perinatal irradiation may
be similarly explained. Age-dependent changes of proliferative activity in
the Harderian gland have not been reported, but it was apparent that
mitotic figures were very rare during the neonatal period and that the
gland grew rapidly after eyelid opening. The low susceptibility of neonatal
mice to induction of Harderian gland tumors may relate to this inactive
state of cell proliferation. Hcmatopoicsis during the neonatal period
mostly occurs in the liver. Hcmatopoietic tissue in the liver may not be an
effective target for induction of myeloid leukemia.

The percentage of mice bearing neoplasms at death in a group irradi-
ated at the late fetal period with 570 rads was substantially lower than in
the controls (Table 1). This effect seemed partly due to early death from
nonneoplastic lesions such as renal failure but would also seem to reflect a
true inhibitory effect on the incidence of malignant lymphomas of
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the histiocytic type. Mean life spans of mice irradiated at the late fetal
period were almost equal to those of mice irradiated as adults, whereas the
incidences of malignant lymphomas of the histiocytic type were lower in
the fetally irradiated mice. Therefore, it would seem that the decreased
tumor incidence after fetal irradiation at the highest dose could not be
explained by life shortening alone.
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Life-Span Studies in 226Ra-lnjected
Animals: Effect of Low Doses,
Effect of a Decorporative Treatment

G. E. R. SCHOETERS and O. L. J. VANDERBORGHT
Radiobiology Department, Centre d'Etude de PEnergie Nucleaire, Mol, Belgium

ABSTRACT

A life-span radiation effects study was performed in mice injected with several doses of m R a .
The study included 788 male C57B1 mice. For the removal of the M6Ra, half the mice were
treated daily with a diet 5% of which was sodium-alginate. The experiment revealed two
unexpected findings: (1) mice that received the lowest dose of 22*Ra lived significantly longer
than controls (this observation will be compared with other low-dose 22*Ra experiments) and
(2) despite appreciable skeletal removal of "*Ra as a result of decorporative treatment, no
biological benefit (e.g., decreased bone tumor incidence or increased survival) was observed in
treated animals (this observation will be discussed in comparison with other experiments on
decorporative treatments and their benefits for health).

Many radiation experiments in animals lead to the general conclusion that
higher radiation doses cause more harm than lower ones. However, at very
high doses of radiation, sterilization of cells may prevent the development
of cancer. This often results in fewer tumors at the higher dose levels than
at the lower ones (Finkel, Biskis, and Jinkins, 1969; Nilsson, 1972). At
very low doses of radiation, the biological effects may be so qualitatively
different that they cannot be extrapolated from the effects of the high
doses.

In our 226Ra experiment with C57B1 mice, the group receiving the
lowest dose showed an increased life span compared to that of control
mice. Other studies in 226Ra-injected mammals also suggest that radiation
hormesis needs to be considered in the extrapolation of radiation effects to
low 226Ra doses.

The concept that damage is directly related to radiation dose also leads
to the corollary assumption that reduction of radiation dose as a result of,
for example, decorporative treatments, should result in a reduction of radi-
ation hazards, by increasing the rate of removal of radioactive substances

368
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from the body and the target organs. Oniy a few studies have been per-
formed to verify that radionuclide removal really results in effects benefi-
cial to the health of the treated individuals. We show here that
226Ra-injected animals did not benefit from decorporative treatment under
the conditions used.

MATERIALS AND METHODS

The experimental animals were male C57B1 mice. The mice were
divided into four groups (Table 1). One group was not injected with
226Ra, whereas the others received 170, 350, or 920 kBq of 226RaCl2 per
kilogram of mouse intraperitoneally at 3 months of age. Half the mice in
each group received a daily diet of bread with 5% sodium-alginate (Manu-
col SS/LD/2, Meadows, United Kingdom). It had been demonstrated
previously that this diet will enhance 85Sr and 226Ra removal from the
body, even if administration is initiated a long time after radionuclide
injection (Vanderborght, Keslev, and Van Puymbroeck, 1971; Kestens
et al., 1980). In the experiment reported here, the alginate diet was ini-
tiated 4 days after 226Ra injection to simulate a realistic decorporation
procedure. Nontreated mice were maintained on a standard pellet diet.
The mice were allowed to live until natural death occurred. Thus
information on life span could be collected. Also, the occurrence of bone
tumors was assessed, which is the most likely effect after 226Ra injection.
Bone tumors were first diagnosed from radiographs of the carcasses; suspi-
cious bone fragments were evaluated by histological examination (for
further technical details, see Schoeters, Luz, and Vanderborght, 1983). For

TABLE 1

Experimental Groups

"*Ra iajected
per kilogram of

mouse, kBq

0

170

350

950

Treat-
meat

Standard
Alginate
Standard
Alginate

Standard
Alginats
Standard
Alginate

No. of
»ake

117
114
100
108

104
109
68
68

Arerage skeletal
alpha-dose

at death, Gy

19.4

37.3

80.9
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testing the adequacy of the sodium-alginate treatment for removal cf the
226Ra, one femur and three lumbar vertebrae were removed from each
experimental animal at death. The 226Ra content in ashed hones was mea-
sured radiochemically and calculated by extrapolation from 214Bi measure-
ments in a Nal(Tl) well-type crystal after suitable calibration of the
daughter products (Schoeters et al., 1979).

RESULTS

Survival Data

Mean life span is longer in mice injected with 170 kBq of 226Ra/kg of
mouse than in non-226Ra-injected control mice. The difference is statisti-
cally significant for mice kept on standard pellets, as well as for those
which received the sodium-alginate diet (Table 2). Only at the highest
dose level was the average life span significantly reduced in both treatment

TABLE 2

Life Expectancy in Mice After 22*Ra Injection

Meaa Maker of days ± 95% coafMcsce Halts
iajectcd per
kUograa of For afce kept os For ake kept m
noose, kBq stufart pellets souaa-tlglute

0
170
350
920

569
615
568
458

±
±
±
±

26
18*
24
31*

t
544
584
557
456

±
±
±
±

22
22»
20
34*

t

•Statistically significant effect of 22*Ra dose on life
expectancy (P < 0.01).

tStatistically significant effect of dietary treatment on
life expectancy (P < 0.05) at the same dose level.

groups. Figure 1 shows that, in comparison with the two non-226Ra-
injected control groups, the increased cumulative survival rate was mani-
fest at 300 days after injection in mice kept on standard pellets and at 650
days after injection in mice fed the sodium-alginate diet.

Concerning the effect of diet on life span, a difference was seen only at
the lowest dose of 226Ra; mice fed standard pellets lived, on the average,
significantly longer than mice treated with sodium-alginate (Table 2). A
higher cumulative survival rate in mice fed standard pellets was seen from
600 to 700 days after injection of this lowest 226Ra dose (Fig. 2).
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Bone Tumor Data

The number of bone tumors was very low in this mouse strain (i.e.,
29 and 22 bone tumors per 104 mice per Gy at 170 and 920 kBq of
226Ra/kg of mouse, respectively). However, in all groups of mice that
received 226Ra, the bone tumor incidence was significantly increased rela-
tive to controls. No benefit of sodium-alginate treatment vs. the standard
pellet diet on bone tumor incidence was observed. At any of the assessed
dose levels, the bone tumor incidence was not significantly different
between dietary treatment groups within dose groups (Fig. 3).

Analyses for 22eRa in Femora and Lumbar Vertebrae

At death the 226Ra content in the assessed bones was lower in
aiginate-treated mice compared to mice kept on standard pellets. Figure 4
demonstrates that the 226Ra fraction which is removed as a result of
sodium-alginate treatment is proportional to the dose of 226Ra.
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DISCUSSION

Mean Survival Time After Low Doses of 229Ra

A significant (P < 0.01) increase compared to controls in mean life
expectancy was evident at the lowest 226Ra dose level (170 kBq of
226Ra/kg of mouse) for both dietary groups, although the skeletal alpha-
dose rate from 226Ra and its partly retained daughters was relatively high
(i.e., 0.12 Gy/day at 4 hr after injection; 0.05 Gy/day at 100 days after
injection). A review of the literature on long-term 27>6Ra experiments in
mammals revealed that our finding of an increased life span at low 226Ra
doses was not isolated (Table 3).

For five out of six independently performed 226Ra experiments on mice,
an increased survival at low radium doses was observed. The exception was
the experiment of Dvorak et al. (1978); at all levels of 226Ra used, the
mean life span was significantly reduced, but the lowest dose in their
experiment was relatively high, i.e., 326 kBq of 226Ra/kg of mouse. The
lack of statistical analyses on the life-span data and the few experimental
animals used per dose level makes it difficult to draw definite conclusions.
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Except for Finkel (1959), the investigators cited in Table 3 did not call
attention to the increase in life span. Percent increases in average survival
after administration of low 226Ra doses reached 17% in male CFj mice
(Mays and Finkel, 1980), 16% in male CBA mice (Loutit, Sansom, and
Carr, 1976), 10% in male C57B1/Do mice (Mays et al., 1976), and 8% in
our male C57B1 mice. In contrast to the male mice, female C57B1/Do
mice in the experiment of Mays et al. (1976) did not exhibit increased
survival, although the female mice received the same doses of 226Ra as the
male C57B1/Do mice. The lowest dose levels at which mean survival was
considered to be reduced after 226Ra injection differ among the various
experiments as follows: 18.5 kBq of 226Ra/kg of mouse in CFj mice
(Finkel, Biskis, and Jinkins, 1969), relative to 710 kBq of 226Ra/kg in
male CBA mice (Loutit, Sansom, and Carr, 1976), 342 kBq of 226Ra/kg
in male C57B1 mice (Mays et al., 1976), and 920 kBq of 226Ra/kg in our
C57B1 mice (Table 2). This illustrates the difficulties for the comparison
of life-span data among different laboratories.

In one beagle study with 226Ra, no increase in mean survival time was
observed in any of the 226Ra-injected dogs (Book et al., 1981). In the
other beagle study, the averaige survival time after injection of 6.1 kBq of



TABLE 3

Animal Experiments That Demonstrate the Effect of zz*Ra on the Mean life Span

Reference

Imkel (1959)

Finkel. Biskis,
and Jinkins (1969)

Mays and Finkel
(1980)*

Dvorak et al.O978)
Loutit, Sansom.

and Carr (1976)

Mays et al.
(1976)

This study

Mays et al
(1976)

Book et al.
(1981)

Rugeof
iijcctH doses of

No. of uuuls
awl striui

kUograai of
aahul, kBq Remarks

675 females, CF,

3210 females,
CF,/Anl

3210 females,
CF,/Anl

300 females, ICR
100 males, CBA

15 females, CBA,
15 males and
15 females, C3H

59 males and
60 females.
C57B1/DO

557 males, C57BI

74 female and
male beagles

233 female and
male beagles

Mi

22.6, 154, or 290

40 dose levels from
1.8 to 4440

14 dose levels from
1.8 to 4440

326. 910. or 2608
70, 215, or 710

710

2 1, 12.7, 38.1,
115, or 342

170, 350, or 920

Statics

Finkel states (hat "at some low dose levels of
22*Ra, mice lived on average longer than controls''

Mean life span is increased at 1.8 and 3.7 kBq of mRa/kg.

Mice with 3.7 kBq of 216Ra/kg lived on average 123 days longer
than controls.

Mice with 22*Ra lived significantly shorter than controls.
Mice with 70 and 215 kBq of " 'Ra/kg lived on average longer

than controls (mean increase of 105 days after injection
of 70 kBq/kg).

22'Ra-injected mice lived on average shorter than controls.

Male mice with the three lowest 22(Ra doses lived longer than
controls (mice with 12.7 kBq/kg lived an average
78 days longer than controls).

Mice with 170 kBq of "*Ra/kg lived significantly longer than
controls (an average 42 days).

2 1,6.1, 12 5,
40, 119, or 385

6 dose levels from
0.9 to 370

Beafk Statics

Dogs with 2 1 kBq of '"Ra/kg lived on average 13 years
longer than controls.

No increase in life span. From 1 3 9 kBq of )J<>Ra/kg, the
cumulative survival rate is significantly lower than in
controls

•Only mice that iiad already survived I 50 days after i2 'Ra injection were included for the calculation of mean survival lime after
radium injection
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226Ra/kg was 13% higher than in non-226Ra-injected controls (Mays et ai.,
1976).

All these individual experiments point out that enhanced survival at
low doses of 226Ra is not unlikely. The extensive study of Luckey (1980)
on radiation hormesis reports beneficial effects of 226Ra on plants
(increased photosynthesis, respiration, and crop yield), on invertebrates,
on lower vertebrates (increased muscle respiration), and also accelerated
wound healing after 226Ra treatment in rabbits and dogs. The literature
review we present here, together with our own data, indicates that hor-
mesis may be considered to affect life span in mammals after low 226Ra
doses. Elucidation of the underlying mechanisms responsible for radiation
hormesis on the cellular and molecular level remains a fascinating area for
further research.

Health Effects of Decorporative Treatments

Neither longevity nor bone tumor incidence was influenced by alginate
treatment of 226Ra-injected mice, despite a substantial decrease in 226Ra
content measured in ashed lumbar vertebrae and femora from the car-
casses of sodium alginate-treated mice (Fig. 4). A significant reduction in
bone tumors can be expected only when the radionuclide concentration in
bone is reduced below levels that result in maximal tumor incidence. This
condition seems to be fulfilled in our experiment since the number of bone
tumors per 104 mice per gray is comparable in the untreated 226Ra mice:
170, 350, and 920 kBq of 226Ra/kg of mouse result, respectively, in 29,
21, and 22 bone tumors per 104 mice per Gy. This indicates that the
highest dose of 226Ra used is likely not to be in the plateau region of the
dose-response curve where cell sterilization competes with bone tumor
induction. Comparison with other radium experiments in mice also indi-
cates that efficient bone tumor induction should occur at doses as high as
920 kBq of 226Ra/kg (Schoeters, Luz, and Vanderborght, 1983).

The failure of alginate therapy in our experiment might be due to the
4-day delay in initiation of the alginate treatment after radionuclide injec-
tion. Also, the decrease in skeletal 226Ra content in alginate-treated mice
vs. non-alginate-treated mice proceeds slowly. The sodium-alginate treat-
ment causes only a doubling of the daily radium excretion (Kestens et al.,
1980). If the initial dose rate is more significant in induction of osteosarco-
mas than the radiation dose accumulated over a lifetime, removal of the
radionuclide at a later time after incorporation might have little or no
effect on the eventual tumor incidence.

The few other studies on the health effects of decorporation were per-
formed on actinide removal, and they also demonstrated that delayed
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treatment was highly ineffective for health protection. Volf, Polig, and
Gemenetzis (1979) reported some East European experiments on 239Pu
decorporation in rats: calcium-DTPA inhalation initiated 20 days after
plutonium inhalation failed to influence bone or lung tumor incidence
(Koshurnikova and Lyubchanskii, 1969), prolonged calcium-DTPA treat-
ment initiated 1 month after plutonium injection did not show any benefi-
cial effect and led even to an increase in soft-tissue tumors (Bukhtoyarova
et al., 1968), Ballou et al. (1977) demonstrated that male rats exposed to
calcium-DTPA aerosols 20 days after plutonium inhalation showed a sig-
nificant decrease of 20% (P < 0.05) in plutonium deposits in liver and
skeleton, but therapy did not affect weight gain, survival, or the incidence
of lung and bone tumors. Rosenthal and Lindenbaum (1967) initiated
calcium-DTPA treatment either 1 hr or 3 days after injection of
monomeric 239Pu in rats; the fraction of removed plutonium was, respec-
tively, 75 and 39% of control values. However, the incidence of osteosarco-
mas was reduced only by 27 and 9%, respectively.

No experimental evidence exists that beneficial effects of a decorpora-
tive treatment are proportional to the fraction of radionuclide which is
removed. An alternative explanation for this discrepancy between decrease
in dose and decrease in effect might be that decorporation therapy
removes the radionuclides from sites which are distinct from the critical
cell populations. The increased mobilization of the radionuclides might
alter their microdistribution in such a way that it becomes even more
harmful for target cells or for other radiosensitive tissues, as in the experi-
ment of Bukhtoyarova et al. (1968), where increased soft-tissue tumor
incidences were observed. Radium-226 measurements in the liver and eyes
of C5731 mice in our experiment did not show any significant difference
between diet groups. Radium-226 concentration in urine of sodium-
alginate-treated mice was slightly but significantly increased (Schoeters,
Luz, and Vanderborght, 1983).

Studies of the microdistribution of 226Ra at critical sites in bones of
alginate-treated and nontreated mice may help to explain our findings.
Since early decorporation therapy after radionuclide injection is not always
possible in human exposure, it is certainly necessary to investigate further
the reasons for the failure of the delayed treatments in preventing radia-
tion health hazards, which remains, after all, the ultimate goal of decor-
poration therapy.
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DISCUSSION

C. W. Mays (University of Utah): We have data from an unpub-
lished experiment in which we extended the study of Marcia Rosenthal to
lower dose levels, and we protracted the chelation therapy to periods of up
to a year, to investigate removal of plutonium from the skeleton.
Rosenthai's study was done at a dose of 3 /uCi/kg of plutonium, at which
level the incidence may be leveling off, such that a decrease in plutonium
burden might not be expected to be accompanied by a corresponding
decrease in cancer incidence. Our preliminary results, at a lower plutonium
level of 1 pCi/kg, indicate that, whereas one year of Zn-DTPA chelation
therapy decreased the bone burden by only 40%, it decreased the incidence
of bone sarcomas by about 70%. In other words, chelation therapy can
decrease the risk from 239Pu-induced career.

Schoeters: When did you start the treatment?
Mays: We started the treatment three days after piutonium injection,

as Marcia Rosenthal had done.
F. F. Hahn (Lovelace, Inhalation Toxicology Research Institute): Do

you have any information on the time course of the reduction in the lung
burdens or body burdens of radium resulting from the sodium-alginate
treatment?

Schoeters: No, we measured the radium burden in the vertebrae and
femora only when the mice were dead. I did a linear-regression analysis in
which I regressed the measured radium as a function of time, and I did
not find differences in slopes between mice that were not treated with
sodium-algmate and treated mice.

R. Gray (Oxford University): I was intrigued by the increased lon-
gevity in the lowest dose group. Were the mice randomized into dose
groups?

Schoeters: No.
M. A. Schneiderman (Clement Associates): I would like to ask

Dr. Gray's question in a slightly different fashion. What specific precau-
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tions did you take in the longevity experiment to ensure that your animals
in each of the dose groups and in the controls were essentially equivalent?

Schoeters: The total experiment was performed within four months,
so animals were put in the experimental design over a period of four
months.

Schneidennur Does that mean that you received all your animals for
controls, put them on experiment as controls, and received all your animals
for low dose, put them on experiment at low dose, etc.?

Schoeters: Yes.
D. J. Mewissen (The University of Chicago): There are many reports

of increased survival of mice that are exposed to low-level radiation, either
internal or external. There seems to he some kind of taboo about trying to
explain this. If someone has an explanation, I would be glad to hear it.

D. Grahn (Argonne National Laboratory): This would be my expla-
nation. If you look carefully at these various reports, you will see that the
differential mortality occurs within the first one-third of the lifetime of the
animal. In other words, you have a lower early-mortality rate in your low-
dose irradiated group than in the controls. This is attributable, largely, to
an increased response in the hematopoietic system and immune system,
resulting in a decreased intercurrent mortality from infectious disease in
the irradiated population. The low-level radiation is inducing a very low-
level chronic injury in the bone marrow, which stimulates the hemato-
poietic and immune systems. This effect usually disappears as you reach
mid-fife, and by late life mortality in the irradiated population usually runs
ahead of that in controls.
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ABSTRACT

In most mammals, including man, females are born with a full complement of germ cells.
Oogonia disappear, so new oocytes cannot be formed and lost ones cannot be replaced.
Oocyte numbers peak in the fetus and continuously decline thereafter. In women, menopause
occurs when oocytes are gone.

To measure effects of early tritium-induced oocyte loss on lifetime reproduction, we deter-
mined total reproductive capacity (RC) of female mice in which known oocyte deficiencies
had been produced in early life by chronic exposure to 3HOH administered to their mothers
in drinking water from the day of conception to 14 days postpartum. At that time 3HOH
administration was stopped, and oocytes were enumerated in the suckling young. Over the
subsequent two years, RC was determined in these young by counting the litters and offspring
they produced during continuous breeding over their entire reproductive life spans. Offspring
were removed at birth to avoid interrupting the breeding process. Tritium-induced diminution
of RC was found to be dose dependent but less than—and, interestingly, different
from—diminution of oocyte number. Oocyte loss was stochastic; RC reduction, nonstochastic.
Also, despite oocyte deficiencies, productivity of exposed females tended to be normal during
early reproductive life but failed prematurely as oocytes ran out.

Against the background of scant human and other primate data, consideration is given to
the usefulness of the mouse results in estimating possible effects of in-utero radiation expo-
sure on fertility and age of menopause in the human female.

Female germ cells in some mammals display extraordinary vulnerability to
ionizing radiation. This is seen, for example, in postnatal mice and in pre-
natal squirrel monkeys (Dobson and Felton, 1983). Radioscnsitivity
reaches levels unexcelled among any other mammalian cell types. In juve-
nile mice the low-LET radiation LD50 for immature oocytes is only 6 rads!
In adults it is only 12 rads. This is all the more interesting because imma-
ture oocytes are the primary constituents of the ovarian germ-cell pool that

381



382 DOBSON, KWAN, BRUNCKHORST. AND STRAUME

must serve the female mammal (in almost all species) throughout her
reproductive life. In prenatal squirrel monkeys the pool is 50% destroyed
by the time of birth by an accumulated dose of 16 rads from chronic tri-
tium exposure (Dobson et al., 1978); the LD50 for these particular primate
cells prenatally apparently rivals that for immature oocytes in mice
postnatally.

Available evidence indicates that oocytes in women are not highly
radiosensitive. Indeed, they appear relatively resistant, as do oocytes in
adult rhesus monkeys (Baker and Neal, 1977). However, germ-cell
radiosensitivity in the human female before birth has not been well stud-
ied. At present there is no direct evidence that it is high nor is there ade-
quate evidence to the contrary. Among monkey species current studies are
showing differing prenatal radiosensitivity. Effects are seen in rhesus mon-
keys, but they are not great, whereas in a closely related macaque, the
bonnet monkey, impressive oocyte deficiencies occur, approaching those
found in squirrel monkeys (Dobson, Hendrickx, and Kwan, 1984).

Since it is now known that female germ cells in several mammals
(including some primates) are extremely easily killed by radiation, particu-
larly during prenatal or postnatal development, and since the female is
born with her lifetime supply of oocytes, which cannot be replenished, the
question arises, is reproductive function significantly affected by chronic,
low-level radiation exposure during development? More particularly, what
is the quantitative effect of such exposure on reproductive capacity, and
how is this related to the number of oocytes left available?

In the context of a broader study on the radiotoxicity of tritium, in
which 3HOH-induced oocyte loss was measured (Dobson and Cooper,
1974; Dobson and Kwan, 1976, 1977), reproductive function was also
examined. This was done by measuring lifelong reproductive capacity
(RC), which is defined as the total number of offspring produced per
female over a lifetime under conditions of maximal breeding, in mice after
chronic, low-level tritium exposure from conception to two weeks after
birth. The RC results are reported here, and their possible implications for
human females are considered.

MATERIALS AND METHODS

Animals

Noninbred Swiss-Webster (SW) mice and some inbred A/J strain
mice were used.
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Tritium Exposure and Oocyte Enumeration

The mice in which 3HOH-induced oocyte loss was measured [and pre-
viously reported (Dobson and Cooper, 1974; Dobson and Kwan, 1976,
1977)] and the mice used for RC determinations were for the most part
littermates; they received the same tritium exposures during prenatal and
postnatal development. Briefly, their prospective mothers on the day of fer-
tilization (mating, determined by presence of vaginal plug) were given sin-
gle intraperitoneal injections of 3HOH according to body weight to estab-
lish the desired tritium concentrations in body water (ranging more than
100-fold—from less than 0.1 to more than 10 jtCi/ml) and were started on
drinking water containing appropriate concentrations of 3HOH to maintain
the body-water levels constant throughout pregnancy and lactation until 14
days after parturition when tritium administration was stopped. The mea-
surement of body-water tritium and calculation of the corresponding radia-
tion doses delivered have been described (Dobson and Cooper, 1974; Dob-
son and Kwan, 1976, 1977). When the female offspring were 14 days old,
representatives were sacrificed for microscopic enumeration of oocytes in
serial sections of ovaries; others were used for RC determinations.

Reproductive Capacity Measurement

The maternally exposed female offspring designated for RC study
remained with their mothers until weaned at 21 days, 3HOH administra-
tion to the mothers having ceased on the 14th day postpartum. The addi-
tional exposure received by these young subsequent to day 14, as body-
water tritium levels dropped exponentially, was calculated by using a
measured turnover time of 3.6 days for clearance of 3HOH (Dobson,
Nakamura, and Kwan, 1984). At 28 to 35 days of age (sexual maturity),
the young females were caged with males, one to one, and maintained thus
until litters were no longer produced. Males were replaced when 270 to
360 days old. Cage floors were of wire grid that allowed newborns to fall
out of reach to avoid possible cannibalism. Cages were inspected at least
once a day; litters and number of offspring were recorded for each female.

RESULTS

Oocyte Loss

The experimental data used for analysis of 3HOH-induced oocyte loss
are collected in Table 1. They are from three previously published reports
[data set I from Dobson and Cooper (1974); data sets II and III from
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TABLE 1

Immature Oocytes Counted in Ovaries of 14-Day-Old Mice
Exposed from Conception to 3HOH via Mothers

Data set
No.

It

II§t

III§1

Exponre lereJ,*
va/mi

0 (control)

0.078
0.78
7.80

lmm

Nn nf
mkt

A/JMke

10

11
11
5

Swiss-Wetoter Mice

<0.01 (control)

0.97
2.83
5.62
8.37

<0.02 (cont.ol)

7.87
9.59

11.41

10

10
10
10
10

10

10
10
10

•tare oocytes per oraryt
(•—in co—ted)

M SEM

1200.0 ± 44.0

1041.3 ± 43.6
796.9 ± 16.9
89.8 ± 6.7

554.0 ± 30.5

390.9 ± 29.3
203.7 ± 15.0

81.1 ± 10.0
25.4 ± 5.7

551.9 ± 23.2

36.4 ± 7.3
21.4 ± 3.3
9.3 ± 2.3

'Effective tritium concentration in body water (see text).
tOocytes counted in every fifth section for data set I and in every

20th section for data sets II and III.
(Based on data from R. L. Dobson and M. F. Cooper, Tritium Tox-

icity: Effect of Low-Level 3HOH Exposure on Developing Female
Germ Cells in the Mouse, Radiation Research, 58: 91-100 (1974); by
permission of Academic Press, Inc.

§ Based or. data from R. L. Dobson and T. C. Kwan, The RBE of
Tritium Radiation Measured in Mouse Oocytes: Increase at Low Expo-
sure Levels, Radiation Research, 66: 615-625 (1976); by permission of
Academic Press, Inc.

f Based on data from R. L. Dobson and T. C. Kwan, 1977, The Tri-
tium RBE at Low-Level Exposure—Variation with Dose, Dose Rate,
and Exposure Duration, Current Topics in Radiation Research Quar-
terly, 12: 44-61; by permission of North-Holland Publishing Company,
Amsterdam.



DIMINISHED UFETIME REPRODUCTION AFTER IRRADIATION 385

Dobson and Kwan (1976, 1977)]. Data set I, as presented in Table 1, is
modified from the original as follows: (1) 3HOH exposure levels (in col-
umn 2) are adjusted downward by a factor of 0.918 to represent effective
levels in the exposed young (the animals of interest) rather than those in
the mothers, in conformity with what was done (and described) in the
original reports of data sets II and III; (2) entries in column 3 show
numbers of mice rather than numbers of ovaries, again to match data sets
II and III; and (3) column 4 shows numbers of oocytes actually counted
per ovary (in every fifth serial section for data set I, in every 20th for II
and III) rather than total (calculated) number present per ovary.

The three data sets in Table 1, involving two strains of mice, are con-
sidered together here to provide as full a picture as possible from the avail-
able information.

It has been shown in the original reports (Dobson and Cooper, 1974;
Dobson and Kwan, 1976, 1977) that these oocyte-loss data are well fitted
by straight lines in semilog plots and that second-order curves fitted to
data sets II and III are not significantly different from straight lines.
Therefore each of the three data sets in Table 1 was fitted with a straight
line by weighted [1/(CV)2] least squares in the logarithmic domain. Since
the slopes of these lines were so similar (means ± SEM were —0.324 ±
0.027, -0.353 ± 0.010, and - 0 345 ± 0.005, respectively), the data
were pooled to give a common slope (—0.336 ± 0.010) against which the
slope of each data set was tested for equality. There was some increase in
total chi-square for lack of fit (14.17 to 17.20) due to data set I where
lack of fit at the extreme low-dose end had previously been noted and dis-
cussed in the original report. But this was judged weaker than the ratio-
nale for pooling results. In Fig. 1 the combined data are shown fitted (by
weighted least squares) with a single line. This line displays the relation-
ship between immature-oocyte survival in young mice at 14 days of age
and body-water tritium concentration during development.

Reproductive Capacity

Total numbers of litters and offspring produced by control and exposed
mice are given in Table 2. The two control means of offspring per female
in the last column of Table 2 appear to differ, though not quite signifi-
cantly (t test, P = 0.052), owing perhaps to experiment I having started
in November and experiment II in early September. Noticeable seasonal
variation in SW breeding, despite controlled environmental conditions, is
reported by our supplier of mice. Productivity in spring and summer is
enough greater than in winter to affect his commercial practices.
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TABLE 2

Lifetime Production of Offspring by Female Swiss-Webster Mice
Exposed Early to 3H0H

Experiment
No.

I

II

Exposure level,*
M a / o d

0 (control)
0.78

<0.01 (control)
2.83
8.37

No. of
females
tested

22
22

33
32
43

No. of litters
per female

M SEM

10.1 ± 0.8
9.2 ± 0.7

11.1 ± 0.4
8.9 ± 0.3
4.1 ± 0.2

No. of oflspriag
per female

M SEM

103.8 ± 8.1
100.3 ± 6.7

121.6 ± 5.1
104.2 ± 5.2
36.1 ± 2.2

•Effective tritium concentration in body water (see text).

RC diminution in relation to the early tritium exposure is shown in
Fig. 2, where mean number of offspring per female (Table 2), expressed
as percentage of control, is plotted (linearly) as a function of body-water
tritium concentration in two ways. A straight line (weighted least-squares
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best fit, dotted line in Fig. 2) is a reasonable interpretation. However, it
does not fit well (chi-square for goodness of fit is 12.83, with 4 d.f., P —
0.012). A better fit, seen in the upper solid curve of Fig. 2, is obtained
with the parabolic function, RC = 63.5 (8.5 — Dose level)028 (chi-
square is 6.62, with 4 d.f., P = 0.16). There are only five data points for
an RC curve in Fig. 2, and shape cannot be definitively established. How-
ever, the numbers of mice involved are adequate to bring out two very
important features: (1) the dose-response relation appears to have a
gently sloping shoulder (more likely a threshold, as biological reasoning
would suggest) and (2) even at the highest exposure level tested (8.37
MCi/ml) some 30% of the normal RC remains intact.

Shown in Fig. 2 also, for comparison, are two exponentially falling
curves that represent the survival of immature oocytes (percentage of con-
trol) after the early tritium exposure. The dashed line is transcribed from
Fig. 1 and shows the oocyte loss measured at 14 days of age. The lower
solid line, adjusted from it, takes into account the added exposure received
by RC animals subsequent to day 14 when 3HOH administration to their
nursing mothers was stopped; it, therefore, better represents the actual
oocyte deficiencies existing in the RC mice themselves at the outset of
reproductive life.
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The adjustment for the lower solid line was made on the following
basis: Upon cessation of administration, 3HOH in mouse body water falls
exponentially, and the time to reach e"1 of the original level has been
measured to be 3.6 days (Dobson, Nakamura, and Kwan, 1984). Also, it is
known (Dobson and Kwan, 1976) that with continuous irradiation from
conception to 14 days after birth, the effective dose for killing murine
immature oocytes is smaller by a factor of 0.45 than the total dose
delivered. This is due to several factors, including the fact that germ cells
do not exist in the early embryo, and, when oocytes appear in the fetus,
'.hey are not highly radiosensitive. Most of the germ-cell killing in mice
from such continuous exposure occurs after birth when oocyte sensitivity is
extremely high (Dobson and Kwan, 1976). By using the numbers 3.6 and
0.45 just mentioned, calculation shows that the RC animals received some
24% more radiation dose from tritium than did their littermates sacrificed
at 14 days of age for oocyte enumeration. From this and the curve in
Fig. 1, the lower solid curve in Fig. 2 is derived.

In Fig. 2 the curves, for oocyte loss on the one hand and RC loss on
the other, are strikingly different, even though it is obvious from the biol-
ogy that the RC diminution is a consequence of the oocyte deficiency. The
exponential nature of the oocyte-loss curve reflects one-hit kinetics in
mouse oocyte killing (for discussion in relation to various radiation types,
see Straume, 1982). In other words, the oocyte loss is a stochastic effect of
radiation. In contrast, the shape of the RC-diminution curve, whether
interpreted as straight, upwardly convex, or as a threshold response, shows
that RC loss is a nonstochastic radiation effect.

A striking relationship emerges, which is shown in Fig. 3 where RC
diminution (loss) is plotted as a function of oocyte loss. In Fig. 3 the dot-
ted curve (reflecting the dotted straight-line interpretation of RC loss in
Fig. 2) and the solid curve (reflecting the shouldered, curvilinear interpre-
tation of RC loss) do not differ greatly and both show that reproductive
function (as measured by RC) is not noticeably affected (say, by 10% or
more) in these mice by oocyte deficiency until the latter reaches some 40
to 70%. Moreover, females with dramatic early oocyte deficiencies of the
order of 95% nevertheless produce 50% or more of the normally expected
number of offspring!

Another noteworthy feature is the alteration in time-pattern of repro-
duction with age of animal which is associated with early oocyte defi-
ciency. This is seen in Fig. 4, where rates of litter and offspring produc-
tion are plotted against age of the female. Production rates are decreased
in a dose-dependent manner. However, even for the most heavily exposed
animals, production rates tend toward normal during the early part of the
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reproductive period but fail prematurely. Also illustrated in Fig. 4 is the
time-pattern of mortality among the RC animals. Interestingly, the most
highly exposed group, which produced the fewest offspring, showed the
lowest mortality.

To determine how many oocytes remained in the ovaries after repro-
duction had ceased (no animals, including controls, produced offspring
after reaching 15 months of age), we counted oocytes in serial ovarian sec-
tions from representative females. Counting was as before, except that now
all oocytes (not only immature ones) were enumerated. Results are shown
in Table 3. Again the two control numbers in the last column appear to
differ, though not significantly (/ test, P = 0.218). Note that females in
the lowest exposure group, who manifested no appreciable RC loss
(Fig. 2), had residual oocyte numbers not significantly different from
those of their controls. In contrast, ovaries from the intermediate exposure
group contained markedly reduced numbers, and, in the highest exposure
group, no oocytes at all were found; initially inadequate supplies were
more completely exhausted.

DISCUSSION

These reproductive capacity studies were undertaken to quantify in the
mouse functional consequences of early oocyte loss from chronic tritium
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exposure throughout early development. They differ from previous studies
(e.g., Peters, 1966; Oakberg, 1966; Lindop, Rotblat, and Vatistas, 1966) in
that exposures in this study were low-level and continuous during prenatal
and most of postnatal development. Also, several dose levels were used to
give dose-response relationships, and RC results have been quantitatively
correlated with oocyte deficiency to provide a more complete picture of the
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TABLE 3

Oocytes Remaining in Ovaries of Swiss-Webster Mice
After Cessation of Reproduction

ExperioKit
No.

I

II

Expomre leTd,
nG/mi

0 (control)
0.78

<0.01 (control)
2.83
8.37

No. of
feautlcs

8
10

7
7
6

Afe,
•oaths

17
17

16 to 17
16 to 17
IS to 16

No. of oocytes*
coated per ortry

M SEM

9.8 ± 5.6
8.4 ± 5.7

22.4 ±8 .3
1.4 ± 0.6

0

'Total oocytes, all stages.

relation between numbers of oocytes available and lifetime reproductive
output. It is found, in general agreement with acute irradiation studies
(Peters, 1966; Oakberg, 1966; Lindop, Rotblat, and Vatistas, 1966), that
RC is less affected than oocyte number. In the SW mice studied here, nei-
ther RC diminution nor premature sterility was a noticeable consequence
of early oocyte loss unless the latter exceeded some 50%.

Apparently the efficiency with which the female makes use of available
oocytes rises when supplies are artificially diminished by irradiation. In
this regard it should be noted that a recent report (Gosden et al., 1983)
provides evidence that, in the normally aging mouse with normally dwin-
dled oocyte numbers, the natural atresia rate of oocytes is lessened, i.e.,
fewer germ cells are lost by that important route. It would seem that this
same mechanism may operate in the irradiated animal at a younger age.

Can the mouse results help us understand what may happen in the
human female? Yes, but in the first place immature oocytes are not highly
radiosensitive in women (Baker and Neal, 1977), so the situation is very
different from that in mice. The important question in the human female
concerns in utero exposure. Although there is presently no evidence of
high radiosensitivity before birth in humans, this has not been adequately
looked for and has by no means been ruled out. The extremely high
radiosensitivity of female germ cells in squirrel monkeys prenatally (Dob-
son et al., 1978) raises questions regarding that possibility in man. Studies
were therefore undertaken on macaques, and results are showing important
differences even between such closely related species (same genus) as rhe-
sus and bonnet monkeys (Dobson, Hendrickx, and Kwan, 1984). Clear
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effects from chronic in-utero tritium exposure are seen in rhesus, greater
than were predicted from acute irradiation (Baker and Beaumont, 1967)
but much less than in squirrel monkeys. However, striking effects are
appearing in bonnet monkeys, and they reemphasize questions concerning
exposure of the human female in utero, including the possibility that,
because of asynchrony in prenatal germ-cell development, chronic exposure
may be more effective than acute (Dobson et al., 1978).

Even with present uncertainties, it seems worthwhile at this stage to
attempt locating bounds on what might reasonably be expected in man. A
lower-effect limit is not difficult—enhanced germ-cell radiosensitivity
before birth may not occur in the human female, in which case effects on
fertility or age of menopause would not be expected from any but very
large radiation exposures (i.e., hundreds of rads). On the other hand, how-
ever, we might assume for humans that prenatal germ-cell sensitivity is as
high as in female squirrel monkeys and so arrive at an upper-effect limit.
This could be justified on the grounds that no mammalian cell, except pos-
sibly the mouse immature oocyte, is known or thought to be more
radiosensitive. In squirrel monkeys, the germ-cell LD50 tritium level is
about 0.5 MCi/ml for the 153-day gestational exposure (Dobson et al.,
1978). Hence in humans, owing to the 1.8-fold longer gestation (280
days), the LD50 level might drop to 0.3 (id/ml. This tritium concentration
in body water delivers radiation at 0.07 rad/day, so the accumulated ges-
tational LD50 would be 20 rads. If in human females, as in mice, a 50%
deficit in oocytes at early age is required before effects on fertility or age
of sterility become noticeable, this accumulated dose of about 20 rads
might be a plausible upper-effect limit. In other words, chronic in-utero
irradiation of the human female during gestation with accumulated doses
above 20 rads may possibly be associated later with premature menopause.
But it is also reasonable to assume that high sensitivity occurs (if at all in
the human female) only during some portion of gestation. Then the effec-
tive dose, if delivered during that period (say, the last trimester), could be
smaller (say, 7 rads). Thus, owing to insufficient guidinp data, our
estimated bounds for detectable effects in man are very wide indeed, from
hundreds of rads down to fewer than ten.

The mouse data are clearly of value; the monkey data, very important;
the combination is much more so. But added information is needed for
reliable estimates of human effects. Three obvious possible sources are:
(1) more extensive and detailed experimental results from subhuman pri-
mates to strengthen extrapolations to man, (2) improved data from human
material such as fetal ovaries in culture (Baker, 1969), and (3), probably
most important at this point, epidemiological data focused particularly on
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the occurrence of premature menopause (a sharper, more practical end
point in humans than diminished fertility) among individuals exposed in
utero, such as those at Hiroshima and Nagasaki.
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ABSTRACT

Experiments were undertaken to determine the influence of dose rate (in the range of 1 to 25
cGy/min) on the toxicity of total-body irradiation (TBI) witn and without syngeneic bone-
marrow rescue in mice. The results showed a much greater dose-rate dependence for death
from nonhemopoietic toxicity than from bone-marrow ablation, with the ratio of LDw's
increasing from 1.73 at 25 cGy/min to 2.80 at 1 cGy/min. At the higher dose rates, dose-
limiting nonhemopoietic toxicity resulted from late organ injury, affecting the lungs, kidneys,
and liver. At 1 cGy/min the major dose-limiting nonhemopoietic toxicity was acute gastroin-
testinal injury. The implications of these results in the context of TBI in preparation for
bone-marrow transplantation are discussed. .

In recent years allogeneic bone-marrow transplantation has achieved an
established role in the treatment of certain high-risk categories of leukemia
patients. For example, data reported to the International Bone Marrow
Transplant Registry showed that close to half of those patients with acute
myelogenous leukemia transplanted in first remission between 1978 and
1980 are alive, relapse-free beyond two years, and are probably cured
(Bortin et al., 1983). For bone-marrow transplantation to be successful,
the patient's own marrow along with any leukemic-cell contamination must
be ablated and a state of immune tolerance to the allogeneic transplant
must be achieved. For accomplishment of these ends, the patient is usually

•This paper was presented by Dr. D. R. Davy, Chief, Environmental Sciences Division,
Australian Atomic Energy Commission, Lucas Heights Research Laboratories, Sutherland,
New South Wales, Australia.
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prepared for bone-marrow transplantation by administration of large
supralethal doses of cytotoxic chemotherapy and total-body irradiation
(TBI). In the context of bone-marrow transplantation, the limit to total
dose of TBI is imposed by the nonhemopoietic toxicity of irradiation which
is most often manifested clinically as interstitial pneumonitis. Early clinical
experience determined that, with dose rates of 5 to 10 cGy/min, single
doses of about 1000 cGy were the limit of lung tolerance. The relatively
low dose rates in the initial empirically derived treatment regimens were
imposed by the use of ^Co teletherapy equipment at the long treatment
distance necessary for TBI. However, the development of high-output lin-
ear accelerators permitted higher dose rates to be given, even with
extended treatment distances, and some investigators began to use high-
dose-rate single doses as a matter of practical convenience. Peters et al.
(1979) argued on radiobiologic grounds that this was unwise and that the
best therapeutic ratio for TBI in preparation for bone-marrow
transplantation would be achieved with either low-dose-rate single expo-
sures or fractionated irradiation. This argument was based on the fact that
existing experimental data showed that organs such as the lungs, kidneys,
heart, and central nervous system were spared to a much greater extent by
dose fractionation (and by analogy, low dose rate) than were hemopoietic
and lymphatic tissues. The experiments reported in this paper were
designed specifically to examine the effect of radiation dose rate in rela-
tion to bone-marrow transplantation by determining the dose rate for TBI,
giving the maximum differential between bone-marrow ablation and
nonhemopoietic lethal toxicity.

MATERIALS AND METHODS

Mice

Female Baib/c mice bred in the closed animal colony of the Australian
Atomic Energy Commission (AAEC) Research Establishment were used
for all experiments. These mice have a defined enteric flora consisting of
Bacteroides sp., Lactobacillus sp., Enterococcus sp., and Enterobacter clo-
acae. The mice are free of Pseudomonas sp. and Proteus sp. and were 8 to
10 weeks old at the beginning of each experiment. Upon removal from the
breeding rooms, they were housed six to a cage in laminar-flow racks
located in a surgically clean room adjacent to the radiation facility. From
this room they were transported and irradiated in a sterile isolator. Within
the isolator the mice were constrained in Perspex boxes that precluded
huddling.
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Assays

For determining hemopoietic toxicity, the standard LD50/30 end point
was used. For the experiments involving nonhemopoietic toxicity, the
mice were rescued from hemopoietic death by transplantation of 4 X 106

syngeneic nucleated bone-marrow cells at one day after irradiation. The
mice were observed for 1 year or until death or sacrifice in a terminal
condition. Autopsies were performed on all decedents, as well as on mice
sacrificed at the end of the observation period. Since preliminary experi-
ments revealed that the acute toxicity of TBI was influenced by variations
from mouse to mouse in the enteric concentration of E. cloacae, this factor
was standardized in all the definitive experiments by adding the organisms
at a concentration of 109/ml to the drinking water for 3 days after irradi-
ation.

Irradiations

For the LD50/30 assays, TBI was delivered with a 250-kVp Philips
X-ray unit operated at 240 kVp with 0.5 mm of copper plus 1 mm of alu-
minum added filtration (HVL, 1.35 mm of copper). Variation in dose rate
was achieved by varying the X-ray tube current. For experiments involving
nonhemopoietic toxicity, a ^Co gamma-ray source was used, the dose rate
being varied by the source-to-target distance and by interposition of lead
attenuators to achieve the desired dose rates.

Absolute dose measurements were made with an Ionex electrometer
Baldwin Farmer 0.6-cc probe system whose calibration was directly
linked to the Australian Radiation Laboratory standard. The probe was
placed within a wax mouse phantom. For each irradiation the dose was
monitored with the AAEC Philips electrometer probe combination placed
in a standard position adjacent to the mouse restraining box.

The following dose rates were used: 25, 12, 5, 2.5, and 1 cGy/min. For
the LDso/30 assays, groups of 8 to 12 mice were irradiated at each dose
level. For the experiments involving nonhemopoietic toxicity, each group
consisted of 15 mice and the total dose was escalated to the level at which
most or all mice in the highest dose group died of acute gastrointestinal
injury.

Data Analysis

The results were analyzed by estimating the LD50 with associated con-
fidence limits by logistic regression. The ratio /3/a of the linear quadratic
model describing radiation cell survival and the half-time Tw for repair of
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Elkind injury for various end points were estimated from the dependence
of LD50on dose rate (Thames, Withers, and Peters, 1984).

RESULTS

Hemopoietic Death

In general agreement with previously reported results (Thomas and
Tourtellotte, 1953; Mole, 1956; Brown, Corp, and Mole, 1962; Neal, 1960;
Logie et al., 1960; Kallman, 1962; Steamer and Tyler, 1963; Puro and
Clark, 1972; Feola et al., 1974), the LD50/30 for hemopoietic death showed
a progressive, modest increase as the dose rate was decreased from 25 to
1 cGy/min (Fig. 1). The LD50 values we estimated were somewhat higher
than those previously obtained for Balb/c mice (Kallman, 1962). This is
most likely attributable to the defined bacteriological status of the mice
used in this study, as well as to control of their age and sex.
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Nonhemopoietic Death

As indicated previously, the dose of TBI administered to mice receiving
bone-marrow tiansplantation was escalated at each dose rate until most, if
not all, of the mice in the highest dose group succumbed to acute gastroin-
testinal injury. This permitted a separate assessment to be made of the
dose-rate dependence of the gastrointestinal syndrome from that of all
nonhemopoietic deaths. An important difference emerged from this com-
parison in that the LD50 for all nonhemopoietic deaths was significantly
lower than that for gut lethality at high dose rates, whereas, at the lowest
dose rate of 1 cGy/min, virtually all nonhemopoietic deaths were
accounted for by the gastrointestinal syndrome (Fig. 1). In other words,
the dose-rate dependence for "late" lethality was greater than that for gut
death, although both of these end points were markedly more dose-rate
dependent than was hemopoietic lethality. A similar time distribution of
deaths was observed at each dose rate for mice dying from delayed radia-
tion toxicity with a peak in the sixth month after TBI (Fig. 2).

4 6 8
Time after TBI, months

10 12

Fig. 2 Tbae coarse of delayed deaths 2 to 12 Boatfe after total-body imdU-
tkm with syageaek boae-auurrow rtacmt.
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Pathologic Findings

Pathologic examination of autopsy material is incomplete at this time.
However, preliminary evaluation has revealed multiple organ injury, most
notably affecting the lungs, kidneys, and liver. The majority of mice dying
from late radiation injury were noted at autopsy to have pleural effusions,
and the combination of the pathologic findings and the time distribution of
deaths suggested that the major component to late nonhemopoietic toxicity
was due to lung injury. Mice that had survived for 12 months after irradi-
ation and were sacrificed at that time also showed significant pulmonary
pathology. Figure 3 shows the variation of histologic changes observed in
the lung of a mouse one year after 975 cGy of TBI at a dose rate of
25 cGy/min. It is of interest that the absolute dose levels for death from
putative lung injury after total-body irradiation were considerably lower
than those required for pulmonary death after local thoracic irradiation at
similar dose rates (Hill, 1983). This is analogous to the discrepancy in
LD50 for gut death after TBI or after total abdominal irradiation and
emphasizes the interaction of multiple organ injury with TBI.

DISCUSSION

The experiments reported here confirm the prediction made by us pre-
viously (Peters et al., 1979) that the dose-rate dependence of nonhemo-
poietic toxicity of TBI would be much greater than that for bone-marrow
ablation. These relative dose-rate dependencies are plotted in Fig. 4 as a
"therapeutic ratio" obtained by dividing the LD50 for limiting nonhemo-
poietic toxicity by the LD50 for bone-marrow ablation as a function of
radiation dose rate. This ratio shows a remarkable increase as the dose
rate decreases below 5 cGy/min and shows no evidence of leveling off at
dose rates as low as 1 cGy/min. Thus one might assume that a very low
dose rate of TBI should be used in preparation for bone-marrow transplan-
tation. This conclusion, however, depends on the assumption that leukemic
stem cells will, in general, have a similar radiation-dose survival function
to bone-marrow stem cells and that the sparing effect of low-dose-rate
radiation on nonhemopoietic normal tissues is not abrogated by preirradia-
tion chemotherapy. Data now exist (Kimler et al., 1983; Mitchell, 1983)
for several human leukemia cell lines to confirm that their radiation-dose
survival curve is close to exponential and that clonogenic survival is essen-
tially dose-rate independent. Whether or not preirradiation chemotherapy
and/or allogeneic bone marrow will affect the dose-rate dependence of
nonhemopoietic normal tissue tolerance remains unanswered but is the
subject of the second phase of our investigations.
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Clinical data from the International Bone Marrow Transplant Registry
provided some indication that radiation dose rate is an important prognos-
tic variable (Bortin et al., 1983). However, for achieving the maximum
advantage of low dose rate in a single exposure, it may be necessary to
reduce the dose rate to less than 1 cGy/min. This poses enormous logistic
problems in terms of the time required to dispense treatment, and a pre-
ferred approach would be to use fractionated TBI. For estimating the size
of dose per fraction corresponding to a given dose rate, the present data
for all nonhemopoietic death were analyzed by the method of Thames and
co-workers (1983) to derive notional values of the 0/a ratio in the linear
quadratic model for survival of cells determining lethal toxicity at the vari-
ous dose rates and the corresponding half-time for Elkind repair. This
analysis gave a value of the 0/a ratio of 0.22 per gray with 95% confi-
dence limits of 0.07 to 0.47 per gray and a repair half-time of approxi-
mately 40 min. On the basis of these values, fractional doses of 110 cGy
separated by at least 4 hr would be expected to approximate continuous
irradation at 1 cGy/min. However, the uncertainty of this estimate is
large, and experimental verification will be required.
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ABSTRACT

Five completed studies have compared the effects of U9Pu, "'Am, and 244Cm in
August-Marshall F, hybrid rats. Osteosarcomas were observed in all the treated groups but
not in any control group. More than 70% of the osteosarcomas occurred in the lumbar or
thoracic vertebrae, the femur, or the tibia with all three radionuclides, but there is an indica-
tion that a smaller proportion of the tumors arises in the vertebrae after "'Pu administration
than after either of the other two radionuclides. The data permit the calculation of the fol-
lowing risk coefficients (osteosarcomas/104 rat-Gy): M*Pu, 487 ± 52; "'Am, 175 ± 32;
w C m , 162 ± 45. These risk coefficients suggest that in the rat 23*Pu is about three times
more effective for bone tumor induction than the other two radionuclides. A small number of
leukemias, mainly of myelogenous origin, and a small number of other soft-tissue tumors were
observed in the radionuclide-injected groups. No leukemias were observed in many hundreds
of control animals.

Plutonium-239, 241Am, 244Cm, and a number of other alpha-emitting
radionuclides are important components of the nuclear fuel cycle. Since
the beginning of the "nuclear industry," concern has been widespread
about possible harmful effects in man, especially cancer induction, should
these nuclides be released in even quite small quantities into the human
environment.

The earliest comparative studies of the toxicity of 239Pu and 24lAm
suggested that the two radionuclides were almost equally effective in
inducing bone tumors in rats (Langham and Carter, 1951). However, in
those studies such high doses of the radionuclides, i.e., 1.2 to 2.3 MBq/kg
of body weight, were used that there was some early mortality and nearly
all the surviving animals were reported to be in poor health.
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The present studies, which formed part of a larger study of the
mechanisms of radiation carcinogenesis in bone, were designed to provide
comparative information on the carcinogenicity of 239Pu, 24 lAm, and
244Cm in rats. Because the available resources did not permit studies with
large numbers of animals, it was decided to use groups of about 30 rats
and to administer doses of the radionuclides which would be expected to
yield a high proportion of tumors but would not produce mortality or mor-
bidity in the first 200 days after injection.

The results of five completed studies are reviewed in this paper.

EXPERIMENTAL PROCEDURES

Animals

The animals used were male rats of the Fj hybrid generation bred from
female rats of the highly inbred August strain and males of the highly
inbred Marshall strain. The resultant hybrid line had a life span of about
750 days and an extremely low incidence of spontaneous tumors of bone or
soft tissue. The rats were housed in non-air-conditioned quarters with a
natural lighting cycle. Food [Medical Research Council (U.K.) diet 41B]
and water were allowed ad libitum.

Radionuclide Administration

All radionuclides were administered by injection into a lateral tail vein
under light ether anesthesia. Plutonium-239 was administered as a nitrate
solution that had been brought to pH 5 with sodium carbonate solution
(Taylor, Sowby, and Kemberv 1961); 24lAm and 244Cm were administered
as trivalent citrate complexes at pH 6 to 7 (Taylor, Sowby, and Kember,
1961; Taylor, 1979). The doses administered were —110 kBq/kg of body
weight for 239Pu; 92 or 260 kBq/kg for 241Am, and 150 kBq/kg for 244Cm.

Each experimental group consisted of about 40 rats, but these included
some animals destined for serial sacrifice to determine tissue concentra-
tions of the radionuclides.

Pathological Examinations

All the animals were examined one to three times weekly throughout
their life span. Animals with tumors or severe symptoms of disease were
killed, and all dead animals were subjected to autopsy. In most cases a
number of bone and soft-tissue samples were taken for histological exami-
nation.
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Calculation of Cumulative Mean
Skeletal Dose

Cumulative mean skeletal dose was calculated for each rat to 100 days
before death; it was assumed that the radiation delivered during the last
100 days did not contribute significantly to tumor induction. Skeletal
doses were calculated from the measured femur concentration of the
radionuclide, using the retention equations determined by Taylor (1979).

Calculation of Risk Coefficients

The standard deviations (S. D.) of the tumor incidence and the risk
coefficients were calculated by the methods described by Evans et al.
(1969).

RESULTS

The most frequently observed late effect of all three actinide radionu-
clides was the appearance of bone tumors, i.e., osteosarcomas. The data on
the incidence of these tumors are summarized in Table 1. The sites of the
osteosarcomas within the skeleton are listed in Table 2.

Leukemia, of myelogenous origin, was seen in each of the injected
groups. The incidence data for these leukemias, which appeared with a
mean time of 378 ± 53 (S. D.) days after injection, are summarized in
Table 3. No leukemia nor any type of tumor was found in the total
number of 104 rats which formed the uninjected control groups for these
studies.

One renal carcinoma and one serninoma of testis were found in the
239Pu-treated rats; in the 241Am animals one mammary tumor and one
ocular melanoma occurred. Two adrenal carcinomas were observed in each
of the 239Pu and 241Am series (Bensted, Taylor, and Sowby, 1965).

DISCUSSION

The data listed in Table 1 show clearly that in these rats 239Pu induced
more osteosarcomas than either 24lAm or 244Cm; the risk coefficient for
239Pu is about threefold greater than those for the other two radionuclides.
The distribution of the osteosarcomas within the skeleton shows no clear
distinction between the three radionuclides studied although there is some
indication that 239Pu ;nay induce a smaller proportion of tumors in the
lumbar and thoracic vertebrae.

No other comparative study of the late effects of these three radionu-
clides is known. However, there are several reports that permit comparison



COMPARATIVE CARCINOGENICITY OF " 9Pu. M 'Am, AND 244Cm 407

TABLE 1

Comparative Incidence of Osteosarcoma After Intravenous

Injection of M9Pu, M1Ani, or ^ C m in Rats

NacHde

I39Pu

241 Am

Iajecfed

109
l i l t

92
260

150

MtUtiK
iajectioa to death,

days

459 ± 64*
432 ± 54

Total

561 ± 70
474 ± 112

Total

442 ± 76

K M .

Total

22
19

41

22
32

54

42

of aatopsied rats

No. with
osteosarcoau

17
11

28 ± 3.0*

4
15

19 ± 3.4*

10 ± 2.8*

Total skeletal
fadlatioB dose,

nt-Gy

321
255

576

222
863

1085

619

Rfafc coefflctot

lO^Cy)

487 ± 52*

175 ± 32

162 ± 45

'Standard deviation.
tDivided doses, 37 kBq/kg + 4 X 18.5 kBq/kg at 14-day intervals.

TABLE 2

Intraskeletal Distribution of Osteosarcoma Induced in Rats

by M9Pu, "'Am, or

2»Pu M1Am

Site

Lumbar and thoracic
spine

Tibia
Femur

Humerus
Pelvic girdle
Jaw

Total*

9
13
12

7
4
0

20
29
27

15
9

S.

±
±
±

+

±
0

D.

6
7
7

5
4

Total*

8
4
2

2
1
2

% ± S. D.

42 ± 13
21 ± 10
10 ± 7

10 ± 7
5 ± 5

10 ± 7

Total*

4
3
2

1
0
0

% ± S.D.

40 ± 15
30 ± 14
20 ± 13

10 ± 9
0
0

•Totals shown include those cases where two or more osteosarcomas were observed in the
same rat.

of the late effects of 239Pu and 24lAm in mice, dogs, and in other strains of

rat (Taylor et al., 1983; Wrenn et al., 1983; Rudnitskaya and Moskalev,

1979; Nifatov, Buldakov, and Filippov, 1971; Moskalev et al., 1965). The

risk coefficients calculated from the data in these reports are compared in
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TABLE 3

Incidence of Myelogenous Leukemia in Rats After
Intravenous Injection of 239Pu, MIAm, or M4Cm

Nuclide

241 Am

244Cm

None

Adadaistered dose, Total aaaiber
kBq/kg of rats

109
111 (37 + 4 X 18.5)

Total

92
260

Total

150

0

22
19

41

22
32

54

42

104

No. of rats with
leakeaia

1
3

4 ± 1.9

1
1

2 ± 1.4

1 ± 1

0 ± 1

Iacideace,
% ± 1 S. D.

9.8 ± 4.6

3.7 ± 2.6

2.4 ± 2.4

0 ± 1.0

Table 4. The data for the mice and for the other strains of rat confirm
the findings of this study that, for equal administered activities, 241Am is
less effective for the induction of bone tumors than 239Pu. However, the
risk coefficients calculated for the beagle suggest that 239Pu and M l Am are
about equally carcinogenic. The beagle studies are as yet incomplete, and
only about 60% of the injected dogs have died. However, assuming the
most extreme situation in which all the remaining 239Pu dogs die with an
osteosarcoma and none of the remaining 241Am animals develop an
osteosarcoma, the risk coefficient for 239Pu would not be more than twice
that for 241Am. Thus it appears likely that there is a real species difference
in the relative toxicity of 239Pu or 241Am in dogs as compared to rats and
mice. The reasons for the different radiotoxicity of 239Pu and M1Am in rats
and mice, but probably not in dogs, cannot be explained at present.

In the rat studies described above, the mass of the injected plutonium,
~ 5 0 ng/kg, was more than 20 times greater than the largest dose of
americium and more than 1000 times greater than that of curium. This
difference in the mass injected plus the fact that there may be differences
in the mechanisms by which the three actinides are fixed in bone (Taylor,
1972) suggests that the possibility that chemical toxicity may potentiate
the radiotoxicity of 239Pu cannot yet be totally excluded. However, it
appears most likely that the major factor responsible for any differential
carcinogenicity of 239Pu, 241Am, or 244Cm after deposition in bone will be
the spatial and temporal microdistribution of the radiation doses on the



TABLE 4

Comparison of Risk Coefficients for Osteosarcoma Induction in Rat,
Mouse, and Dog After Injection of Soluble 23*Pu or Z41Am

Specks, strata,
ud sex

Risk coeflkieBt* ± 1S.D.

Mli

Retake
toxkfty,

Pm:km ± 1 S. D. Refi

|
<

Rat
August-Marshall, male 487 ± 52(41 )t 175 ± 32(54)t 2.8 ± 0.21
Mongrel, male + female 280 + 59(265)
Wistar, male + female 404 ± 63(123) 247 ± 31(132) 1.6 ± 0.21

This work
Rudnitskaya and Moskalev (1979)
Nifatov, Buldakov,

and Filippov (1971)

769 ± 90(272) 254 ± 46(222) 3.01 ± 0.21 Taylor et al. (1983)
Mouse

C57 black or albino,
male + female

Dog
Beagle, male + female 630 + 52(189) 830 ± 109(77) 0.76 ± 0 . 1 6
Mongrel, male + female 363 ± 135(9)

Wrennetal. (1983)
Rudnitskaya and

Moskalev (1979)

•The risk coefficients were calculated by the author, using the skeletal dose data given in the references cited. For all
rats the radiation doses were calculated to 100 days before death. For all data used in this analysis, the injected doses
were within the range of 37 Bq to 148 kBq/kg of body weight.

tNumbers in parentheses represent number of animals available for analysis.

m
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bone surfaces, especially the endosteal surfaces. Several autoradiographic
studies have demonstrated differences in the microscopic distribution of
2j9Pu and 241Am in the bones of rats, mice, or dogs, and ihe studies
cited here have shown that the distribution of radiation dose alters with
time after deposition as a result of bone remodeling and the movement of
cells (Taylor, Sowby, and Kember, 1961; Vaughan, Bleaney, and Taylor,
1973; Durbin, 1973; Priest, 1981). No report has yet appeared of a sys-
tematic investigation of the microdistribution of the radiation dose to bone
from 239Pu, 241Am, and 244Cm in the same animal species studied under
the same conditions, using similar methods. Some such studies are
currently in progress, and this is an important area for further investiga-
tion.

The occurrence of leukemia in all the actinide-injected groups of rats is
interesting, especially since no leukemia was observed in any noninjected
control rat of this strain. The excess incidence of leukemia appears to be
statistically significant for the 239Pu-injected animals (P < 0.05), but the
number of cases observed in the 241Am or 244Cm groups was too small to
show a statistically significant difference. Russian workers have reported
leukemias in rats after injection of 239Pu (Moskalev et al., 1965) or 241Am
(Nifatov, Buldakov, and Filippov, 1971; Rudnitskaya and Moskalev,
1979). With 241Am the excess leukemia incidence appears to be statisti-
cally significant (P < 0.05). No excess of leukemia has been observed in
the beagle studies (Wrenn et al., 1983), nor has this disease been reported
in the actinide-injected mice (Taylor et al., 1983).

The incidence of other soft-tissue tumors in the actinide-injected rats
was too small to permit any meaningful analysis of the relative carcinoge-
nicity of the different radionuclides.

CONCLUSION

In conclusion, the results of these life-span studies of the comparative
carcinogenicity of 239Pu, 241Am, and 244Cm in rats indicate that 239Pu is
about three times more effective, in terms of skeletal radiation dose, in
inducing osteosarcoma than the other two nuclides. Comparison of these
results with the published data for mice and beagle dogs (Taylor et al.,
1983; Wrenn et al., 1983) suggests that this difference may be confined to
small rodents. Leukemogenesis by 239Pu, 241Am, or 244Cm may also be a
species-specific effect. The results emphasize the importance of mul-
tispecies studies of actinide carcinogenesis and the urgent need to extend
our knowledge of the mechanisms that control the deposition of 239Pu and
the higher actinides in bone, and of the subsequent spatial and temporal
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distribution of the radiation dose in different areas of the bone surfaces of
animals and man.
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ABSTRACT

This study describes the effect of two intratracheal instillations (5 nig each) of
benzo[a]pyrene (BP) on lung carcinogenesis in rats that had previously inhaled three levels of
239PuO2 (i.e., 5.9, 17, and 170 nCi, initial lung burdens). The BP does not modify survival in
the high-level U9PuO2-exposed rats (330 days vs. 340 days) but markedly reduces survival in
the two other groups (470 vs. 800 and 413 vs. 840 days). Median survival time with BP alone
is shorter (666 days) than for the control group (838 days). Tumor incidence was increased
by BP exposure, and the tumors were usually fatal, whereas tumors observed after U 9Pu02

inhalation alone were usually not fatal. Statistical analysis of these data poses a problem
because' of the need to compare incidental and fatal tumors.

The dose-effect relationship is now well established following inhalation of
239PuO2 at levels of initial lung burden higher than 5 nCi (180 Bq) (Bair
and Thomas, 1975; Dagle et al., 1980; Lafuma et aL, 1974; Sanders
et al., 1976; Sanders and Mahaffey, 1979). Information is scarce, how-
ever, on the possibility of a synergistic effect of 239PuO2 particles and envi-
ronmental chemical carcinogens. Among these compounds, benzo[a]pyrenc
(BP), a polycyclic aromatic hydrocarbon, is strongly suspected to be car-
cinogenic in man (Farber, 1982). The BP is formed by incomplete com-
bustion of coal and other fossil fuels and is a principal component of
cigarette-smoke tars (Chretien, Hirsh, and Thieblemont, 1973). Because
cigarette smokers constitute a large fraction of the population, we were
interested in obtaining experimental data on the question of whether ciga-
rette smokers are at greater risk than nonsmokers to potential health

413
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effects of inhaled plutonium, such as has been reported to be the case for
cigarette smokers exposed to radon (Chameaud et al., 1980).

Inhalation or intratracheal instillation of BP has been shown to induce
lung tumors (mainly squamous-cell carcinomas) in several animal species
(Saffiotti et al., 1972a, 1972b; Preussmann, 1976; Farber, 1982). Plu-
tonium dioxide did not significantly increase in mice the tumor incidence
resulting from the administration of methylcholanthrene, but it did
increase incidence when administered with dibenzanthracene (Temple,
Marks, and Bair, 1960). Sanders (1973) observed an increased incidence
of abdominal sarcomas after intraperitoneal injections of PuO2 and BP.
More recently Filipy et al. (1982) have shown a decreased pulmonary
clearance rate of inhaled 239Pu in dogs exposed to cigarette smoke, this
effect being more pronounced in young than in old animals. In a prelimi-
nary experiment (Me'tivier et al., 1979), we have shown that BP increased
the severity of effects, without modification of survival time, for rats inhal-
ing a large quantity of plutonium (170 nCi). In this study we report the
effects of BP combined with three levels of 239PuO2 inhalation.

MATERIALS AND METHODS

The 334 animals used in the study were male, SPF Wistar rats, ran-
domly bred. They were 2 months old and each weighed 200 to 220 g at
the beginning of the experiment. After exposure the animals were housed
under conventional conditions.

The rats were exposed, in groups of eight, to a 239PuC>2 aerosol in a
previously described aerosol chamber (Me'tivier et al., 1974). The oxide
was prepared by calcining plutonium peroxide at 1000°C, grinding it, and
reheating at 1000°C to obtain stoichiometric PuO2. The count median
diameter (CMD) of the aerosol was 0.61 fim (<r = 1.28). The initial lung
burden (ILB) was determined 1 week after inhalation by in vivo X-ray
counting of plutonium daughter products with a proportional counter.

The radiation doses were calculated by assuming homogeneous distri-
bution of the 239Pu in 2 g of fresh lung, and a clearance half-time of
170 days as observed previously for this strain of rat (Me'tivier et al.,
1977).

Benzo[a]pyrene was administered 2 and 3 weeks after PuO2 inhalation
by intratracheal instillation of 0.2 ml of a saline solution containing a
mixture prepared by grinding together equal amounts of BP and ferric
oxide according to the procedure of Saffiotti et al. (1972a). The animals
were anesthetized before intratracheal instillation with 0.5 to 4% methoxy-
flurane (penthrane, Abbott) using a Minerve vaporizer with a gas flow
mixture of 1 liter/min of nitrous oxide and 0.5 liter/min of oxygen.
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Autopsies of all rats were performed immediately after death or after
sacrifice when the animals were moribund. The lungs en bloc and any
abnormal-appearing tissue were fixed in Bouin Hollande fluid and later
embedded in paraffin. The pathological classification of lung cancers was
established according to histologica! criteria proposed elsewhere (Masse,
1980). An important additional criterion in this experimental study was to
describe the context of observation of lung cancers; i.e., whether the can-
cers were incidental or fatal. This distinction was based mainly on weight
(fatal squamous-cell carcinomas in BP groups ranged between 15 and
30 g), but the presence or absence of massive hemorrhage and metastasis
was also considered. A pulmonary tumor can, of course, be lethal in differ-
ent ways, for example, by secretion of toxins even with a low weight. Ear-
lier experiments with similar Wistar rat pulmonary tumors led us to the
conclusion that these tumors do not secrete toxins which might contribute
to mortality (Nolibe et al., 1976). Weight may also be of concern in the
case of benign tumors (squamous-cell papillomas) observed in some
groups. These can attain a size of 30 g, more than one-tenth of the animal
weight at death, which we believe can lead to asphyxiation. We have
therefore not only separated incidental and fatal lung malignancies but
have also created a fatal events group, when necessary, which includes
only large-sized tumors, malignant and benign. The data are presented in
two ways: in a conventional fashion and according to the statistical guide-
lines given by Peto (1974), Peto et al. (1980), and Chmelevsky et al.
(1982). A summary of protocol and lung pathology is given in Table 1.

TABLE 1

Summary of Protocol of the PuO2-Benzo|a]pyrene (BP)
Inhalation Experiment

No. of
animals

89
89
29
19

38
29

19

PnO

initial
lung burden.

nCi

0
5 9

17
170

0
59

17
170

BP,
mg

0
0
0
0

2 X 5
2 X 5
2 / 5
2 X s

survival
time.
days

838
840
800
340

666
413
470
330

Lung
dose,
r»ds

0
333
939

7631

0
290
853

7536

Number of animals

With pulmonary malignancies

Fatal

0
4
6
1

7
15

14
18

With

Incidental fatal

0
13
8
5

3
2
2
1

benign
tumors

0
0
0
0

2
10
0
0
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RESULTS AND DISCUSSION

Conventional Analysis

This section describes the results as analyzed by conventional methods,
in terms of survival times and fractions of animals with tumors. Figure 1
shows the median survival time of each experimental group as a function
cf plutonium initial lung burden. The three groups that inhaled only PuO2

showed results which were in agreement with previous data obtained with
the same rat strain in our laboratory. Figure 1 also shows that BP instil-
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lations ( 2 X 5 mg) reduced survival time (666 vs. 838 days for controls).
When BP was administered after PuO2 inhalation, survival time was fur-
ther decreased, the largest incremental effect being seen at the lowest
PuO2 exposure (survival times of 413, 470, or 330 days instead of 840,
800, or 340 days for the 5.9-, 17- and 170-nCi groups, respectively).

Figure 2 shows separately for each group the fraction of animals dead
at a specified time and the fraction of animals dead with a fatal or
incidental pulmonary malignancy, as described previously. For the two
groups, BP alone and BP + PuO2 (5.9 nCi), we have compared in Fig. 3
the fraction of animals dead with a pulmonary malignancy (fatal or
incidental) with fatal lung events based on the tumor-weight criterion
described earlier.

In Fig. 4 the raw incidence of tumors as a function of 239PuC>2 initial
lung burden is shown. The term raw incidence is used, as described by
Chmelevsky et al. (1982), to emphasize the fact that this quantity is not
corrected for life shortening. Without such a correction it is clear that BP
instillations increase tumor incidence, especially fata! malignancies. This
raw incidence increases with PuO2 initial lung burden and then declines at
higher plutonium lung burdens. It is not clear whether this decline is due
to life shortening or whether there is an inherent decline in the induction
of pulmonary malignancies at high doses. For fatal events we observe an
unexplained, reversed bell-shaped curve.

Table 2 illustrates the additivity hypothesis, which is based on the raw
incidence data for all lung events. The irregular pattern of observed and
expected raw incidences provides no clear support for the additivity
hypothesis. If the effects of exposure to BP + PuO2 were additive, then
the sum of columns 1 and 2, given in column 4, would be equal to the
observed incidences of the combined exposure in column 3, if equality in
survival is assumed.

Table 3 calculates the relative risk of additional BP exposure, which is
based on the raw incidence data for fatal malignancies at each plutonium
dose level. For the 5.9- and 170-nCi groups, the increase in risk is more
than 10-fold.

Competing-Rtsk-Corrected Analysis

The number of tumors reflected by raw incidence numbers is probably
biased by the mortality that occurs early. The effects of heterogeneous
mortality patterns, in different groups, on numbers of tumor-bearing
animals can be corrected according to Peto et al. (1980). These authors
distinguish between tumors that are observed in a fatal or in an incidental
context and analyze separately the tumors observed in different contexts.
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For fatal malignancies, in which differences can be so striking, a visual
display of their cumulative onset with ags, in groups without and with
additional BP exposure, is provided in Fig. 5, which shows the Kaplan-
Meier estimates of cumulative probability of a fatal tumor.

In Tables 4 to 6 are shown the results of the statistical analysis accord-
ing to Peto et al. (1980). All these tables list observed and expected
numbers of tumors fatal, incidental, or combined. Expected means are
calculated under the null hypothesis of no difference in tumor yield
between the different dose groups. A standardized normally distributed
test statistic (Z) for positive trend with dose is given together with its
one-sided P value. The difference between the observed and expected
numbers of tumors illustrates the deficit or excess of observed tumors
under the null hypothesis.
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TABLE 2

Additmty Hypothesis for Raw Incidence (RI) Analysis

Dase,
oCi

5.9
17

170

5.9
17

170

5.9
17

170

ToPsO}OBly

RI,

(CoLl)

7.9
48.3
31.6

4.5
20
5.3

4.5
20

5.3

Expo—re

To BP osly To I

(Col. 2)

All MftHgwuKles

26.3

Fatal MaUgsascies

18.4

Fatal Erests

23.7

»sO,+ BP

RI,

(Col. 3)

58.6
72.7

100

51.7
63.6
94.7

86.2
63.6
94.7

A*fltiTity
hypothesis

Cob.1 + 2
(CoL4)

34.2
74.6
57.9

22.9
38.4
23.7

28.2
43.7
29.0
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TABLE 3

Raw Relative Risk for Fatal Malignancies
by Instillations of Benzo(a]pyrene (BP)

After PuO2 Inhalation

PuOj,
uCi

5.9
5.9

17
17

170
170

BP,
mg

0
2 X 5

0
2 X 5

0
2 X 5

Total

No. of
«•!—«k

89
29

118

29
22

51

19
19

38

Obsened
ereats

4
15

19

6
!4

20

1
18

19

Expected
eveats*

14.3
4.7

19

11.4
8.6

20

9.5
9.5

19

ReUtire
risk*

12

3.1

18

'For equal risk of treatments and for same total number
of events as was observed.

Table 4 is an analysis of fatal tumors, incidental tumors, and both
types combined, in the absence of BP, There is a clear effect of the pluto-
nium dose on the yield of fatal tumors. In this analysis the single tumor in
the highest dose group is in sharp contrast to the very much lower number
of expected events (0.1), which is adjusted for intercurrent mortality. This
presents a very different picture from that provided by the raw incidence
data (Fig. 4). Table 4 demonstrates a positive trend with plutonium dose
for incidental tumors, but it also shows that the two highest dose groups
experienced a similar yield of incidental tumors. The combined analysis of
both tumor types gives a pattern similar to that for incidental tumors.

Table 5 provides similar analyses for the groups that were additionally
treated v/ith BP. The fatal tumors again display an incidence increasing
with plutonium doses (Z = 6.21). For the incidental tumors a positive
trend is also indicated although the numbers are small. The combined
analysis shows a picture similar to that for fatal tumors.

Overall it is interesting to note that, in the groups without additional
BP treatment, 11 fatal and 26 incidental tumors were found in 226
animals (Table 4); whereas, with BP added, 54 fatal and 8 incidental
tumors were found in 108 animals (Table 5). This observation of an
increased proportion of fatal tumors in the BP-treated an: nals is also
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for

reflected in the fact that the analysis of combined tumors in the absence of
BP treatment is similar to the respective analysis for incidental tumors,
whereas, in the presence of BP treatment, it resembles the analysis for
fatal tumors. The standardized trend statistics demonstrate this as well.
The Z value for the combined analysis, 6.60 (Table S), in the presence of
BP compared to 4.02 (Table 4) in the absence of BP, indicates that the
dose-response effect of pktonium is increased in the presence of BP. For
the individual analyses, however, an increase is evident only for fatal



TABLE 4

Analysis of Malignant Lung Tumors After Inhalation of PuO2 Without Beuzo[a}pyTene (BP)

IutuU

lung
burden,

uCi

0
5.9

17
170

Total

Test statistic for
positive trend

Z value
Probability

No. of
rats

89
89
29
19

226

Fatal

Observed

0
4
6
I

11

5.52
=5*0.00005

Expected

5.2
4.5
1.3
0.1

11

No. of
rats

89
85
23
18

215

kcMeatal

Observed

0
13
8
5

26

2.95
«0.002

Expected

10.9
10.3
2.8
1.1

26

No. of
rats

89
89
29
19

226

Fatal + bcideatal

Observed

0
17
14
6

57

4.02
^0.00005

Expected

16.0
14.7
4.1

37

I>
CD
•v

i
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TABLES

Analysis of Malignant Lung Tumors After Inhalation of PuO2 Followed
by Intratracbeal Instillation of Benzo[a]pyrene (BP)

lutial

bwdea,

•a

0
5.9

17
170

Total

Test statistic for
positive trend

Z value
Probability

No. of
rats

38
29
22
19
108

Fatal

Observed

7
15
14
18
54

6.21
^0.00005

Expected

25.5
11.7
11.6
5.3

54

No. of
rats

31
14
8
1

54

Iacideatal

Observed

3
2
2
1
8

2.90
^0.002

Expected

5.7
1.0
1.3
0.1
8

No. of
rats

38
29
22
19

108

Fatal + kddeatal

Observed

10
17
16
19
62

6.60
sSO.00005

Expected

31.1
12.6
12.8
5.4

62

<
m

I
30
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TABLE 6

Analysis of Fatal Lung Tumors,
Benign and Malignant, Observed in
Rats Receiving Benzo(a]pvrene (BP)

After PuO2 Inhalation*

Iritial
lung burden

ofPnOj,
•a

0
5.9

17
170

Total

No. of
rats

38
29
22
19

108

Observed
events

9
25
14
18

66

Expected
eveats

23.2
17.7
13.4
11.6
6.6

•Test statistic for positive trend: Z
5.42, P =S 0.00005.

tumors [5.5 (Table 4) vs. 6.2 (Table 5)], whereas for incidental tumors
the standardized trend statistics have similar values.

In Table 6, large benign tumors (see Materials and Methods section)
occurring in the BP treated animals were also considered as fatal tumors,
and the resulting analysis did not differ greatly from that of Table 5.
However, it should be noted that no such tumors were observed in the two
highest dose groups.

Table 7 lists the effect of BP at the different dose levels of plutonium.
At all three dose levels an increased risk of tumor incidence due to BP is
observable. This increase seems to be confined to fatal tumors as noted in
the previous analysis (Table 6). There appears to be no clear relationship
between this increase in risk and plutonium dose, but the increase is
highest at the 5.9-nCi plutonium level. A more complete statistical analysis
is in progress to clarify this modification in risk.
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TABLE 7

Analysis of BP Effect on Lung Tumor Occurrence in Rats Exposed to PuO2

Fatal laddeatal

No. of Relative No. of Relative No. of
rats Observed Expected risk rats Observed Expected risk rats

Fata* + Iacideatal

Relative
Observed Expected risk

NoBP
BP

NoBP
BP

NoBP
BP

89
29

30
22

19
19

4
15

6
14

1
18

16.6
2.4

14.2
5.1

9.0
10.0

36.2*

5.8*

16.3*

Iaitial Laag Bardea, 5.9 aCI

85
14

13
2

13.8
1.2

Imitial Img Bardea, 17

24
8

8
2

7.1
2.9

Iaitial Laag Burden, 170

18
1

5.5
0.5

1.7

0.6

2.2

89
29

30
22

19
19

17
17

14
16

6
19

30.4
3.6

21.3
8.7

14.5
10.5

8.4*

2.8*

4.4*

>
3D

>

a

*P< 0.001, one-sided.
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DISCUSSION

F. F. Hahn (Lovelace, Inhalation Toxicology Research Institute): Did
the injection of benzopyrene alter the retention of plutonium?

Metivier: No. We have not observed any modification of plutonium
clearance.

Hahn: So you believe that the radiation doses delivered to the lung
were the same in each of those groups?

M&ivier: Yes, about the same.
A. L. Brooks (Lovelace, Inhalation Toxicology Research Institute):

You used iron with your benzopyrene to increase the retention time. Iron
can also act as a cancer promoter. Did you have a group in which you had
only iron with the plutonium?

M&ivier: Yes. We have a low-level group exposed to plutonium with
iron oxide, and we see no effect of iron in this group.
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ABSTRACT

The objective of this study is to determine the dose-response curve for lung tumor incidence
:r> rats after inhalation of high-fired 239PuO2, which gave radiation doses to the lung of from
~ 5 to >1000 rads. A total of 3631 young adult, SPF, Wistar female rats were used in this
study: 2138 rats exposed to 239PuO2 and 1070 sham-exposed controls for life-span study, 353
exposed rats killed at 14 days after exposure for checking the accuracy of individual initial
alveolar deposition (IAD) measurements, and 70 exposed rats used for a metabolism study to
determine a 239PuO2 lung-clearance curve. Exposed rats were given a single, nose-only, inhala-
tion exposure to l**Yb-239PuO2 aerosol (AMAD, 1.6 ± 0.11 (tm). The effective half-time for
l6*Yb in the lung was 14 days, wbreas ~76% of U9Pu was cleared with a half-time of 20
days and 24%, with a half-time of 180 days. Whole-body counting for 16*Yb at 14 days after
exposure was an accurate method for determining 23*Pu IAD in individual rats, even at IAD's
as low as 0.60 nCi of "*Pu. The 239Pu lung-clearance curve and an equation describing
changes in lung weight with body weight and age were used to determine lung radiation
doses. The IAD's of exposure groups were 0.60 ± 0 .L -iCi of u9Pu (1000 rats),
0.98 ± 0.25 (531 rats), 2.4 ± 0.69 (209 rats), 5.7 ± 1.2 (98 rats), and 7.5 ± 2.0 to
150 t- 37 nCi (300 rats); corresponding radiation doses to the lung estimated at 3 years
after exposure were 8.3, 14, 33, 79, and 100 to 2100 rads, respectively.

Plutonium dioxide is the chemical form of plutonium most likely to be
found in industrial or environmental contamination accidents, whereas
inhalation is the most likely route of uptake for biomedically significant
quantities of plutonium (Voelz, 1975). Primary lung cancer is one of the
most important consequences in experimentally exposed animals after the
inhalation of various chemical forms of plutonium and the only significant
biomedical consequence of inhalation of high-fired 239PuO2 at low to mod-
erate dose levels (Sanders et al., 1976; Sanders and Mahaffey, 1979a,
1981; Rhoads, Mahaffey, and Sanders, 1983; Bair, Richmond, and
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Wachholz, 1974; Masse. 1980; Thompson, 1975; Lisco, Finkel, and Brues,
1974; Lafuma et al., 1974; Morin et al., 1976, 1977; International Com-
mission on Radiological Protection, 1980; Nenot and Stather, 1979; Dol-
phin et al., 1974; Bair and Thomas, 1975; Bair et al., 1973; Craig et al.,
1978).

Most radiation-protection standards for inhaled radionuclides are based
on the premise that there is no threshold for cancer formation and that
there is some linear relationship between dose and effect (ICRP, 1977;
United Nations Scientific Committee on the Effects of Atomic Radiation,
1972). Various statistical techniques have been utilized to estimate lung
cancer risks by using high-dose data from inhaled transuranics in rodents
(Sanders and Mahaffey, 1979b; Hartley and Sielken, 1977; Mantel et al.,
1975; Mantel and Schneiderman, 1975; Bair and Thomas, 1975; Mantel
and Haenszel, 1959). Risk coefficients for death from lung cancer in rats
have been estimated at from 400 cases/106 rat-rads to 1600 cases/
106 rat-rads (Bair and Thomas, 1975) and by other investigators at 0.3 to
0.7% at a lung dose of 1.5 rads from inhaled 239PuC>2 in rats (Sanders and
Mahaffey, :979b).

Preliminary studies with intratracheally instilled or inhaled
169Yb-239PuO2 particles have demonstrated mat whole-body counting of
169Yb provided a statistically accurate correlation with 239Pu content in the
lung, estimated from liquid-scintillation counting from 7 to ~50 days after
deposition (Sanders, Mahaffey, and McDonald, 1982, 1983). This method
had previously been used to determine lung burden of 239Pu in beagle dogs
(Diel et al., 1983). Statistical correlations of whole-body counts of 169Yb
and measurements of 239Pu content by liquid-scintillation counting were
excellent even though l69Yb was cleared from the lung at a faster rate
than 239Pu was. The differences in lung clearance between the two
radionuclides were largely offset by a greater whole-body retention of
169Yb than of 239Pu (Sanders, Mahaffey, and McDonald, 1982, 1983).

The objective of this study was to determine the dose-response curve
for lung tumor incidence in rats after inhalation of high-fired 239PuO2 par-
ticles by giving lifetime radiation doses to the lung of ~ 5 to >1000 rads.
Lung radiation dose was determined in individual rats by whole-body
counting of l69Yb-tagged 239PuO2 particles.

METHODS

Young adult, SPF, female Wistar rats were chosen for this study. A
total of 3631 rats were used: 3208 rats for life-span study (2138 exposed
and 1070 sham-exposed control rats); 353 exposed rats killed at 14 days
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after exposure, in groups of four or five for every exposure subgroup of 35
rats, to compare the whole-body counts of 169Yb with determination of
239Pu levels in the lung by liquid-scintillation counting; and 70 exposed
rats for a study of 239Pu clearance from the lung (Table 1). Also, an extra
50 control rats were set aside to be killed in groups of 10 at 0, 6, 12, 18,
and 24 months of age for histological, bacteriological, and virological
examinations. Rats were obtained from the Kingston colony of Charles
River Breeding Laboratories at 50 ± 3 days of age and weighing 150 to
175 g upon arrival at Pacific Northwest Laboratory (PNL).

TABLE 1

The Experimental Design

Target initial
alveolar deposition

(IAD), a d

0.5
1
2

4
8

16

32
64

128

Totals

System check

179
90
34

5
8

10

10
9
8

353

Number of rats

Life-span

Exposed

1000
531
209

98
60
60

60
60
60

2138

Controls

500
270
105

45
30
30

30
30
30

1070

Luag riostaetry

•

70
_•

_»

70

•No animals for these IAD's exposed specifically for study of lung
dosimetry.

All rats were quarantined for 3 weeks on arrival. All sick rats in quar-
antine and all scheduled extra control rats were killed; tissues were
removed for histopathological examination. Bacterial cultures were made
of lungs, nasopharynx, and cecum. Serological samples were sent to Micro-
biological Associates (Bethesda, Md.) for determination of any PVM,
KRV, H-l virus, RCV/SDA, and Sendai virus.

Each rat was randomly placed in a control or exposure group. Each rat
was tagged in the right ear and on the back of the neck with small metal
tags labeled with identical identification numbers to ensure proper identifi-
cation of individual animals. Controls were proportionally distributed
among all exposure groups and were sham exposed for about 30 min.
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Rats were housed five per cage, 30 cages per rack in wire-bottom,
automatic-flushing cage systems; they were fed a Wayne Lab-Blox diet ad
libitum. The food is periodically analyzed for vitamin A, carotene, vitamin
E, vitamin B12, folic acid, riboflavin, pantothenic acid, and choline. Puri-
fied and filtered water was supplied to each cage by an automatic watering
system. Animal rooms were maintained on a 12-hr photoperiod cycle, with
an ambient air temperature of 71 ± 7°F and a relative humidity range of
40 to 60%. Room air passed through a dust stop and HEPA filter with
21.4 air changes/hr. Cages and racks were changed weekly and sterilized
in an automatic washing system at temperatures that exceeded 180°C.

The 239Pu used was a more-than-20-year-old, weapons-grade material
with a specific activity of 1.63 X 108 dpm/mg. It had been purified from
241 Am and other radionuclides in April 1978. The 169Yb tracer and 239Pu
were precipitated together as oxalates, which were calcined at 750° C for 2
hr in air, producing a mixed oxide of YbC>2 and PuC>2. The ratio of ytter-
bium to plutonium was varied according to the target initial alveolar depo-
sition (IAD) level, the ratio increasing with decreasing initial alveolar de-
position (IAD). Standards of 169YbO2 and 169Yb-239PuO2 were prepared
for each exposure group.

An improved branched-aerosol-inlet flow-past chamber design was used
to deliver a prescribed aerosol dose via nose-only exposure (Cannon, 1983).
This exposure system decreased the variability of lung-deposition range.
Three types of samples were taken from the exposure chamber during each
exposure (Craig and Buschbom, 1975): (1) point-to-point electrostatic-
precipitator sample (Morrow and Mercer, 1964); (2) an eight-stage cas-
cade impactor sample (Mercer, Tillery, and Newton, 1970); and (3) a
25-mm-diameter filter-paper sample. Aerosols were generated from a
water suspension of the 169Yb-labeled 239PuO2- A computer program fitted
the data from the cascade impactor stages to a lognormal particle-size dis-
tribution, and an activity median aerodynamic diameter (AMAD) and a
geometric standard deviation (GSD) were calculated. By use of these data,
an expected particle-size distribution was calculated and compared with
the observed distribution by using a chi-square goodness-of-fit test.
Electrostatic-precipitator samples were examined with the electron micro-
scope. Aerosol-chamber concentrations were determined from filter-paper
samples. Rats were exposed for 30 min in groups of 35, with rats distrib-
uted evenly in one of five vertical tiers within the chamber. The tier at
which each rat was exposed was recorded.

The study was designed to permit statistical detection of a 1 % increase
in lung tumor incidence over the spontaneous incidence in female Wistar
rats. The spontaneous lung tumor rate in the Wistar rat is about 0.06%
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(Sanders and Mahaffey, 1979b; Pour et al, 1976; Snell, 1965); a rate of
0.1% was used in our sample-size determinations. On the basis of these
analyses (Mahaffey and Sanders, 1981) and using a sham-exposed control
population of 1000 rats, we estimated that 1000 rats exposed to an IAD of
about 0.5 nCi of 239Pu would be required to experimentally demonstrate a
1% increase in lung tumor incidence at the 0.05 level of significance
(Fig. 1). Further analyses of earlier studies with inhaled 239PuO2 in rats

100,000

< 10,000
cr
u_
o

1,000

100

•0.05 Level of significance

0 1 0.2 0 4 0.6
PERCENT TUMORS

0.8 1.0

Fig. 1 Nunber of exposed (aad shaa-exposed control) rats required to obtain i
0.05 or 0.01 level of statistical significance in hag-tuBor incidence if the sponta-
neous hag tuaor incidence is 0.1%.

(Sanders et al., 1976) predicted that a lifetime lung dose of ~ 5 rads
would result in a 1.6% incidence of lung tumors. On the basis of limited
metabolic data for inhaled 239PuO2 in rats, it was estimated that an IAD
of —1 nCi of 239Pu would deliver a radiation dose to the lung of ~ 5 rads
(Mahaffey and Sanders, 1981). The lowest IAD chosen for this study was
0.5 nCi of 239Pu since it was estimated that this deposition level would pro-
vide a lung dose comparable to that seen in a human lung after an IAD of
16 nCi of 239PuO2 or —1.5 rads during the first year.

The whole-body counting system used to detect l69Yb consisted of a
lead-shielded cave containing two banks of Nal crystals connected to a
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Canberra series-3O, 256-channel analyzer and a Silent 700 Texas Instru-
ments terminal; channels 45 through 94 were used for counting gamma
rays from 169Yb. New counting standards were prepared for each exposure
group. These standards included three 169Yb-239PuO2 standards, a 239PuO2

standard, and three 169Yb-YbO2 standards, with all standards at target
IAD levels.

A master lung-clearance curve was constructed in a metabolism study
with 70 rats. These rats received an estimated IAD of 9.3 nCi of 239Pu by
inhalation of 169Yb-239PuO2. They were killed in groups of five at 1,3, 7,
14, 21, 28, 42, 63, 84, 126, 231, 336, and 441 days after inhalation. Rats
were whole-body counted for l69Yb activity up to 126 days. Excreta, lungs,
and thoracic lymph nodes were assayed for 239Pu content by liquid-
scintillation counting (Keough and Powers, 1970) and by gamma counting
in a Beckman Gamma 310 system counter. The 239Pu lung-clearance curve
will be used to calculate lung radiation dose in individual rats in the life-
span study.

Life-span rats were exposed in groups of 35; from each group 30 rats
were randomly selected for life-span observation, and four or five were
killed at 14 days after exposure for determining 239Pu content in the lungs
by liquid-scintillation counting. Whole-body counts were done on all rats 7
and 14 days after inhalation. These continuing comparisons of 239Pu con-
tent by whole-body and liquid-scintillation counting allowed for checks of
the accuracy of IAD estimates in individual rats.

Body weight was taken at the time of exposure, periodically throughout
the rat's life span, and at death. Lung weight was taken at necropsy.

Life-span rats were checked twice daily. Abnormally long incisor teeth
were clipped to allow for normal mastication. No other treatments were
given the rats. All moribund rats and all rats with excessive body-weight
loss, bloody discharges, impaired respiration, large and/or ulcerated subcu-
taneous masses, paralysis or other motor impairments, or in apparent pain,
were killed and necropsied. Care was taken to limit loss of tissues from
cannibalism and autolysis.

All gross lesions, tissue masses, suspect tumors, and regional lymph
nodes, lungs, and 38 other tissues and organs, including brain, femur,
spine, ribs, and nasal cavity, were taken for histopathological examination.
The lungs were fixed by instillation with 10% neutral buffered formalin
(NBF). All other tissues were fixed in 10% NBF. Skeletal tissues were
decalcified before embedding. Paraffin sections were stained with hema-
toxylin and eosin (H&L) for viewing under the light microscope. AH lung
sections containing metaplastic lesions or tumors also were stained with
PAS (with and without diastase digestion), Mallory's PTAH, and
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Verhoeffs elastic stain. Selected lung and thoracic lymph node samples
were covered with nuclear emulsion film, and autoradiographs were
prepared. Other lung-tissue and lung-tumor samples were embedded in
plastic after fixation with gluteraldehyde and processed for electron
microscopic examination (Sanders and Adee, 1970).

The degree of alveolar septal fibrosis, epithelial hyperplasia, adenoma-
tous metaplasia, squamous-cell metaplasia, alveolar histiocytosis, alveolar
proteinosis, and emphysema was noted on a scale of 0 to 5 (0, normal; 1,
very slight; 2, slight; 3, moderate; 4, severe; and 5, extreme). A similar
grading scale was used to define bile-duct hyperplasia, fatty degeneration
and nodular hyperplasia in the liver, and chronic nephritis in the kidney
The size, location, metastases, type and degree of differentiation (1, well
differentiated; 2, moderately differentiated; and 3, poorly differentiated)
for all lung and extrapulmonary tumors were recorded. Gross and histo-
pathological narratives also were recorded.

RESULTS

The target and actual IAD values are given in Table 2. Actual IAD's
were close to target values, particularly at the lower IAD levels. All expo-

TABLE2

Aerosol Characteristics of Inhaled 1*9Yb-239PuO2 Particles*

IT

initial alveolar
deposition, nCi

Target

0.5
1.0
2.0
4.0
8.0

16
32
64

128

Actual

0.60
0.98

2.4
5.7
7.5
17
32
82

150

± 0.15
± 0.25
± 0.69
± 1.2
± 2.0
± 7.6
± 7.2
± 20
± 37

Aerosol characteristics

Activity median
aerodynamic
diameter, mm

1.1 ± 0.11
1.0 ± 0.090
1.6 ± 0.13
1.4 ± 0.080
1.5 ± 0.080
1.5 ± 0.15
1.6 ± 0.090
1.9 ± 0.11
2.6 ± 0.040

Geometric
standard
deviation

2.4 ± 0.39
2.4 + 0.22
2.0 ± 0.06
2.1 ± 0.10
2.3 ± 0.12
2.3 ± 0.27
2.2 ± 0.11
2.0 ± 0.03
2.5 ± 0.08

Activity ratio,
•*»Yb

*»Prf)2

15 ± 2.7
14 ± 0.15

5.2 ± 0.040
5.3
5.2

0.39
0.39
0.42
0.40

•Values arc mean plus or minus standard deviation.
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sures were completed in September 1983; the total number of exposure
groups was 74, with 35 rats per group.

The 169Yb-239PuO2 particles were similar in size and shape to those
seen with 239PuO2 (Sanders et al., 1976; Sanders and Mahaffey, 1981).
High-fired 239PuO2 and I69Yb-239PuO2 exhibit very low 239Pu solubility in
vitro or in vivo (Sanders et al., 1976; Sanders and Mahaffey, 1981; Diel
et al., 1983; Guilmette et al., 1979). The particle size of inhaled
169Yb-239PuO2 was less for lov/er IAD's, ranging from an AM AD of 1.0 to
1.6 for IAD values of 0.60 to 32 nCi; AMAD's for IAD levels of 82 and
150 nCi of 239Pu increased to 1.9 and 2.6, respectively (Table 2). About
85% of all exposure groups exhibited a lognormal particle-size distribution.
The activity ratio for 169Yb-239PuO2 was ~14 for IAD's of 0.5 and
1.0 nCi, decreasing to ~ 5 for IAD's of 2 to 8 nCi and to —0.4 for IAD
values of greater than 8 nCi of 239Pu (Table 2). For the 239Pu metabolism
study, the AM AD was 1.7, the activity ratio for 169Yb-239Pu0 was 0.35,
and the IAD was —10 nCi of 239Pu on the basis of whole-body counts of
169Yb at 14 days after exposure.

Previous studies with l69Yb-239PuO2, 239PuO2, and l69Yb-YbO2 parti-
cles have demonstrated that 169Yb and 239Pu given as 169Yb-239PuO2 are
cleared from the lung in a manner similar, respectively, to 169Yb given as
169Yb-YbO2 and to 239Pu given as 239PuO2 (Sanders, Mahaffey, and
McDonald, 1982, 1983). Data from these earlier studies are shown in
Fig. 2.

From the current serial-sacrifice study, a 239PuO2 lung-clearance curve
was calculated, based on the amount of 239Pu in the lung as measured by
liquid-scintillation counting (Fig. 3). The form of the estimated curve was

X(t) - 7.13exp-°034lt + 2.2Oexp-OOO377t

where X(t) is the 239Pu content of the lung in nanocuries at time t days
after exposure. The form of the curve, after dividing by the average
estimated IAD of 9.33 (7.13 + 2.20) nCi, was

Y(t) = 0.764 exp-°0 3 4 u + 0.236 exp"0003771

where Y(t) is the proportion of IAD in the lung at time t. When addi-
tional data become available, this curve will be reestimated. About 76% of
inhaled 239Pu is cleared with a half-time of 20 ± 4.9 days, whereas the
remaining 24% is cleared with a half-time of 180 ± 130 days. The
effective half-time of 169Yb in the lung, whether given as 169Yb-239PuO2 or
as 169Yb-YbO2, is about 14 days (Rhoads and Sanders, 1984).
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Fig. 2 Clearance of '**Yb and u*Pa from the lung op to 58 days after inhala-
tion of l**Yb-M'PuO, aerosol. Each point represents the mean of five rats, with
standard deviation bars. The imitiaJ alveolar depoeitkM (IAD) (determined by
analyses of all tissues and all excreta from 3 days to 58 days postexposare) was
13.6 ± 8.8 nCi for "*Pu and 9.8 ± 3.8 nO for '**Yb.

Lung weights increase during the first few months of life in the rat and
remain constant in the female at —1.6 to 1.8 g thereafter. The lung
weight most relevant for the determination of radiation dose from inhaled
239Pu is that weight when most of the radiation dose is delivered. On the
basis of the lung-clearance curves above, —80% of the total radiation dose
was delivered during the first 60 days after exposure. The relationship of
body weight and age to lung weight, during the first several months of life,
was established by regression, thus allowing age and body weight to be
used to predict lung weight. The coefficient of determination for the
regression was R2 = 0.72; i.e., 72% of the variation in lung weight was
explained by variation in age and body weight. Lung weight was estimated
by the following equation :

inL, 1.23 + 0.036H + 0.00647B, - 0.000117tBt

where Lt is lung weight in grams at time t days after exposure, and Bt is
body weight in grams at time t. Additional data are being collected to
permit refinement of this estimating procedure.
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Fig. 3 Clearance of iakaled U*PM froa tfce hag mp to 441 days after bkalatioa
of l**Yb-"'PiiOj. Each poiat represeats tfce w u of five rats, with staadard
deviation bars.

Individual rats behaved similarly in their clearance of inhaled 239Pu
from the lung (Fig. 4) This indicated that a master iung-clearance curve
can be used to accurately determine radiation dose in individual rats
exposed to 169Yb-239PuO2.

A consistent relationship was found between the actual 239Pu contents
of lung (measured by liquid-scintiliation counting) and the 239Pu contents
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Fig. 4 Clearuce of iahakd 23*P« fron the h a p of 9 rats after Wodatioa of
1>*Yl-13*PuOt. Laaf lereb of 23*Pa were detente^ by whole-fcotfy coaathg of
lwYb activity. Each carve b for aa iativMaal rat

of lung estimated by whole-body counting of 169Yb from 7 to 63 days after
inhalation exposure to 169Yb-239PuO2, which further substantiated earlier
observations (Sanders, Mahaffey, and McDonald, 1982, 1983). A total of
353 rats were whole-body counted at 7 and 14 days after exposure and
killed at 14 days for determination of 239Pu levels in the lung; these rats
were selected from all IAD levels. The regression coefficient plus or minus
standard error, i.e., 0 ± s ,̂ was found to be 0.78 ± 0.022 for IAD levels
of 0.60 to 17 nCi of 239Pu; higher values were found for higher IAD levels
(Table 3). Whole-body counts at 14 days ( W B C H ) were found to be
slightly more accurate in estimating lung 239Pu contents than whole-body
counts at 7 days or at any combination of the two times.

Extrapolation of the lung-clearance curve from 14 days back to time of
exposure indicated that about 70% of the IAD had not been cleared from
the lung during the first 14 days after exposure. Thus the IAD for pooled
target groups of 0.5 to 16 nCi of 239Pu was

IAD =
0.775 WBCu

O70
= 1.11 WBC14
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TABLE 3

Regression Summaries from Prediction of Lung Content
of 239Pu Based on Liquid-Scintillation Counting

by Whole-Body Counting of 1**Yb at 14 Days After Exposure

Target initial
alveolar

deposition

0.5
1
2

4
8

16

32
64

128

No. of
rats

40
60
34

5
8

10

10
9
4

Regression
coefficient,

£ ± s£

0.79 ± 0.012*
0.72 ± 0.0092*
0.86 + 0.0087*

0.72 ± 0.015*
0.74 ± 0.011*
0.78 ± 0.017*

0.97 ± 0.012
0.83 ± 0.024
0.88 ± 0.010

ResMaal
standard error,

S

0.037
0.057
0.12

0.16
0.20
0.92

0.87
5.7
2.9

Coefficient of
determination,

RJ

0.82
0.84
0.97

0.95
0.96
0.98

0.96
0.91
0.96

•Not statistically significantly different. Pooled value is 0.78 ± 0.022.

where WBC14 is the estimated lung 239Pu contents based on whole-body
counting at 14 days after exposure. For the 32-nCi target group, the IAD
was

0.971 WBC,4
IAD ^ — ^ - 1.39 WBCM

For the 64-nCi target group, the IAD is 1.18 WBCU , and, for the 128-nCi
target group, the IAD is 1.27 WBCU .

Correlation coefficients of —0.99 were found between WBC14 and
liquid-scintillation counts of the lung for all combined IAD groups. For
individual IAD groups, correlation coefficients ranged from 0.91 to 0.92
for 0.60- and 0.98-nCi IAD's to 0.95 to 0.99 for all other IAD groups
(Table 3). Figure 5 shows individual points for the two lowest target IAD
levels.

Radiation dose to the lung for inhaled 239Pu was estimated by the
equation,

_ (51.23)(5.1S)(1.11WBCI4) r
Rt imu Jo Y(t)dt
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ESTIMATED 239Pu CONTENT OF LUNG, nCi

Fig. 5 ConeUtkw of actual wU estimated °»P« lerek is the hag of
rats is 0.6 to 2.4 aO iaitial alveolar 4eaodtkMi (IAD) expmn pom*. Eack
potat represents aa iaaivMaal rat

where Rt = the radiation dose to the lung at time t in days after exposure
Lf = the lung weight at time t' (not necessarily the same as t)

5.15 = the million electron volts per alpha disintegration for 239Pu
51.23 = is a constant determined by

5 1 2 3 = (3.70 X 104/sec/iCi)(8.64 X 104sec/day)
(6.24 X 105 MeV/erg)(100erg/g • rad)

A lung weight of 1.6 g was used after the rats had attained an age of 4
months.

On the basis of these calculations, Rt was estimated at varying inter-
vals after exposure About 85% of the radiation dose was delivered during
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the first year after exposure; most of this occurred during the first few
months, whereas 96% was delivered during the first 2 years after exposure.
The Rt ranged from 8.3 rads at 3 years after exposure for an IAD of 0.6
nCi up to 2100 rads for an IAD of 150 nCi of 239Pu (Table 4).

TABLE 4

Radiation Dose to the Lung from 239Pu and16*Yb
by Exposure Group After Inhalation

of 1"Yb-239PuO2

alveolar

Target

0.5
1
2

4
8

16

32
64

128

Initial
deposition, td

Actual

0.60 ± 0.15
0.98 ± 0.25

2.4 + 0.69

5.7 ± 1.2
7.5 ± 2.0
17 ± 7.6

32 ± 7.2
82 ± 20

150 ± 37

No. of

groops

36
18
7

3
2
2

2
2
2

Estimated
lag at 3

dose to
years

after exposure, rads

8.3
14
33

79
100
240

440
1100
2100

'«Yb

0.10
0.16
0.14

0.35
0.45
0.08

0.14
0.40
0.69

The IAD values for 169Yb ranged from 6.6 to 60 nCi. Radiation dose
from l69Yb was calculated by assuming a 14-day effective half-life for
169Yb in the lung, a lung weight of 1.6 g, a mean gamma energy of 175
keV, and 10% absorption of emitted gamma rays by lung tissue. Studies
with inhaled 1+*Ce in rat lung indicated a 23% absorption of energy in the
lung from the much-shorter range beta particles (Snipes, 1980). All the
radiation dose from 169Yb was delivered during the first few months after
exposure. Radiation doses from 169Yb were 0.10 to 0.16 rad for IAD's of
0.6 to 2.4 nCi of 239Pu and up to 0.69 rad from 169Yb at the highest IAD
level (Table 4). Thus the radiation dose from I69Yb was, at the most, 83
times less than the radiation dose delivered by 239Pu and, at the least,
about 30,000 times less than 239Pu at the higher IAD levels. Thus the
radiation-dose contribution of l69Yb was insignificant in the total radiation
exposure from inhaled 169Yb-239PuO2.
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DISCUSSION

Plutonium-239 has a physical half-life of 24,400 years and decays prin-
cipally by 5.15-MeV alpha emissions and 0.01- to 0.04-MeV gamma rays.
The 239PuO2 particles calcined for >1 hr and at temperatures of >700°C
are quite insoluble in the lung, even after prolonged storage in water
(Sanders et al., 1976; Watts, 1974; Smith et al., 1977; ICRP, 1966;
Stather and Howden, 1975; Stather et al., 1977, 1979). Plutonium oxide is
classified by the ICRP as a Class Y compound (ICRP, 1966). The AMAD
for 239PuO2 used in rat exposures to heterogeneously sized aerosols typi-
cally has ranged from 1.0 to 3.0 pm (Sanders and Mahaffey, 1979a, 1981;
Sanders et al., 1976; Craig and Buschbom, 1975; Craig, Mahlum, and
Klepper, 1974). A 0.1 -/*m-diameter 239PuO2 particle has an activity of
2.6 X 10"10 jxCi, delivering a daily dose to a 100-^m-diameter sphere of
tissue surrounding the particle of 0.13 rad (Bair et al., 1973). About
5.4 X 107 239PuO2 particles, 0.1 ^m in diameter, comprise 16 nCi of
239Pu, which, if deposited uniformly in an adult lung of 1000 g, will irradi-
ate over 30% of the lung volume and give an initial annual dose of 1.5
rads (Parsont, Holley, and Burnett, 1972; ICRP, 1980).

Deposition of inhaled PuO2 in regions of the respiratory tract depends
largely upon particle size (ICRP, 1966). In rodents alveolar deposition
decreases with increasing AMAD over a range of 0.6- to 2.4-/xm sizes
(Morgan et al., 1983). In studies with young adult rats, the IAD of
239PuO2 was 6.48 ± 2.72% of inhaled activity for AMAD values of 1.7 to
3.7 urn (Craig, Mahlum, and Klepper, 1974; Craig and Buschbom, 1975).

Alveolar clearance of 239PuO2 in rats is best described at moderate-to-
low lung deposition levels by the sum of two exponentials with half-times
during the early, rapid clearance phase of a few days to weeks and of
several months to years in the slow clearance phase (Sanders and Adee,
1968; Sanders, 1969, 1975a; Sanders, Thompson, and Bair, 1970; Sanders
et al., 1976; Sanders, Adee, and Rhoads, 1977; Rhoads, Mahaffey, and
Sanders, 1982, 1983; Sanders and Adee, 1970; Stather and Howden, 1975;
Watts, 1974; Masse et al., 1973; Stather et al., 1979). Less than 1% of the
IAD is translocated to thoracic lymph nodes (Sanders, 1975b; Brightwell,
Smith, and Ellender, 1976), and only 0.0016% is absorbed from the gas-
trointestinal tract after clearance of inhaled PuO2 from the respiratory
tract (Sullivan, 1980).

Significant life shortening from inhaled PuO2 occurs in rats at IAD's
greater than 50 nCi as a result of radiation pneumonitis and fibrosis and
induced lung tumors (Sanders, Adee, and Jackson, 1971; Sanders et al.,
1976; Sanders, Adee, and Rhoads, 1977; Sanders and Mahaffey, 1979a,
1981; Rhoads, Mahaffey, and Sanders, 1981, 1982, 1983; Lafuma et al.,
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1974; Morin et al., 1976; ICRP, 1980; Masse et al., 1975; Nenot and
Stather, 1979). Most induced lung tumors are carcinomas arising from
metaplastic changes in peripheral bronchiolar epithelium (Sanders et al.,
1976; Sanders, Adee, and Rhoads, 1977; Sanders and Mahaffey, 1979a,
1981; Masse, 1980; Lisco, 1959). Squamous-cell carcinomas and heman-
giosarcomas are seen most frequently in the lung at moderate to high
IAD's, whereas adenocarcinomas are seen most often at lower IAD's after
inhalation of 239PuO2 (Sanders et al., 1977; Sanders and Mahaffey, 1978,
1979a, 1979b, 1983a; Morin et al., 1976, 1977). An increase of primary
tumors is not seen in thoracic lymph nodes after inhalation of 239PuC>2 in
rats despite very high radiation doses delivered to these tissues (Sanders,
1974, 1975a, 1975b; Sanders et al., 1976; Sanders, Adee, and Rhoads,
1977; Sanders, Cannon, and Powers, 1978; Sanders and Mahaffey, 1979a,
1979b, 1981, 1983b; Rhoads, Mahaffey, and Sanders, 1983).

There is an increasing efficiency in induction of lung tumors in rats
from inhaled transuranics with decreasing dose to the lung; the greatest
efficiency in tumors/rad being found at the lowest doses (Bair, Richmond,
and Wachholz, 1974; Dolphin et al., 1974). A statistically significant,
experimentally determined increase in the incidence of lung tumors over
that in controls has been observed in rats at an estimated radiation dose of
as low as 56 rads from inhaled 239PuO2 (Sanders and Mahaffey, 1979b).
Sufficient numbers of rats have not been exposed to lower doses to statisti-
cally determine significance at doses of less than 56 rads.

The assessment of health risks after exposure to low levels of ionizing
radiation is usually based on the results of studies obtained at relatively
high radiation doses, extrapolating to the low-dose region of interest
(Krewski et al., 1983). The objective of this study was to determine the
lung tumor incidence in Wistar rats inhaling 239PuO2 particles over a radi-
ation dose range to the lung of a few rads to over 1000 rads to define the
shape of the dose-response curve for occupational risk assessment without
extrapolation procedures.

Thus far we have demonstrated our ability to accurately measure IAD
in individual rats exposed to 239PuO2 aerosols at IAD values as low as 0.5
nCi. Also, we have determined a preliminary 239Pu lung-clearance curve
which, when used with a preliminary curve for estimating changes in lung
weight and with IAD values, allows us to determine radiation dose to the
lung in individual rats. On the basis of accurate dosimetry and the provi-
sion of sufficient numbers of rats in control and exposed groups, we should
be able to detect with 99% confidence an increase in iung tumor incidence
as low as 1%, as a result of inhaled 239PuO2 at radiation doses approaching
those established as limits for occupational exposure.
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DISCUSSION

J. Wo Stather (National Radiological Protection Board, England):
You seem to be making the assumption that the lung clearance of plu-
tonium is going to be the same in all groups. I would expect that when you
get up to 32 nCi or more for the initial alveolar deposition, then lung
clearance would slow down. Have you any thoughts on how you might
correct for that?
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Sanders: Yes, we are correcting for this. I just haven't shown the
data. From 0.5 to 16 nCi, we are using the same clearance model. But
from 32 nCi upward, we see a shortening of the first alveolar clearance
phase, but the second doesn't change a lot. So you are right. It is a sig-
nificant factor that we are correcting for at higher dose.

R. G. Thomas (Los Alamos National Laboratory): Am I correct that
in your dosage calculations you integrated the lung retention function but
that you did not integrate the lung growth curve—you used a fixed lung
weight?

Mahaffey (Battelle, Pacific Northwest Laboratories): You are indeed
right. We would like to be able to integrate a lung growth curve, but for
these preliminary data we are using a single lung weight that I believe rea-
sonably represents the weight of the irradiated lung. That we can estimate
a lung growth carve from the eventual data is not clear at this time.

A. L. Brooks (Lovelace, Inhalation Toxicology Laboratory): You
employed several ratios of ytterbium to plutonium, but I think demon-
strated a similar clearance for ytterbium and plutonium for only one ratio.
Do you think there might be a dissolution difference between these various
mixes of ytterbium and plutonium, and, if so, would this influence your
results?

Sanders: We have studied only one ratio. For all ratios the mass of
ytterbium is so small compared to plutonium that there seems no reason to
believe that the different ratios would behave differently. But it is a good
question and something we probably should check.

K. S. Cramp (Science Research Systems): What kinds of analyses
will you use to estimate dose-response relationships? Do you plan to fit a
parametric model? ff so, which one? And what sort of dose measure will
you use in terms of initial dose or total dose?

Mahaffey: We intend to look at various measures of dose. I expect to
use both dose-rate measures and dose measures. Most of the dose is
delivered prior to ~90 days after exposure, so any dose-rate measure will
have to reflect the important early dose. Whatever reasonable models are
in the literature, we shall try in the dose-response modeling, including
ones that incorporate survival time and ones that do not.

M. A. Schneiderman (Clement Associates): In the sample size deter-
mination graph you showed, with the two curves of 0.01 and 0.05 levels of
type J error, what power were you aiming for?

Sanders: 0.9.
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Schneidennan: I have a few specific questions related to several
papers. Generally, these are the kinds of things I would like people to tell
me about when they give a paper.

With respect to Dr. Sasaki's paper, in one or two of the graphs there
appeared to be, for some of the tumor types, an inverse dose-response rela-
tionship. That is, it seemed to me that the higher doses showed a lower
tumor incidence; however, I wonder if this was real or if this was a phe-
nomenon derived from excessive deaths at the higher doses that somehow
had not been taken into account.

In Dr. Schoeters's paper I was concerned with the adequacy of the con-
trol group. One of the things that we, as statisticians, talk a lot about is
the problem of experimental design. One aspect of design is how you allo-
cate the animals to the different treatment groups so as to randomize
potential differences in your animals. If animals were put on experiment
over a 4-month period, weather conditions could have changed substan-
tially. Suppose you were getting these animals from the Jackson Labs in
Bar Harbor, Maine, from April to July—the animals would go from win-
ter to summer—and, surely, some differences would be seen in these
animals. So, I think efforts have to be made to avoid this kind of problem.
I think the biological explanation Dr. Grahn gave concerning these differ-
ences is probably appropriate, but I don't really know.

Dr. David Taylor talked about "matched controls." My question is:
What do you mean by "matched" controls? Not randomized? How did
you match them? Same number of ears per animal? Same length of tail? I
really would like to know how they get matched? Why is matching better
than random assignment? Maybe it is; maybe it isn't. Also, in Dr. Taylor's
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paper, he spoke of relative toxicity, and I believe he gave the reciprocal of
what he intended.

Dr. Metivier gave us a table that talked about an additive model, and I
thought that then you would also give us another table which showed a
multiplicitive model, for comparison. But you didn't.

Rosenblatt: It is interesting that Dr. Sasaki sees no myelogenous
leukemia in his fetally irradiated group. Of course, he is irradiating them
fairly late in gestation, but at the University of California, Davis, with the
continuous ^Co irradiation, the only time you see myelogenous leukemias
in large numbers is when the dogs are fetally irradiated.

On the question of time of year, I think the situation may be even
worse than Dr. Schneiderman has described. Some elegant work has been
done in Germany with mice exposed in environmental chambers where
everything is tightly controlled; and, when a toxicology study is done in
January and in June on different batches of the same strain of mice, quite
different results are observed. This argues for use of a simple design so
that all the animals can be exposed to the same range of environmental
variations which one is likely to encounter.

To me the work of Dr. Dobson was quite elegant. A study at Davis was
done by Bud Andersen in which puppies were irradiated and were bred
each time they came into estrous; I think we saw the same pattern of
experimentals initially keeping up with controls, but eventually showing a
significant drop in reproductive capacity.

Crump: I would like to return to the problem of combining data from
different control groups. That is certainly an important and a difficult
question to generalize on. I have seen studies with two control groups that
are treated identically. They are randomized in the same manner except
some are given pink tags and some yellow tags. I have never understood
the reason for doing this. All I would know to do if there were a difference
in the two control groups would be to just junk the experiment and start a
new one.

In some cases I believe it is worthwhile to consider the results from his-
torical controls, particularly in the case of rare tumors. If you see three
tumors in a treated group and none of these tumors in control groups, that
may not be statistically significant. But if you have looked at 10,000 mice
of this type and have never seen that type of tumor before, then it cer-
tainly does take on increased significance.

Generally, however, I would be hesitant to combine control groups.
You always introduce uncertainty when you use a control group that was
treated in any way differently from the treated animals. It causes your
results to be in doubt.
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Should you censor animals that died of certain causes? If you could
define those types of deaths a priori, I think it would be reasonable to take
them into account. I believe that is a reasonable thing to do if you are
looking at the longevity related to radiation, and some kinds of death cer-
tainly are not related to longevity. The way I would do it would be to cen-
sor the animal at death but consider that the animal had been on experi-
ment up to the time of death.

Rosenblatt: With respect to controls, I think we must be cognizant of
the real world. If you have 2000 or 2000-plus animals to expose to an
aerosol of plutonium, this is not something you are going to do in one or
two days or in two weeks, or in two months. Therefore, many batches of
rats, as well as controls for each of the batches, will be coming from the
supplier at different times. Now, what are these controls measuring? They
are measuring what happened at the animal supplier, changes due to time
of the year, or other changes in the animal house. The chances are that
these factors are not going to make much difference in terms of lung
cancer incidence in the control groups. But you might find excessive mor-
tality in one control group or in one exposed group, and you would like to
have the control group to be able to tell you something about that.

You can get yourself into horrendous statistical problems having all
these controls around. You would like to simply pool all these controls if
they don't show any differences in lung cancer incidence. But suppose they
are different in other ways? How do you decide?

S. Sasaki (National Institute of Radiological Sciences, Japan): The
incidence of tumors in mice irradiated with high dose in our experiments
was lower than that in mice irradiated with a lower dose. I think this phe-
nomenon may have been due to so-called competing risks.

D. M. Taylor (Karlsruhe, West Germany): You are quite correct, Dr.
Schneiderrnan, I did use the inverse of the toxicity ratio. It was quite
deliberate, because it is easier, I think, for people to understand greater-
than-one numbers than iess-than-one numbers.

By matched controls, I meant animals selected from within the same
week of birth, matched to within 10 to 15 g of body weight, randomized
into groups of five, and then the groups randomized between the injection
levels.

I would like to ask a question of Dr. Rosenblatt: When one does
experiments, with controls, over a period of five years, and you cannot see
any difference in longevity, in tumor incidence, or in any other things
between the controls, are you not then justified in combining those con-
trols?

Rosenblatt: Yes, I should think one could combine those controls. In
fact, I've done it many times. The point, I believe, is that it doesn't always
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work out that you have no differences. You do find differences sometimes,
and that is why you have matched or blocked controls.

H. M&ivier (French Atomic Energy Commission): We have not
reported a multiplicitive model in our paper, because when we multiply by
zero, we always obtain zero. What do you do when the incidence is zero,
as for the controls in this experiment?

Schneiderman: I think there must be some reasonable way to look at
this. One wants to consider this as a multistage phenomenon with one of
these exposures being an initiator or early state—the radiation,
perhaps—and with the benzopyrene being perhaps a later stage carcino-
gen. There you might expect multiplicitive effects, and that is why I think
it would be important to look at the data that way.

M t̂ivier: I have a question to ask you. What do we do when we are
obliged to mix potatoes and tomatoes, that is to say incidental and fatal
tumors? I am asking you this because, during a meeting in Germany in
February, when I asked this question to a different statistical panel, they
said, "You are crazy because it is not possible." How are we to compare
groups in which we have only incidental tumors with groups which also
have fatal tumors. We have only incidental tumors resulting for plutonium
exposure, but when we add benzopyrene we also have fatal tumors. What
kind of comparisons would you suggest?

Schneiderman: Well, I believe Dr. Gray will talk about that in his
paper tomorrow.

R. Gray (Oxford University): You are passing the buck.
Schneidennan: Yes, I'm passing the buck.
G. E. R. Schoeters (Mol, Belgium): I agree in principle with your

comments concerning the need for random assignment of animals to con-
trol and treatment groups. But I do want to mention that the time elapsed
between my control animals and my lowest dose group was only one
month. And they did not come from across the ocean—they came just
from the Netherlands. The purpose of my paper was not only to draw con-
clusions from my experiments but also to look at the results of other
experiments, which all point to the same direction.

Schneidennan: I understand. But I think you would have made a
stronger case had it not been possible for the design issue to be raised.
There are ways of taking advantage of the fact that you don't get all your
animals at once for all your dose groups. You can have an April experi-
ment with 100 animals, with 40 in the controls and 20 in each of the dose
levels. Then you can have a May experiment with the same design and a
June experiment. There you have built into this experiment not only an
argument against people saying you have not appropriately randomized
but also you have a set of replicates: Does the April experiment give me
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the same inswer as the May experiment and the June experiment? So
there usually are ways of taking advantage of the fact that you cannot put
all your an'mals on experiment at once, which gives you an even stronger
experiment and perhaps a stronger argument.

Schoeters: I agree, and the experiment which is now in progress has
an experimental design such as you have just described.

Schneiderauui: Good. Now I must confess I thought Dr. Rosenblatt
was going to tc'l you about the statistician to whom it was said, after the
experiment he had designed collapsed very shortly after it had started,
"Schneiderman (I'll use the correct name), is there some way to randomize
statisticians?" We do dumb things, too, you know.
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ABSTRACT

Beagles that inhaled U9Pu02, u lPuO2, or 239Pu(NO3)4, in dose-level groups of 20 dogs,
with initial lung burdens of —2, IS, 70, 300, 1100, or 5500 nCi (corresponding to radiation
doses ~ 1 , 8, 40, 150, 700, or 2800 times the current maximum permissible lung dose for a
person working with plutonium), are now 11, 9, or f years postexposure. Lung tumors, bone
tumors, and radiation pneumonitis, the plutonium-exposure-related causes of death observed
to date, have occurred in the two, three, and four highest dose-level groups exposed to
"'PuOj, "'PutNOj),, and 23*PuO2, respectively. No plutonium-exposure-related deaths have
thus far been observed in dose-level groups exposed to less than ~ 4 0 times the current max-
imum permissible lung dose for a plutonium worker.

Plutonium-exposure-related effects not directly related to the cause of death include
chronic lymphopenia, chronic neutropenia, sclerosis of the tracheobronchial lymph nodes,
focal radiation pneumonitis, adenomatous hyperplasia in the liver, and dystrophic osteolytic
lesions in the skeleton. Nc plutonium-exposure-related effects have thus far been observed in
dose-level groups that received less than ~ 1 5 times the current maximum permissible lung
dose for a plutonium worker.

When it became obvious, in 1968, that lung tumors had occurred in
dogs at all dose levels of inhaled 239PuO2 at that time on study at Pacific
Northwest Laboratory (PNL), experiments were planned to obtain life-
span dose-effect information on beagle dogs exposed to lower doses of
inhaled 239PuO2,

 238PuO2, or 239Pu(NO3)4 (Park, Bair, and Busch, 1972).
The objectives of these studies were (1) to determine the biological effects
in dogs of inhaled plutonium at various dose levels, including those
equivalent to the maximum permissible dose for a plutonium worker, and
(2) to obtain dose-effect relationship data that could be used to estimate
the risk of these effects for people.
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These data were needed to evaluate the health risks of what was
termed the "plutonium economy of the future," which related to the
increasing use of nuclear power and to the defense needs of the country.
At that time exposure-risk assessments indicated that inhalation was the
primary potential route of accidental human exposure. The animal data
would be the only timely basis for obtaining risk data on inhaled plu-
tonium since occupationally exposed worker populations were too small for
risk assessment.

EXPERIMENTAL DESIGN

The experimental design for these studies is shown in Table 1. The
three chemical forms were selected for the following reasons: (1) 239PuO2

TABLE 1

Experimental Design for Life-Span Study of Beagle
Dogs Exposed by Inhalation v> Plutonium

Dose-level groap

6
5

4
3
2

r
Control
Vehicle Control

No. of oogs per

dote-level groap

5 to 13
20

20
20
20

20
20
20

laititd

»»P>O2

5800
1100

300
79
22

3
0
0

hag ban

5200
1300

350
77
18

2
0
0

23*P»(NO,)4

5400
1700

300

56
8
2
0
0

'Equivalent to maximum permissible lung dote for a plutonium
worker.

r Vehicle control for 2MPu(NO3)« study only.

was chosen because it was the chemical form to which people working in
nuclear fuel processing and storage industries were likely to be exposed.
(2) Another component of nuclear fuels and waste, 238PuO2, was used
because its specific activity was 280 times higher than that of 239PuO2; the
data from 238PuO2 experiments would therefore provide a comparison to
data from 239PuO2 experiments with respect to the influence of the dif-
ferent spatial distributions o; dose on the biological effects of inhaled plu-
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tonium. (3) The plutonium nitrate (239Pu(NO3)4), a chemical form that is
more soluble in the body, would provide additional information related to
the role of chemical form in influencing spatial and temporal distribution
of radiation dose in the tissues.

Six dose-level groups were used in the study. The highest group
represented dose levels at which deaths had occurred, in previous studies,
as a result of radiation pneumonitis subsequent to inhaled 239PuO2. From 5
to 13 dogs were assigned to each of these groups for life-span observation.
Dose-level groups 5 and 4 represented (1) levels at which lung tumors had
been observed in previous studies in which dogs were exposed to 239PuC>2
or (2) levels at which bone tumors and/or lung tumors had been observed
in previous studies in which dogs were exposed to 238PuO2 (Park, Bair, and
Busch, 1972; Park, 1975). No studies had previously been conducted at
the levels used in groups 3, 2, or 1. Dose-level group 1 is equivalent to the
maximum permissible dose for a plutonium worker; i.e., 16 nCi of plu-
tonium lung deposition in a man corresponds in concentration to about 2
nCi of plutonium lung deposition in a dog.

Twenty dogs (10 males and 10 females) were assigned to each of the
dose-level groups 1 to 5 and to the control group; all were to be held for
lifetime observations. In the 239Pu(NO3)4 study, an additional 20 dogs
were exposed to inhaled dilute nitric acid as a vehicle control. Assuming a
zero incidence of lung or bone tumor in the controls, we would be able to
detect a 25% increased incidence in either lung or bone tumors in exposed
dogs at a 95% confidence level. In addition to the dogs assigned to the
life-span studies, 20 to 25 dogs in each study were exposed to plutonium
aerosols for periodic sacrifice so that plutonium metabolism and the patho-
genesis of developing lesions could be evaluated. Eighteen additional dogs
were assigned as controls for periodic sacrifice for comparison of lesions
with those exposed dogs.

METHODS

Beagles, approximately 18 months old and raised in the PNL breeding
colony, were given single, 5- to 30-min, nose-only exposures to the plu-
tonium aerosols. The 239PuO2 aerosols were generated by nebulizing, in
water, crushed plutonium oxide prepared by calcining the oxalate at
75O°C for 2 hr; the aerosols had a mean activity median aerodynamic
diameter (AMAD) of 2.3 Aim and a mean geometric standard deviation
(GSD)of 1.9.

The 238PuO2 aerosol was generated by nebulizing, in water, crushed
"pure" plutonium oxide prepared at Los Alamos National Laboratory as
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fuel for nuclear-powered space systems, by calcining the oxalate at 700° C
and subjecting the products to oxygen-16 steam in argon at 800°C for 96
hr. The mean AMAD of the aerosol was 1.8 fim; the mean GSD, 1.9.

The 239Pu(NO3)4 aerosol, prepared by nebulizing a nitric acid solution
of 239Pu(NO3)4, had a mean AMAD of 0.81 /un, with a mean GSD of 1.7.

Initial plutonium lung burdens, estimated by external thorax counts of
the 17-keV X rays at 14 days after exposure, were used to assign the
animals to dose groups.

At necropsy, tissues were collected for plutonium analyses and histo-
pathology. Blood samples for hematology and clinical chemistry were col-
lected at 4-month intervals and at necropsy. The cause of death was deter-
mined for each dog.

RESULTS

Observations on the effects of inhaled plutonium in beagles are sum-
marized in this paper for the following time periods: 11 years after expo-
sure to 239PuO2, 9 years after exposure to 238PuO2, and 5 years after expo-
sure to 239Pu(NO3)4. Detailed reports on the pathology, hematology,
dosimetry, and clinical effects have been published elsewhere in this
volume (Dagle et al., 1986; Ragan et al., 1986; Stevens and Dagle, 1986;
Stevens and Park, 1986; Fisher et al., 1986; Weller et al., 1986).

Table 2 summarizes by dose-level group the mortality and the lesions
associated with deaths through 11 years after exposure to 239PuC>2. During
the first three years after exposure, seven of the dogs in the highest-dose-
level group died as a result of radiation pneumonitis; one died of lung
tumors at 5.7 years after exposure. In dose-level group 5, one dog died of
radiation pneumonitis, and 20 had lung tumors at 2.S to 10.S years after
exposure. At 6.5 to 11 years after exposure, 15 dogs in dose-level group 4
have died, 10 of them with lung tumors and five from other causes. At 8
to 11 years after exposure, five dogs in dose-level group 3 have died, two
with lung tumors and three from other causes. No lung-tumor deaths were
observed in doae-level groups 2 and 1; one control-group dog had a lung
tumor. In the four highest dose-level groups, life spans were shortened as a
result of radiation pneumonitis and/or lung tumors. No other plutonium-
exposure-related deaths have occurred to date.

Summarized in Table 3, by dose-level group, are mortality and lesions
associated with deaths through 9 years after exposure to 238PuO2. Twelve
of the 13 dogs in the highest-dose-level group died as a result of lung
and/or bone tumors at 4 to 7 years after exposure; six of them had both
bone and lung tumors at death. At 5 to 9 years after exposure, 12 of the
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TABLE 2

Lesions in Beagle Dogs 11 Years
After Inhalation of zwPuO2

Cooditk»'

No. of dogs per group
No. of dead dogs per group

Radiation pneumonitis
Lung tumors
Malignant lymphoma
Hemangiosarcoma

Reticulum cell sarcoma
Pituitary tumors (Cushing's)
Ovarian tumor
Oral tumor

Round-cell sarcoma
Pneumonia
Liver cirrhosis
Thromboembolism

Septicemia
Epilepsy
Pyomctra
Cardiac insufficiency
Unknown

6 5

8 21
8 21

7 1
1 20

Doae-fevd

4

22
15

10

1
1

2
1

3

20
5

2

1

1
1

grot

2

21
3

1

1

1

1

24
6

1
1

1

1

1

1

Cwtrol

20
4

1

1

1

1

'Number of dogs with lesions associated with death.
'See Table 1 for dose levels.

IS dogs that died in dose-level group 5 had lung and/or bone tumors. No
dogs in the dose-level groups 4, 3, 2, or in the control group had lung or
bone tumors. One dog in dose-level group 1 had a bone tumor, a fibrosar-
coma; all other bone tumors were osteosarcomas. In the two highest-dose-
level groups, life spans were shortened as a result of bone and/or lung
tumors. No other plutonium-exposure-rclated deaths occurred.

Table 4 summarizes, by dose-level group, mortality and lesions associ-
ated with death during S years after exposure to 239Pu(NO3)4. All the dogs
in the highest-dose-level groups had died of radiation pneumonitis at 1.5 to
3.5 years after exposure; one of these dogs also had a lung tumor. In
dose-level group 5, eight dogs died during the 3- to 5-year postexposurc
period. Two dogs died of radiation pneumonitis and six as a result of iung
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TABLE 3

Lesions in Beagle Dogs Nine Years
After Inhalation of 23aPu02

Corftkw'

No. of dogs per group
No. of dead dogs per group

Lung tumors
Bone tumors
Bone and lung tumors
Bone tumor and Addison's Disease

Bone and lung tumors and Addison's
Disease

Addison's Disease
Pituitary tumor (Cushing's)
Hcmangiosarcoma (heart)

Malignant lymphoma
Pneumonia
Parathyroid adenoma
Spinal cord degeneration
Brain and heart tumors
Pyomctra

6

13
13

3
2
6
1

1

S

20
15

8
3

1

2

I

DoM-fetel

4

20
1

1

3

22
3

1

1

1

groa

2

21
1

1

1

20
2

1

I

Cmtroi

20
1

1

1

'Number of dogs with lesions associated with death.
tSe3 Table 1 for dose levels.

and/or bone tumors; one of the radiation pneumonitis group also had a
lung tumor. At 5 years after exposure, one dog in dose-level group 4 died
of a bone tumor. In the three highest-dose-level groups, life spans were
shortened as a result of radiation pneumonitis or of lung and/or bone
tumor. All plutonium-exposure-related deaths resulted from lung tumor,
bone tumor, or radiation pneumonitis.

The organ distribution of plutonium as determined from measurements
made at the time of death is shown in Fig. 1. Dogs exposed to 238PuO2 or
239Pu(NO3)4 had more plutonium in the skeleton than those exposed to
239PuO2. The increased incidence of bone tumors in the 238PuC>2- and
239Pu(NO3)4-exposed dogs compared with that in the 239PuO2-exposed
dogs was related to the greater translocation of plutonium to the skeleton
of the former groups.

Plutonium retention in the lung was much greater for the
239Pu02-exposed dogs than for those exposed to 238PuO2 or 239Pu(NO3)4.
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TABLE 4

Lesions in Beagle Dogs Five Years
After Inhalation of

Doae-terd

CowUtiM* 6 5 4 3 2 1 Coatrol Vehicle

No. of dogs per group S 20 20 20 20 20 20 20
No. of dead dogs per group 5 8 1 0 0 0 1 0

Radiation pneumonitis 4 1
Radiation pneumonitis and 1 1
lung tumors

Bone tumors 4 1
Bone and lung tumors 2
Pneumonia 1

'Number of dogs with lesions associated with death.
fSee Table 1 for dose levels.

Translocation to the liver was greatest in the 239Pu(N03)4-exposed dogs.
The 239PuO2-exposed dogs and the 238PuO2-exposed dogs had large
amounts of plutonium in the thoracic lymph nodes; the
239Pu(NO3)4-exposcd dogs had little. Although plutonium in the liver and
tracheobronchial lymph nodes has not thus far been associated with causes
of death, plutonium-related lesions were found in these organs.

Plutonium-exposure-re'ated deaths have occurred only as a result of
radiation pneumonitis or bone or lung tumors in the two, three, and four
highest-dose-lcvel groups exposed to 238PuO2,

 239Pu(NO3)4, and 239PuO2,
respectively. However, other plutonium-related effects have been observed,
some at dose levels lower than those that caused death. Figures 2 to 4
compare the severity of nontumorous pluton"urn-related effects that were
not directly related to the cause of death with the fraction of dogs with
bone and lung tumors in each dose-level group.

Focal radiation pneumonitis was a consistent finding in dose-level
groups 3 to 6 (exposed to 239PuO2), in dose-level groups 4 to 6 (exposed to
238PuO2), and in dose-level groups 5 and 6 [exposed to 239Pu(NO3)4]. In
the 238Pu02-exposed dogs, the pneumonitis occurred at one dose level
below that in which lung and/or bone tumors was observed. Deaths due to
radiation pneumonitis occurred in dose-level groups 5 and 6 that had been
exposed to 239Pu(NOj)4 and 239PuO2. The lesions were less severe at the
lower dose levels (Fig. 2).
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Sclerotic lesions of the tracheobronchial lymph nodes were observed in
dose-level groups 2 to 6 in the 239PuO2-exposed animals, at one dose level
below that in which lung tumors were seen (Fig. 2). They were observed
also in groups 3 to 6, which were exposed to 238PuO2, at two dose levels
below that in which lung and/or bone tumors occurred. The lesions were
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less severe at the lower dose levels and were less severe in the
239Pu(NO3)4-exposcd dogs where they were observed only in dose-level
groups 5 and 6. This is consistent with the flnding of less plutonium in the
lymph nodes of the 239Pu(N03)4-exposed dogs than in the oxide-exposed
dogs.

Lymphopenia developed in dose-level groups 3 through 6 of the
239PuO2- and 238PuO2-exposed dogs at two dose levels below that in which
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increased incidence of lung or bone tumor was observed in the
238PuO2-exposed dogs (Fig. 2). The lymphopenia^ less severe at the lower
dose levels, was seen only in dose-level groups 4, 5, and 6 in the
239Pu(NO3)4-expesed dogs.

Radiation osteodystrophy was observed in dogs exposed to 238PuO2 and
23SPu(NO3)4 at the two highest dose levels (Fig. 3). This lesion was not
seen in the 239Pu02-exposed groups that had less plutonium in the skeleton
than those exposed to 238Pu02or 239Pu(NO3)4.

Neutropenia was observed in the 238PuO2- and 239Pu(NO23)4-exposed
dogs at the two highest dose levels, probably because of irradiation of
bone-marrow cells by plutonium deposited in the skeleton (Fig. 3).

Nodular hyperplasia of the liver was observed in 23!>Pu(NO3)4-exposed
dogs in dose-level groups 5 and 6 and in the 238PuO2 exposed dogs in
dose-level groups 3 to 6 (Fig. 4). In the 238PuO2-exposed dogs, nodular
hyperplasia occurred at two dose levels lower than those dose levels with
bone or lung tumors.

Serum glutamic pyruvic transaminase (SGPT) levels, indicative of liver
damage, were higher than those of controls in dose-level groups 5 and 6,
which were exposed to 239Pu(NO3)4, and in dose-level groups 4 to 6 which
were exposed to 238PuO2 (Fig. 4). In the 238PuO2-exposed dogs, the SGPT
increase was seen at one dose level lower than that in which bone or lung
tumors were observed.

DISCUSSION

Figure 5 summarizes by dose-level group the biological effects of
inhaled plutonium observed thus far in these life-span studies. Most of the
control dogs and the exposed dogs in the lower dose-level groups are still
alive. Therefore the results, especially at lower dose levels, must be con-
sidered preliminary and subject to change as more data become available.

Deaths resulted from radiation pneumonitis in the two highest-dose-
level groups exposed to 239PuO2 and 239Pu(NO3)4 at dose levels similar to
those reported in previous studies (Park, Bair, and Busch, 1972). Focal
radiation pneumonitis, less severe than that causing death, was also seen in
the two, three, and four highest-dose-level groups exposed to 239Pu(NO3)4,
238PuO2, and 239PuO2, respectively. For 239PuO2 and 23*Pu(NO3)4, these
dose levels were the same as those in which lung and/or bone tumors were
observed. For 238PuO2, radiation pneumonitis occurred at one dose level
below that in which lung or bone tumors were seen.

Deaths from lung tumors and/or bone tumors occurred in the two,
three, and four highest-dose-level groups exposed to 238PuO2,

 239Pu(NO3)4,
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and 239PuO2, respectively. Bone tumors and lung tumors have been
reported in dogs exposed to inhaled plutonium at dose levels similar to the
three highest-dose-level groups in this study (Park, Bair, and Busch, 1972;
Park, 1975; Park et al., 1976; Hahn et al., 1981). No exposure-related
deaths have thus far been observed in dose-level groups that corresponded
to less than —40 times the current maximum permissible lung dose for a
plutonium worker.

Exposure-related effects not directly related to the cause of death
include focal radiation pneumonitis, sclerosis of the trachcobronchial
lymph nodes, lymphopenia, neutropenia, radiation osteodystrophy, and
hepatic nodular hyperplasia. Neutropenia and radiation osteodystrophy
were observed in the dogs exposed to 238PuO2 or 239Pu(NO3)4 at the two
highest dose levels in which bone tumors were also observed.

Sclerosis of the tracheobronchial lymph nodes was observed in the two,
four, and five highest-dose-level groups exposed to 239Pu(NO3)4, 238PuO2,
and 239PuO2, respectively. In the 239PuO2- and the 238Pu02-exposed groups,
the sclerosis occurred at dose levels below those in which bone and/or lung
tumors were observed.
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Lymphopenia was seen in the three highest-dose-level groups exposed
to 239Pu(NO3)4 and in the four highest-dose-level groups exposed to
239PuO2 and 238PuO2. In the 238PuO2-exposed groups, lymphopenia
occurred two dose levels below those in which lung and/or bone tumors
were observed.

Hepatic nodular hyperpiasia occurred in the two highest-dose-level
groups exposed to 239Pu(NO3)4 and in the four highest-dose-leve! groups
exposed to 238PuO2. In the 238PuO2-exposed group, the hyperpiasia was
observed in two dose levels below those in which lung and/or bone tumors
wer; observed.

No exposure-related effects have thus far been observed in dose-level
groups that corresponded to less than —15 times the current maximum
permissible lung dose for a plutonium worker. However, some of these
effects were seen at dose levels lower than those in which death resulted
from lung and/or bone tumors. These results suggest that effects other
than lung and/or bone tumors should be considered in evaluating the
health effects of inhaled plutonium.
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DISCUSSION

S. A. Benjamin (Colorado State University): I am intrigued by the
incidence of Addison's disease in your high-level plutonium animals; this is
a rare disordei in the dog. I have three questions: (1) How is this disease
diagnosed? (2) What are the lesions? (3) Is there a significant radiation
dose to the adrenal gland?

Park: As far as we can tell, there is not a significant radiation dose to
the adrenal gland in these animals. We make a histopathological diagnosis
of cortical hypoplasia that confirms the clinical signs. Dr. Weller might
wish to give further details.

Benjamin: Perhaps he could also comment on why he thinks these
dogs developed hypoadrenocorticism, which, as I say, is quite rare.

R. E. Weller (Battelle, Pacific Northwest Laboratories): At least with
regard to the clinical manifestations of Addison's disease, I would certainly
concur with Dr. Benjamin that it is a rare spontaneous disease in outbred
dog populations, let alone in an inbred beagle colony. In going back over
the records, we found most of these animals presented classical clinical and
biochemical signs of Addison's disease. These signs include hyperkalemia
and hyponatremia, evidence of bradycardia, gastrointestinal problems, and
weakness. After the fact we sent frozen serum from these dogs to a
laboratory for assay of antiadrenal antibody. With the exception of one
dog, there was a positive titer for antiadrenal antibody I don't know what
that means, but it was there.

Benjamin: As far as the clustering is concerned, you do not relate it
to the plutonium exposure?

Park: Not at the present time. There just isn't any causal relationship
that we can establish. The numbers are there, but we do not know what it
means.

B. A. Muggenburg (Lovelace, Inhalation Toxicology Research
Institute): I notice that you also had some problems with Cushing's
disease in the same groups. Were those pituitary-driven problems, or did
you not find any adenomas or other tumors of the pituitary gland?

Park: Almost all of them showed pituitary abnormalities.
Muggenburg: So you have six cases involving the pituitary and adre-
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nal glands in these plutonium-exposed dogs. That does seem high. Cer-
tainly we have not seen that in any of our control groups.

Here is another question: How long are you seeing clinical signs of
radiation pneumonitis in these 239Pu-exposed dogs?

Park: We are not seeing clinical signs of radiation pneumonitis
beyond about three years. Deaths due to radiation pneumonitis occurred in
the first three years after exposure.

S. C Miller (University of Utah): In relation to the adrenal syn-
drome that you are seeing, we have found in metabolic studies using 241Pu
that, although the adrenal gland does not have a large concentration rela-
tive to many other organs, plutonium does have an unusual distribution in
the adrenal gland. It localizes preferentially in the zona glomerulosa in
concentrations that are high relative to other parts of the adrenal gland.
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ABSTRACT

The pathology associated with the inhalation of plutonium was studied in beagle dogs given a
single exposure to aerosols of 239PuO2,

 238PuO2, or "*Pu(NO3)4. The temporal-spatial relation-
ships between plutonium deposition and the development of lesions in dogs were evaluated up
to 11 years, 8 years, or 5 years, respectively, after exposures, resulting ic initial lung burdens
ranging from ~ 2 to —5500 nCi. Exposure of the lung to ..high dose levels produced a spec-
trum of progressively more severe morphological changes, ranging from radiation pneumonitis
to fibrosis. Lung tumors occurred at exposure levels that did not result in early death from
radiation pneumonitis or fibrosis. Bronchiolar-alveolar carcinomas, papillary adenocarcino-
mas, epidermoid carcinomas, and combined epidennoid and adenocarcinomas were observed.
Sclerosing tracheobronchial lymphadenitis, radiation osteodystrophy, osteosarcoma, and
hepatic adenomatous hyperplasia were the principal extrapulmonary lesions resulting from
translocation of plutonium.

The pathology associated with the inhalation of plutonium is currently
being studied in beagle dogs given single, nose-only exposures to aerosols
of 239PuO2,

 238PuO2, or 239Pu(NO3)4 and held for life-span observations as
described elsewhere in this volume (Park et al., 1986). Now, at If 8, and
S years after exposure, respectively, we can describe the pamologic
changes observed in animals that have died at the higher levels of expo-
sure. This paper will describe the injury produced in tissues with a rela-
tively high deposition of plutonium and the response to this injury. The
injury seems to be primarily due to the high LET (linear energy transfer)
alpha radiation and is characterized primarily by cell death and necrosis.
The body responds to this injury by a variety of inflammatory reactions
culminating in fibrosis or regeneration of cells and tissues. Neoplasia can
result when the regeneration or proliferation of cells exceeds the control

471
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mechanisms of the host. Neoplasia can occur, of course, without this
sequence of changes, but the indirect influence of radiation on carcino
genesis should be considered. We will attempt to demonstrate how these
responses to injury may influence the dose-effect relationships of pluto-
nium exposure.

Radiation pneumonitis caused the early deaths of all the dogs exposed
to the highest exposure levels of 239PuO2 or 239Pu(NO3)4. These deaths
occurred one to three years after an initial alveolar deposition of more
than 3 nd. This radiation pneumonitis was characterized by alveolar fibri-
nous exudafe, alveolar epithelial hyperplasia, and interstitial fibrosis. The
initial diffuse distribution of alpha activity tends to become sequestered in
these areas of interstitial fibrosis. At the higher levels of exposure, micro-
cavitation, nodules of squamous epithelial cells, and adenomatous hyper-
plasia are also present. These changes have previously been described
(Clarke and Bair, 1964; Park et al., 1962; Park, Clarke, and Bair, 1964;
Dagle, Lund, and Park, 1976).

Lung tumors have been described as occurring concurrently with radia-
tion pneumonitis in dogs exposed at slightly lower levels which survived
beyond three years (Clarke et al., 1966; Howard, 1970; Park, Bair, and
Busch, 1972). These lung tumors are peripheral in origin and generally
designated as bronchioloalveolar carcinomas. Papillary adenocarcinomas,
epidermoid carcinomas, and combined epidennoid and adenocarcinomas
have also been observed (Table 1). These tumors are frequently multiple in
the same dog, frequently metastasize to regional lymph nodes, and occa-
sionally metastasize to distant sites. In the 239PuO2-exposed dogs, the
tumors generally progress to cause the death of the dog; but in the
238PuO2- and 239Pu(NO3)4-exposed dogs, the lung tumors are frequently
seen in dogs euthanized for concurrently occurring bone tumors. It should
be noted that the lung tumors at the higher exposure levels occur con-
currently with radiation pneumonitis, and the possible influence of pulmo-
nary fibrosis and other radiation-induced lung changes on the development
of plutonium-induced lung tumors in experimental animals has long been
recognized. The original studies with plutonium-induced lung tumors in
dogs were at high exposure levels where fibrosis was prominent and consid-
ered an important contributing factor (Clarke et al., 1966).

The tracheobronchial lymph nodes filter and retain much of the partic-
ulate piutonium cleared from the lung via the lymphatics. Lymph-node
atrophy, with an initial relatively increased prominence of reticular cells,
occurs. Hypoceilular scar tissue eventually replaces the lymph nodes and
sequesters the alpha radiation (Dagle and Park, 1976). The concurrent
lymphopenia, described elsewhere in this volume (Ragan et al., 1986), is
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TABLE 1

Lung Tumors in Beagles That Inhaled Plutonium

Classification

Bronchioloalveolar carcinoma
Papillary adenocarcinoma
Adenosquamous and epidermoid

(combined) carcinoma

Epidermoid carcinoma
Solid carcinoma
Fibrosarcoma

Total

"•PuOj
(11 years postexposure)

23(!7)»
8(5 )

7 (7 )

! (1)
1
0

40(30)

RtdionucliJe

"•PuO:

(8 years postexposurc)

10
2

1

0
0
1

14

"*Pu(NO,)4

(5 years postexposure)

5
0

0

0
0
0

5

'Number of tumors (number of tumors metastasLdng to other locations).

probably related to this heavy alpha-irradiation. Probably one of the most
interesting features of these tracheobronchial lymph nodes is
what we do not find rather than what we find, i.e., malignant lymphomas
are not an effect of plutonium deposition in lymph nodes. Although pri-
mary hemangiosarcomas have been reported in tracheobronchial lymph
nodes from beagles exposed to beta or gamma emitters (Hahn and
Boecker, 1980), we have not observed any primary tracheobronchiai lymph
node neoplasms in our plutonium inhalation studies.

Bone tumors have occurred in beagles exposed to aerosols of 238PuO2

(Park et al., 1976) and 239Pu(NO3)4 (Table 2). We have now observed a
total of 36 bone tumors in 30 beagles, with the most common primary sites
being the vertebrae, pelvis, ribs, scapula, femur, and bumerus; and with
one each for tibia, facial bone, and hyoid bone. The tumors were well-
differentiated osteoblastic osteosarcomas, with the exception of a fibroblas-
tic osteosarcoma in one pelvis and osteochondroblastic osteosarcomas in
two vertebrae. Metastases were present with one-third of the tumors; the
metasiases were generally to the lung, but widespread metastases occurred
in two dogs. The skeletal lesions, nonneoplastic as well as neoplastic,
resulting from plutonium deposition have been extensively studied at the
University of Utah in beagles injected with plutonium citrate (Jec, 1972).
Similar findings have been described in beagles inhaling plutonium (Hahn
et al., 1981). We have characterized the radiation-induced osteodystrophy
observed at the two higher exposure levels as peritrabecular fibrosis. An
indirect bone lesion occurring from inhaled plutonium has been hyper-
trophic osteoarthropathy, in four dogs, secondary to plutonium-induced
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Primary site

Vertebrae
Pelvis
Ribs
Scapula
Femur

Humerus
Tibia
Facial bone
Hyoid bone

TABLE 2

Bone Tumors in Beagles
That Inhaled Plutonium

RadkMMClide

**PuO, *"]
(8 years postexposore) (5 years

10(5)*
5(1)
5(3)
4
2(1)

1
1
0
1

Total 29(10)

Pu(NO3)4

postfxposvt)

4(1)*
Kl)
0
0
0

Kl)
0
1
0

7(3)

'Number of tumors (number of tumors metastasizing to
other locations).

lung changes. Noteworthy has been the absence of myelogenous leukemias
or multiple myelomas.

Autoradiographs of liver sections from dogs exposed to 239PuC>2 show
the plutonium almost entirely as large alpha stars, indicating translocation
of particles to the liveir. A positive correlation exists between the amount
of particulate plutonium accumulated in the liver and the severity of the
tracheobronchial scarring. For dogs exposed to 238PuO2, both alpha tracks
and alpha stars are present, suggesting translocation of both soluble and
particulate plutonium to the liver. With 239Pu(NO3)4, nearly all the alpha
activity is present as alpha tracks. The intrahepatic distribution of pluto-
nium also changes with time after exposure, with random early distribu-
tion changing to a later clustering of activity (Gearhart, Did, and McClel-
lan, 1980). Perhaps correlated with the form of plutonium deposited in the
liver, nodular hyperplasia has been observed, primarily in dogs exposed to
238PuO2 and 235JPu(NO3)4. The hepatic lymph nodes accumulate a consid-
erable amount of plutonium draining from the liver and develop prominent
necrosis with scar tissue and sequestration of plutonium similar to that
seen in the tracheobronchial lymph nodes. We have not observed liver
tumors in dogs exposed to plutonium by inhalation.
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Serum chemistry assays have been performed to detect organ-specific
damage from plutonium that has translocated from the lung to extrapul-
monary sites. No consistent, dose-related alterations have occurred in
serum constituents (glutamic pyruvic transaminase (GPT), glutamic
oxaloacetic transaminase, alkaline phosphatase (ALP), urea nitrogen, and
serum protein fractions) of dogs exposed to 239PuO2. In dogs exposed to
238PuO2 or 239Pu(NC>3)4, there were, however, elevated ALP in individual
dogs with bone tumors and elevations in GPT in several dogs, consistent
with histopathologic findings and radiochemical analyses indicating pluto-
nium translocation to the liver. Several dogs also had elevated ALP attrib-
utable (by heat inactivation of ALP) to the liver as the primary source.

As we continue with these studies and as dogs at lower dosage levels
come to autopsy, we need to keep in mind how the indirect effects of radi-
ation at higher dosage levels may influence dose-response curves.
Although sublethal radiation from plutonium is carcinogenic, the influence
of radiation-induced necrosis and fibrosis on the morphogenesis of lung
tumors must be considered. The sequestration of plutonium in scar tissue
certainly diminishes the impact of the high dosage levels. As plutonium is
sequestered in the tracheobronchial lymph nodes, however, the destruction
of these lymph nodes with resultant effect on immunocompetence also
must be considered. Competing risks to different organ systems are also of
significant interest. In addition to developing dose-response curves, our
studies of plutonium-induced lesions in beagles may also assist pathologists
in the interpretation of lesions in humans, possibly attributable to pluto-
nium exposure.
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ABSTRACT

Beagle dogs were exposed, by inhalation, 5 to 11 years ago, to aerosols of 239PuO2,238PuO2, or
23*Pu(NOj)«, at six dose levels resulting in initial lung burdens ranging from ~2 to ~55OO
nCi. Translocation of the plutonium to extrapulmonary sites was related to the
physical-chemical characteristics of the plutonium compound. The highly insoluble 239PuO2

was retained primarily in the lung and associated lymph nodes, whereas 23*Pu(NOa)4 was
much more soluble ?.nd translocated relatively rapidly to the skeleton and other extrapul-
monary tissues. The 23tPuO2 was intermediate in solubility and translocation characteristics.
The hematologic effects of plutonium inhalation were most pronounced on lymphocyte popu-
lations. Evidence suggests that these effects result from irradiation of 'ymphocytes via the
pulmonary lymph nodes with insoluble 239PuO2, and via these same lymph nodes, extrapul-
monary lymph nodes, and bone marrow lymphocytes with the more soluble forms, i.e.,
23*PuO2 and 239Pu(NO3)4. There is no evidence suggesting that these exposures increase the
risk of developing myeloid or lymphoid neoplasia.

Other reports in this volume have characterized various effects of our
studies on beagle dogs after a single inhalation exposure to plutonium
(Park ei al., 1986; Dagle et al., 1986). These studies have provided the
opportunity to examine the hematologic effects of an insoluble plutonium,
239PuO2, a moderately soluble form, 238PuO2, and a relatively soluble form
with widespread translocation to extrapulmonary tissues, 239Pu(NO3)4.
This paper describes and compares the radiation dose and temporal rela-
tionships through 60 months postexposure of the three chemical and isoto-
pic forms of plutonium as they affect the myeiolymphoid complex of bea-
gle dogs.
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MATERIALS AND METHODS

Details of the experimental designs and the exposure technology are
presented elsewhere in this volume (Park et al., 1986; Dagle et al., 1986).
Briefly, beagle dogs of both sexes were given single 5- to 30-min nose-only
exposures of aerosolized water suspensions or solutions of plutonium. The
239PuO2 was prepared by calcining the oxaJate at 75O°C for 2 hr [mean
activity median aerodynamic diameter (AMAD), 2.3 gim; mean geometric
standard deviation (GSD), 1.9]. The 238PuC>2 was prepared by calcining
the oxalate at 700°C and subjecting the product to H2

16O steam in argon
exchange at 800°C for 96 hr (mean AMAD, 1.8 pm; mean GSD, 1.9).
The 239Pu(NC>3)4 was aerosolized from a 0.27N solution of nitric acid
(mean AMAD, 0.63 nm; mean GSD, 2.0). Six dosage levels were obtained
by varying the aerosol concentration and exposure duration (Table 1).
Estimates of initial alveolar depositions were obtained from external thorax
counting by using a multidetector scintillation counter at 14 and 28 days
after exposure (Swinth, Griffith, and Park, 1967).

Blood samples from fasted dogs were collected every 3 to 4 months
from the external jugular vein using potassium EDTA as the anticoagu-
lant. Leukocyte (WBC), erythrocyte (RBC), and hemoglobin concentra-
tions, volume of packed red cells (VPRC), and red cell corpuscular indexes
(i.e., MCV, MCH, and MCHC) were determined using the Coulter
counter model S. Smears for leukocyte differential cell counts were made
on a Platt blood-film centrifuge, stained in Wright-Giemsa stain, and the

TABLE 1

Initial Lung Burdens in Dogs Exposed by Inhalation to Plutonium
(Mean ± 95% confidence intervals)

Dose group*

Control
1
2
3

4
5
6

"•PnO,

0
3.5 ± 1.3
22 ± 4
79 ± 14

300 ± 62
1100 ± 170
5800 ± 3300

bridal (Mgb

0
2.3 ±
18 ±
77 ±

350 ±
1300 ±
5200 ±

«rdea,aCl

Oa

0.8
3
11

81
270
1400

"•P,

0
2
8

56

295
1709
5445

±
±
±
±
±
±

2
4
17

67
639
1841

*Ten males and 10 females per group except group 6 which varied from two
to seven per sex.
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differential cell count was made on the basis of a minimum of 200 leuko-
cytes counted by two technologists.

Hematologic variables for dogs in each of the six dose groups were
compared to those of the control group for each of the three experiments.
Comparisons were made with a permutation test (Lindgren, 1963) that
utilized the data collected during the first 60 months of the study. This
permutation test is based on the absolute area between curves of two
groups defined by connecting successive means. When the mortality of
any dose-level group reached 50%, the hematologic means were truncated;
estimation based on fewer dogs would possibly lead to a biased compari-
son, assuming surviving dogs were somehow a select subset. Smoothed data
sequences presented in the figures were smoothed by robust nonlinear data
smoother 4253-H (Velleman, 1980); this smoother consists of applying
running medians of 4, 2, 5, and 3, followed by Hanning (a three-point
moving average weighted 1/4, 1/2, 1/4).

RESULTS

Hematologic manifestations of the three plutonium compounds were
restricted primarily to effects on lymphocytes. There were no dose-related
trends or consistent effects observed on the erythroid parameters including
erythrocyte counts, hemoglobin concentrations, volume of packed red cells,
or the red cell indexes (i.e., MCV, MCH, and MCHC).

In the 239PuO2-exposed dogs, there was a significant reduction
(P < 0.05) in total leukocyte counts in dose levels 3, 4, 5, and 6 from
months 13 to 35 postexposure. This occurred during the nadir of lympho-
cyte counts and was due exclusively to the lymphopenia, except in level 6
dogs that manifested a modest neutropenia also. After both the 238PuO2

and 239Pu(NO3)4 inhalation, total white cell counts of dogs were signifi-
cantly reduced in levels 5 and 6, primarily caused by a lymphopenia, but a
neutropenia also contributed to this effect. The reductions in neutrophil
values were significantly different (P < 0.001) from control values start-
ing at 10 months postexposure to 238PuO2 and at 4 months postexposure to
239Pu(NO3)4.

The dose-related reduction in lymphocyte values was the most striking
effect, regardless of the chemical form or isotope of plutonium. The most
insoluble form, 239PuO2, resulted in a significant lymphopenia
(P < 0.001) in the four highest dose levels (Fig. 1). This reduction in
lymphocyte values correlated positively with the initial lung burdens of
plutonium, both in magnitude and time of appearance after exposure. As
compared to control values, the mean reduction at the nadir was —70%
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Fig. 1 Lymphocyte vahjes ia dogs exposed to » 23*PaO1 aerosol. 4 , coatrob. • ,
level 2. • , level 3. O, level 4. A, level 5. a , level 6.

for dose level 6 dogs, —48% for level 5, —38% for level 4, and —28% for
level 3. Lymphocyte values for levels 1 and 2 were never significantly dif-
ferent from the control values although those of level 2 were consistently
lower than controls. There is evidence of a partial recovery of mean lym-
phocyte values in levels 4 and 5 dogs starting about 30 months postexpo-
sure.

A significant dose-related lymphopenia (P < 0.001) was present also
in the four highest dose groups after inhalation of 238PuO2 (Fig. 2). This
amounted to —78% in dose level 6 dogs, —70% in level 5, —50% in level
4, and —36% io level 3. As with 239PuO2, the lymphocyte values of level 1
and level 2 dogs after 238PuO2 were never significantly different from those
of the control group. All four groups that manifested lymphopenia show
evidence of a return toward control levels, and, by —9 years postexposurc
to 238PuO2, the level 3 values were not different from those of the control
group.

After 239Pu(NO3)4 exposure a significant lymphopenia (P < 0.001)
was seen only in the two highest dose level groups (Fig. 3). At the nadir
this was an —60% reduction in dose level 6 and —35% in level 5 when
compared to control values. Between months 13 and 37 postexposure,
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level 4 dogs manifested a modest lymphopenia (P < 0.05), but the
permutation tests indicated that the values were not significantly different
from the control group. Lymphocyte values from levels 1, 2, and 3 were
never different from the controls.

The effect of 238PuC>2 inhalation on lymphocytes was more pronounced,
both in magnitude and temporal relationships of the lymphopenia, than
that of either 239PuO2 or 239Pu(NO3)4 (Table 2). This comparison is de-

TABLE2

First Significant Appearance of Lymphopenia

Plutodum
dose level

6
5
4

3
2
1

• O

-5500
-1400
-300

- 7 0
- 1 5
- 3

•P < 0.001.
tP<O.OI.

Tune

"»P»O3

4»
7t

10*

16t
NS
NS

postexporare,

1*
4»
4t

10*
NS
NS

*P < 0.05.

moatfts

°^n(NO3)4

It
1*

13*

NSg
NS
NS

§Not significant.

picted in Fig. 4 by using dose level 4 (~300 nCi initial lung burden) dogs
of each experiment through 60 months postexposure. The mean reduction
in lymphocytes at the nadir, as compared with control values, was —53%
after 238PuO2 inhalation, —33% after 239PuO2 inhalation, and —9% after
239Pu(NO3)4. Similar relationships were observed in dose levels 5 and 6 of
all three experiments and in level 3 dogs with the two plutonium oxides.
Also evident from Fig. 4 is the linear age-related reduction of lymphocyte
values in the control dogs that amounted to —12% between 18 and 78
months of age.

DISCUSSION

From these studies it appears that there are minimal effects on blood
ceils other than lymphocytes. Only at the two highest dose levels of
238PuO2 and 239Pu(NO3)4, the more soluble forms, was there a consistent
and significant depression in neutrophil values. This is undoubtedly due to
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sufficient plutonium being translocated to the skeleton after inhalation of
these forms to adversely affect the myeloid stem cells or to damage the
myeloid cells enough to result in ineffective myelopoiesis. This transloca-
tion amounts to 20 to 40% of the body burden, in contrast to <1% translo-
cation of 239PuO2 to the skeleton (Table 3).

The pathogenesis of the lymphopenia is probably related to irradiation
via pulmonary lymph nodes and/or expulmonary tissues, including the
bone marrow, and is dependent on the chemical form and isotope of pluto-
nium.

After inhalation of the highly insoluble 239PuO2, the major influence
resulting in the sustained reduction in lymphocyte levels is probably the
irradiation of circulating lymphocytes via pulmonary lymph nodes. Evi-
dence to support this hypothesis is indirect but sound. Greater than 90%
of the body burden of plutonium in these dogs is located in the lung and
associated lymph nodes (Table 3), and very little is translocated to extra-
pulmonary lymph nodes, spleen, or bone marrow (Park et al., 3986). With
the exception of the dose level 6 dogs, it is unlikely that irradiation of
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TABLE 3

Tissue Content of Plutonium on the Basis of
Final Body Burden

Lung

Thoracic
lymph nodes

Skeleton

TlBC
postexpowe,

momtba

10
30
60

10
30
60

10
30
60

%

70 to 90
60 to 80
40 to 60

10 to 30
20 to 30
25 to 50

<0.5
<0.5
<1.0

%

40 to 60
20 to 30
5 to 15

40 to 60
30 to 40
20 to 40

15 to 20
20 to 30
20 to 40

%

- 2 0
10
1

<1
1

<1

2
50
50

blood via the pulmonary circulation makes any significant contribution to
the development of lymphopenia. If this occurred, one would expect a very
rapid drop in lymphocyte levels soon after exposure and prior to sequestra-
tion of plutonium particles with subsequent fibrosis that has been
described by Dagle et al. (1979). Additional evidence that lung transit
dose to circulating blood is probably not a major factor in the development
of lymphopenia in these dogs is implied by the studies of Cross et al.
(1984). In these studies, dogs were exposed daily over a period of several
years to radon daughters resulting in mean lung doses encompassing those
received by the 239PuO2-expcsed dogs. The doses from radon daughters
are delivered nearly instantaneously, due to their short half lives, and the
dose to pulmonary lymph nodes would be negligible. Thus the irradiation
of lymphocytes would occur primarily via the pulmonary circulation; yet
there was no suggestion of any effects on the lymphocytes in these dogs.

The 10 to 15% recovery observed in the 23*Pu02 dose level 4 and 5
dogs that began at about 32 months postexposure is more difficult to
explain. These groups had mean initial lung burdens 4- and 14-fold higher
than level 3 dogs. It is conceivable that with the high translocation of plu-
tonium to pulmonary lymph nodes, sufficient radiation damage followed by
extensive fibrosis has affected the patency of lymph channels. If this
occurred, fewer circulating lymphocytes would be irradiated, resulting in a
gradual reversal of the lymphopenia.
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The lymphopenia after inhalation of 238PuO2 is more complex and
probably due to irradiation of lymphocytes via pulmonary lymph nodes,
extrapulmonary lymph nodes, and lymphocytes in the bone marrow. The
percentage of 238PuO2 translocated to the bone marrow is several orders of
magnitude greater than translocation after 239PuO2 inhalation, with equal
or higher amounts entering the pulmonary lymph nodes (Table 3).
Therefore one would predict a more profound effect of 2?8PuO2 on lym-
phocytes.

The minimal effect of 239Pu(NO3)4 on lymphocyte values is probably
related to the high solubility and rapid translocation after inhalation of
this compound. As early as 10 months postexposure, ~40% was present in
the skeleton, with only about 20% found in the lungs and ~20% in the
pulmonary lymph nodes (Table 3). Lymphocyte values of even the dose
level 5 dogs, with initial lung burdens of —1700 nCi, were no longer sig-
nificantly different from controls by 54 months postexposure.

Chronic stress, with elevated adrenal corticosteroid levels resulting in
lympholytic activity, must be considered in the pathogenesis of lympho-
penia. However, cortisol levels, assayed by radioimmune techniques, were
not different between exposed and control groups.

Because of the obvious effects of inhaled plutonium, regardless of
chemical form, on lymphocyte values from irradiation of lymph nodes
and/or bone marrow, one must ponder whether radiation dose to lymph
nodes shor' be considered in the establishment of permissible occupa-
tional exposure limits for plutonium. There is no evidence from our
studies, to date, of an increased incidence of lymphoid-related neoplasia,
including malignant lymphomas, lymphatic leukemia, multiple myeloma,
or malignant dysproteinemia. Nor have we seen an increased number of
leukemias that might be associated with irradiation of bone marrow from
the more-soluble plutonium forms; i.e., no myeloid or erythroid leukemias.
A similar absence of effects was reported by Voelz et al. (1979) in their
studies of 24 plutonium workers employed on the Manhattan Project.
These men, over a 32-year period, had accumulated estimated body bur-
dens of plutonium expressed as nanocurie-years ranging from 190 to 6280.
No myeloid or lymphoid neoplasms were detected.

In summary, under the conditions of these studies, the hematologic
effects of plutonium inhalation are most pronounced on lymphocyie popu-
lations, most likely via the pulmonary lymph nodes with insoluble 239PuO2

and via these same nodes and irradiation of extrapulmonary lymph nodes
and bone marrow with the more-soluble forms, i.e., 238PuC>2 and
239Pu(NO3)4. However, there is no evidence to suggest that these forms of
plutonium increase the risk of developing myeloid or lymphoid neoplasia.
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DISCUSSION

S. A. Benjamin (Colorado State University): Have you done studies
on the immune status of the dogs? If so, have you looked at changes in the
distribution of thymic and nonthymic lymphoid cells in the peripheral
blood?

Ragan: Dr. Morris could best answer that question.
J. E. Morris (Battelle, Pacific Northwest Laboratories): We have done

one series of immunological studies with dogs having high plutonium lung
burdens, using an i amunization with keyhole-limpet hemocyanin. We saw
a definite decrease in humoral immune response in the plutonium-exposcd
animals. We have also done fluorescent labeling studies in a number of
dogs. In those studies the decrease in the number of fluorescent labeled
cells, using that as a marker of the B-cell, was greater than the decrease in
the total population.

M. Snipes (Lovelace, Toxicology Research Institute): Was the
amount of plutonium associated with thoracic lymph nodes related to
dose?

Ragan: It is related to the initial lung burden. We found a greater
proportion translocated to thoracic lymph nodes at the lower dose levels.
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J. F. Park (Battelle, Pacific Northwest Laboratories): Yes. I think
that is because lymph nodes stay functional longer at the lower dose levels.

Snipes: It is interesting to me that the pathway can remain functional
even though you destroy the trap.

Park: I don't believe it does stay functional indefinitely. I think one
reason we see the accumulation of plutonium in hepatic lymph nodes is
because of retrograde lymph flow, blocked at thoracic lymph nodes and
flowing back via the hepatic circulation.

Snipes: I noticed that you saw particles in the liver in your study, and
we have seen the same thing with insoluble ^ r particles. We suspected
that we had enough damage to lymph nodes so that particles could bypass
that trap, could get into the general circulation, and translocate to the re-
ticuloendothelial system in the liver, probably the skeleton, and elsewhere.

Ragsn: I believe the lymph nodes themselves may not be functional,
but the lymph channels can still be patent, which results in the continuous
irradiation of cells passing through these channels.

M. Goldman (University of California, Davis): Have you had an
opportunity to evaluate some of the functional capacities of the lympho-
cytes such as their ability to respond to stimulation as a function of time?
This is a very persistent and long-lived effect for cells that are ostensibly
turning over. I am curious as to whether a different subpopulation of lym-
phocytes has evolved.

Ragan: Studies such as Dr. Morris described would help to answer
that question. We have not done such studies over a period of time, so we
don't yet have the answer to your question.
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ABSTRACT

A data-management system, utilizing the Systematized Nomenclature of Veterinary Medicine
(SNOVET), was implemented to collect data generated by our life-span canine studies. Infor-
mation is encoded and retrieved by specific categories. These data are analyzed statistically to
look for significant effects related to exposure to radionuclides. Preliminary use for evaluation
of the SNOVET system revealed statistically significant differences in survival between con-
trol and exposed animals. Also, there appears to be an increased risk of testicular and repro-
ductive tract disorders with increasing dose.

The estimation of risk, as it relates to biological events that may affect
survival, is one of the important elements requiring evaluation in attempt-
ing to assess the effects of ionizing radiation on animals assigned to life-
span studies. Biological or clinical effects can be obvious to the observer,
or effects can be subtle, and can only cumulatively alter morbidity or mor-
tality. We are attempting to assess both obvious and subtle effects by
recording all data relevant to the health status of each dog throughout its
lifespan after exposure to ionizing radiation. To accomplish this objective,
we found it necessary to develop a system by which data could be stored,
then conveniently retrieved for statistical analysis. These data include both
numerical and nonnumerical observations and encompass various degrees
of detail and complexity.

To meet the need of studies utilizing laborato y animals, for a coding
system with the capabilities of rapid information processing, compact stor-
age, and accurate retrieval, we modified and expanded the Systematized
Nomenclature of Medicine (SNOMED) (C6te\ 1977). The expanded Sys-
tematized Nomenclature of Veterinary Medicine (SNOVET) (Wittmier

488
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and James, 1983) was subsequently implemented by our laboratory to deal
with the increasing volume of clinical data generated by our life-span
canine studies. SNOVET is an adaptation of SNOMED. The codes and
definitions in English have been changed to reflect structures, diseases, and
the like which are unique to veterinary medicine and animal models. Our
SNOVET per se is not our creation; rather, it is a variation and mixture
of two other systems.

Information is organized into six categories: topography, morphology,
function, etiology, disease, and procedure. Each diagnostic item is defined
in one of the six categories, and a unique six-digit numeric subcode is
assigned (Table 1). Data can be coded to variable degrees of detail.
Within SNOVET each of these subcodes has a numeric hierarchical struc-
ture, identifiable by the six-digit code (Fig. 1). The current dictionary
contains 3500 codes. Thus the code can be precise or general in its defini-
tion of the clinical problem. In agreement with this, data can be retrieved
generally by category or specifically by item. By design, the system is flex-
ible and open-ended and allows for continual expansion.

Data entered into SNOVET are collected on standardized forms; these
are then organized, encoded, and entered according to the body system pri-
marily affected. These body systems include the skin and subcutis, oral
cavity, eyes, and the cardiovascular, respiratory, genitourinary, neuromus-
cular, and lymphoreticular systems.

For evaluating the system, specific data were retrieved on dogs from
five dose-level groups and controls assigned to our 239PuO2 experiment.
The data were analyzed to see if there were dose-effect relationships rela-
tive to survival and system-related disorders.

TABLE 1

Representation of the Six SNOVET Categories
with Example of Coded Information

laforautioa

(IQT

History of
(HO)

History of
(HO)

Tow**

Lung
T-28O0O
NOSt

Emphysema
M-32800
NOS

Medical «agMata

Etiolofy Factkc

Cough,
chronic

F-75870
Smoker,

h jvy
F-02850

Dtaeaae Proccdve
SyMactk

lUt

Associated
with (AW)

No link
(NL)

'Information qualifier that identifies the source of the data.
tSyntactic link that joins related thoughts or pieces of information,
f Not otherwise specified.
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T-Y TOPOGRAPHIC REGIONS T-Y80101 RIGHT FORELIMB

T-Y87101 RIGHT FOREFOOT

T-Y83501

T-Y8 FORELIMB

RIGHT FIFTH
FOREDIGIT

Fig. 1 Schematic represaitatkw of kierarckkal code comctpt.

The effect of dose on survival was examined by using the BMDP
(Biomedical Program) life-table program P1L (Benedetti and Yuen,
1979). The Kaplan-Meier product limit estimate of the survival curve
(Kaplan and Meier, 1958) was estimated, and both the Breslow (Breslow,
1970) and Mantel-Cox (Mantel, 1966; Cox, 1972) statistics were used to
make among-group comparisons. The overall comparison of survival curves
of the dose-level groups was highly significant (P < 0.001), with the
higher level groups showing increased mortality. Figure 2 is a plot of the
estimated survival curves.

In addition to the test of overall significance, we tested other
hypotheses to establish why the differences were significant. First, we
sequentially omitted higher level dose groups until the comparison between
groups resulted in a nonsignificant result. This occurred after dose levels 6,
5, and 4 had been omitted. (Equivalently, we found no significant differ-
ence in survival for the controls and dose levels 1 to 3.) We then made
pairwise comparisons between dose levels 5 and 6, 4 and 5, and 3 and 4.
All three pairwise comparisons were significant (P < 0.02).

Two indicators of morbidity were examined with the aid of the
SNOVET system. The incidence of testicular abnormalities for males and
the incidence of reproductive tract disorders for females were compared
over dose-level groups. Initially, 10 to 12 dogs were in each dose-level
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group. Over the 12 years of the study, some of these dogs died. The sam-
ple size and the number of cases were so small that the application of sta-
tistical analysis methods is of marginal utility; our interpretation of these
results must be tempered by reasonable caution.

The comparisons were made by tabling the number of observed cases
and the number of dogs at risk for the first 12 years on study for the con-
trols and five dose levels. The data for each year form a 2 X 5 contin-
gency table, which can be examined for evidence of a dose-effect relation-
ship. The Mantel-Haenszel (Mantel and Haenszel, 1959) procedure was
used to combine the tables over years and to obtain a summary chi-square
statistic. We also computed a measure of relative risk suggested by Mantel
and Haenszel. This relative risk is a weighted combination of the odds
ratios from the individual 2 X 5 tables. We modified the estimate sug-
gested by Mantel and Haenszel slightly (because of our sparse data) by
adding 0.1 to the observed frequencies used in computing the individual
odds ratios. This relative risk is tested by the summary chi-square statistic
for equality to unity.

The Mantel-Haenszel chi-square was computed first for the overall
comparison of all six (controls plus five dose levels) groups and then for
all possible pairwise combinations. Because of the small sample sizes, we
then collapsed the table by combining the controls with the lowest dose
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level, the second with the third dose level, and the fourth with the fifth
dose leveJ.

Figure 3(a) is a plot of the relative risks from the overall comparison
for testicular abnormalities among dose-level groups. Increasing risk with
increasing dose is indicated although the risks of the three lowest dose-
level groups are inverted. The significance levels of the pairwise chi-square
tests are given in Table 2. The only significant tests (P < 0.05) were the
comparison of the controls with dose level 1, and the comparisons of dose
level 4 with the control, level 2, and level 3 groups. The Mantel-Haenszel
statistic for the overall comparison of the collapsed table was highly signif-
ificant (x2 = 14.4 with 2 df; P < 0.001). Pairwise comparisons indicated
that the combined dose levels 4 and 5 group were distinct from both the
combined controls and level 1 and the combined dose levels 2 and 3 group.
The significance level of the comparisons and the relative risks are given in
Table 3.

Fig. 3 (a) Reiatfre risk for tesdctfv abaonnlHfcs
uKMg dose-level groape of sale dogs exposed to
U * P B O 1 . (b) Relative risk for reprodBctfa tract dis-
orders aaKwg doae-lerel grasps of resale dogs exposed

1 "
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TABLE 2

Significance Levels for Pairwise Comparisons of Dose Levels

Dose
level
No.

1
2
3
4
5

1
2
3
4
5

Coatrob

0.05
0.25
0.88
0.01
0.16

0.05
0.02
0.50
0.00
0.42

Dose
level 1

Dose
level 2

Dose
level 3

For Testkakr Abaoraattties

0.64
0.19
0.17
0.54

0.59
0.01
0.24

0.05
0.39

Dose
level 4

0.73

For Reproductive Tract Disorders

0.86
0.62
0.24
0.72

0.36
0.58
0.90

0.16
0.96 0.73

Relative
risk

5.4
4.5
!.O

11.1
8.2

6.4
11.4

1.8
12.7
7.2

TABLE 3

Significance Levels for Pairwise Comparisons
of Combined Dose Levels

Dose
level Ccatrotoaad Dose levels Relative
No. dose level 1 2 tad 3 risk

For Testkalar Abaonaalities

2
4

2
4

and
and

and
and

3
5

3
5

0.84
0.01

For Reproductive

0.41
0.01

0.01

Tract Disorders

0.16

0.8
15.4

1.7
6.1

Figure 3(b) is a plot of the relative risks from the overall comparison
for reproductive tract disorders. Again, increasing risk with increasing dose
is suggested, although the risk for dose levels 3 and S is low. The signifi-
cance levels of the pairwise chi-square tests are given in Table 2. The only
significant (P < 0.0S) tests were the comparison of the controls with dose
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levels 1, 2, and 4. The Mantel-Haenszel statistic for the overall compari-
son of the collapsed table was highly significant (x2 = 8.02 with 2 df;
P = 0.018). Pairwise comparisons indicated that the combined levels 4
and 5 were distinct from both the combined controls and level 1 and the
combined dose levels 2 and 3. The significance levels and relative risks are
given in Table 3.

Our experience to date suggests that the SNOVET method of data
storage and retrieval is a useful method by which clinical data can be col-
lected for statistical analysis. Also, SNOVET has the potential for broad
application to a wide variety of laboratory settings, regardless of the ani-
mal model used. It also provides for a common language, since the
numeric equivalents can be a point of reference among users.
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DISCUSSION

M. E. Wrenn (University of Utah): How much clinical information
do you enter? Everything? How do you select it? You must generate an
enormous amount.
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Weller: We put in basically everything. Previous to our development
of the present coding system, the data were entered in a strictly narrative
form. Someone would sit down at the computer terminal and type in infor-
mation as if they were typing a letter. I asked the question: Is there any
way I can get into the system and ask how many dogs have had this prob-
lem, or have had this particular medication? Rather than deal with all the
verbiage, we have reduced the information to codes, equivalent to many
words and much more easily retrieved. We throw nothing away.

Wrenn: The second question then would be: How much does it cost
you per dog to enter a complete clinical history over a lifetime?

Weller: In terms of the time it takes, once I got the hang of the sys-
tem, I could enter 12 years of data in, I would say, two hours—two and a
half hours easily. I might add that the group at Davis is working closely
with us on this, and they are seriously considering adopting the system.

S. A. Book (University of California, Davis): V'e have up to eighteen
years' worth of data, per dog, in clinical narrative. We have two clinicians
now working on computerizing these data. I think in answer to Dr.
Wrenn's question, it doesn't cost very much at all if you can do it as you
are collecting the data. Doing it in retrospect, it becomes more expensive, I
believe.
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K. S. CRUMP,* L. S. ROSENBLATT.t and M. A. SCHNEIDERMAN*
'Science Research Systems, Inc., Ruston, Louisiana; tGeneticon, Walnut Creek, California;
and ^Clement Associates, Arlington, Virginia

Rosenblatt: Last night I told Harvey Ragan ( j o g g l y ) that he need
not have analyzed his hematological data; he could have used the Utah
curves or the Lovelace curves because they all look very much alike. He
protested, rightly of course, that the curves were not the same. They repre-
sent data from different animals, exposed in different ways, to different
radioisotopes. But there is a striking feature in his data which recurs in all
the other data sets. He pointed out that, at his lowest exposure level, the
data were not different from the control data; but, at the second-to-lowcst
exposure level, the data were different: there is a decrease in cell numbers
immediately after exposure, which then levels off for some time and does
not seem to be recovering. But, lo and behold, eight or nine years later,
these curves fall right smack on top of each other. That is the recurring
pattern that interests me.

These dogs are all exposed at approximately 1 year of age. The lym-
phocyte counts and neutrophil counts are relatively high at this time; as
the dogs age, these counts begin to drop. And it is as if Level Two is say-
ing to Level One and controls, "I don't have to catch up with you, because
you're going to come down to meet me." That is a phenomenon nobody
seems to have talked about. Perhaps someone in the audience might shed
some light on this observation. Is it a real phenomenon?

In studying the Utah hematological data, we have used the preinjection
data as control values for each dog and have looked at the depression of
different cell types as a function of time postexposure. We find that these
curves can be fit very well by a probit model. You can calculate the ED50,
the dose that will reduce the cell concentration by 50% from its original
level. And we could then compare these ED50S for the various radionu-
clides studied, i.e., for plutonium, radium, mesothorium, and strontium.

496
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With some help from Dr. Mays, who provided us with dosimetry data, we
could compare these lymphocyte-depression ratios for different radionu-
clides with his osteosarcoma-incidence ratios, and when we did this, we
would find that they were very similar. But recall that the lymphocyte
data were from the first year postexposure and the osteosarcoma data were
obtained only many years down the road.

We thought this was interesting, and Dr. Goldman's comment at the
nme was, "Well, that's because an alpha particle can go both ways. It can
irradiate marrow and it can irradiate bone." Dr. Schneiderman mentioned
this morning that there is some interest in finding early indicators. I do
not know if hematologic data are good early indicators, but I am wonder-
ing whether we should not try to make more use of them.

Schneidennao: Judy Mahaffey and I have talked about the statistical
problems of comparing curves such as the hematology data we have been
discussing. The problem is that the data points are not independent—they
are not separate pieces of data. If an animal's levels are low on Tuesday,
they are going to be low on Wednesday. The correlation between one point
and the next is quite high. Because these are not independent measures,
they create some nasty statistical problems. I have no suggestions about
how one handles such data, other than to recognize the problem. Such
problems exist in the whole field of time-series analysis with which people
like economists and demographers deal—not very effectively either, I
might add.

I was involved very early with people who worked with SNOMED, and
I was intrigued with Dr. Weller's adaptation of this system. When he was
asked how much it cost to implement, my reaction was, how much does it
cost to keep an animal 8, 11, 16 years? Does this SNOVET system add
from 1 to 2% to the total cost? I think that may be the way to try to
answer such a question.

On the subject of relative risk figures, I would point out that a relative
risk is a ratio, and ratios should be treated as if they were logarithmically
distributed. If, instead, an arithmetic scale is used, the picture is distorted
between zero and unity. Therefore I believe that, if we display relative risk
figures on log scales rather than on arithmetic scales, we might be helped
to interpret the data.

Crump: I was pleased to see the thought and effort being made to put
these data into useful form and to make it available in data bases for cur-
rent and future researchers.

I want to comment on a question that has surfaced several times dur-
ing the week. "What measure of dose should you use?" Some researchers
have used cumulative dose; others, cumulative dose up to some number of
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days prior to death (to allow for "wasted radiation"). Some have used
average dose rate; some have related effects to initial deposition. Judy
Mahaffey said that she planned to look at many different measures of dose
in the analysis of her data.

I wish that I could tell you exactly the way it should be done, but I am
not even sure what the criteria are for determining the most appropriate
measure of dose. I believe that this is an area where both biologists and
statisticians must give some careful thought.

It may well be that a shotgun approach is the best approach. If you
do, * see the dose response that you might have expected, before you go to
great lengths to explain the unanticipated result, it might pay to look at
the dose data in some different ways. Let us consider an obvious example:
if you use as the measure of dose the cumulative dose to the end of life
and dose continues to be delivered throughout life, then the dose might be
positively associated with longevity (below a certain exposure level that
does not produce early mortality). So you may not see the expected
dose-response relationship if you use cumulative dose.

H. Ragan (Battelle, Pacific Northwest Laboratories): I want to
respond to Dr. Rosenblatt's comments concerning the hematology curves. I
agree that our data do resemble those from Utah. However, it is important
to note that in the Utah experiments plutonium was intravenously injected,
and, at their highest dose of about 28 pCi/dog, they saw an approximately
60% reduction in lymphocytes in addition to pancytopenia. Our dogs, at
the highest dose level of about S /*Ci of insoluble plutonium (inhaled),
showed a 70% reduction in lymphocytes. I think the important point is the
difference in the pathogenesis of the lymphopenia. Although the curves are
similar, the pathogenesis is totally different.

J. F. Park (Battelle, Pacific Northwest Laboratories): Could the
panel address the subject of what degree of latitude might be allowed with
statistical analysis or with the selection of proper controls, as influenced by
how the results of the study are to be used? It seems to me that, if one is
after information for the purposes of radiation protection—for safety
issues—one might be less critical in selecting controls than if one is look-
ing at the very large experiment designed to show a very small increased
incidence of tumors.

Crump: That is a very good point. I do believe that the analyses you
use and the control information you use should depend on the intended use
of the results. If you are doing something in terms of hypothesis testing
and want to be very careful about not introducing biases, then I would
take a very narrow view of what would be acceptable control data. On the
other hand, if you are talking about things involving standard setting, or
extrapolation to low dose, where there are so many other uncertainties, I
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would not be so concerned about introducing bias, and I would tend to
group information to get a better picture of what all the data had to say
rather than choose some subset of the data that might be slightly better
than the rest.

Schneidernutn: Let me respond to that also. We are concerned with
two very large areas that have some overlap. We have the scientific area in
which we are looking for mechanisms; we are looking to understand the
process. That is the area in which, by and large, most of the hypothesis
testing will develop. In this area is research that has to be done because we
do not understand the process, and perhaps, if we know the process, we
shall be able to say something better about prevention or treatment in the
future.

The other area with which we are concerned is the area of estimation,
i.e., the calculations we have to do for setting safety standards. In the area
of estimation, we want to talk about estimating risk, and we are not really
interested in statistical significance tests. Statistical significance tests may
be unnecessary or inappropriate. Statistical significance tests depend, for
example, not only on the magnitude of the difference that you find but
also on how large an experiment you have done. A tiny difference in a
large experiment may be statistically significant. The same difference in a
small experiment would not be statistically significant. Is it a difference or
isn't it a difference? Do I use it in my estimation or don't I? My answer is
that you use it in your estimation. You also apply to your estimates sorrk
confidence limits. Your confidence limits may be very broad.

I remember that just a year ago, when I looked at problems of acid
rain, the researchers gave some estimates of mortality. The estimates of
mortality associated with acid rain, in the northeastern United States and
in Canada, ranged from zero to 50,000 deaths. Now, that's a wide range,
and some people were inclined to laugh at it, but that is what the data
enabled us to say.

Now, if you put yourselves in the shoes of the regulator, what do you
do with such data? Well, I don't know what the regulator dees with such
data, but we can only give them the best data we have, including the
uncertainties. Regulators do not like uncertainties, of course. They would
love to have us tell them 8.326 deaths are going to occur on Tuesday.
They would like to know a little more specifically; they would like to know
when on Tuesday. But we can only give them what we have. I agree that
you use all the information you have, but you are careful, always, to indi-
cate the uncertainty in your result.

D. Mewissen (University of Chicago): I think the suggestion of the
predictive value of white blood cell depression is an interesting one.
Indeed, a few years ago we had limited experience with predicting the sur-
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vivai of mice after their exposure to protracted and fractionated radiation,
and we found in some limited studies thai white blood cell survival was a
good predictor of animal survival.

G. M. Angleton (Colorado State University): Concerning Dr. Cramp's
discussion of dose rate and cumulative dose, it seems quite obvious to me
that both these do?; measures are factors in the dose-response relation-
ship. A good analysis tries to take both of these factors into account.

I also would like to comment on Dr. Crump's earlier discussion of lin-
ear model analysis techniques. He points out that there are other equally
valid approaches such as the Cox model, and we also mention that in our
paper. But, Cox's model is not too convenient if you wish to throw in 10 or
20 variables. It is an iterative procedure, which is a limitation. Dr. Crump
comments also that linear model analysis has been around for a long time;
my experience is that people are not familiar with it. They do not know
how to work with it.

Also, I would say that many of the papers given at this meeting have
been concerned with longevity—median or mean time to death. I think
that for such end points, you should take into account the dose rate, the
cumulative dose, and the age at which the experiment was initiated. And,
probably, linear model analysis is the most appropriate way—not the only
way but at least a very appropriate way—to handle such analysis.

Crump: Well, I believe I would have to say that I have a different
opinion on that, primarily because I do not see how linear models can han-
dle censoring. Since there are animals that get tumors and there are
animals that don't, and since sometimes you want to analyze experiments
that aren't completed and some animals haven't died, you need to use an
analysis that does take censoring into account.

J. F. Park (Battelle, Pacific Northwest Laboratories): We concluded
earlier that the choice of statistical approaches might be influenced by the
purpose of the experiment. I think this principle is also relevant to the
problem of dose. If you are using the results of the study for estimating
risks or for establishing exposure limits, how well do you really have to
measure dose? Should we be trying to measure dose to individual animals,
plus or minus 10%? Or can we get by with much less precision, depending
on how the data are going to be used?

Crump: I would agree with that. Perhaps in a one-shot experiment
measurement of initial deposition might be sufficient dosimetry for
low-dose extrapolation. In cross-species extrapolation, it would seem to me
that more detailed measures of dose might be useful.
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ABSTRACT

Mice, rats, Syrian hamsters, and beagle dogs were exposed by inhalation to graded levels of
l44Ce in relatively insoluble forms to gain an understanding of species similarities and differ-
ences regarding patterns of deposition, fate, dosimetry, and dose-response relationships. All
animals were serially evaluated to determine lung burdens, held for life-span observation,
necropsied at death, and examined histopathologically to characterize the lesions present and
to determine the cause of death. The primary malignant lung tumors observed in rodents were
predominantly squamous-cell carcinomas and adenocarcinomas, whereas those in dogs at ear-
lier times were primarily hemangiosarcomas and those in dogs that died at later times were
pulmonary carcinomas. The relationship between the incidence of lung cancer and absorbed
beta dose to the lung differed among species. The results of modeling these data provide a
better understanding of how the choice of species can influence the outcome of a life-span
study. The data are used to estimate the risk of lung cancer in man from an inhaled beta-
emitting radionuclide.

Potentially, humans could be exposed by inhalation to accidentally
released aerosols of fission products from different segments of the nuclear
fuel cycle. The aerosols may contain large numbers of fission products
after a sustained period of reactor operation. In the absence of any data in
man on the health risks from accidental inhalation exposure to such
radionuclides, numerous studies of the effects of selected fission-product
radionuclides have been conducted in laboratory animals (Lundgren,
Hahn, and McClellan, 1980a, 1982, 1983; Lundgren et al., 1980; Hahn
et al., 1983; Snipes, Marshall, and Martinez, 1982). At this Institute
several studies on the effects of one of the beta-emitting radionuclides,
144Ce, which could be accidentally released into the environment and
inhaled by man, have been in progress fcr z numbri of years (Lundgren,
Hahn, and McClellan, 1982; Hahn et al., 1983). Cerium-144 as used in
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this report refers to 144Ce in equilibrium with its daughter 144Pr. These
studies have been conducted in several species with the intention of provid-
ing a sound basis for the extrapolation of the data to man. The general
approach.has been to expose animals once or repeatedly to relatively insol-
uble particulate aerosols containing 144Ce and then to observe the animals
for their life span. It is the purpose of this report to compare the risk fac-
tors (tumors per rad) for the development of lung tumors in four species of
laboratory animals i.e., mouse, Syrian hamster, rat, and beagle dog, and to
compare these findings with the known effects of acute exposure to low-
LET X- or gamma-radiation in man.

MATERIALS AND METHODS

The details of the experimental designs and methods used in the studies
discussed here have been presented elsewhere (Lundgren, Hahn, and
McClellan, 1980a, 1982, 1983; Lundgren et al., 1980; Hahn, Lundgren,
and McClellan, 1980, 1983; Jones et al., 1974; McClellan et al., 1970).

Animals

The young adult rodents were conventionally reared female C57BL/6J
mice (Jackson Laboratories, Bar Harbor, Me.), male Syrian hamsters
[Sch:(SYR)J (ARS Sprague-Dawley, Madison, Wis.), and specific-
pathogen-free male and female Fischer-344 rats reared in this Institute's
rodent colony. The hamsters were housed one per polycarbonate cage and
the mice and rats, two per cage. Aspen-wood shavings were used for bed-
ding; food (Wayne Lab-Blox, Allied Mills, Inc., Chicago, 111.) and water
were given ad libitum. Animal rooms were maintained at 20 to 22°C, with
a 40 to 60% relative humidity and a 12-hr photoperiod per day. The male
and female beagle dogs were born and raised in this Institute's colony
(Bielfeldt et al., 1969; Redman et al., 1970). All animals were observed at
least twice a day for signs of illness or for death. A complete necropsy was
performed on each animal after death. Lung tissue and other selected tis-
sue samples and all lesions were fixed in 10% neutral buffered formalin.
Tissue sections were processed for histologicai evaluation by standard pro-
cedures using hematoxylin-and-eosin stains and special stains as indicated.

Inhalation Exposures to 144Ce

Rodents were exposed once or repeatedly to aerosols of 144Cc(>2 to
achieve or to reestablish desired lung burdens of l44Ce at bimonthly inter-
vals (Table 1) for a total of seven exposures. Control rodents were unex-
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posed, sham exposed once or repeatedly, or exposed once or repeatedly to
aerosols of stable CeO2. All control groups for each rodent species were
combined for analysis since there were no statistically significant differ-
ences in the survival and pathological findings between groups. The
144CeO2 aerosols to which the rodents were exposed were produced by a
two-stage heat treatment (370°C followed by 85O°C) of droplets gen-
erated from a suspension of l44CeCl3 and stable CeCl3 in 0.6M HCl (4 mg
Ce3+/ml). After the aerosol passed through the heating column, it was
mixed with dry, cool, diluting air and directed into an exposure chamber
(Raabe et al., 1973). Particle activity median aerodynamic diameters
(AMAD's) ranged from 0.9 to 2.0 fim, with geometric standard deviations
(GSD's) of 1.4 to 2.0 for all exposures. Electronmicroscopic examination
of electrostatic precipitator samples collected during each exposure indi-
cated that the particles were uniformly spherical and that minimal particle
aggregation had occurred.

The beagle dogs were exposed to aerosols of 144Ce in fused aluminosili-
cate particles (Table 2). The aerosols were prepared by cation exchange of
the 144Ce into montmorillonite clay, aerosolization with a Lovelace nebu-
lizer, and fusion at 1100°C to form the relatively insoluble particles
(Raabe, Kanapilly, and Newton, 1971). The aerosols had AMAD's rang-
ing from 0.8 to 2.7 fim, with GSD's of 1.4 to 2.7. Each dog received a sin-
gle inhalation exposure through the nose (Boecker, Aguilar, and Mercer,
1964) when approximately 13 months old. Control dogs were exposed to
unlabeled fused aluminosilicate particles (FAP's).

Retention and Dosimetry

All the animals exposed to l44Ce were whole-body counted repeatedly
after exposure. The quantity of l44Ce deposited in the alveolar region of
the lungs, the initial lung burden, or the lung burden after each repeated
exposure was considered to be equivalent to the whole-body burden mea-
sured at 7 days after exposure in mice and at 8 days after exposure in
hamsters. The initial lung burden in rats after single or repeated exposure
to l44CeC>2 and in dogs after a single inhalation exposure to l44Ce in
FAP's was determined by extrapolation of the sum of the long-term
components of the whole-body retention curve back to the day of the expo-
sure. Rodents and dogs from selected groups were both serially sacrificed
at predetermined intervals after exposure to determine the fraction of the
whole-body burden that was in the lungs as a function of time after expo-
sure. The effective retention of the initial lung burdens of 144Ce was
derived from the whole-body retention and from the fraction of that
burden which was present in the lungs as determined from the serially



TABLE 1

Summary of tbe Experimental Design, Lung Burden, Doses, and Effects of 144Ce in Mice Exposed by Inhalation
to Aerosols of 14*CeO2 to Achieve Initial Lung Burdens (ILB) or to Reestablbh Lung Burdens (LB) of 144Ce

Type of
expoaare*

Controls

Single, 0.2 *(Ci

Single, l.OfiCi

Repeated, 0.2 /iCi

Repeated, 1.0 fid

No. off
• i c e

400

74

94

148

[44

MeaalLB,
MCI, or total

u> ******

0

0.22

1.1

1.4

6.5

DLB,MCi,or
total LB/kg
body weight

0

12

60

78

360

IaHtol&we
rate to tag*,

raa>/a*y

Mke

0

16*

64

16

64

Done to
laags to feata,
r a * ± S.D.

0

450 ± 100

2,300 ± 240

2,900 ± 1,200

15,000 ± 4,600

Meaa
arrival,

*«y»

725 ± 190

743 ± 140

677 ± 160

732 ± 152

518 ± 186

MaHgMUrt
fagtaator
i. .uWCMCaccs

0.002
(0.015)t

0
(0.041)
0.021

(0.170)

0.074
(0.319)
0.111

(0.174)

MaUgaaat laag
taaoraper 10*raas

( ± S.D.)

0

- 3 4 ± 31
(57 ± 52)

8 ± 6
(67 ± 16)

25 ± 8
(120 ± 13)

7 ± 2
(11 ± 2)

. _ A . _ ^



Type of
exponre*

Controls

Single, 0.4 pCi
Repeated, 0.4 j*Ci

Single, 2.0 *iCi
Repeated, 2.0 ftCi

Single, 10 pCi
Repeated, 10 «iCi

No. of
•Re

150

32
61

31
63

27
73

MeuILB,
pO, or total
LB deposited

0

0.6
1.6

2.8
6.5

9.1
20

ILB, (tCi,or
total LB/kg
body weight

0

5
13

24
54

75
170

TABLE 1 (Cort'd)

Lrftialdose
rate to hHjs,

rads/day

Dose
Ings to
rads ±

Syriu Hunters

0

11
39

56
39

180
180

800
2,800

3,800
11,000

15,000
28,000

to
death,
S.D.

0

± 300
± 700

± 2,200
± 4,100

± 2,600
± 7,700

Meaa
sorlTal,

days

470 ±

540 ±
500 ±

460 ±
430 ±

380 ±
210 ±

150

130
140

110
150

150
90

Malignat
Ingtnwr
iaddeaces

0

0
0

0.032
0.048

0.111
0.027

Malignat Ing
tnwrs per 10* rads

(± S.D.)

0

0
0

8 ± 70
4 ± 2

7 + 4
1 ± 1

Rats

Controls 233 803 0.011

Single, 0.04 pCi
Single, 0.2 j»Ci

Repeated, 0.04 fid
Single, 1.0 MCI

Repeated, 0.2 fiCi
Single, 5.0 fiCi

Repeated, l.O^iCi
Repeated, 5.0 pCi

40
49

37
40

46
57

35
38

0.047
0.25

0.28
0.94

I.I
5.2

5.7
27

0.25
1.3

1.5
4.9

5.8
27

30
140

0.6
3.6

0.6
12

6
60

15
73

17
120

160
550

740
4,100

4,000
21,000

±
±

+1 -H

±
±

±
±

15
28

27
140

130
960

490
3,500

816
749

762
799

811
746

816
573

0.025
0.020

0
0.025

0
0.211

0.170
0.895

820
75

- 6 9
25

- 1 5
49

40
42

•H
 

+1

±
±

±
±

±
±

1,500
180

170
47

31
13

16
2.4

•The microcurie value for simple exposures was the planned initial lung burden and, for the repeated exposure groups, was the planned lung
burden to be reestablished for seven semimonthly exposures.

tin parentheses, incidence and risk for malignant and benign (adenoma) lung tumors.
$Dosc rate and doses adjusted to reflect a fractional absorption of beta energy of 0.16 from our previously published data on mice.
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TABLE 2

Summary of the Experimental Design, Lung Burden, Doses, and Effects of 144Ce in Beagle Dogs
Exposed by Inhalation to Aerosols of 144Ce in Fused Aluminosilicate Particles to
Achieve Initial Lung Burdens (ILB) or to Reestablish Lung Burdens (LB) of 144Ce

a
30

Dose to hags at
fcatk or poteB- No. oT

dogs

McuDLB/kf
of body weight,

bitial
rate to

Dose(ra*)to
log to death
orpoteatia]

(± SJ>.)

Meaa
avrhal,

yean

No. of
•op

aihe

MaHgaaat
per 10*1*41

± S.D.

Control 57

<300 25
300 to 2,000 16
2,000 to 10,000 14

10,000 to 30,000 26
30,000 to 50,000 33
>50,000 13

0.056
0.62
4.1

16
35
110

0.33 81 ± 77
3.7 870 ± 540
24 5,700 ± 2,900

94 19,000 ± 5,900
210 40,000 ± 5,100
650 84,000 ± 36,000

11.6

11.8
11.1
9.7

7.2
3.4
0.9

40

18
10
3

2
0
0

0.035

0.040
0.063
0.21

0.19
0.36
0.15

0

62 ± 570
32 ± 75
31 ± 20

8 ± 4
8 ± 2

1.4 ± 1.2
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sacrificed animals. In the studies with rodents, the data on the distribution
of l44Ce within the body of the serially sacrificed animals were supple-
mented by data from rodents that died spontaneously. One- or
two-component negative exponential functions were fitted to the lung
retention data (Table 3). The absorbed beta-radiation doses to the lungs
were calculated by using the equation,

Cumulative beta dose in rads = — f Y(t) dt 0)
W T5

where E = average beta energy for 144Ce-l44Pr in equilibrium, 1.27 MeV
Ao = initial lung burden in microcuries after a single or repeated

exposure
f = fractional energy absorption: mouse, 0.16; hamster, 0.30; rat,

0.23 (Snipes, 1980); dog, 1.0 (Hahn et al., 1983)
W = lung weight: mouse, 0.22 g; hamster, 1.0 g; male rat, 0.005 X

body weight; female rat, 0.004 X body weight; dog, 0.011 X
initial body weight

Y(t) = lung burden at time t in days, expressed as a fraction (1) of
the initial lung burden after a single exposure or (2) of the
total lung burden after repeated exposures. Values are in
Table 3.

t = time in days

Data Analysis

Linear models similar to those used by the BEIR Advisory Committee
report (BEIR III, 1980; Land and Pierce, 1983) were used to fit the
excess incidence of lung cancer as a function of the lung radiation dose to
death. This analysis is the main focus of this report since radiation-induced
lung cancer was the principal finding in most of these studies, and the lung
was the tissue with the largest radiation dose in these studies. The model
used, a linear model with decay was

ao + a, dexp( -B!d) ao, a h B! > 0 (2)

where d is the radiation dose to lung at death and ao, ot|, and B, are the
estimated parameters of the model. This model was fitted to the individual
animal data by maximum-likelihood methods by using the estimate of the
animal's cumulative radiation dose and coding its response as 1 if a lung
cancer occurred and 0 otherwise. We have judged the adequacy of the fits
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TABLE 3

Percentage Effective Retention (y) of the Initial Lung Burdens of 144Ce in Rodents
Exposed to Aerosols of 144CeO2 and in Beagle Dogs Exposed to 144Ce

in Fused Aluminosilicate Particles, and in Man Exposed to
Radiolabeled Fused Aluminosilicate Particles

Species

Mouse
Syrian hamster
Rat
Dog
Man

•As described

ILB
body weight, MCI

12
4.9
4.2

39t
-

by the equation

y(t)

Reteatioa

A,

86
76
90
-
10

-= A

T,

18
38
22
-

27

exp~°

parameters'

A, T,

14 100
24 140
10 120

100$ 175
90 200

IM1"r, + A2 ex|

Lundgren,
Lundgren,
Lundgren,
Hahn et al
Data from

p-0.6»3t/T

Refereace

Hahn, and McClellan (1980a)
Hahn, and McClellan (1982)
Hahn, and McClellan (1980b)
(1983)

Bailey and Fry (1983§

where t is time in days after exposure and T, and T2 are retention half-times in days.
tSnipeset al. (1980).
tSingle component best described retention.
§Revised to reflect the physical half-life of 144Ce (285 days).

by comparison between models of log likelihood values, estimated standard
errors of the parameters, and plots of the fitted models compared to
grouped data. Detailed descriptions of these models and rationalizations
for their use have been extensively described by others (BEIR III, 1980;
Land and Pierce, 1983).

The plots of the linear model with decay (Eq. 2) are done to emphasize
the uncertainties in the data. Instead of plotting the incidence ( ± SD) as
a function of the radiation dose, we plotted the excess incidence per 106

rads as a function of the radiation dose in rads on a log-log scale (Fig. 1).
These are in essence plots of the slope of the dose-response curve. When
compared to the data, these plots emphasize better where the data are
highly uncertain at low doses than do typical incidence-vs.-dose plots.
Because this is an atypical way of plotting the data, we have shown in
Fig. 2 a schematic representation of linear (Eq. 2) quadratic, and linear-
quadratic models, all with decay as suggested in the BEIR III report. In
the linear model the horizontal portion of the curve is determined by the
slope, ah which is constant until a dose is reached at which the exponen-
tial decay term, B(, starts to dominate and turn the curve downward (as
the slope decreases). It should be emphasized that these plots are of the
fits of the linear model (Eq. 2) to the cancer incidence data. All we have
done in the plots is to divide the excess cancer incidence predicted by the
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LOG (radiation dose in rads)

Fig. 2 Schematic coaparisoB of the HMV, <aa*atk, u *
rnoith wed la this report whea plotted u the log of exceM
10* ra* as a faactioa of the log of the nafetioa *«e k ra*.

model by the radiation dose: we have made the same calculation for the
plotted data points.

In Fig. 1 data points for grouped data are shown only to allow the
reader to judge the adequacy of the fits. The models were actually fitted
by treating each animal as an individual, as explained previously. The data
points in Fig. l(b) for rats and in Fig. l(c) for dogs correspond to the
grouping of animals shown in Tables 1 and 2, respectively. The data for
mice in Fig. l(a) have been regrouped because of large variations in the
dose of the groups shown in Table 1. The grouping in Tables 1 and 2
corresponds to that used in earlier reports on these data (Lundgren, Hahn,
and McClellan, 1980a; Lundgren et al., 1980; Hahn, Lundgren, and
McClellan, 1980).

RESULTS
In Table 3 the retention of 144Ce in the lungs of the species used in this

study is compared with calculated retention in humans estimated from
studies with radiolabeled fused aluminosilicate particles (Bailey and Fry,
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1983). The estimated absorbed radiation dose rate and the total dose from
deposition of 1 tiCi of 144Ce per gram of lung on the basis of integration
of the retention patterns are shown in Figs. 3 and 4. The species most
similar to the human in retention and pattern of dose accumulation is the
beagle dog.

200 400 600 800
TIME AFTER SINGLE EXPOSURE, days

1000

Fig. 3 Dow rate to the l a p froa fcpo*IUoa of 1 MCI of l4*Ce fa reuthcly
iiofahle particle* per graa of l a g tfane. The particle* wen >4*CeO, fa the
statics fa Move, rat, u d Syriu toaster u d l44Ce fa 1mti •!—fauilMmte pmr-
ticks fa the stmty fa the 4og. T V fete rate for faim b hue4 O» * • * > • of the
retetioB fa the I—c of tmei •h—faniiirite prtkfe* (TaMe 3).

The fits of the lung tumor data using a linear model with an exponen-
tial decay term for high doses (Eq. 2) are compared among the species in
Table 4. Also included in the table are estimates for malignant and for
combined malignant and benign lung tumors in the mouse. For the other
species only malignant lung tumors were used since there were few benign
lung tumors in these species. Estimates and measured risks for humans in
Table 5 were taken from several sources (BEIR HI, 1980; Kato and
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400 800
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1200
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doaes are cakafaited baaed tfcm httegratkw of the doae rate pattena hi Fig. 3.

TABLE 4

Comparison of Model Parameters Among Species of
Linear Models with a Decay Term for High Doses

Species o, ±

Parameters

a, ±
hagt«Bon/10*ra«i

B,,

Syrian hamster 0
Mouse (malignant tumor) 0.2 ± 0.2
Mouse (malignant and benigh tumors) l.S ± 0.6
Rat 1.1 ± 0.5
Beagle dog 4.0 ± 2.1

5 ± 5
22 ± 8
94 ± 17
38 ± 2
21 ± 13

10 ± 10
70 ± 30

140 ± 20

28 ± 15
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TABLE 5

Measured and Estimated Lung Cancer Risks
to Humans After a Single Brief Exposure

to Low-LET External Radiation

Source

Japanese atomic* bomb survivors
[Kato and Schull (1982)
Table V]

Ankylosing spondylitist
patients [BEIR III
(1980) p. 313; Smith
and Doll (1977)]

BEIR Hit (1980,
Table V-14)

UNSCEARO977)

Age of expoowe.
yean

<10
10 to 19
20 to 34
35 to 49

50+

20

<10
10 to 19
20 to 34
35 to 49

50+

<35
>35

Excess hag cancer,
•ortaHty/10'rads

- 5
85
50
65
20

110

0
25
80
90
35

25
50

'Annual risks were summed for data available through 1978. These
values may increase for the younger age groups as they age.

t Estimates from annual risks derived by assuming a 10-year latent
period and a 70-year life span. Exposure was assumed to occur at interval
midpoint.

Schull, 1982) for people who had a single brief exposure to an external
source of low-LET radiation (UNSCEAR, 1977; ICRP, 1977).

The estimates for humans and beagle dogs in Tables 4 and S may
change since they are from continuing studies in which many of the sub-
jects are still living.

Mice, rats, and dogs arc compared with humans in Fig. 5. The human
data are shown extending from about 100 rads to slightly less than 1000
rads. This is approximately the range of the data for which positive
results are available. As can be seen from Fig. 1, precise risk estimates are
available from the laboratory animal studies down to only about
2000 rads. The number of lung tumors below 2000 rads compared to con-
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1000
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O

X
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ICO 1,000
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10,000 100,000

Fig. 5 CoapriKM of fits to Urnr M M ( E * 2) of excess hag t a r n for
beagle dogs, rats, aad mice exposed by iaksJatioa to retattrely iMofaWe particles
coatai^g l44Ce. Data for a w a « fraai TaUe 5 expowd to a sk^le dote of
external radistioB.

trols were three lung tumors in 212 exposed rats compared to three in 233
control rats; no malignant lung tumors in 74 exposed mice compared to
one in 400 control mice; and two lung tumors in 41 exposed dogs com-
pared to two in 57 control dogs. None of these differences are statistically
significant. All data in Fig. 1 below the 2000-rad range are extrapolations
from the higher doses.

The quadratic and linear-quadratic models with decay terms suggested
by the BEIR III Advisory Committee were excluded from consideration
since the additional complexities in these models could not be fitted to our
present data sets. As can be seen in Fig. 1, the uncertainties at lower
doses are too large to allow us to distinguish among the models in Fig. 2.
To distinguish between these dose-response relationships will require more
precise data at doses below 2000 rads. The linear model with a decay
term (Eq. 2) summarizes our data adequately for the dose range above
2000 rads. It should also be mentioned that for the data sets used in this
paper, we cannot distinguish between the linear models where the slope is
constant at lower doses and the following model which allows an increas-
ing slope at lower doses,
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a0 + ai d7
 OQ, a,, y, > 0, (3)

where d is the dose to lung at death and OQ, ct\, and y are estimated
parameters. This model (Eq. 3) has a variable power of dose to accommo-
date trends with dose in the lung tumors per rad. This model (Eq. 3)
could be fitted to the dog and mouse data but not to the rat data. When
this was done, the exponent usually converged to a power close to one, but
values of the power less than one down to about 0.3 also appeared to offer
adequate fits.

The percentage distributions of the morphologic types of lung tumors
observed in these laboratory animals and among a control human popula-
tion and among humans exposed to low- and high-LET radiation are sum-
marized in Table 6.

DISCUSSION

The four species of laboratory animals differed in their response to
inhaled 144Ce in relatively insoluble particles. As has been reported else-
where, the Syrian hamster appears to be an inappropriate species for
studying lung carcinogenesis, because few malignant lung tumors develop
after inhalation of radionuclides (Lundgren, Hahn, and McClcllan, 1982).
The mouse, beagle dog, and rat all developed malignant lung tumors as a
response to irradiation by l44Ce in particles deposited in the lung. The
responses in the mouse and beagle dog were similar, with a decreasing
number of lung tumors per rad as the total dose increased. The response in
the rats differed: the number of lung tumors per rad was constant. The
response in the rat was also higher at lower doses than it was in the beagle
dog or mouse; it was about a factor of two higher, with a dose below
~4000 rads and increased to a factor of five higher than beagle dogs and
a factor of 10 higher than mice at 25,000 rads.

Unfortunately, the estimates of the number of lung tumors per rad arc
probably not reliable below —2000 rads for any of these species. Below
this level it is not possible to distinguish the incidence of malignant lung
tumors in the exposed animals from those in the control animals by using
currently available data. This is indicated by the very large errors in the
number of tumors per rad below 2000 rads in Fig. 1 and in Tables 1 and
2. Potential human exposures to beta-emitting radionuclides are much
lower than 2000 rads, and most would probably be below 100 rads, on the
basis of past experience. Although the curves in Fig. 1 show a relatively
constant number of lung tumors per rad below 2000 rads, this may be



TABLE 6

Percentages of tbe Total Number of Lung Tumors in Control and 144Ce-Exposed Laboratory
Animals, a Control Human Population (tbe Bomb Survivors and Uranium Miners by Morphological Type)

Typeofprimry
1—g t—UIII

Adenoma
Adenocarcinoma
Large-cell carcinoma

Adenosquamoid carcinoma
Squamous-cell carcinoma

- Small-cell carcinoma

Bronchioalveolar carcinoma
Undifferentiated carcinoma
Hemangiosarcoina

Fibrosarcoma
Osteosarcoma
Mixed-cell tumor
Other or unclassified

Mo

Coatrot

99.8§
0.2
0

0
0
0

0
0
0

0
0
0
0

we

Exposed

591
28T
0

0
3.8
0

1.3
1.3
3.8

1.3
2.6
0
0

Syria* 1

Coatrol

0
0
0

0
0
0

0
0
0

0
0
0
0

butter

Exposed

15
31
0

0
46

0

8
8
0

0
0
0
0

Corral

0
67
0

0
33
0

0
0
0

0
0
0
0

Rst

Exposed

0
271
0

3
631
0

1.5
1.5
1.5

0
0
0
0

Cortroi

0
0
0

0
G
0

100
100

0

0
0
0
0

Exposed

0
3.6
0

0
0
0

25
25
391

3.6
3.6
7.1
0

Cortral*

9
24
9.3

0
38
19

5.8
5.8
0

0
0
1.1
0

M u

A-fcOB»t

0
29

3.4

0
32
191

0
0
0

0
0
2.5
4.9

Misers*

0
3.5

0
35f
541

0
0
0

0
0
**
7.8

•Vincent etal (1977).
tCihak et al (1974).
IHoracek, Placek, and Sevc (1977).
§Totals may not equal 100 because of the rounding of numbers.
Incidences of these tumors were significantly (P < 0.05) increased in the exposed groups (chi-squarc test or from references cited).
••Grouped with "other types."
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artifactual due to the available higher dose data and the linear model that
was fitted.

We fitted the excess incidence of lung cancer from irradiation of the
lung by 144Ce with a model similar to the linear (Eq. 2) model used in the
1980 BEIR III report. We cannot exclude the possibility that other
models, such as that given by Eq. 3 with powers of dose down to 0.3,
might provide a better description of the data if we had larger sample sizes
at lower doses. The implication this model (Eq. 3) has for lung cancer
risks from radiation at lower doses is that risk, as measured by the number
of excess lung tumors per rad, would increase at lower doses. This suggests
that future studies at lower radiation doses to the lung would provide us
with the capability to distinguish among models. If data from the animal
studies at lower doses show that lung cancer risk is linear at lower doses
and in agreement with human data, this would strengthen the extrapola-
tion to people of radiation dose effects from laboratory animal studies.

Estimating the rate of lung cancer induction in humans by an inhaled
beta-emitting radionuclide retained in the lung involves many uncertain
extrapolations. As was discussed earlier, we do not have precise informa-
tion below about 2000 rads in any laboratory animal species. The only
information we have on lung cancer induction by 1 .v-LET radiation in
humans involves doses in the range of one hundred to a few hundred rads
to the lung in the Japanese atomic bomb survivors (Kato and Schull,
1982) and the anklyosing spondylitis patients after X-ray treatment
(Smith and Doll, 1977). Also, the radiation dose in these human popula-
tions was delivered in a single brief exposure, whereas inhaled 144Ce
retained in the lung involves an exposure protracted over years with a
decreasing rate of delivery of the dose.

The risks at the lowest doses in the laboratory animals at which we can
make reliable estimates (2000 to 5000 rads) are estimated to be a lung
cancer risk of 20 to 40 malignant lung tumors per 106 rads for inhaled
144Ce retained in the lung, on the basis of data from beagle dogs, rats, and
mice. However, there are no groups of humans exposed to low-LET radia-
tion at a similar dose range. The risks shown in Table 5 are for humans
exposed to an average of 100 to 500 rads, well below the dose range where
risks in laboratory animals have been measured. The animals were exposed
at an age when they had approximately reached maturity. The groups of
humans at similar stages of life (ages 10 to 19 and 20 to 34 years for
Japanese atomic bomb survivors and age 20 for ankylosing spondylitis
patients) have risks of 50 to 110 malignant lung tumors per 106 rads,
which is higher than the risks for the animals. However, because we do not
have an overlap of the dose ranges for laboratory animals and people, it is
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not possible to know how to interpret these differences. The studies in
human populations are continuing, and it is thought that the risks will
probably continue to increase as these populations age (Kato and Schutl,
1982; Smith and Doll, 1977). The only study in laboratory animals that is
not complete is in beagle dogs where the risks may also increase in the
lower dose groups.

It appears that human epidemiology studies may provide estimates of
the risk of lung cancer induction by radiation which are upper bounds on
risk from inhaled low-LET irradiation of the lung. One has to be cautious
about this assumption because we cannot, on the basis of the laboratory
animal data, exclude the possibility of higher risks at lower doses. To pro-
vide further checks on this assumption, future studies (with adequate sam-
ple sizes) conducted in laboratory animals in the same dose range as the
human dose range would be extremely useful. Such studies should involve
animals exposed to a single brief dose of external radiation and animals
exposed by inhalation to relatively insoluble particles containing a beta-
emitting radionuclide to provide more complete comparisons to the human
data.

One factor that must be considered when comparing the interspecies
effects of exposure to radiation is the difference in the morphologic types
of lung tumors observed in the control and exposed populations. It is evi-
dent from the data presented in Table 6 that there are marked differences
in the types of lung tumors observed in control and exposed laboratory
animals and man. Yet it is interesting that the total incidences of lung
cancer induced by radiation in laboratory animals and in people are more
similar than would be suggested by the differences in this table.
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DISCUSSION

R. Gray (Oxford University): Are you fitting your model to the crude
proportion of animals affected or are you using some life-table adjusted
incidence?

Griffith: In your terms it would be a crude rate.
Gray: That might explain why one of your graphs dipped at the end;

it could just be animals dying before they had a chance to develop the
tumor of interest.

Griffith: Yes. But this doesn't appear to be a factor in these particu-
lar data sets at doses below about 5,000 to 10,000 rads.
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Dose protraction of low-LET irradiation has been shown to have a
sparing effect in a number of experimental situations (NCRP 64, 1980).
For essentially all end points that have been examined, from cell death to
tumor induction, a reduction in dose rate has diminished the degree of bio-
logical effect per unit dose. The basis for this statement, however, was
data from studies with animals or cells exposed to external irradiation that
was protracted over minutes to hours or, rarely, over days to months.
Whether such an effect occurs with radionuclides that emit low-LET radi-
ation in the lung is an important question since the effects of irradiation
protracted from months to years in the lung cannot be predicted with cer-
tainty from epidemiological data on exposed human populations.

The distribution of dose within the lung from high-LET irradiation has
been shown, in some studies and analyses, to influence pulmonary tumor
incidence. Most analyses of the data indicate that more uniform irradia-
tion of the lung results in more tumors per unit dose than focal irradiation
(International Commission on Radiological Protection, 1980). Some,
however, have argued to the contrary (Tamplin and Cochran, 1974).
Again, no epidemiological data exist to clarify this point.

The radiosensitivity of the lymph nodes draining the lung has been of
concern because these nodes concentrate and retain radioactive particles
for a long time after inhalation exposure. Within months the concentration
of radioactive material in lymph nodes often exceeds that of the lung
(Hahn et al., 1976). Although there is no epidemiologic information to
indicate that lymph nodes draining the lung present a special hazard, rela-
tively high radiation doses and, perhaps, effects are possible.

Studies with alpha- or beta-emitting radionuclides are being conducted
at the Inhalation Toxicology Research Institute (ITRI) to establish quali-
tative and quantitative relationships between single, brief inhalation expo-
sures of dogs to various concentrations and types of radionuclides and the
resultant effects. These studies, which use a limited number of radionu-
clides in aerosols havirg different physical and chemical properties, involve
observations of dogs for their entire life span to assess various aspects of
radiation dose which are significant in the biological response. In two
groups of these studies, relatively insoluble forms of either alpha or beta
emitters have been used, so that the production of pulmonary tumors is the
primary biological effect.

Some preliminary conclusions can be drawn from the studies although
studies with inhaled beta-emitting radionuclides have been in progress for
only about 10 years, and those with alpha emitters for only about S years.
Dose rate has been shown to be important in induction of pulmonary
tumors by low-LET irradiation. Doses delivered in a matter of days can be
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ABSTRACT

In life-span studies at the Inhalation Toxicology Research Institute, beagle dogs were exposed
one time by inhalation to an aerosol containing a beta- or alpha-emitting radionuclide in a
relatively soluble or insoluble chemical form. After exposure dogs were observed for late-
occurring biological effects. Lung cancer has been a predominant observation for radionu-
clides inhaled in a relatively insoluble form because most of the absorbed dose was delivered
to the lung and contiguous tissues. Approximately 130 lung cancers were observed in dogs
exposed to inhaled beta-emitting radionuclides; tumors occurred with absorbed doses to lung
ranging from 1,100 to 68,000 lads. With inhaled alpha emitters lung tumors occurred at
doses between 530 and 8,400 rads. Dose rate pattern was shown to be an important factor in
the induction of lung cancer by inhaled beta emitters. Doses of low-LET irradiation delivered
in a matter of days can be as much as 8 times more effective per unit of dose than radiation
doses delivered over a more protracted period of time. Tumors also have occurred in tracheo-
bronchia! lymph nodes of dogs that inhaled relatively insoluble forms of beta emitters.

From these studies the risk of lung cancer from inhaled beta- or alpha-emitting radionu-
clides was compared to determine the importance of LET and other dose-effect modifying
factors on resulting risks and on extrapolation to human inhalation exposure. Attention also
was given to the risk of cancer in tracheobronchial lymph nodes, on the basis of the results of
these studies and the current ICRP computational method in which lymph nodes are included
with lung for purposes of dose and risk calculation.

The biologic effects of ir haled radionuclides in the lung have been a con-
cern in radiobiology for many years. Three important questions are: (1)
What is the influence of dose rate pattern on pulmonary tumor incidence?
(2) What is the influence of the spatial distribution of radiation dose
within the lung on pulmonary tumor incidence? and (3) What is the rela-
tive radiosensitivity of the lung vs. the lymph nodes associated with the
lung?
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about 8 times more effective per unit of dose than those delivered over a
protracted period of time.

To date, 5 years after exposure, the distribution of high-LET radiation
dose within the lung has not significantly altered the incidence of pul-
monary tumors although there would appear to be a potential for higher
tumor incidence from the irnre uniform dose. Tumors in tracheobronchial
lymph nodes have not been seen to date in dogs that have inhaled alpha
emitters; they have been seen in dogs exposed to beta emitters. The calcu-
lated doses to lymph nodes are very high, which indicates that, at least at
relatively high radiation doses to the lymph nodes, the numbers of tumors
per unit dose are much lower than for lung.

MATERIALS AND METHODS

The detailed experimental design of these studies has been described
(Hahn et al., 1983; McClellan et al., 1970). Equal numbers of male and
female beagle dogs, born and raised in the ITRI colony, were exposed
briefly by inhalation to achieve a wide range of initial lung burdens of one
of the beta-emitting radionuclides, i.e., 90Y, 91Y, 144Ce, or ^Sr, or one of
the alpha-emitting radionuclides, 238Pu or 239Pu, in the form of Pu(>2.

The aerosols of beta-emitting radionuclides were prepared by incor-
porating the desired radionuclide into fused aluminosilicate particles. They
were polydisperse (AMAD = 0.8 to 2.7 ^m, a% = 1.4 to 2.7). The aero-
sols containing alpha-emitting radionuclides were prepared by heating
nebulized Pu(OH)4 to 1150°C to produce particles of PuO2. In this case
monodisperse particles (<xg < 1.2) were used for exposures.

Each dog when approximately 13 months old received a single, brief
(10 to 40 min), nose-only inhalation exposure and was observed for its
remaining life span. After inhalation exposure each dog underwent
periodic whole-body counting to determine the retained lung burden of
radionuclide. These data were fitted with multicomponent exponential
models to estimate initial lung burdens. The absorbed radiation dose to
lung was calculated by using the following equation:

0 . 0 5 1 2 1 ^ r t
Cumulative dose (rads) = — j j B(t) dt

where E = average energy of the radionuclide, MeV
(144Ce - 144Pr = 1.27; *»¥ = 0.90; 9iY = 0.58;

_ 90y = j , 3 ; 238pu = 5 49. an(j 239pu = 5 1 6 )
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A<> = initial lung burden,
F = fraction of released energy deposited in lung = 1

W = total body weight at exposure, kg
T = ratio of lung weight to body weight (0.011)

B(t) = lung burden of radionuclide expressed as a fraction of the
initial lung burden at time t (days after exposure)

Data derived from studies with dogs that were exposed to similar aero-
sols and sacrificed at predetermined intervals were used to determine the
ratio of lung burden to total body burden for each radionuclide as a func-
tion of time alter exposure. Mathematical expressions for this relationship
for each of the radionuclides were used to estimate lung burdens in living
dogs from whole-body radioactivity measurements. These lung burdens
were expressed as fractions of the initial lung burden and fitted with one-
or two-component exponential models to estimate B(t).

The health status of each dog was assessed on a regular basis by physi-
cal examination, radiographic surveys, clinical chemistry, and hematologic
examination. Each dog was observed daily until death or until the dog was
euthanized in a moribund condition. All dogs underwent necropsy, with
examination of all major organs. The lungs were carefully palpated for
lesions, and nodules were sectioned. Tissue sections of all major organs and
all lesions were made for histologic examination, using hematoxylin and
eosin stains and special stains as indicated.

Risk factors for groups of dogs that developed lung tumors were calcu-
lated in the following manner:

Number of lung tumors observed in dogs dying
Annual tumor d u r i n g t h e y e a f fo f a n e x p o s u r e g r o u p

risk factor =
(RF annual) Total radiation doses to lungs of all dogs alive

in that exposure group at start of the year

The annual risk is an important statistic, but it varies, depending on when
the calculation is made in relation to the time of radiation exposure.
Another useful statistic is the cumulative risk factor, which is the cumula-
tive risk for the population to develop lung tumors during any interval of
time after exposure. For example, in this paper we calculate cumulative
risks to 10 years after exposure for dogs that inhaled beta emitters and
5 years after exposure for those that inhaled alpha emitters. Eventually
these will be extended to lifetime risk when all dogs in the study are dead.
In this case the probability of surviving to any given year after exposure
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also must be included; thus cumulative risk factors were calculated in the
following manner:

N'umber of dogs surviving to the start
C u m u I a t i v e of the year in exposure group
tumor risk = 2 (RF annual) X — - —
factor Total number of dogs in exposure group

All primary lung tumors in dogs dying within a given year were
counted, regardless of cause of death. Pulmonary tumors were classified
into two general categories, carcinoma and sarcoma. Tumors of different
tissue types were each counted even though they were found in the same
dog, since carcinomas and sarcomas probably arise independently. Thus
the risk calculated is for a tumor occurrence, not the risk of a cancer
"death. Multiple tumors of the same tissue type in one dog, however, were
counted as one tumor.

No correction was made for spontaneous lung tumors, since no lung
tumors have been observed within 10 years after sham exposure in the 57
control dogs in these studies. Also, when all 225 dogs in the ITRI colony
that serve as controls on longevity studies are considered, the earliest lung
tumor was observed at 11.1 years of age, which is longer than the time of
observation for alpha-emitter-exposed dogs and about the age of the dogs
exposed to beta emitters.

The total radiation dost to lung for an exposed group of dogs was
the sum of the doses to the end of the year for dogs surviving beyond the
year, plus the doses to death for dogs that died during the year. No provi-
sion was made to subtract the radiation dose received during the period
after tumor induction, since this has not been determined for lung tumors
in dogs. The population at risk included only dogs that survived long
enough to develop a lung tumor. The earliest time after exposure that a
dog died with a primary lung tumor was 644 days. The standard errors of
the risks were estimated by assuming that the probability of tumors occur-
ring was random and could be approximated by using the binomial
distribution.

RESULTS

The data on which the following calculations are based come from
Appendix A in the 1981-1982 ITRI Annual Report [Snipes, Marshall, and
Martinez (Eds.), 1982].

The effective half-times of radionuclides in the lung and the initial lung
burdens obtained are summarized in Table 1. The total number of dogs
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TABLE 1

Initial Lung Burdens and Observation Period for Studies with Beagle Dogs
Exposed by Inhalation to Aerosols of Relatively Insoluble

Beta-Emitting Radionuclides or PuO2

Radionuclide

w Y-FAPt
"Y-FAP

IMCe-FAP
wSr-FAP

2J8PuO2

""PuOj

Effective half-
time IB luag,

days

2.5
50

175
600

200 lo 1000$
750 to 1800§

No. of dogs

Exposed

89
96

111
106

144
216

Control

12
12

15
18

24
36

Ra«ge of initial
luag bardeas,

Md/kg body weight

80 to 5200
11 to 360

0.0024 to 210
0.12 to 96

0.0033 to 1.3
0.00067 to 2.0

Raageof
observation times,*

yean after exposure

11.5 to 13.0
Il.Oto 12.5

11.1 to 14.8
7.8 to 12.8

6.5 to 8.8
3.6 to 5.7

*Since introduction of first and last dogs into each study, as of Sept. 30, 1982.
t Fused aluminosilicate particles.
tRetent-«n pattern: complex TefI = ~1000 days for first 100 days, Teff = ~200 days for 200 to

500 days (Mcwhinney and Diet, 1983).
§ Depends on particle size (Guilmettc et al., 1983).

exposed and the range of initial lung burdens differed among the studies.
Doses to lung ranged from those which caused early deaths to those which
are predicted not to alter life span.

Radiation Dose Patterns

Exposure to each of the six radionuclides resulted in different radiation
dose patterns to the lung. The time dependency of radiation dose rate in
lung after inhalation of each of the six radionuclides is shown in Fig. 1.
The fused aluminosilicate particles in which the beta emitters were incor-
porated are relatively insoluble. The pattern by which the absorbed dose
was received in each instance was influenced primarily by the physical
half-life of the beta emitter. Plutonium dioxide is relatively insoluble in
the lung, although 238Pu had a reduced retention time, probably because of
particle fragmentation of this high-specific-activity plutonium (Mewhinney
and Diel, 1983).

Dose-Response Relationships

Survival times for dogs with pulmonary tumors were plotted vs. dose to
lung for dogs that inhaled beta emitters [Fig. 2(a)] and for dogs that
inhaled alpha emitters [Fig. 2(b)].
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The first lung tumor in dogs that inhaled a beta emitter was seen
644 days after exposure. Primary hemangiosarcomas of the lung were seen
in dogs with relatively high radiation dose to lung. At lower doses carcino-
mas of the lung predominated. The First lung tumor in dogs that inhaled
PuO2 was seen 966 days after exposure. All the plutonium-imhiced lung
tumors have been carcinomas.

Risk Factor Calculations

Risk factors for induction of primary pulmonary tumors were calcu-
lated for all six studies and for various dose groups within each study. Fig-
ure 3 illustrates the increasing cumulative risk factors with time after
inhalation exposure for each of the studies. Included in the analysis are all
animals in the ranges of doses to lung where pulmonary tumors have been
noted. This includes 6,000 to 72,000 rads for those exposed to beta
emitters and 600 to 8,500 rads for those exposed to alpha emitters.

The dose range from 17,000 to 25,000 rads for beta emitters is the one
range in which the influence of dose rate pattern and LET can be directly
compared among exposure groups for different radionuclides (Table 2).
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TABLE 2

Comparison of Initial Lung Burden, Initial Dose Rate, and
Risk Factors Among Groups of Beta-Irradiated Dogs with

Doses to Lung in a Range of 17,000 to 25,000 rads

Ratio-
••cIMe

Meaiiaidal
tag bsrdea,
pCt/kg body

weight

No. of
d o g s i .
groap

No. of
hasg taaaors

MeaasarriTal
daw, days after

exposare

Rbk factor,*
h a g taaaors/10*

rads ± S.E.

9!y
144Ce
«Sr

105
16
4.9

17
10
12

12
1
3

1856
2385
2400

42 ± 5
5 ± 7

12 ± 6

•To 10 years after exposure.

Restriction of comparisons of risk factors to such a narrow range of doses
is also important because it has been shown that total radiation dose may
modify risk factors; the risk per unit dose generally decreases with increas-
ing dose (Cuddihy, 1981).
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Cumulative risk factors to 10 years after exposure for tracheobronchial
lymph node tumors are shown in Table 3. All these lymph node tumors
have been hemangiosarcomas, not neoplasms of lymphoid cells (Hahn and
Boecker, 1980). The calculated doses to tracheobronchial lymph nodes in
these animals with the tumors are very high, ranging from 38,000 to
100,000 rads. These calculated doses to lymph nodes need to be viewed
with caution, however, since extensive radiation damage frequently occurs
in lymph nodes as they accumulate particles from the lung, causing altera-
tions in size, mass, and shape of nodes.

Cumulative risk factors for lung tumors combined with tracheobron-
chial lymph node tumors are given in Table 4 for those studies in which
tumors of lymph nodes were seen. The doses used in this estimate are the
lung doses only. This approach is similar to that used in ICRP Publication
26 (International Commission on Radiological Protection, 1977) in which,
for risk estimation, tracheobronchial lymph nodes are considered part of
the lung.

TABLE 3

Cumulative Risk Factors for the Induction of
Tracheobronchial Lymph Node (TBLN) Tumors

H u g e of
doses to No. of Risk factor,'

RadMMudkle TBLN, rads tumors tumors/10* rads ± S.E.

91Y 74,000 1 3 ± 3
' "Cc 38,000 to 76,000 5 4 + 2
"Sr 73,000 to 100,000 3 0.5 + 0.3

•To 10 years after exposure.

TABLE 4

Cumulative Risk Factors for the Induction of Pulmonary
or Pulmonary and Tracheobronchial Lymph Node (TBLN) Tumors

Risk factor,*
No. of tumors tomors/10* rads ± S.E.

Luaf dose
Rmdiosuclide range, rads Lung TBLN Loag ouy Lwg + TBLN

91 w

'"Ce
11,000
16,000
17,000

to 25,000
-? 61,000
to 57,000

21
15
30

1
5
3

48 ± 4
20 ± 7
19 + 2

53
27
22

±
+

±

5
3
2

•To 10 years after exposure.
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DISCUSSION

Several more years are required before all the dogs on these studies are
dead and final conclusions can be made. A number of features are
apparent, however, from these analyses. In dogs that inhaled beta-emitting
radionuclides, the number of tumors per rad was inversely related to the
effective half-life for lung retention, i.e., the shorter the effective half-life
of the radionuclide in the lung, the greater the number of tumors per rad.
For example, in studies with 90Y and 9IY in which the dose was delivered
to the lung with a half-life of 2.5 or 56 days, respectively, the range in the
number of lung tumors per 106 rads was 42 to 55 at 10 years after expo-
sure, compared with 5 to 23 per 106 rads for 144Ce or ^ r (Fig. 3).

The pattern of accumulation of low-LET radiation dose appeared to
have an effect on the number of tumors per rad. Although radiation doses
did not have a major effect on the number of lung tumors per rad in the
higher dose ranges, it has been shown that total dose can have an effect on
this estimate when wider ranges of dose are analyzed (Cuddihy, 1981).
Thus the influence of dose pattern on pulmonary tumor risk factors should
be compared only among groups with similar dose ranges. In the only dose
range for which comparisons can be made at this time in these studies, i.e.,
17,000 to 25,000 rads, the material with the shorter half-life resulted in
four to eight times more pulmonary tumors per rad than the longer half-
life materials, ^Sr and 144Ce. Thus risk factors derived from populations
exposed briefly to low-LET thoracic radiation would overestimate the pul-
monary tumor risk from pulmonary irradiation from long-lived internal
emitters. This result is consistent with the results of a recent review of the
influence of dose and its distribution in time on dose-response relationships
for low-LET irradiation (NCRP 64, 1980).

To date, the studies on the influence of dose distribution on pulmonary
tumor incidence using alpha-emitting radionuclides extend to only 4 to 6
years after inhalation exposure. Thus the conclusions to be drawn must be
considered preliminary. At 4 to 6 years after exposure, dose distribution
has not influenced the pulmonary tumor risk, because the pattern of the
cumulative risk factors is nearly identical.

The risk of pulmonary tumors from high-LET irradiation can be com-
pared with that from low-LET irradiation for 5 to 6 years after inhalation
exposure (Fig. 3). The comparison shows that the high-LET irradiation is
about 10 times more effective, per rad, than low-LET irradiation. This is
consistent with a relative biological effectiveness (RBE) of 15 to 20 advo-
cated by several groups (International Commission on Radiological Protec-
tion, 1980).
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Tracheobronchial lymph node tumors have been observed in dogs that
inhaled beta-emitting radionuclides, but none has been seen in dogs that
inhaled alpha-emitting radionuclides. More were observed in the lungs of
dogs that inhaled beta emitters, which have longer half-lives. None has
been seen in the study with dogs that inhaled 90Y> which resulted in only a
brief irradiation of the lung. When lymph node tumors are added to pul-
monary tumors in the risk calculation, risk factors for 144Ce and ^Sr ar*
increased 33 and 16%, respectively, but these increases are not statistically
significant. The absolute risk factors reported here for tracheobronchial
lymph nodes (Table 3) are probably underestimates since the calculated
lymph node doses were very high and caused extensive lymph node lesions,
undoubtedly resulting in wasted radiation.

The lymph node tumors generally occur at longer times after exposure
and at lower exposure levels than do the pulmonary tumors. More tumors
may be found at later times in the studies with l44Ce and ^Sr because the
radionuclides are still being accumulated in lymph nodes. The probable
impact of such a finding would be to increase the risk factor for combined
lung and tracheobronchial lymph node tumors in the studies with 144Ce
and ^Sr, thus placing the combined tumor risk closer to that of the
short-lived * ¥ and 91Y.

Completion of these studies will allow further assessment of the role of
tracheobronchial lymph node tumors in risk calculation for internal
emitters.
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DISCUSSION

W. J. Bair (Battelle, Pacific Northwest Laboratories): In the slide
showing the ICRP approach, did you add the total radioactivity in both
the iungs and the lymph nodes and divide it by the total mass to estimate
the dose?

Hahn: No. Both masses were included in the denominator. The dose
to the lymph node was not included in the numerator.

Bair: I believe that the ICRP approach is to take the total radioac-
tivity in both tissues and then divide that by the total mass of both tissues.

Hahn: Yes, if you do that, it would reduce the risk estimate.
Bair: That is what I would think.
J. N. Staonard (University of California, San Diego): You can't actu-

ally irradiate lung without irradiating lymph nodes. How did you account
for, or correct for, any possible interaction between the two?

Hahn: We have not attempted any such correction. There could be
an effect on the immune system resulting from lymph node
irradiation—which I think is an interesting topic—but as far as these risk
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estimates are concerned, we have not made any correction. I am not sure
what correction I would make.

Stannard: It may be an unnecessary worry. My other question is: You
showed no lymph node cancer in animals exposed to alpha emitters. Did
you not find any?

Hahn: To date we have seen no lymph node tumors in animals
exposed to alpha emitters. The estimated radiation doses to the lymph
nodes in some of those animals is greater than 100,000 rads.

M. Goldman (University of California, Davis): Your ratio of 20-fold
between the effectiveness of beta and alpha radiation is confined to an
exceedingly high range of doses.

Hahn: That is right.
Goldman: You mentioned that, when the beta dose was protracted, its

efficiency diminished per unit of absorbed dose.
Hahn: Yes.
Goldman: Many studies indicate that with alpha emitters, as the pro-

traction increases, the efficiency of the alpha irradiation increases rather
than decreases. Thus the 20-fold factor you observed between beta and
alpha radiation cannot be a constant over a wide range of doses.

Hahn: I would agree that total dose will have an effect on these risk
factors. As you may be aware, the original reason for using the mono-
dispersed particles of 238Pu and 239Pu was to irradiate the lung with dif-
ferent physical dose distribution patterns. To date all the animals that
have died have contained a large number of particles, resulting in essen-
tially 100% irradiation of the lungs. So we really cannot yet address the
problem of different physical dose distribution patterns, or how these may
alter the relative effectiveness of alpha and beta irradiation.

R. Thomas (Los Alamos National Laboratory): Do these different
effective half-lives for radionuclide retention in the lung provide you with
any information on the so-called latent period for the induction of lung
tumors?

Hahn: I have not thought much about that yet. Later in the study it
may be possible to look at this question.

R. O. McClellan (Lovelace, Inhalation Toxicology Research Insti-
tute): I believe the point Dr. Thomas is making is that, in the case of the
^Y-exposed animals, the radiation is delivered essentially in the first 10
days. We observed four lung cancers, the first of which occurred at about
four years. So you could use that as a measure of latent period uncompli-
cated by the protraction of exposure. That could be an important value
for use in additional modeling.

Hahn: But as you decrease the dose, the latency period will change.
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ABSTRACT

Among the life-span studies conducted at the Inhalation Toxicology Research Institute
(ITRI) with beagle dogs, bone cancer has been in two studies the predominant effect at
death. These studies involved (1) dogs that inhaled "SrC^, which is very soluble in body
fluids, and (2) dogs that inhaled "*PuO2, which is initially insoluble but eventually becomes
fragmented and more soluble. Both radionuclides were deposited in the skeleton after dissolu-
tion in the lung and absorption into the bloodstream. All dogs in the *°Sr study are dead, and
all living dogs in the 2}tPu study are at least 7 yean poctexpocure. Results from these two
studies were compared to determine the relative biological effectiveness (RBE) of chronic
beta and alpha radiation delivered from these two radionuclidee. These data also were used
to estimate the risk of bone cancer in man by using comparisons with data from the *°Sr-,
"*Pu-, and ^Ra-injected dogs at the University of Utah and data on humans who ingested
"'Ra or were injected with M4Ra. Such comparisons provided a link between studies in labo-
ratory animals and the available human data. In this way risks of bone cancer in humans
from inhaled plutonium or strontium were estimated, even though currently no human cases
of bone cancer are known to have resulted from the inhalation of either of these radionu-
clides.

Bone cancer has been the predominant effect observed in life-span studies
in which beagle dogs were exposed to aerosols of either ^ r C ^ or 238PuO2-
For estimates of the potential risk to humans who might accidentally
inhale either of these radionuclides, a series of comparisons among several
laboratory animal studies and data on radionuclide-induced bone cancers
(from 226Ra and 224Ra) in humans was made. These comparisons included
data from four sources: (1) the Inhalation Toxicology Research Institute
(ITRI), where dogs received a brief, single-inhalation exposure to either
^SrC^ or 238PuO2; (2) the University of Utah Radiobiology Laboratory,
where dogs received a single intravenous injection of either ^ r , 239Pu, or

535
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226Ra; (3) studies at the Center for Human Radiobiology at Argonne
National Laboratory of radium-dial painters who ingested 226Ra; and
(4) the study by Mays and Spiess (1983) and by Mays, Spiess, and Ger-
spach (1978) of patients injected with 224Ra.

The assessment of risk of bone cancer in humans, as well as in labora-
tory animals, involves the evaluation of time and radiation dose delivered
and their relationships to effect for the specific tissue of concern. Of par-
ticular concern in the case of skeletally deposited radionuclides is the dam-
age to radiosensitive tissue lining the surfaces of bone. Two types of local
radionuclide deposition in bone complicate the issue: ^ r and 226Ra are
deposited throughout the bone volume, whereas plutonium isotopes are
deposited on bone surfaces. The short physical half-life of 224Ra (3.6 days)
leads to a unique situation in which a bone-volume seeker actually under-
goes nearly complete decay while still on bone surface, the primary site of
initial deposition. A proportional hazard model was used to indicate how
these factors influenced the mortality rates from bone cancer.

METHODS

Data used in the risk estimation process were taken from (1) studies
involving inhalation of ^ r C ^ (Snipes et al., 1982) or 238PuO2 (Mewhin-
ney et al., 1982) by beagles; (2) intravenous injection of ^Sr, 239Pu, or
226Ra (Miller, 1982) into beagles; (3) ingestion of 226Ra in humans
(National Research Council, 1980; Rowland, Stehney, and Lucas, 1978);
and (4) injection of humans with 224Ra (Mays and Spiess, 1983). The
study involving inhalation of ^ r C ^ was completed; all 88 dogs have died.
The study involving 238PuO2 inhalation is still in progress; 82 dogs have
died and 62 remain alive at from 6.5 to 8.7 years after inhalation. The
study in which dogs were injected with 23*Pu is in progress, with 215 dogs
dead and 70 living at 7.S to IS years after injection. The study of injected
^Sr was completed; all 100 dogs have died. The similar study with
injected 226Ra is nearly complete, with 164 dogs dead and 4 living at from
11.5 to 14.1 years after injection. All dogs in the inhalation studies were
1.1 years of age at exposure; the dogs in the injection studies were l.S
years of age at the time of injection.

The average dose to skeleton to time of death or to a stated date for
living dogs was used in all analyses reported in this paper. All skeletal
doses for studies conducted at the University of Utah were decreased from
those reported by multiplying their doses by 0.75 to normalize to a com-
mon skeletal weight of 1000 g in a 10-kg dog. This was the skeletal-
weight-to-body-weight relationship used for other studies.
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To model mortality as a function of radiation dose, we selected a pro-
portional hazard approach (Kalbfleisch and Prentice, 1980; Cox, 1972;
Elandt-Johnson, 1980). This model has been widely suggested in the bio-
statistical literature as a method to account for the time to tumor appear-
ance as a function of dose or other covariates. For the proportional hazard
model, we used the following form:

S(t,d) = S(t,O)exp(kd) (1)

where S(t,d) is the nonparametric survival function at time t after inhala-
tion exposure or injection, and d is the average dose (in rads) to skeleton
at death. The parameter k was estimated for each data set by using the
program "2L" in the BMDP (biomedical data processing) package (Hop-
kins, 1981). The model was fitted with a failure defined as a tumor of the
bone and related tissues; deaths from other causes were treated as cen-
sored observations. The types of tumors of bone and of related tissues
observed included osteosarcoma, chondrosarcoma, and nasal adenocarci-
noma.

The proportional hazard model assumes that the age-specific mortality
rates as a function of time, also known as the hazard function, are propor-
tional for different doses. The proportional hazard model is expressed as

X(t,d) = X(t,O)e"P<kd) (2)

where A(t,d) is the hazard or mortality rate as a function of time t and
dose d. The assumption of proportional hazard functions for different
doses is the basis of the model. The proportionality parameter k provides a
measure of how mortality rates vary with dose. This proportional hazard
model can be viewed as a three-dimensional surface with the surviving
fraction decreasing as a function of time after exposure and with this sur-
vival pattern altered by radiation dose, with the fraction surviving decreas-
ing as the radiation dose increases. The parameter k characterizes the
shape of the three-dimensional surface as a function of dose, and the
observed survival times define the shape of the surface as a function of
time on the basis of a Kaplan-Meier estimate of survival (Kalbfleisch and
Prentice, 1980).

The adequacy of the fit of the model (Eq. 1) was judged by examining
the proportionality assumption between doses (1) by using plots of the
natural logarithm of the negative natural logarithm of the survival func-
tion, In ( — In S(t)) (Kay, 1977); (2) by examining the error structure of
the residuals through cumulative hazard plots of the residuals (Kay,
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1977); (3) by using a global chi-square statistic to test if the estimated
parameter k was different from zero; and (4) by examining the estimate
of the standard error of the estimated parameter.

In the proportional hazard model (Eq. 1), the fitted parameter k was a
means of assessing differences in the efficacy of bone-volume seekers with
different radiations (^Sr, a beta emitter, and 226Ra, an alpha emitter) and
among alpha emitters that deposit at different sites in the skeleton (238Pu
and 239Pu as bone-surface seekers and 226Ra as a bone-volume seeker). By
using ratios of the parameter k for each of these bone-irradiation situa-
tions, a relative index of the effectiveness of differing radiation doses, type
of radiation, and different sites of deposition was determined on the basis
of mortality rates.

RESULTS

A summary of the five studies in which beagles received an internal
burden of bone-seeking radionuclides is given in Tables 1 to 4. Data on
the dogs are grouped within each table according to the radiation dose to
skeleton at death, except for animals injected with 226Ra, where dogs are
shown grouped by injection levels. The groupings in Tables 1 to 4 provide
a means to compare studies. However, all analyses in this report treat the
dogs as individuals, using their individual survival time and calculated
radiation dose to skeleton, and do not use the groupings shown in these
tables. Major pathological findings at death, survival times, and average
radiation dose to skeleton for each group are presented in the tables. In
the analyses that follow, we focus on bone-related tumors (i.e., osteosarco-
mas and other cancers of bone-related tissues).

For the proportional hazard model (Eq. 1) to apply to a data set, the
proportionality assumption must be valid. This assumption states that the
age-specific mortality rate as a function of time (or hazard function) for
different doses must be proportional. If this assumption were to hold in the
model, we would expect a proportional decrease in survival times as the
dose increases. If we examine the survival times in the study in which
239Pu was injected (Table 3), we find a general decrease in survival, as
expected. However, in the three highest dose groups, there were only rela-
tively small changes in survival, even though the dose to skeleton increased
by a factor of 10 among these three groups. If we compare the survival
between the 300- to 500-rad dose group of 1620 ± 210 days to the sur-
vival of 4020 ± 750 days in the 40- to 100-rad group (an average dose of
about a factor of 10 lower), we observe a large change in the survival
times. Since these changes in survival were not proportional for the higher



TABLE 1

Summary for Beagles Injected with *°SrCI2

Exposare grouts
receifiag dose
to skeletoa at

death, rads

Controls
<1,000
1,000 to 5,000
5,000 to 10,000
> 10,000

Controls
<1,000
1,000 to 5,000
5,000 to 10,000
> 10,000

No. of
dogs

13
38
13
24
10

22
9

16
14
21

Areragedose
to skeletoa
at death,

rads(± S.D.)

0
380 ± 250

2,600 ± 760
7,300 ± 1,360

11,700 ± 2,030

At the

0
570 ± 120

2,900 ± 1,040
9,300 ± 1,140
5,000 ± 2,910

Ttae after
adariaistratioa
to death, days

(± S.D.)

Osteo-
sar-

COBBa

No. off

Other caacer
ofhoae-

rdated tiasaes

At the UaiTersity of Utah*

4,200 ± 1,320
4,280 ± 1,120
4,140 ± 1,080
2,670 ± 1,350
1,740 ± 550

0
0
0

10
5

0
0
1
4
0

Iakaktioa) Toxicology Research Iastidrtet

4,200 ± 1,000
4,340 ± 1,190
4,280 ± 1,330
2,200 ± 1,010
1,780 ± 930

0
0
0
6
8

1
0
1
7

11

[iadiagsat

Other
caacer

8
20
6
4
0

10
5
6
0
1

death

Epi-

0
2
0
0
0

Lea-
kearia

0
0
2
0
0

Other

5
16
6
6
5

11
4
7
1
1

INCIDENCI

$
BDNE CANCER

 IN
 B

o

en

•Two dogs that died at 34 days and 255 days are not included.
tSix dogs that died from hematologic dyscrasia within 35 days after inhalation exposure are not included.

CD



TABLE 2

Summary for Beagles Injected with 22*Ra at the University of Utah

Iajectioa
level*

Controls

0.2
0.5
1.0
1.7

2.0
3.0
4.0
5.0

No. of
dogs

44

10
25
23
14

13
12
13
10

Average dose
toskektw,

rads(± S.D.)

0

26 ± 7
75 ± 12

160 ± 70
370 ± 170

870 ± 280
2,200 ± 440
5,200 ± 1,500

14,300 ± 3,300

Swvival
after

adariafetratkw,
days(± S.D.)

4,250 ± 850

3,990 ± 690
4,410 ± 560
3,920 ± 1,230
3,430 ± 1,430

3,670 ± 1,170
2,290 ± 480
1,510 ± 350
1,050 ± 270

No. of
dogs
alive

4

0
0
0
0

0
0
0
0

Osteo-
sarcoau

0

0
1
1
1

5
11
12
9

No.

Other caacer
ofboa*-

related ttanes

0

0
0
2
1

1
0
0
0

of fiadtegs at death

Other
caacer

19

6
15
10
4

5
0
0
0

Epilepsy

3

0
0
2
0

0
0
0
0

Accidents

0

0
1
0
2

0
0
0
0

Other

18

4
8
8
6

2
1
1
1

•Arbitrary designation [Miller (Ed.), 1982].



TABLF. 3

Summary for Beagles Injected with 239Pu at University of Utah

Exposure
level,

rads to
skeleton

Controls

<IO
10 to 40
40 to 100
100 to 300

300 to 500
500 to 2,000
>2000

No. of
dogs

50

75
80
24
23

11
14
8

Average dose
to skeleton, rads

(± S.D.)

0

4 ± 2
2 1 + 7
50 ± 14

1 6 0 + 4 4

430 ± 48
1,140 + ?60
3.870 ± 800

Survival
after

administration,
days (+ S.D.)

4,070 ± 1,010

3,840 + 920
3,320 + 860
4,020 ± 750
2,900 ± 680

1,620 ± 210
1,310 + 330
1,440 ± 300

No. of
dogs
alive

8

15
43

4
0

11
0
0

Osteo-
sarcoma

1

1
5
9

17

0
13
7

Other cancer
of bone-

related tissues

1

2
4
0
2

0
0
0

No. of findings at

Leu-
kemia

1

1
0
0
1

0
0
0

Other
cancer

13

25
12
7
2

0
0
0

death

Epilepsy

3

0
1
0
0

0
0
0

Accidents

1

1
1
1
1

0
0
0

Other

22

30
14
3
0

1
1



TABLE 4

Summary for Beagles That Inhaled 2J8PuO2 at the Inhalation Toxicology Research Institute

Exposure
level,

rads to
skeleton

Controls

<10
10 to 40
40 to 100

100 to 300
300 to 500
500 to 2000

No. of
dogs

24

4
24
21

52
21
22

Average dose
to skeleton, rads

(± S.D.)

0

8 ± 4
31 ± 8
82 ± 14

200 ± 63
400 ± 60
720 ± 210

Survival
after

inhalation, days
(± S.D.)

2,640 ± 640

2,860 ± 320
2,700 + 430
2,750 ± 430

2,200 ± 710
1,680 ± 530
1,460 ± 270

No. of
dogs
alive

20

4
22
15

20
1
0

Osteo-
sarcoma

0

0
0
3

28
15
15

No.

Lung
cancer

0

0
0
0

0
1
5

of findings

Other
cancer

1

0
0
1

0
1
0

at death

Pulmonary
fibrosis

0

0
0
0

1
3
2

Other

3

0
2
2

3
0
0

m

Z
m
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dose regions, we selected a common criterion for a cutoff dose for each
study because we observed a similar phenomenon in all studies. We chose
our cutoff for each study on the basis of when average survival for a dose
or injection group dropped below 2000 days. This resulted in cutoffs of
300 rads to skeleton for 239Pu and 238Pu, 3,000 rads to skeleton for
injected 226Ra, and 10,000 rads to skeleton for both injected and inhaled
90Sr. To demonstrate that these cutoffs were reasonable with the propor-
tional hazard model, for analyses examining only tumors of bone and
related tissues, we examined plots of the natural logarithm of the negative
natural logarithm of the Kaplan-Meier survival estimates for dogs
developing tumors of bone and related tissues in each group (Kay, 1977).
An example of these plots is .hown in Fig. 1 for the dogs injected with
239Pu. Overlapping of dose groups receiving doses to skeleton above 300
rads can be seen. The lower dose groups were separated proportionally to
their radiation dose and were approximately parallel to each other, which
indicated that the proportionality assumption was satisfied. Similar pat-
terns were observed for the other four studies where the cutoff values
given previously were used.

"•"' T —

-4

-5
1000

-Control

<10 rads

to 40 rads

2000 3000 4000
TIME, days

5000 6000

Fig. 1 Example plot of In ( - In survival) vs. time used to illustrate the need for
cutoff doses in the proportional hazard model. Data are for "*Pu injection in
beagies.
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We analyzed data for dogs only with doses below the cutoff doses with
the proportional hazard model. The results, as summarized by the parame-
ter k ( ± stanuard error) in Eq. 1, of fitting the proportional hazard model
are listed in Table 5. For purposes of visualization, the three-dimensional
response surface for the injected-239Pu study is shown in Fig. 2. Estimated
survival distributions for selected doses in each study are illustrated in
Figs. 3 to 7.

TABLE 5

Estimated Values of k (± Standard Error) for
the Proportional Hazard Model (Eq. 1) for
Cancers of Bone and Related Tissues for

Beagles with Skeletal Radiation Doses
Below the Cutoff Values

Study

Injected 2"Pu
Inhaled 238PuO2

Injected 226Ra
Injected MSr
Inhaled 90SrCl,

Cutoff
dose, rads

300
300

3,000
10,000
10,000

1 X 10 3perrad

24.2 ± 2.4
15.4 ± 2.3
2.8 ± 0.4
0.5 ± 0.1
0.5 ± 0.1

1000 4000 50002000 3000
TIME, days

Fig. 2 Three-dimensional plot of proportional-hazard-model response
for injected M9Pu in beagle study (k = 24.2 X 10 3 per red).

surface



INCIDENCE OF BONE CANCER IN BEAGLES 545

0 rad~

1OOO 2000 3000
T IME, days

4000 5000

Fig. 3 Estimated survival distribution for selected doses for the "SrCl2 inhala-
tion study.
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Fig. 4 Estimated survival distribution for selected doses for the "Sr iijectioa
study.
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1200 2400 3600

TIME, days

4800 6000

Fig. 5 Estimated survival distribution for selected doses for the 2MRa injection
study.
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0.8

0.6
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Orad —

1400 2100

TIME, days

2800 3500

Fig. 6 Estimated survival distribution for selected doses for the "*PuOi inhala-
tion study.
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Fig. 7 Estimated survival distribution for selected doses for the "*Pu injection
study.

DISCUSSION

Beagle Dog Studies

Our use of a proportional hazard model to compare the effects of
skeletal burdens of 90Sr, 238Pu, 239Pu, and 226Ra differed from previous
efforts to compare these studies which focused on modeling the incidence
of bone tumors as a function of radiation dose. The proportional hazard
model accounted for the time to death and measured the effects in terms
of shifts in survival patterns as a function of the radiation dose. Direct
comparison of the estimated parameter k for different studies provided a
measure of the relative effectiveness of the different radiations and dif-
ferent radiation-dose distributions. The larger values of the parameter k in
Table 5 reflected higher mortality rates from bone tumors per rad of aver-
age skeletal dose. Thus the general ordering from the most to the least
effective radiation dose distribution was: injected 239Pu, inhaled 238PuO2,
injected 226Ra, inhaled 90SrCl2, and injected ^Sr. This agrees with the
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ranking of effectiveness of these radionuclides which was observed by oth-
ers looking at the incidence of bone tumors. Also, the ratios of the
estimated parameters k for the different radionuclides in Table 5 were
similar to what has been reported for comparisons of incidence of bone
tumors as a function of radiation dose. The 238Pu and 239Pu were 5 to 10
times more effective than 226Ra; 226Ra was 5 to 7 times more effective
than 90Sr. The similarity of these ratios to what has been reported for
comparisons based upon bone tumor incidence is probably fortuitous since
we would not expect measures of incidence to scale in the same manner as
the parameter k in the proportional hazard model (Eq. 1).

The difference between inhaled 238PuO2 and injected 239Pu in Table 5
was difficult to explain. The two radionuclides distribute in the skeleton in
the same manner and have similar absorbed energies per decay. The pri-
mary difference in how the radionuclides deliver their dose is the addi-
tional time required for the 238Pu to reach skeletal surfaces, compared to
the rapid deposition of injected 239Pu. The additional time is on the order
of 200 to 300 days, during which the originally quite-insoluble particles
accumulate sufficient self-absorbed radiation damage to lead to fragmenta-
tion. This causes enhanced dissolution in the lung and results in transloca-
tion of dissolved 238Pu for deposition on bone surfaces (Mewhinney and
Diel, 1983). This time delay was small compared to the times after inhala-
tion at which tumors develop in bone and related tissues (e.g., compare the
survival times for the two highest dose groups in Table 4). At present
these two studies still have large numbers of living dogs, and it is difficult
to predict how future mortality might change our estimates.

In this paper we chose to use a cutoff dose as an upper limit to select
animals to be included in our analysis by using the proportional hazard
model to satisfy the proportionality assumption. It might be possible to use
other approaches that would involve modifications of Eq. 1 to take
account of the lack of proportionality at higher doses. However, these
would probably involve additional parameters, and our present approach is
the simplest and is relatively straightforward. The actual cutoff doses we
used should be regarded as approximate because the values we chose were
largely based on the doses at which we had sufficient numbers of dogs to
use in examining the proportionality assumption. An experiment with
larger numbers of dogs might result in slightly different cutoff points. The
necessity for a cutoff at higher doses arises because there is apparently a
minimal latent period for bone tumors which does not decrease with addi-
tional dose (Mewhinney et al., 1982).

More important, our use of cutoff points suggests caution in extrapolat-
ing the proportional hazard model to estimate life-shortening effects at
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very low doses of radiation. If the model does not apply at very high doses,
it may not directly apply at low doses either. The apparent agreement of
the model with the data at low doses may be only an indication that there
were insufficient numbers of animals at the low doses to test the model
properly. The survival distributions at the lower doses in these studies
cannot be distinguished from the survival distributions of controls. This
leaves dogs in a range of intermediate doses, which are compared in
Table 5. This range is approximately 5,000 to 10,000 rads for 90Sr, 250 to
3,000 rads for 226Ra, and 200 to 300 rads for 238Pu and 239Pu. Below these
ranges, all that can be said is that the decrease of life expectancy, if such
exists, is probably small.

Comparison of Beagle Dog Studies to
Human Studies

Extrapolations to humans were of course highly uncertain, because
radiation exposures of the bone are most likely to be at least two orders of
magnitude below those reported previously, and because there were, at
present, no examples of how such a model might apply to man. These two
problems were not unique to this method or to these data sets. Generally,
estimates of the incidence of bone-related tumors as a function of dose
have to be made for dose ranges similar to the ones used in this paper
(Tables 1 to 4). At present the only method available to extrapolate the
proportional hazard model to humans is to assume that the same propor-
tionality parameter k applies as a function of radiation dose as observed in
these beagle studies. This allows calculation of mortality rates by Eq. 2
from the normal mortality for unexposed human populations.

We have not applied the proportional hazard model directly to a
human population. However, we estimated the increase in mortality rate
that occurred in the studies of female radium-dial painters (Rowland,
Stehney, and Lucas, 1978; Stebbings and Lucas, 1983) for comparison to
the increase in mortality rates predicted from the study in which beagles
were injected with 226Ra by using the proportional hazard model (Eq. 1).
Equation 2 indicates that for a given dose the mortality rates are
increased by a constant multiplicative factor at all times. Table 6 com-
pares this prediction, which was based upon a value of k of 2.8 X 10~3

per rad (Table 5) for the study of beagles injected with 226Ra, to the
increased mortality which was observed for various dose ranges in the
studies of female radium-dial painters who ingested 226Ra and 228Ra. Most
of the dose groups of radium-dial painters in Table 6 who developed bone
sarcomas received radiation dose above our cutoff dose of 3100 rads. For



TABLE 6
o

Comparison of Observed and Predicted (Based on Studies in Beagle Dogs)
Relative Increases in Bone Sarcoma Mortality in Female Radium-Dial Painters

Dose range,*
rads

>25,OOO
10,000 to 24.999
5,000 to 9,999
2,500 to 4,999

1,000 to 2,499
500 to 999
0 to 499

No. of
cases

7
18
26
31

32
24

416

No. of
bone

sarcomas

2
11
10
11

4
0
0

Person-
years at

risk

169
449
818

1,162

1,172
1,113

19,258

Mortality ratet

11,800
24,500
12,200
9,500

3,400
0
0

Observed relative
increase:}: in bone

sarcoma mortality rate

2,000 to 6,000
500 to 12,000
200 to 6,000
200 to 5,000

70 to 1,700
0
0

Predicted relative increase
in bone sarcoma rate from

beagle studies§

>1030

1012to 1030

106to 10'2

1,100 to 10'

16 to 1,100
4 to 16
0 t o 4

m

X
Z
m
-<
m
>

•Doses cited by Rowland, Stehney, and Lucas (1977) were calculated to 5 years before death or diagnosis of a bone tumor
to provide for a five-year latent period. The dose is the sum of rads from 226Ra plus 1.5 times the rads from 228Ra to account
for greater effectiveness of 228Ra in inducing bone tumors.

tNumber of bone sarcomas divided by the person-years at risk X 106.
jNormal mortality rate of bone sarcomas among U. S. females below 80 years of age varied from 2 X 10 6 to 50 X 10 6

per year depending upon their age in 1950 (McKay, Hanson, and Miller, 1982), with an average mortality rate of 11 X 1 0 "
per year. The range of relative increases in mortality rates was calculated by dividing the observed mortality in the previous
column by the range for unexposed females in 1950.

§Relative increase based upon a value of k = 2.8 X 10~3 per rad from the study of injected 226Ra in beagles. This value of
k was used in Eq. 2 to calculate the relative increase in mortality rates as exp (kd). The range of values is based on the lower
and upper dose values for each exposure group.
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the one group thai developed bone sarcomas below this cutoff dose, there
was good agreement between the predicted and observed values for the
relative increase in mortality rates. For the dose groups above the cutoff
dose, the predicted values were much larger than the observed values, as
would be expected. Also, in these higher dose groups, the observed mortal-
ity rates appeared to plateau at a relatively constant rate of 10,000 to
20,000 per I06 years, similar to the plateau of dog survival times observed
in Table 2 for the same dose range. For the dose groups below 1000 rads,
the predicted relative increases in mortality rates were consistent with the
observations of no bone sarcomas in these groups because of relatively low
natural incidence of bone sarcomas of about 11 X 10 6 per year.
Although these comparisons were crude because of the wide ranges used
reporting the human data and the relatively few tumors observed at lower
doses, the predicted relative increases in mortality rates illustrated the use-
fulness of an animal study in interpreting the results of an epidemiological
study. They provided a framework for interpreting the observed mortality
rates and predicting the effects of other radionuclides.

Another human population that has been extensively studied is a group
of people in Germany who were injected with 224Ra for treatment of a
variety of medical problems (Mays, Spiess, and Gerspach, 1978).
Radium-224 differs from the other radionuclides reported here in that it
has a relatively short physical half-life of 3.6 days. Because of this short
physical half-life, it decays primarily on the bone surface rather than in
the volume of bone as do 226Ra and 228Ra. For this reason it has been
speculated that its effectiveness is perhaps more similar to plutonium,
which also decays primarily on bone surfaces but has a very long effective
half-life in bone. We estimated an approximate value for k for
224Ra-injected humans to provide a comparison to the values in Table 5
for beagles. A modification of Eq. 2 was used to estimate k as follows:

k ^ [lnX(d)-lnX(o)]
d

where X(d) is the average mortality rate over the expression period for the
tumor for groups exposed to a dose d and X(0) is the typical mortality rate
from bone tumors. Equation 3 differed from Eq. 2 in that we have solved
for k and have eliminated information on how mortality rate varies as a
function of time. Estimates for k in the 224Ra-injection patients are shown
in Table 7 for juvenile and adult males and females (Mays and Spiess,
1983). We have assumed an expression period of 25 years for the bone
tumors to estimate the years at risk. This corresponded to the expression



552 MEWHINNEY ET AL

TABLE 7

Estimation of k for 224Ra-Injection Patients*

Injection
groups

Juveniles§
Males
Females

AdultsU
Males
Females

No. of
patients

111
107

508
172

Bone
sarcomas

16
20

14
5

Skeletal
dose.
rads

1150
1040

180
280

Mortality rate for bone
sarcomas per 106 persons

per year

Normalt Observed!

3 to 15 5800
2 to 8 7500

3 to 30 1100
3 to 20 1200

Estimated value
of k from

E^.3

6 to 8 X 10 J

6 to 8 X 10 '

20 to 30 X 10 J

15 to 22 X 10 3

*Data from Mays and Spiess (1983) as of April 1980.
tRanges for normal mortality rate for bone cancr are shown because mortality rates

vary considerably with age. The ranges shown ii this column represent variations in
observed mortality rates seen in unexposed populations for the age ranges when the
"•"Ra-injection patients were at risk (McKay, Hanson, and Miller, 1982).

^Mortality rate for exposed population was calculated as the number of bone sarcomas
divided by the number of patients times 25 years. The range of values results from the
range of normal mortality rates. The larger values of k result from the use of the smaller
mortality rate.

§Juveniles were less than 20 years of age at time of injection.
HAdults were over 20 years of age at time of injection.

period previously reported (National Research Council, 1980), but ou;
estimates of k were relatively insensitive to changes in this value. Increas-
ing or decreasing the expression period by 5 years altered estimates of k
by only 10%. The range of values of k in Table 7 for adults compared
very closely with the values we found for beagles exposed by inhalation to
238Pu or injected with 239Pu (Table 5). This establishes another link of an
epidemiological study in man to a laboratory study in beagles. The
estimated values of k, for juveniles in Table 7 were lower than the values
for adults. This differs from other analyses based upon tumor incidence
which have concluded that there are no differences between juveniles and
adults (Mays and Spiess, 1983).

These two comparisons of epiderniological studies of bone cancer induc-
tion by radionuclides in humans with laboratory studies in beagles sug-
gested that meaningful extrapolations could be made for humans from
animal studies when mortal* y rates were analyzed with a proportional
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hazard model. This method merits further investigation for other tumor
types and other modes of administering the radionuclide. If the relation-
ships shown here between cancer induction in humans and beagles can be
further validated, this method would be useful for predicting the effects of
internal deposition of radionuclides in humans.
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DISCUSSION

D. Grahn (Argonne National Laboratory): Do I understand correctly
that, when you say "proportional," you mean that your death rate curves
are parallel to the control curve but are displaced so that the proportional-
ity describes the displacement of '(he intercept?

Mewhinney: Yes. That is correct.
Grahn: You shouldn't be intimidated by lack of proportionality. If

you have a continuous-exposure situation, there tends to be some diver-
gence of the slopes even though you may have a common intercept. That is
a common observation in our experience with external gamma irradiation.
You can also have a period of divergence followed by a parallel displace-
ment. I am faced with this problem right now, with data from
terminated-exposure experiments in the mouse, and I am not sure how to
handle it. In any case, I don't think you should discard data just because
the death rale curves begin to deviate from proportionality. This deviation
is trying to tell you something. The death rate is integrating all the
exposure response information; I don't think you should limit yourself to
the portion of the data that is easiest to handle.

Mewhinney: I appreciate the comment. I have been intimidated, but I
do plan to go back and take a broader view f̂ the data â  you suggest.

J. F. Park (Battelle, Pacific Northwest Laboratories): Your analysis
indicated different k values for 239Pu and 238Pu. I believe data from the
University of Utah have indicated a difference in tumors per rad between
239Pu and 241Am. Are these differences related to the specific activities of
these materials? Why would we expect different k values for these surface
seekers?

Mewhinney: Several factors may be involved in the differing k values
for 238Pu inhaled and 239Pu injected, not the least of which is the differ-
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ence in dose distribution within bone. The injected 239Pu is getting to the
bone very rapidly. With the inhaled 238Pu there is a delay of a few hun-
dred days before the dose rate reaches the level achieved almost immedi-
ately following injection. There are other differences also.
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ABSTRACT

Life-span studies in progress at the Inhalation Toxicology Research Institute (ITRI), using
beagle dogs that inhaled relatively soluble or relatively insoluble forms of radionuclides, will
provide information from which we may project the risk to humans for liver cancer from
inhaled radioactive material. Twenty-two liver tumors have been observed in dogs exposed to
beta-emitting radionuclides, mainly l44Ce, and one liver tumor in a dog exposed to 238Pu. Two
liver cancers were also observed in control dogs. The risk of liver cancer in dogs that inhaled
beta-emitting radionuclides was calculated to be 90 liver cancers per million rads. The risk of
liver cancers in dogs in the ITRI studies and in studies at the University of Utah, when com-
pared to the incidence of liver tumors in humans exposed to Thorotrast, suggest that the risk
of liver cancer from an inhaled beta-emitting radionuclide in people is about 30 liver cancers
per million person-rads.

Several important radionuclides in the nuclear fuel cycle translocate to the
liver in significant amounts when inhaled in a relatively soluble form
(Boecker, 1972; Boecker and Cuddihy, 1974; Sturbaum, Brooks, and
McClellan, 1970). Few long-term biological effects involving the liver have
been reported in laboratory animals from internally deposited radionu-
clides (Benjamin et al., 1973, 1975; Brooks et al., 1982, 1983). This may
be due, in part, to the rapid removal of radionuclides from the liver of the
more frequently studied rodent species, especially the rat. It has also been
suggested that the liver of dogs may be much less sensitive to the effects of
radiation than is the skeleton (Dougherty and Mays, 1969). However, liver
cancers have been observed in some life-span studies using dogs and
Chinese hamsters (Benjamin et al., 1975; Brooks et al., 1982). Liver can-
cers are a major finding in patients who were injected with Thorotrast
(Mori et al., 1983; Faber, 1978; van Kaick et al., 1978; Silva Horta
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et al., 1978). Angiosarcomas, bile-duct carcinomas,, and hepatocellular
carcinomas are the most commonly reported tumors. In people, the
minimum latent period between Thorotrast injection and the appearance of
the tumors was 18 years for the European studies and 12 years for the
U. S. studies (BEIR, 1980). Based on the liver cancers observed in
patient^ in the Thorotrast studies, a risk estimate of 300 liver cancers per
million person-rads has been calculated (BEIR, 1980). This is about as
high as the risk for bone cancer from internally deposited alpha-emitting
radionuclides.

Liver cancers have been observed in dogs during life-span studies con-
ducted at the Inhalation Toxicology Research Institute (ITRI). These
tumors have occurred at relatively long times after inhalation of beta-
emitting radionuclides. In two of these life-span studies, the number of
liver cancers is large enough to calculate risk factors. These risk factors
are similar to those derived for humans from the Thorotrast studies.

METHODS

The data were obtained from life-span studies in which dogs inhaled or
were injected with various radionuclides. Liver cancers were observed in
eight of these studies that used 144CeCl3,

 91YC13,
 137CsCl, and 90Y in fused

aluminosilicate particles, 144Ce in fused aluminosilicate particles (single
inhalation exposure), 144Ce in fused aluminosilicate particles (repeated
exposure), 90Sr in fused aluminosilicate particles, and 238PuO2 (Table 1).
The beta dose to liver was expressed in rads averaged over the total mass.
The mass of the liver was assumed to be 5% of the exposure body weight
to permit comparisons among the various studies. Control dogs for all life-
span studies at the ITRI were used to estimate the normal incidence of
liver cancers in beagle dogs (Hahn and Griffith, 1981).

Because the number of liver cancers was small, risk factors were calcu-
lated for only two studies, l44CeCl3 and 137CsCl. Exposure to l44Ce was
by inhalation and to 137Cs was by intravenous injection. In both studies the
dogs were approximately 13 months old at the time of exposure.

Annual risk factors were calculated for dogs in each study by dividing
the number of liver cancers occurring during one year by the total
integrated dose to liver received by all the dogs alive at the beginning of
that year (Muggenburg et al., 1983). We assumed that dogs had to sur-
vive for more than two years after exposure to be included in the popula-
tion at risk for liver cancers. This was based on the time of the earliest
occurrence of any tumor in these studies.

Because two liver cancers occurred in the control population, it was
necessary to adjust the calculated annual risk factors in the exposed
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TABLE 1

Liver Cancers Found in Control Dogs and in Dogs
Exposed by Inhalation to Various Radionuclides

Tumor type

Hemangio-
sarcotna

Lympho-
sarcoma

Neurofibro-
sarcoma

Fibrosarcoma

Bile-duct
carcinoma

Hepatocellular
carcinoma

Kadionuclide
and chemical

form

144CeCl3

"YCIj
l37CsCI»
l44Ce in FAPt
"°Sr in FAPt
Control

^Y in FAPt

'"CsCl*

238PuO2

144CeCl3

'"CsCI*

117CsCl»
144CeCl3

Control

No. of
liver

cancers

7
I
1
3
2
1

2

1

1

2
1

1
1
1

Range of dose
to liver, rads

1,000 to 24,000
390
1,200
360 to 820
2; 20
0

300; 380

690

600

1,500; 9.700
820

610
1.800
0

Time to death
after exposure,

days

1,735 to 4,878
4,627
5,144
2,150 to 2,570
2,301 to 2,667
4,366

3,722 to 4,014

2,471

2,416

4,348; 5,137
3,933

4,487
5,485
3,859

•Exposed by intravenous injection.
tFAP, fused aluminosilicate particles.

groups for naturally occurring liver cancers. This was done by dividing the
number of tumors in the control population by the total years at risk after
10 years of age, the time the first liver tumors were observed in these
studies. This incidence, i.e., tumors per dog per year, was multiplied by the
number of dogs at rkk in a given year to estimate the expected number of
tumors, and this was subtracted from the observed number of tumors
before the risk estimate was calculated.

To calculate lifetime risk factors in each laboratory study, the annual
risk factors were adjusted by multiplying them by the fractions of the total
populations of dogs surviving to the beginning of each year. These adjusted
risk factors were then summed for each study to estimate lifetime liver
cancer risk. The standard error of the lifetime risk was estimated by
assuming a binomial distribution for lifetime risk. The error was calculated
using the usual formula, adjusting for natural incidence, and dividing by
the total number of rads. With this estimate a 95% confidence interval for
the lifetime risk was constructed.
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To apply this information from dog studies to human populations, it is
probably more appropriate to use lifetime risk factors rather than the
annual risk factors. Use of annual risk factors would require (1) scaling
by the relative life spans cf animals and people, and (2) multiplying the
scaled risk factors for the unit time periods by the fractions of the irradi-
ated populations that survive to each time period. Similar adjustments
have been made for standardized comparisons of risk in human popula-
tions which are not confounded by different age distributions among dif-
ferent populations (Elandt-Johnson and Johnson, 1980).

The calculation of liver tumor risk in exposed human populations was
based on several assumptions. It was assumed that radiation sensitivity was
independent of age. In that sense the model estimates the absolute rather
than the relative risk. Since there was some life shortening in these dog
studies, as compared to control dogs, the lifetime risk factors may be low
by an amount proportional to the life-span shortening, approximately 25%
for the I44Ce study and 9% for the 137Cs study. It was further assumed
that the risk of liver cancers was independent of total dose and dose rate
within the ranges of these parameters which were studied. Finally, when
these risk factors were applied to people, it was assumed that risks were
equal in dogs and people when expressed as life-span risks.

RESULTS

Liver cancers in dogs used in life-span studies conducted at ITRI were
either sarcomas or carcinomas (Snipes, Marshall, and Martinez, 1982).
The most common tumor was the hemangiosarcoma. Fourteen occurred in
the dogs exposed to various beta-emitting radionuclides, and one occurred
in an unexposed control dog (Table 1). Bile duct carcinomas were the next
most common, with three found in dogs exposed to radionuclides. Hepato-
cellular carcinomas were found in two dogs with internally deposited
radionuclides and in one control dog. Other sarcomas, which included
lymphosarcomas, neurofibrosarcomas, and fibrosarcomas, were found in
one or two dogs each.

The occurrence of liver cancers was high in the two studies that used
144CeCl3 and n7CsCl, with 10 and 4 tumors occurring, respectively
(Table 2). Risk factors for liver cancer in dogs from inhaled 144Ce and for
injected 137Cs were calculated on the basis of the data from these two
studies. The mean time to death after exposure for the 14 dogs with liver
cancer in these two studies was 3293 ± 1385 days, or about nine years.
The minimum time to the first liver tumor, a hemangiosarcoma, was 1735
days after exposure (4.75 years). If only those liver cancers resulting from
absorbed doses to liver of < 10,000 rads for 144Ce and <2,000 rads for
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TABLE 2

Populations Used to Calculate Risk Factors for Liver Cancers
for Internally Deposited Beta-Emitting Radionuclides

(As of Sept. 30, 1983)

Radionuclide Population

Age of No. of
No. survivors, Range of dose liver

alive days to liver, rads cancers

U4CeCl,
"7CsCl

Controls

41
38

91

0
4

55

4,969 to 5,223

4,747 to 5,463

570 to 24,000
550 to 1,900

'Inhaled at one year of age. tlnjected at one year of age.

10
4

Risk Factors for

TABLE 3

Liver Cancers from Internally
Deposited Beta-Emitting Radionuclides in Beagie Dogs

No. of years
after exposure

4
5
6
7
8

9
10
11
12

13
14
15
16

Total

Crude annual risk factors

'«Ce»

17

9

38

92
104
420

680

137Cst

26

35

67

890

1018

Annual risk

adjusted for

16

7

15

13
13
20

84

factors
survival

IJ7Cst

24

26

26

23

99

l37Cs were considered, the mean time to death after exposure was
4452 ± 900 days or 12.2 years. The age-adjusted risk factor for I44Ce
was 84 ± 22 (95% confidence interval of the estimated mean) cancers
per million rads and for l37Cs was 99 ± 108 liver cancers per million
rads for a lifetime (Table 3). An estimate of 90 liver cancers per million
rads of beta radiation to the liver would seem reasonable from these data.
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DISCUSSION

The liver cancers found in dogs exposed to inhaled radionuclides can be
compared to those in dogs exposed by intravenous injection of radionu-
clides at the University of Utah (Wrenn, 1981) and in humans after injec-
tions of Thorotrast (BEIR Committee, 1980). The same histologic types of
cancers were found in all studies, but the proportion of hemangiosarcomas
was highest in the dogs exposed by inhalation to beta-emitting radionu-
clides.

it should be noted that a high incidence of liver injury occurred in dogs
used in all these studies. For example, seven dogs died with significant
liver lesions in the l44CeCl3 study and tnree in the l37CsCl study.
Absorbed beta doses to liver ranged from 770 to 20,000 rads and death
occurred from 309 to 5120 days after exposure. The nonneoplastic lesions
noted included acute necrosis, degeneration, fibrosis, and atrophy and were
indicative of significant liver injury.

The number of liver cancers that caused the death of the dogs exposed
by intravenous injection to alpha-emitting radionuclides at the University
of Utah was 15:10 sarcomas and 5 carcinomas (Wrenn, 1981). The mean
time from injection to death was 3830 ± 1000 days or about 10.5 years.
If only those dogs which survived 10 years or more were considered, then
the time to death after exposure was 4623 ± 600 days, or 12.7 years, the
same time observed with dogs exposed to beta-emitting radionuclides. The
median survival for control beagle dogs at ITRI was 13.9 years, which was
equivalent to 4700 days after exposure for dogs that inhaled radionuclides.
This suggested that little if any life shortening occurred from these liver
tumors at low doses.

By using the method for calculating risk factors described above, a risk
of 840 ± 782 (95% confidence level of the estimated mean) liver cancers
per million rads of alpha radiation to the liver was calculated for the dogs
of the Utah 239PuO2 study. The population used included the 117 dogs in
the 0.2, 0.5, 0.7, 1.0, and 1.7 levels (arbitrary designation) which were
injected with plutonium before 1973. Dose to liver was calculated by using
the retention equation described by Stover, Atherton, and Buster (1971).
The liver cancer risk factor calculated for 66 dogs of the Ut&'i 241Am
injection study, in the 0.2, 0.5, 0.7, 1.0, 1.7, and 2.0 levels, injected before
1973, was 1011 ± 447 (95% confidence interval of the estimated mean)
liver cancers per million rads. These data suggested a liver cancer risk fac-
tor in dogs from absorbed alpha radiation of 920 liver cancers per million
dog-rads.

Studies of liver cancer incidence in medical patients injected with
Thorotrast have been reported from Germany (van Kaick et al., 1978),
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Portugal (Silva Horta et al.. 1978), and Denmark (laber, 1978). Among
the 358 liver cancers reported (BE!R Committee, 1980) were 96
angiosarcomas, 199 carcinomas, and 63 unspecified tumors. The mini-
mum time from injection to the observation of a liver carcinoma was 18
years. Based on these data, the risk factor given in the 1980 BEIR report
for liver cancer from internally deposited alpha-emitting radionuclides was
300 liver cancers per million person-rads. This estimate of risk in humans
is not directly comparable to estimates from studies of inhaled beta-
emitting radionuclides in dogs, due to the differences in route of exposure
and type of radiation; however, when compared to dogs injected with
24'Am and 239Pu, the dogs appeared to have a risk for liver cancer that
was three times higher than man has.

Studies comparing liver tumors in Chinese hamsters exposed to inter-
nally deposited 144Ce or 239Pu resulted in a relative biological effectiveness
(RBE) factor of 12, 239Pu being more effective than the 144Ce (Brooks
et al., 1984). When the dog risk factor of 90 liver cancers per million rads
from beta radiation is compared to the dog risk factor of about 920 liver
cancers per million rads from alpha radiation, an RBE factor of 10 is
obtained.

The laboratory animal studies can also be used to project a liver cancer
risk factor for people from inhaled beta-emitting radionuclides. Dividing
by 3 the risk in dogs of 90 liver cancers per million rads from beta radia-
tion, the factor of difference between dog and man for alpha-induced liver
cancer, 30 liver cancers per million person-rads, was predicted.
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Is the Human Nasal Cavity at Risk
from Inhaled Radionuclides?

B. B. BOECKER, F F. HAHN, R. G. CUDDIHY, M B. SNIPES, and R. O McCLELLAN
inhalation Toxicology Research Institute, Lovelace Biomedical and Environmental
Research Institute, Albuquerque, New Mexico

ABSTRACT

In a series of three life-span studies in which beagle dogs inhaled relatively soluble forms of
beta-emitting radionuclides, a number of cancers of the nasal cavity have arisen at long times
after the inhalation exposure. No such cancers were observed in the control dogs. Data
obtained in other studies involving serial sacrifice of dogs that received these radionuclides in
similar forms have shown that high local concentrations of the radionuclides can persist in
nasal turbinates for long periods or time, depending on the physical half-life of the radionu-
clide inhaled. Several nasal carcinomas have also been observed in dogs injected with '"CsCl
in which the relative concentrations of beta activity in the turbinate region were not as pro-
nounced as in the above studies. Similar risks of sinonasal cancer were calculated for dogs in
each of these studies regardless of differences in radionuclide, dosimetry, and route of admin-
istration. Since sinonasal cancers have occurred in people exposed to alpha-emitting radionu-
clides, it is reasonable to assume this could occur with beta emitters as well. Radiation pro-
tection guidelines should account for the sinonasal region being at risk.

Studies in laboratory animals play a critical role in developing a better
understanding of factors influencing the deposition, fate, and dosimetry of
inhaled radionuclides. When designed properly, these studies can indicate
which organs are particularly at risk for a given pattern of radiation dose
and can provide a critical bridge to the human, for whom no information
currently exists for many radionuclides. This paper focuses on one specific
example of how life-span studies in beagle dogs have provided a clear indi-
cation of a tissue at risk that is not specifically considered in the derivation
of current radiation protection guidelines.

As part of the overall research on long-term effects of beta- and
alpha-emitting radionuclides at the Lovelace Inhalation Toxicology
Research Institute (ITRI), as described elsewhere in this volume by
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McClellan et al. (1986), four studies involved young adult beagles that
were exposed to beta-emitting radionuclides in relatively soluble forms.
The dogs received a single inhalation exposure to 90SrCI2,

 l44CeCl3, or
9IYCI,, or a single intravenous injection of 137CsCl.* After radionuclide
administration the dogs were maintained for life-span observation. In an
earlier progress report on studies with 90Sr, l44Ce, and 9IY, Benjamin et al.
(1979) reported that carcinomas in the nasal cavity were emerging as a
prominent finding, along with effects in lung, liver, and skeleton. The
latter effects were expected on the basis of radionuclide dose patterns. The
occurrence of nasal cavity tumors was higher after inhalation of 144CeCl3

or 9IYCI3 than it was in the case of 90SrCl2.
All dogs exposed to 90SrCl2,

 l44CeCl3, or 9IYC13 are now dead. Thus it
is appropriate to examine these findings in greater detail as they pertain to
the risk of nasal and paranasal cancer. Also, several nasal cavity carcino-
mas have now been observed in dogs that were injected with 137CsCl. Our
analyses of all data indicate that there is a similar risk of nasal cancer
among the four studies in dogs that received relatively soluble forms of
beta-emitting radionuclides. These findings should be considered in the
derivation of radiation protection guidelines for internally deposited
radionuclides.

MATERIALS AND METHODS

General features of the four studies have been described previously by
McClellan and Rupprecht (1967), McClellan et al. (1972; 1984),
Benjamin et al. (1973), and Redman et al. (1972). All dogs used in these
studies were beagles that received radionuclide burdens as young adults 12
to 14 months of age. Equal numbers of male and female dogs were used.
The dogs that received 90SrCl2,

 l44CeCl3, or 9IYC13 were given single,
nose-only inhalation exposures to an aerosol of nonradioactive CsCl gen-
erated from an acid solution containing sufficient concentrations of ^Sr,
l44Ce, or 91Y to obtain a range of radionuclide exposure levels. Because
similar radiation dose patterns are obtained for both inhaled and injected
l37CsCI (Boecker, 1969), dogs in that study were given 137Cs intravenously
instead of by inhalation to minimize radiation exposures of personnel per-
forming the experiments.

All dogs were whole-body counted immediately after radionuclide
administration and at appropriate intervals thereafter. These results, cou-
pled with tissue radionuclide distribution information obtained at death,

•In this paper the use of '"Sr, l44Ce, or '"Cs refers to the equilibrium mixtures
l44Ce-144Pr, or 137Cs "7mBa, respectively.
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and similar data from dogs serially sacrificed in parallel dose pattern stud-
ies, made it possible to compute tissue radiation doses for each dog.

All dogs were housed individually in metabolism cages during the early
postexposure period. Then they were transferred to the kennel facility and
housed two per run for the remainder of their life span.

Periodic physical and radiographic examinations and sampling for
hematologk- and serum chemical values were performed throughout their
lives. A complete necropsy was performed on each dog after it died or was
euthanized. When possible, tissues were analyzed for their radionuclide
content. Selected samples also were taken for histopathologic examination.
Tissues were fixed in 10% neutral buffered Formalin, embedded in paraf-
fin, sectioned at 5 /urn, and stained routinely with hematoxylin and eosin.
Other stains were used when appropriate. A diagnosis of the cause of
death and all significant diseases was made on the basis of pathologic and
clinical findings.

The average absorbed beta doses to the lung, liver, skeleton, and maxil-
loturbinate tissue were computed by using methodology described previ-
ously (McClellan et al. 1972; Boecker and Cuddihy, 1974; McClellan and
Rupprecht, 1967; Boecker, 1972). The X-ray and gamma components of
the absorbed doses were ignored except for l37Cs, for which a computation
based on MIRD methodology was used (Boecker, 1972).

Nasal cancer risks were computed in the following way: All dogs dying
during the first two years were excluded from the analysis because these
deaths represented early mortality among the highest exposed dogs. Also,
no cancers were seen during the first two years after radionuclide adminis-
tration, except for one case of leukemia in a dog exposed to ^Sr. All dogs
living more than two years after exposure were included in the analyses.
The risk of nasai cancer was first computed on an annual basis by dividing
the number of nasal cavity tumors in a given year by the sum of all radia-
tion doses to the nasal cavity for all dogs living at the beginning of that
year. These results were multiplied by the fractions of the dogs surviving
at the beginning of each year and summed to obtain an estimate of the
lifetime risk of nasal cancer as observed in each study. The standard error
of the lifetime risk of nasal cancer was estimated by assuming that the
probability of tumors occurring was random and could be approximated by
using the binomial distribution. By using this estimate of the standard
error, an approximate 95% confidence interval was calculated for the life-
time risk.

RESULTS

The numbers of dogs in the four studies and their current status are
given in Table 1. Although each experimental design involved tour or five
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TABLE1

Status of Beagle Dogs Given a Beta-Emitting Radionuclide
(in a Relatively Soluble Form by Inhalation or Intravenous Injection)

and the Associated Control Dogs

Study

*>SrCl2
l44CeClj
9 1YC13
l37CsCl

Route

Inhalation
Inhalation
Inhalation
Injection

LTRB,*
Ma/kg

0.97 to 120
2.6 to 360
15 to 540

750 to 3400

Initial

Experi-
mental

66
55
42
54

Con-
trol

22
15
12
12

Number 1>f dogs

2-year
survivors

Experi-
mental

58
41
31
42

Con-
trol

22
15
12
11

Alive
9/30/83

Experi-
mental

0
0
0
0

Con-
trol

0
1
0
4

* Long-term retained burden, i.e., the portion of the initial body burden associated with all
but the first, rapidly cleared exponential component of retention.

discrete exposure concentrations, variability in exposure and individual
patterns of deposition and retention resulted in a continuous spectrum of
long-term retained burdens within the ranges given in Table 1. The ranges
were selected to provide some dogs exposed at sufficiently high
concentrations to result in early mortality, with the remainder in levels
expected to produce observable long-term effects. From 12 to 26% of the
dogs in these studies died within the first two years. Most of these early
deaths occurred within two months from hematological dyscrasia. All of
the exposed dogs and all but five of the control dogs died before Sept. 30,
1983.

The relative tissue concentrations of radionuclides at selected times
after exposure are shown in Table 2. For providing a consistent framework
for comparison, these data are all expressed as multiples of the average
whole-body concentrations at that time. Using data obtained from the par-
allel dose pattern studies made it possible to derive radionuclide retention
functions for the tissues given in Table 2. These were used to determine
the 5000-day dose commitment per microcurie of long-term retained bur-
den (LTRB) per kilogram of body weight as described previously. The
doses calculated as average organ-absorbed doses or, in the case of the tur-
binates, the dose to the maxilloturbinates are given in Table 3. In general,
the magnitudes of these values parallel the tissue concentration values
given in Table 2.
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TABLE 2

Relative Tissue Concentrations After Inhalation or Injection
of a Beta-Emitting Radionuclide (in a Relatively Soluble Form),

Expressed as Multiples of the Average Whole-Body Concentration

Whole body
Lung
Liver
Skeleton
Turbinates§

After
injection*

l37CsCI

1.0
0.41
0.95
0.20
0.67

1.0
0.048
0.0028

10
12

After uuuriatioat
144Ced,

1.0
8.3
9.6
3.6

32

" Y d ,

1.0
18
6.1
5.0

39

* Average values from 11 dogs dying between 19 and 81 days after injection
of 137CsCl.

tAverage values for three dogs sacrificed at 32 days after inhalation expo-
sure.

(Values for ""SrC^ were estimated from a study involving inhaled *5SrCl2

(Boecker, 1983).
§ Based on concentration in maxilloturbinates.

TABLE 3

Cumulative Absorbed Dose* to 5000 Days After Inhalation or Injection
of a Beta-Emitting Radionuclide in a Relatively Soluble Form

After
ujectioa After imlulMtUm

Lung
Liver
Skeleton
Turbinates

'"CsCI

0.56
0.78
0.47
0.67

"SrCI2

t
t
830

1000

l 4 4CeCI,

90
220
67

340

n\a3

15
4.8

13
65

•Values expressed as rads per microcurie of long-term retained burden (LTRB) per
kilogram of body weight.

tDose, <0.1% of skeletal dose.

In addition to cancers in lung, liver, and skeleton, which occurred to
differing extents in the four studies, cancers in the nasal cavity were
observed in all four studies. Details on each dog having a nasal cavity or
paranasal sinus tumor are given in Table 4. Of these 15 dogs, 11 had
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TABLE 4

Listing of All Nasal and Paranasal Sinus Cancers
Observed Through Sept. 30, 1983, in Dogs That Were

Exposed to Soluble Forms of Beta-Emitting Radionuclides

Study

wSrCI,

144CcCI,

"YC1,

IJ7CsCl

Dog
No.

6B
I2C

60B
64A
65B
66B

6IB
52C
57C

1I8A
171F
I34C

248A
289D
292A

Sex

M
F

F
M
M
M

M
F
M

M
F
F

M
M
M

LTRB,«
MCi/kg

36
22

69
74
39
43

31
13
12

220
160
66

2,600
1,400
2,900

Radiation
dose to

turbinates,
rads

16,000
8,600

23.000
25,000
13,000
15.000

11,000
4,350
4,000

15.000
11.000
4,300

1,600
730

1,200

PostexpoMire
survival,

days

3,738
4,222

1,632
2,164
2,612
2,773

3,494
3,561
4,085

2,012
2,567
3.352

3.386
3.936
4,477

SNC

X

X
X

X

X
X

X
X

X
X

X

Tumor typet

ANC SSC HNC

X

X

X

X

'Long-term retained burden.
tSNC, squamous cell carcinoma, nasal cavity; ANC, adenocarcinoma, nasal cavity; SSC,

squamous cell carcinoma, sinus cavity; HNC, hemangiosarcoma, nasal cavity.

squamous cell carcinomas in the nasal cavity, one had adenocarcinoma,
and one had hemangiosarcoma. The other two cancers were squamous cell
carcinomas of the frontal sinus and are included here because of their
similarities and proximity to the nasal cavity.

Also listed in Table 4 are average radiation doses to turbinates on the
basis of the concentrations of radionuclides observed in these tissues.
Tumors in dogs exposed to 137CsCl resulted from lower cumulative doses
to the turbinate region than was seen in the other three studies. A sche-
matic of the time after exposure when dogs died with a nasal cavity cancer
is shown in Fig. 1. In general, cancers observed in dogs exposed to I44Ce
and 91Y occurred sooner after radionuclide administration than did those
in dogs exposed to ^Sr or 137Cs.

The annual risk of developing cancer in the nasal cavity was calculated
for each of the four studies. For example, results for the !44CeCl3 study
are given in Table S. The calculated annual risk was relatively constant



570 BOECKER. HAHN. CUDWHY. SNIPES, AND McCLELLAN
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1 4 4Ce

91 >

137Cs
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AGE, years

15 20

Fig. 1 Sckeaatk of the tima at whkh 4ogs died after expowre to heta-
eadttk^ raAowKlMes. Death tfaaes for ali 4ogs dyiag with Basal cavity or S I M S
caacen are shows by kArktaal poiats. SoOi Uaes rearescat raages of timta for
all other toag-teni deaths.

TABLE 5

Annual and Lifetime Risk of Nasal Cancer
in Beagles That Inhaled 144CeCl3

Postexposure
wtenral, years

Risk,
Taaors

2 to 3
3 to 4
4 to 5
5 to 6

6 to 7
7 to 8
8 to 9
9 to 10

10 to 11
11 to 12
12 to 16

Lifetime risk
95% confidence interval

0
0
2.7
4.1

0
9.6
0
9.8

0
5.1

31
20 to 42
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1952 to 1964. About 1% of these tumors were associated with the nose or
paranasal sinuses. There were 21 tumors of nasal origin and 9 arising from
the paranasal sinuses. Seventy-five percent of the tumors were carcinomas,
mostly adenocarcinomas.

Madewell et al. (1976), in reviewing records obtained from 13 veteri-
nary colleges, identified 300 primary neoplasms involving the nasal cavity
or paranasal sinuses. Significant numbers of tumors were found in dogs,
cats, and horses. In dogs and cats, tumors of the nasal cavity were more
prevalent than tumors of the paranasal sinuses. When these data were used
to estimate the relative risk for intranasal cancer among different breeds
of dogs, the risk for beagles was close to the average risk for all breeds
combined. Some breeds had risks that were two to four times higher or
lower than the average risk for all breeds. A later analysis of the occur-
rence of cancers in the nasal cavity and paranasal sinuses included 411
canine cases and provides the same relative ranking of beagles compared
with other breeds (Priester and McKay, 1980).

Although the above analyses do not provide accurate estimates of the
true incidences of nasal cancers in normal dog populations, because they
were drawn from cases referred to veterinary schools, they provide a useful
profile of cancer in the nasal cavity and paranasal sinuses for dogs. From
these data it appears that beagles have a natural incidence of cancer in the
nasal cavity and paranasal sinuses that is average for all breeds oi dogs.
Less than 1% of all cancers seen in unexposed dogs occur in these areas.
As of Sept. 30, 1983, 91 control dogs from the ITRI lifespan studies have
died, and no cancers have been observed in the nasal cavity or paranasal
sinuses. Thus the nasal cavity and paranasal sinus cancers seen in the
radionuclide-exposed dogs are probably radiation related.

This conclusion is also supported by the similarity of risk factors,
expressed as tumors per 106 dog-rads, for ail four ITRI studies although
they involved four different beta-emitting radionuclid.es, two routes of
administration, and three different patterns of radionuclide distribution
characteristic of alkaline earths, alkali metals, and lanthanide elements.

Further comparisons can be made by using the results of life-span stud-
ies in which dogs were injected with ^Sr citrate or ingested ^ r from the
time they were in utero to 540 days of age. In a study conducted at the
University of Utah, 87 dogs were injected with graded levels of ^ r citrate
that produced cumulative average absorbed doses to the skeleton ranging
from 90 to 22,000 rads (Miller, 1982). AH of these dogs are now dead. A
preliminary listing of significant findings at death indicates that four nasal
and paranasal cancers were observed as well as one adenocarcinoma of the
nasal cavity and three squamous cell carcinomas of the frontal sinus. In a
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Qver the dog's lifetime, and the lifetime risk, taken as the sum of observed
annual risks, was 31 tumors/106 dog-rads with a 95% confidence interval
from 20 to 42 tumors/106 dog-rads.

Lifetime risks for nasal cavity cancer observed in these four studies are
shown in Table 6. The lifetime risks associated with 144Ce, 91Y, and wSr
fall within a factor of 3 of each other, whereas the value for 137Cs is three
to ten times larger than these values.

TABLE 6

Lifetime Risk* for Nasal Cavity Cancer
in Beagle Dogs Exposed by Inhalation or
Injection to Beta-Emitting Radionuclides

in a Relatively Soluble Form

95% CoafkleKe
RadioMclide Risk lateral

137Cs
144Ce

"•Sr

98
31
20
9

5 to 191
20 to 42

1 to 39
Oto 19

* Values are based on estimated turbinate
doses and are expressed as tumors per 106 dog-
rads.

DISCUSSION

Current analyses indicate that tissues and organs receiving the highest
doses (i.e., lung, liver, skeleton, and nasal cavity) were the ones in which
excess cancers were observed. Further analyses will be required to deter-
mine whether there was also an increase in other tumor types as well.
Cancers in the nasal cavity and paranasal sinuses were more prevalent
than bone cancers for each of the radionuclides studied, except ^Sr, even
though the skeleton received substantial irradiation in all four studies. As
shown in Table 4, most cancers in the nasal cavity and paranasal sinuses
were squamous cell carcinomas of the nasal cavity. This occurred regard-
less of whether the radionuclide was primarily bone-seeking, like ^Sr, or
one that distributed broadly throughout the body, like 137Cs.

Several authors have described the relative importance of cancers of
the nasal and paranasal cancers in various species of domesticated animals,
including dogs. Brodey (1970) reported on the distribution of 2917 canine
tumors seen at the University of Pennsylvania Veterinary Hospital from
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study conducted at the University of California at Davis, 389 dogs
received ^Sr by ingestion and 90% were dead by Sept. 30, 1981 (Book et
al., 1982). Significant findings at death included eight nasal carcinomas
and one nasal fibrosarcoma. A detailed intercomparison of the results of
all these studies must await final pathologic and dosimetric analyses. This
will allow risk calculations to be made on the same basis for all three stud-
ies. However, it is apparent that cancer in the nasal cavity and paranasal
sinuses was produced by exposure to ^Sr in all three of these studies even
though the ^Sr was given by routes of administration which did not
involve inhalation or the respiratory tract.

The risk calculated for the dogs injected with 137Cs is three or more
times higher than that calculated for the other three radionuclides. Since
the numbers of dogs and observed cancers are well known, the only com-
putational problem might be uncertainties in dosimetry. However, it is
very unlikely that the calculated doses for l37Cs are only 30% of the
correct value. This result is more likely due to the different dose ranges
used in these studies. Since a generalized whole-body irradiation was pro-
duced by the injected 137Cs, the upper bound of dose to the turbinates was
limited because dogs that could have achieved higher doses died of hema-
tological problems within the first two months after injection. Because of
this, the doses received by the turbinates of the dogs having nasal cancers
in the 137Cs study were only 10 to 20% of those in the other three studies
listed in Table 5. These results appear to reflect an effect related to the
levels of dose involved. Cuddihy (1982) and others have noted that the
lifetime risk of lung cancer from internally deposited radionuclides
decreases at higher doses, presnmabrj' because of some "wasting" of radia-
tion. From graphs included in Cuddihy's analysis for lung cancer in rats, a
decrease in the incidence rate of lung cancer per rad by a factor of 5
occurred when the absorbed dose increased by a factor of 10. Assuming
that such a phenomenon could also occur with nasal-related cancers, the
risk given for dogs injected with l37Cs may be a better indicator of low-
level radiation risks than are the risks derived from the other three stc^s?.

What is the significance of nasal and paranasal sinus cancers in dogs
with regard to potential human cancers? Roush (1979) discussed the natu-
ral occurrence of sinonasal cancer in humans in the United States and
described it as being less than 1% of all cancer deaths. Despite their low
human incidence, several industrial or medical groups have been observed
in which higher incidences of sinonasal cancer have occurred (Roush,
1979). Included in these industries are furniture and other woodworking,
boot and shoe manufacturing and repair, textile and clothing manufactur-
ing, chemical manufacturing, petroleum industries, nickel refining, and
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chrome pigment manufacturing. Suspected carcinogens in these industrial
settings include nickel, chromium, wood dust, nitrosamines, aromatic
hydrocarbons, and radium and its progeny. Thorotrast, another carcinogen,
was given medically. The latter two agents involve irradiation of the nasal
sinuses by alpha and beta irradiations from the parent radionuclides 226Ra
and 232Th, respectively, and their progeny including the gases 222Rn and
220Rn.

Of particular importance here are the effects in humans with internal
burdens of 226Ra or Thorotrast. Littman, Kirsh, and Keane (1978)
reported 21 patients v/ith carcinoma of the mastoid and 11 with malignant
tumors of the paranasal sinuses in 5OS8 persons with known therapeutic or
occupational exposure to radium. Dose calculations for humans exposed to
radium must account for irradiation from alpha emissions given off by
226Ra and its progeny within the skeleton, plus alpha emission from the
gas 222Rn accumulated in the poorly ventilated sinus and mastoid air
spaces. Because of the short range of alpha emissions, the doses received
by the cells at risk are critically dependent upon the geometry, especially
the thickness of intervening layers of tissue between the radionuclide and
the cells. Detailed measurements of mucous membranes in the sinuses and
mastoid labyrinth, such as those presented by Harris and Schlenker
(1981), are necessary to determine what fraction of the emitted alphas can
actually reach the critical cells.

A much different route of administration that also yielded radiation-
induced cancers of the paranasal sinuses involved the use of Thorotrast
applied directly to the sinuses as a radiographic contrast medium. A sum-
mary report on the occurrence of carcinoma of the maxillary sinus after
Thorotrast instillation was given by Rankow, Conley, and Fedor (1974)
who noted that 14 cases had been identified during several years of obser-
vation.

From the available data in dogs and humans, it appears that nasal cav-
ity and paranasal sinus cancers are uncommon in both species, and specific
agents have been implicated with their production. Since alpha radiation
has been shown to produce these cancers in humans and beta radiation has
produced them in dogs, it is reasonable to expect that beta irradiation
would cause these cancers in humans if exposures were to occur.

Earlier radiation protection guidance for internally deposited radionu-
clides was based on a critical organ concept. By identifying the critical
organ and controlling the amount of radiation it received, all other body
organs were considered to be adequately protected [International Commis-
sion on Radiological Protection (ICRP), I960]. The current protection
approach recommended hy the ICRP computes a weighted dose
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equivalent to all organs receiving a major portion of the radiation from
internally deposited radionuclides (ICRP, 1977, 1979). This approach has
the advantage of accounting for possible differences in the importance of
different organs, depending upon the form of radionuclide taken in.

For optimal application of the current ICRP system, all organs receiv-
ing relatively high amounts of radiation and/or having a high risk of
long-term effects must be identified. The current ICRP system does not
clearly account for the possible induction of cancer in the nasal cavity or
paranasal sinuses. This would appear to be a serious deficiency in the cur-
rent approach to the derivation of protection guidelines.
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DISCUSSION

S. A. Benjamin (Colorado State University): I would like to direct my
question to Dr. Fritz. Some time ago at Argonne, there was a study with
injected cesium. I would be curious to know whether nasal cancers were a
finding in that experiment?

T. E. Fritz: To my recollection we have seen no nasal cancers.
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F. T. Cross (Battelle, Pacific Northwest Laboratories): I wonder if
you have made any comparisons with nasal carcinoma incidence in rats for
your beta emitters. The reason I ask is that we see nasal carcinomas in our
radon experiments, but we see a higher incidence in dogs than in rats. I
wonder which is the better animal model to compare to humans.

Boecker: The answer is no. But it's certainly something we want to
look at.

J. N. Stannard (University of California, San Diego): On the basis
of your presentation, what should we infer regarding radiation protection
calculations? Do you suggest that the nasal passages, like other organs
considered during this symposium, should be treated as a specific site
rather than lumped with others?

Boecker: I think we should consider that possibility. We can't really
answer that question until some doses are calculated to that site and com-
pared with effects.

Standard: Please excuse my lack of memory, but have sinus cancers
been reported in the uranium miners or following radon exposures in gen-
eral?

Boecker: I don't recall. Maybe Dr. Cross would remember.
Cross: If there have been, I don't recall. But as I said earlier, in the

animal experiments we do see nasal carcinomas both in rodents and in
dogs. Because we see a higher incidence in dogs, we wonder if the
radiosensitivity of the nasal tissues is higher in dogs, or if there is perhaps
a greater efficiency of deposition of radionuclides in the nasal cavity of the
dog.

D. J. MewES5£ft (University of Chicago): In a retrospective study car-
ried out with the Belgian Cancer Society on former uranium miners in the
Belgian Congo, we have been able to identify three nasal carcinoma cases.
However, we have no information on control incidence in the local popula-
tions so these observations are not easily interpreted. But at least it indi-
cates that nasal carcinomas do occur in humans.
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ABSTRACT

The potential health impacts of radionuclides that could be released in nuclear accidents are
of major concern to the public and to regulatory and other governmental agencies. One mode
of potential exposure is by inhalation of airborne radionuclides, which could lead to combined
internal irradiation by high (alpha) and low (beta) linear energy transfer (LET) radiations.
Epidemiological data for health effects of human inhalation exposure are too limited to derive
reliable estimates of risks of potential health effects. However, results of studies in which bea-
gle dogs were exposed by inhalation to insoluble radioactive aerosols can be used to estimate
expected effects in humans.

Data for mortality from radiation pneumonitis and pulmonary fibrosis caused by internal
irradiation of dog lungs by alpha or beta radiations are used to (I ) derive the relative biologi-
cal effectiveness (RBE) of alpha irradiation compared to beta irradiation; (2) predict the
expected combined effects of alpha and beta irradiation of dog lungs; and (3) extrapolate the
results to humans. The extrapolation to humans assumed that, for similar ages at exposure,
dog and human lungs have similar sensitivities to lung irradiation. Results of theoretical cal-
culations related to mortality from early effects indicated that (1) the synergistic effects of
high- and low-LET radiations should depend on the percentages of the total dose contributed
by high- and low-LET radiations, and (2) for very low or very high doses, synergistic effects
should be negligible.

Theoretical (Scott, 1983a, 1983b; Zaider and Rossi, 1980; Katz and
Shanna, 1975) and experimental (Higgins, DeLuca, and Pearson, 1983;
Ngo et al., 1982; McNalley, DeRonde, and Hinchliff, 1981; Railton, Law-
son, and Porter, 1975; Murthy et al., 1975; Masuda, 1970) results have
indicated that high- and low-LET (linear energy transfer) radiations act
synergistically to produce radiobiological effects. Experimental results,
based on a cell-killing assay, also indicated that for sequential exposure to
high- and low-LET radiations, greater effects were obtained when the
high-LET radiation was administered first, as compared to reversing the

578
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order of exposure (Ngo et al., 1982; McNalley, DeRonde, and Hinchliff,
1981; Masuda, 1970). Ngo and associates attributed this to an asymmetry
in the synergistic effects of the high- and low-LET radiations. Of the
theoretical methods cited, only the method of Scott (1983b) accounted for
this asymmetry. The methods of Katz and Sharma (1975) and Zaider and
Rossi (1980) were developed for single-cell effects and were applied only
to cell killing; the method of Scott was more general and in its most recent
form (Scott, 1983b) was applied to many radiobiological effects, including
cell killing, mutagenesis, carcinogenesis, and early occurring and continu-
ing effects of exposures to ionizing radiation.

METHODS

We used the method of Scott (1983b), along with results of studies at
our Institute, in which beagle dogs were exposed by inhalation to the beta
emitter 90Sr inhaled in fused aluminosilicate particles (FAP) or to the
alpha emitter 239Pu inhaled in an insoluble form (239PuO2) to determine
the likelihood of significant synergism in alpha and beta irradiation of dog
lungs. Implications for combined alpha and beta irradiation of human
lungs also were investigated and are discussed in this paper.

Mortality from radiation pneumonitis and pulmonary fibrosis in dog
lungs was the effect of concern in predicting results from simultaneous
exposure of the lung to alpha and beta radiations. The approach was based
on the assumption that each radiation involved in the combined exposure
produced damage (called critical damage) which could lead to the
radiobiological effects of interest and that the risk of producing the effect
increased as the expected amount of critical damage increased. Thus the
critical damage caused by each radiation involved was viewed as additive.
Therefore the models developed were called additive-damage models. As
demonstrated in earlier publications, the use of additive-damage models
led to numerical additivity of individual risks only in special cases and,
therefore, cannot be viewed as implying additivity of risks (Scott, 1983a,
1983b).

The use of additive-damage models is based on a probabilistic
approach to radiation effects risk assessment. With a probabilistic
approach, the impact of the radiobiological effect can be described in
terms of one of three functions: the global risk function r(D), global sur-
vival function s(D), or global hazard (cumulative hazard) function h(D),
where D is a column vector of radiation-specific doses db d2, . . . dn for n
radiations. These functions are related through the expression

r (D)= 1 - s ( D ) = 1 - e x p [ - h ( D ) ] (1)
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where r(D) is the fraction of the exposed population expected to be
affected and s(D) is the expected unaffected fraction. The h(D) has no
simple interpretation; however, for very low risks [e.g., r(D) « 0.! ],
h(D) is approximately equal to r(D). Radiation-specific risks, survival, and
hazard functions are given at dose dj of the )th radiation by rj(dj), Sj(dj),
and hj(dj), respectively, and are related by equations analogous to Eq. 1.

It was demonstrated in detail elsewhere (Scott, 1983a, 1983b) that use
of additive-damage models led to the following equation for the global
hazard function for simultaneous exposure to n radiations:

j(d;)Cjdt (2)

The summation is over all n radiations, and the integration is over the
exposure time for which radiation-specific hazard functions were derived;
Cj is the instantaneous dose rate at time t for the jth radiation; hj(dj*) is
the dose derivative of hj(dj) evaluated at the isoeffect dose dj*. The isoef-
fect dose dj* accounts for interaction effects and is obtained for exposure
time t by solving the following equation for dj*:

hj(d;) = h(D) (3)

The global hazard h(D) also is evaluated for exposure time t. Cases in
which analytical solutions to Eq. 2 were found are discussed elsewhere
(Scott, 1983b). For death from radiation pneumonitis and pulmonary
fibrosis, each hj(dj) is adequately represented by an expression of the form
(Scott, 1980; Scott and Hahn, 1980)

(4)

where aj and Vj are positive parameters and are based on the Wcibull dis-
tribution function. Radiation-specific risk functions, therefore, are of the
form

/ (5)

Equation 5 was used to derive risk functions for three-year mortality from
radiation pneumonitis and pulmonary fibrosis after inhalation exposure of
dogs to 239Pu alpha particles (Muggenburg et al., 1982) or ^Sr beta parti-
cles (Snipes et al., 1982). The three-year follow-up time was selected
because the ^ r - F A P and 239PuO2 data were complete to three years. For
four or more years' follow-up, only the ^ r - F A P data were complete.
Parameters associated with these risk functions were substituted into Eq.
2, and Eq. 2 was integrated numerically to three years after initial expo-
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sure to estimate risk functions for combined exposure to alpha and beta
radiations.

Radiation doses to the lungs from 239PuC>2 were estimated by using the
retention function, 0.33 exp (—0.0081 t) + 0.67 exp (—0.005 t), where t
was days after exposure (Guilmette et al., 1982). Radiation doses to the
lungs from beta radiation were estimated by a single exponential with
clearance half-time of 400 days. Total dose henceforth refers to the sum of
alpha- and beta-radiation doses to the lungs.

RESULTS AND DISCUSSION

Dose-Effect Relationships

Figure 1 shows three-year mortality risk from radiation pneumonitis
and pv.imonary fibrosis after inhalation exposure of young adult dogs to

2.5 10
DOSE, krads

Fig. 1 Risk for taree-year Mortality froai nuUatioa paeaaoaitis aad pafaaoaary
fibrosis after iakalatioa exposure of yoaag adult dogs to 23*PaO2 [1.5-jua A M A D
(activity mediaa aerodyaaatic diameter)] or to "Sr-FAP (fated alaauBosilkate
particles), based oa data froa oar Iastitate (Maggeabarg et al., 1982; Saipes et
al., 1982). Snooth cun-es were fitted by assaadag a Weiball distribatioa faac-
tioa. Doses are three-year doses to the laag ia kiiorads.
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239PuO2 or ^Sr-FAP. The smooth curves are based on a Weibull distribu-
tion function (Eq. 5). In the ^Sr-FAP study, most deaths from radiation
pneumonitis and pulmonary fibrosis occurred within about 1.5 years after
initial exposure. In contrast, a significant number of deaths from radiation
pneumonitis and pulmonary fibrosis occurred at times much in excess of
1.5 years in the 239PuC>2 study. Results of a detailed analysis of the data,
based on conditional expectations, suggest that for long-lived alpha- or
beta-emitting radionuclides in the lungs, death from radiation pneumonitis
and pulmonary fibrosis can occur at very late times and can compete with
neoplasms for causing late-occurring deaths. Because of this, radiation
pneumonitis and pulmonary fibrosis induced by exposure to long-lived
radionuclides should be considered as both early- and potentially late-
occurring effects when large radiation doses are involved.

Figure 2 shows the relationship of alpha dose and RBE derived from
the three-year mortality risk functions in Fig. 1, with ^Sr-FAP as the
reference. Note that the RBE is predicted to decrease as the alpha radia-
tion dose increases. Because of this dose-dependent relationship, the con-
ventional dose-equivalent method (International Commission on Radiologi-
cal Protection, 1979) of predicting the combined effects of alpha and beta

3 4 5 6
ALPHA DOSE, krads

Fig. 2 Relationship of alpha dose aad RBE (rdatfre Motogkal eflectiTeaess) for
three-year mortality I ron radiatioa pat—oaitfa sad pabaoaary fibrosis, hosed
on the risk fuactioas is Fig. 1. Doses are three-year doses to the laag ia
kilorads.
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irradiation of the lungs is inappropriate, because it is based on the assump-
tion of a constant RBE.

Figure 3 shows results of computer simulations of risk and cumulative
hazard for exposure to various combinations of alpha and beta radiation
over a three-year period. The scale for the ordinate is based on a Weibull
distribution function. Risk curves from the Weibull (two-parameter) fam-
ily appear as straight lines when plotted with such a scale. The curves
were obtained by numerical integration of Eq. 2 to obtain h(D) and of Eq.
1 to obtain r(D). This indicates that the risk curves for combined exposure
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also can be characterized by using Eq. 4 with radiation-specific doses dj
replaced by the total dose. This is a useful result because alpha dose can
be added to beta dose without the need of artificial rem or sievert dose
units as long as the percentages contributed to the total dose by both radi-
ations remain constant. This means that the risk can be expressed as a
function of the actually estimated dose, rather than as a function of a
hypothetical dose (in rems or sieverts).

Figure 4 shows that the Weibull parameters a and v depend on the
fractional contributions to the total dose from both radiations. The results
for the parameter a were particularly interesting. The parameter was equal

1.0
PROPORTION OF TOTAL DOSE DUE TO ALPHAS

0.8 0.6 0.4 0.2

0.2 0.4 0.6 0.8
PROPORTION OF TOTAL DOSE DUE TO BETAS

1.0

Fig. 4 Weiball parameters i i i d i associated with the carves is Fig. 3. Note
that both parameters depead oa the fraction! coatribatkm to the total dose froai
alpha or beta radiatioa. Poiats shorn represent cakabted rates, Saooftb canes
were draws throagh the calculated poiats by eye.

to the weighted average of the values for exposure to alpha radiation alone
(aa) and beta radiation alone (a^) where the fractional contributions to the
total dose were the weights. This followed from the straight-line relation-
ship in Fig. 4, the slope of which was — (aa — a ^ The Weibull parame-
ter v has a more complicated relationship with the fractional contributions
to the total dose from the two radiations.
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Expected Synergistic Effects

Assuming independent actions of the two radiations, as a reference one
can calculate a global risk function that would represent expected risk if
there were no synergistic effects. This provides a reference for calculating
the expected synergistic effects and is not intended as a measure of the
total risk. In this case the global hazard function would be the sum of the
hazard function for exposure to alphas only plus the hazard function for
exposure to betas only, evaluated at their respective doses. The excess risk
calculated by using an additive-damage model above risk calculated,
assuming independent actions of the two radiations, represents the
expected contribution to the total risk due to synergistic effects. This is
based on the probabilistic definition of synergistic effects (Rothman,
1976). It is convenient to define synergy as the percentage of the total risk
attributable to the interaction of the different radiations involved. The syn-
ergy is therefore in units of percent.

It is shown in Figs. 5(a) to 5(c) that the synergy is expected to depend
upon the totai dose and upon the percentage contributions to the total dose
from the two radiations. When most of the dose (90%) was due to alpha
irradiation [Fig. 5(a)], the synergy was quite small. For a 50 : 50 contri-
bution from both radiations, the synergy was more pronounced; the syn-
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Fig. 5 Tkree-year mortality risks and expected synergy, in aw'ts of percent, for
combined alpha and beta irradiation of dog lungs when (a) 90% of the total
three-year dose is due to alpha aid 10% is due to bete irradiation (b) whea there
is a 50 : 50 contribution to the total three-year dose from alpha aid bete irradi-
ation, respectively; and (c) when 10% of the total three-year dose is due to alpha
and 90% is due to beta irradiation. Points shown represent calculated Tabes.
Smooth curves were drawn through the calculated points by eye.
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ergy increased as the total dose increased. The synergy was a maximum of
about 20% at a total dose of about 5 krads [Fig. 5(b)]. With additional
increases in total dose, the synergy was expected to decrease to almost zero
at a total dose of about 14 krads [Fig. 5(b)]. For a 10% alpha and 90%
beta contribution to the total dose [Fig. 5(c)], the synergy was expected to
be more important, accounting for about 80% of the total mortality at a
total dose of about 20 krads. The synergy was expected to decrease toward
zero as the dose became much larger or smaller than 20 krads; i.e., syn-
ergy was quite small at both low and very high doses. Thus mortality risk
associated with combined exposure should be adequately represented by
the independent effects model in these dose regions.

Figure 6 shows that the synergy was related in a complex way to the
fractional contributions to the total dose from the two radiations and was
most important when most of the total dose was due to beta radiation.
Only results for a total dose of 10 krads are shown. Similar conclusions
also were arrived at for other total doses ranging from 5 to 40 krads.

With a 100% contribution to the total dose from either alpha or beta
irradiation, there could be no synergistic effects between alpha and beta

100
100 80

PERCENT ALPHAS
60 40

20 40 60
PERCENT BETAS

80 100

Fig. 6 Expected syaergy (%) associated with three-year mortality as a faactioa
of the fraction! coatribatioB to the total three-year dose to dog hags fn
alpha or beta irradiatioa.
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radiations, as was predicted. Results in Figs. 5(a) to 5(c) are similar to
those obtained for cell killing by simultaneous exposure of cells to 14-MeV
neutrons and 180-kVp X rays (Scott, 1983a).

Cross-Species Extrapolation

To extrapolate these results to potential human exposures, one needs
information on how different species respond to irradiation of the lungs.
Results reported elsewhere (Scott and Hahn, 1980) suggest that dogs and
rats display similar sensitivities to lung irradiation when exposed to similar
types of external radiations at similar dose rates and doses. Results of
inhalation exposure of mice and dogs to insoluble radioactive aerosols with
low-LET emissions also indicated that similar dose rate patterns and doses
lead to similar risks of mortality from radiation pneumonitis and pulmonary
fibrosis. Normalized curves for retention of radioactivity in the lungs are
shown in Fig. 7 for inhalation exposure to ^ or 91Y inhaled in fused
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TIME AFTER EXPOSURE, months

Fig. 7 Retention functions for radioactivity u dog lugs after
inhalation exposure to "Y or "Y, inhaled in fused ataninosili-
cate particles (FAP). A retention function is abo shewn for
retention of radioactivity in moose tangs after inhalation expo-
sure to 144CeO2. The retention functions were taken from ear-
lier publications (McClellan et ah, 1976; Londgren et alM
1980).
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aluminosilicate particles. A curve is also shown for mice exposed by inha-
lation to l44CeO2. Note that the dose rate pattern for the mice after inha-
lation exposure to l44CeO2 was expected to be similar to the dose rate pat-
tern for dogs, when both have similar initial lung burdens, because of the
similar retention curves in Fig. 7. This indicated that the mortality
dose-effect relationship for exposure of dogs to 91Y-FAP should be simi-
lar to that for inhalation exposure of mice to l44CeO2. It is shown in Fig. 8
that the dose-effect curve for exposure of dogs to 9lY-FAP adequately
represented the observed response of mice exposed to l44CeC>2, whereas the
mortality curve for dogs exposed to ^Y-FAP did not. These results sup-
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exposed by inhalation to "Y-FAP and mice exposed by inhalation to W4CeO2.
The smooth carve shown for dogs was arrived at by fitting Eq. 5 to one-year
mortality data obtained from McClellan et al. (1976). "No deaths" refers to no
deaths from radiation pKumonitis and pulmonary fibrosis over the dose range
shown.
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ported the hypothesis that apparent differences in species sensitivity to
lung irradiation might be due to differences in radiation dose rate patterns.
Here it was assumed that similar age groups are considered.

Because radiation dose rate patterns in dog and human lungs are
expected to be similar (Fish, 1961; Snipes, 1983; Bailey and Fry, 1983;
Waligora, 1971) for exposure to similar radioactive aerosols, results
obtained for combined exposure of dog lungs to alpha-plus-beta radiations
also should apply to humans. Therefore risk functions derived for com-
bined alpha and beta irradiation of dog lungs should also be applicable to
humans.

Implications

Results obtained in this analysis of available data indicate the potential
importance of synergistic effects of alpha and beta irradiation of human
lungs which could follow a nuclear accident. Results presented also demon-
strated that even a small contribution to the total dose from alpha radia-
tion could have a profound effect on consequences of the radiation expo-
sure when the beta radiation dose was relatively large.
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DISCUSSION

R. G. Thomas (Los Alamos National Laboratory): About three and
a half years ago, I started a series of inhalation-exposure studies in ham-
sters, using our standard zirconium dioxide particles which incorporated
either l47Pm, a beta emitter, or 238Pu, an alpha emitter, singly or in vari-
ous combinations, at various dose levels. Results from these studies should
be available within a few months and should provide the type of informa-
tion that you are looking for.

Scott: I'll be very interested in seeing the data.
D. R. Fisher (Battelle, Pacific Northwest Laboratories): Dr. Scott,

are you sure that there is a true synergistic effect between the ionizations
produced by alpha-particle radiation and the ionizations produced by
beta-particle radiation?

Scott: My definition of synergism is based on a probabilistic point of
view where one calculates what one would expect for the independent
actions of the alpha and beta radiations. If there is no synergism, the total
hazard is the sum of the hazards for alphas and betas. When we do the
calculations with our alternative methodology, which takes into considera-
tion interaction effects, we get a hazard function for alphas and one for
betas plus an additional term which is due to interaction effects. If there is
no significant interaction term, then we say there is no synergistic effect.

J. Foulke (Nuclear Regulatory Commission): I'm confused by your
use of the three-year period in your model. Would you tell us how you
would modify your method if one were interested in effects within a one-
year period?

Scott: We are, in fact, working in that direction. We hope to estimate
the whole surface for all times of importance. We don't want to leave out
any early-effects data.
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Nucleaire, Departement de Protection, Commisariat a l'Energie Atomique, Centre d'Etudes
Nucleaires de Fontenay-aux-Roses, Fontenay-aux-Roses, France.

ABSTRACT

In a series of experiments over a period of 10 years, more than 2000 rats were exposed to
cumulative doses of up to 28,000 WLMs of radon gas.J More than 300 pulmonary tumors
were induced by this exposure, most being nonfatal lesions detected only at autopsy of
animals that had died of unrelated causes. Above 6000 WLMs rats suffered increasingly
from life shortening due to radiation-induced nonneoplastic causes and so had less time in
which to develop tumors. When adjusted for these competing causes of death, the hazard
function for the excess risk of developing pulmonary tumors was approximately linearly
related to dose throughout the range of doses studied. This suggests that some previously
reported high-dose "reductions" in radiogenic tumor-induction rates may chiefly have
involved the killing of rats rather than the killing of precursor cells!

Rats exposed to radon and then to six months of inhalation of tobacco smoke had a four
times greater age-specific prevalence of pulmonary tumors than rats exposed to an identical
radon dose either alone or preceded by tobacco smoke inhalation. This suggests that tobacco
smoke may accelerate the carcinogenic process by acting as a "promoter" of radiation-induced
somatic damage.

These data suggest that, for assessing human risk from exposure to radon, the linear
model should be assumed, but that the WLM (which ignores not only cigarette consumption
but also protraction of exposure and age at first exposure) is not on its own an adequate
index of carcinogenic insult.

For humans lung cancer is one of the most important of radiation-induced
neoplasms. An excess of lung cancers has been observed among Japanese
atom-bomb survivors, among patients treated with radiotherapy for

{The working level (WL) is defined as any combination of short-lived radon daughter
products in 1 liter of air which will result in an ultimate emission of 1.3 X 10s MeV of
potential alpha energy. One working level month (WLM) is defined as the exposure to a con-
centration of one working level for 170 hr and produces a dose to the bronchial epithelium of
approximately 0.4 to 0.8 rad.
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ankylosing spondylitis, and among American, Canadian, Czechoslovakian,
and Swedish miners exposed to alpha-emitting radon daughters (Commit-
tee on Biological Effects, etc., 1980). There has, however, been no general
agreement as to what these data imply about risks at lower dose levels nor
what the risks are likely to be many decades after first exposure. In part
this may be due to deficiencies in the data, but in part this may also be
due to deficiencies in data interpretation (e.g., estimation of absolute risks
where relative risks are more appropriate). For whatever reasons the abso-
lute lifelong excess risk per WLM has been estimated variously as being
between 6 and 47 cases per 106 per year. The wide range of these absolute
risk estimates reflects not only differences in ages at exposure, in protrac-
tion of exposure, and in smoking habits between the various mining popu-
lations that have been studied but also differences in duration of observa-
tion. In general, no clear excess of lung cancers has been observed until 10
or more years after first exposure, and where observation has been contin-
ued for 20 or more years, the excess of lung cancers has persisted.

Partly to improve understanding of the general nature of such
dose-response relationships, partly to investigate certain risk factors that
may enhance the radon-induced onset rate of pulmonary cancers, and
partly to help explore the general biology of radiation-induced carcino-
genesis, a long series of animal experiments has been performed in Paris,
and this paper provides an overview of their findings. Rats were exposed to
a wide range of radon doses (Table 1), to radon in conjunction with other
known or suspected carcinogens, and to the same cumulative radiation
dose but with varied exposure parameters.

As has been previously reported (Chameaud et al., 1974), an excess of
largely nonlethal lung cancers was observed at almost all dose levels that
were studied, but in those previous reports interpretation was based on
numbers of affected animals and numbers of tumors per animal, with no
proper allowance for the extent to which treatment-related early mortality
might have curtailed the tumor yield. In this paper all completed experi-
ments in the series have oeen reanalyzed, using age-specific "prevalence
rate" methods as recommended by Peto et al. (1980) but estimating
dose-response parameters by the method of maximum likelihood. The
effects of concomitant exposure of the rats to tobacco smoke have also
been examined.

EXPERIMENTAL METHODS

The experimental methods were described in detail by Chameaud et al.
(1974). Briefly, male Sprague-Dawley specific-pathogen-free rats were
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Scheduled
cumulative

radon
exposure,

WLMs

0
65

100

170
290
530

860
1,470
2,250

3,000
3,700
3,900

4,500
5,400
6,000

7,000$

8,000
9,250

14,000
21,000
28,000

Total

No. of
rats

150
500
28

294
81
28

20
20
25

65
25
50

40
25
85

214

180
20

79
48
89

2066

Date
started

1/77
6/78
1/77

3/75
1/72
1/77

10/72
10/72
5/73

1/78
5/73
3/75

10/72
5/73
1/76

2/73
5/73
2/74
1/70

2/73
2/73
2/73

TABLE

Experiment!

Approximate
working level

• i WHICD

exposure
accumulated

0
360
300

390
60

3,000

2,500
2,500
3,000

3,000
3,000
3,000

2,500
3,000
3,000

3,000
12,000
3,000
2,500

12,000
12,000
12,000

: l

Designs*

Scheduled
exposure

Hrs/
day

0
2
3

3
5
3

5
5

16

7
16
6

5
16
7

16
4

10
5

4
4
4

Days/
week

0
3
4

4
5
4

5
5
4

5
4
4

5
4
5

4
4
5
5

4
4
4

Exposure,
weeks

0
6.0
4.2

6.3
23.0

2.5

2.4
4.0
2.0

5.0
3.3
8.5

12.0
4.8

10.0

6.3
6.3
9.0

25.0

12.5
18.8
25.0

Target
radon

COOCcD~
tratioa,
(iCi/Uter

0
G.04
0.03

0.04
0.75
0.30

0.75
0.75
0.30

0.30
0.30
0.30

0.75
0.30
0.30

0.30
1.20
0.3
0.75

1.20
1.20
1.20

Life-UWe
esdsuteof

media*
snrrival from

• ii • • • • • !

C0DUK9CVBCBI
of treatment,

days

669t
658t
653t

688t
73Ot
649t

692t
656t
622

683t
579
626t

6911
441
627t

470

589
360

251
187
187

•Chi-square for trend of increasing mortality with dose = 389 with I degree of freedom and
P « 0.0001; chi-square for nonlincarity = 1,163 with 19 degrees of freedom and P « 0.0001.

f'Normal mortality" groups.
$Two separate experiments.

delivered at ages varying between about 7 and 16 weeks. The animals were
housed 10 to a cage and provided with UAR autoclaved 113 diet and
water, both ad libitum. Radon inhalation began about 2 weeks later.

The inhalation apparatus consisted of two airtight containers through
which radon, at various concentrations and degrees of equilibrium with its
daughter products, was circulated. The maximum radon concentration
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obtainable was 1.25 /aCi/liter at 100% equilibrium. Radon levels were
measured several times during each exposure period.

With added oxygen, the caged rats could be exposed for sessions of up
to 16 hr. Typically they underwent 4 or 5 sessions per week. The radon
concentrations could be controlled only to within 20% of the target value.
However, by adjusting the length and/or weekly number of sessions, any
desired cumulative exposure could be achieved reasonably accurate.

In some experiments groups of rats were subject to scheduled sacri-
fice at various stages of the experiment, but the majority of rats were
observed until found moribund or dead. Eight percent of animals were
found in such an advanced state of autolysis or cannibalism that no histo-
logical examination was possible, and these contributed neither to the
numerator nor to the denominator of any estimate of the prevalence of
nonfatal pulmonary tumors. For a further 8% of the rats, although the
lungs were inspected for the presence or absence of pulmonary lesions (so
they contributed fully to the lung tumor analyses), other sites were not
examined.

All the main organs of the remaining 84% were inspected macroscopi-
cally postmortem, and any lesion then evident was sectioned and examined
microscopically. In addition, the lungs were perfused with saline to remove
blood and then were fixed and embedded in paraffin. Intermittently and
when any lesion was found, 5 urn sections were made, stained, and
examined microscopically. To ensure consistent histological classifications
in this 10-year series of experiments, we have recently independently
reviewed the slides of all the observed lesions.

POSSIBLE SOURCES OF BIAS

Several possible sources of bias which might distort the dose-response
relationship exist in these data. First, in order to use the statistical
methods recommended by Peto et al. (1980), it is necessary to know
whether a given lesion caused death or was discovered incidentally at
autopsy after death from another cause. Ignoring this distinction can seri-
ously bias significance testing when intercurrent mortality differs between
treatment groups (Peto et al., 1980, pp. 368-373). This "context of obser-
vation" was not recorded during these experiments and could not be
abstracted from experimental records. There are, however, several reasons
to believe that the pulmonary tumors induced by radon alone were mostly
nonfatal. Despite there being a massively significant dose-response rela-
tionship below 6000 WLMs, there was no commensurate trend of
increased mortality in this dose range (and in the dose range above 6000
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WLMs it is possible that the radiation-induced life shortening chiefly
involved nonneoplastic conditions). The induced tumors never exceeded 10
g in weight, seldom metastasized, and, when grafted onto other rats, were
slow to kill their host. Also in other experiments sacrificed rats have been
found with pulmonary tumors weighing up to 25 g, and yet these rats had
not seemed moribund prior to sacrifice. In assessing the shape of the
dose-response relationship, all pulmonary tumors have therefore been
assumed to have been nonfatal. This assumption will introduce some slight
upward curvature into the dose-response relationship if tumors induced at
high doses are more likely to be fatal. However, examination of the histo-
logical types of tumor found at various dose levels gives no support to this
possibility.

A second, and perhaps more serious, source of bias is introduced in
comparing experiments initiated at different times over several years.
These historical comparisons can be biased by such factors as differences
in animal husbandry, variations in examination protocol, or changes ih the
supplied rats' genetic susceptibility or age at delivery. Indeed, although the
exact ages at delivery of rats in the various experiments were not recorded,
it is known that, in the earlier experiments, rats two to three weeks
younger were used. No completely satisfactory method exists to overcome
this data deficiency, but it has been assumed that, for experiments starting
in 1976 or later, the rats when first exposed to radon were 21 days older
than in earlier experiments. With this assumption no significant hetero-
geneity in mortality patterns between the low dose groups has been
observed. AP analyses have accordingly been performed with this assump-
tion.

Since no doubt remains about the tumorigenic potential of radon gas, it
is only in assessing the shape of the dose-response relationship that these
potential biases need be considered. It remains unlikely, however, that
these peculiarities of the data should introduce any bias sufficiently large
to undermine the qualitative interpretation of the results.

STATISTICAL METHODS

For the assessment of statistical significance in comparing treatment
groups, the "prevalence rate" methods recommended by Peto et al. (1980)
have been used. These depend on comparison of (1) the number of animals
in each treatment group which have been observed (O) at autopsy (after
death from an unrelated cause) to have the lesion of interest with (2) the
number that would have been expected (E) if the age-specific onset rate
(and hence the age-specific prevalence) of such lesions were independent of
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treatment. The analysis is thus of the numbers of tumor-bearing animals
rather than of the numbers of tumors and is unbiased if the lung tumors
were all nonlethal. (Even if, in a few unusual cases, lung tumors did con-
tribute to the causes of death, the number of animals thus affected would
have been too small for these deaths to have engendered any material bias
in the prevalence analyses.) These observed and expected numbers can
then be used in a chi-square test for heterogeneity between the treatment
groups or, when the treatment groups represent different dose levels of
radon, in a test for positive trend of the values of (O — E) with respect
to some appropriate measure of radon exposure.

In assessing the shape of the dose-response curve, some means is
needed of summarizing the mass of data on the individual animal
outcomes in 0"e group without losing much biologically significant
information, and for this purpose Weibull distributions with dose-
independent "shape" parameters have been used (Peto and Lee, 1973).
Because only the Weibull median time to tumor then depends on
treatment, use of such distributions simplifies the complex problem of
describing the ways in which differences in dose between one group and
another affect the patterns of tumor incidence, a problem that might
otherwise be made still more complex by the prior deaths of some animals
from other dose-related conditions. Although such Weibull formulae may
at first seem somewhat removed from reality, they can thus provide a
remarkably economical summary of a large mass of experimental data.

RESULTS

Effect of Radon Exposure on Mortality Rate

Exposure to cumulative radon doses exceeding 6000 WLMs resulted in
a considerably increased mortality rate (Table 1), and above 20,000
WLMs, median survival first exposure fell to below 200 days. This excess
mortality could not be attributed to neoplastic disease, since only 3% of
the rats exposed to very high doses developed neoplastic lesions. High-
exposure animals, however, frequently suffered severe respiratory difficul-
ties. At autopsy typical findings were large areas of diffuse interstitial
pneumonitis, severe fibrosis of the interalveolar septae surrounding the
capillaries, and an enlarged heart and liver. Life shortening in the high-
exposure groups can chiefly be attributed to such damage.

Below 6000 WLMs, with the exception of the groups exposed to 2250,
3700, and 5400 WLMs whose exposure accumulated at high veekly dose
rates in 16-hr sessions, there was no evidence of dose-related life shorten-
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ing. Although exposure via such very long sessions clearly had a deleteri-
ous effect on survival, the wide range of exposure parameters (Table 1)
did not permit any more detailed analysis of factors affecting survival.

Anatomical Sites Affected by Radon Inhalation

Chameaud and co-workers (1974) reported that inhalation of radon
and its decay products induced a wide variety of neoplastic and possibly
preneoplastic lesions of the respiratory tract and described these lesions in
some detail. The lesions were histologically subdivided into isolated cellular
abnormalities, metaplasias, adenomatous lesions, adenomas, and malignant
tumors. In the analyses described here, four classes of pulmonary lesion
are considered separately:

• Malignant tumor.
• Benign and/or malignant tumor.
• Tumor and/or preneoplastic lesion.
• Any cellular abnormality or lesion (including tumors).

For each class of lesion, the numbers of affected animals observed at each
dose level, together with the numbers that would have been expected at
that dose level if the age-specific onset rate of first such lesions had been
the same in all rats, are shown in Table 2. There is clearly an overwhelm-
ingly significant dose-response relationship for each class of pulmonary
lesion.

The only other anatomical sites to demonstrate a clear carcinogenic
response were the kidney and the skin (Table 3) although the two
osteosarcomas that were observed affected high-dosed animals and may
thus also have been radiogenic. Twelve kidney tumors were observed, all in
animals at radon exposures of 3000 WLMs or more. The Z value of 6.88
for trend of increasing kidney-tumor incidence with dose is highly signifi-
cant (P < 0.0001). The P value for external tumors (0.005) is also quite
extreme, so some at least of the six skin tumors that were observed were
probably radiogenic. Finally, although the P value for the two osteosarco-
mas is not sufficiently extreme to prove that either of the osteosarcomas
were induced by radon exposure, such tumors are normally extremely rare
in rats, so one or both of them may well have been radiogenic.

None of these associations is biologically implausible. Radon gas
(222Ra) has a relatively long half-life of 3.8 days and the alpha particle
emitted when it decays to 218Po represents only a small fraction of the
radiation absorbed by the lungs. The shorter lived solid daughter products,
however, are inhaled and deposited in the lungs and are responsible for a



TABLE 2

Pulmonary Lesions Observed (O) and Expected (E)
If Their Age-Specific Onset Rate Was Independent of Dose

Radoa
dose.

WLM's

0
65

100
170
290
530
860

1,470
2,250
3,000
3,700
3,900
4,500
5.400

6,000
7,000
8,000
9,250

14,000
21,000
28,000

No. of rats
reachiag aatopsy -
with iatact hags

127
490

26
244

80
26
17

19
21
64
20
48
39
23

81
185
164
15
72
48
87

Total 1896

MsHptat
palmnary foaliwi

O

0
12
0

11
2
2
4

5
7

25
8

16
25

6

38
37
65
12

1
3
0

279

E

22.14
86.49
4.52

42.57
8.55
4.51
2.93

3.26
3.57

10.63
3.18
8.08
6.86
3.00

14.39
20.57
27.98

1.77
2.51
0.59
0.89

279.0

Chi-square for trend on 1 degree of freedom:

O/E

0
0.14
0
0.26
0.23
0.44
1.36

1.54
1.96
2.35
2.51
1.98
3.64
2.00

2.64
1.80
2.32
6.76
0.40
5.05
0

1.00

O

0
13
0

12
9
5
4

6
8

25
9

21
30
6

45
47
68
12
4
3
2

329

Chi-square for nonlinearity with 19 degrees of freedom:

•oaary mtofham*

E

25.27
98.83

5.24
48.78
10.74
5.11
3.36

3.77
4.10

12.26
3.91
9.40
7.87
3.69

16.37
27.57
32.39
2.35
4.48
1.31
2.19

329.0

O/E

0
0.13
0
0.25
0.84
0.98
1.19

1-59
1.95
2.04
2.30
2.23
3.81
1.63

2.75
1.70
2.10
5.10
0.89
2.30
0.91

1.00

A«y TOflMtlct
or preaeoafautic

tttmnutry Ittloa

O

0
27
0

21
20
8
8

8
10
36
10
35
35

9

51
89

111
13
13
9
3

528

E

38.34
149.19

7.97
74.08
20.29
7.66
5.13

5.82
6.35

18.89
6.13

14.62
11.95
6.45

24.68
49.70
49.56
4.10

12.66
5.21
9.20

528.0

0.27§
8.54§

O/E

0
0.18
0
0.28
0.99
1.04
1.56

1.37
1.57
1.91
1.63
2.39
2.93
1.39

2.07
1.79
2.24
3.17
1.82
1.73
0.54

1.00

Aay priaoaary cdMai?
abaonuHty or 1

O

0
27

1
21
23
10
11

13
17
46
15
43
39
16

51
114
147
13
28
10
5

650

E

47.08
183.10

9.76
90.85
25.08
9.39
6.34

7.14
7.80

23.30
7.51

17.94
14.65
8.14

30.28
62.23
60.90
5.10

15.96
6.44

11.02

650.0

395.89S
548.74|

eakw

O/E

0
O.IS
0.10
0.23
0.92
1.07
1.74

1.82
2.18
1.97
2.00
2.40
2.66
1.97

1.68
1.83
2.41
2.55
1.75
1.55
0.45

1.00

'Includes 44 rats with adenoma, 3 with granuloma, 2 with mesothelionias, and I with haemangioma.
tincludes 179 rats without pulmonary neoplasm in which adenomatous lesions were found, and 20 in which metaplasia was

independent of tobacco exposure.
tincludes an additional 122 rats whose lungs showed isolated cellular abnormalities.
$P «0.0001.

I

I

s
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TABLE 3

Nonpulmonary Malignant Neoplasms Observed
Among 1713 Rats Reaching Autopsy

Without Significant Autolysis or Cannibalism

Kidney
Leukemia*
External tumor$
Osteosarcoma
All other neoplasms!

No. of such
neoplasm

12
5
7
2

10

Z »»h* for
wcreasiag
ntideace
with dose

6.87
0.40
3.30
1.61
0.47

One-tailed
P value

«0.0001
NSt
0.005
0.095
NSt

•Two lyraphoid, 1 myeloid, 1 monocytic, and 1 erythroid.
tNot significant.
JSix skin and 1 mammary.
§Three bladder, 2 prostate, and 2 pulmonary metastases of

unknown origin, 1 rcticuloendothelial, 1 pancreas, and 1 adre-
nal.

substantial pulmonary radiation exposure. The excess of external tumors
presumably results from the substantial radiation dose* that must be
absorbed by the rat while in the inhalation chambers. Finally, it is known
that radon daughter products, particularly bismuth, accumulate in the kid-
ney and that lead is a bone seeker, so that the subsequent radioactive
decay of these two elements provides a plausible basis for a carcinogenic
response in those organs.

Characterization of the Dose-Response Relationship

The two-hit theory of cancer induction by ionizing radiation proposes
that, for somatic damage to be induced in a cell, it is necessary for that
cell to incur two or more separate sublesions, at least two of which are
strongly affected by radiation. Under plausible assumptions this proposi-
tion can lead to an induction rate for a given tumor in which the Weibull
b valuet is approximately proportional to an + ajD + a2D

2, where D is

'Probably from beta particles produced by the decay of radon daughter products since
alpha particles can scarcely penetrate the dead outer layer of the skin.

tThe Wcibull rate constant b is simply related to the WeibuU median time to tumor by
the formula ln(2)

Median*
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0.5

i i i i i i i ] i i i i 1111 | r
- Model 1, linear with zero background risk

- Model 2, linear with finite background risk

- Model 3. quadrilinear with finite background risk

I I I I I I l l I I I I I I I l l I
50 100 1,000 10,000 30,000

EXPOSURE, WLMs

NOTE: Model Chi-square value for goodness of fit:
1 X?a = 72.25, for 18 degrees of freedom
2 x?9 = 37.90, for 13 degrees of freedom
3 X?9 = 1 7 -77, for 19 degrees of freedom

Chi-square values exceeding 28.87 and 30.14 are significant at the 5% level.

Fig. 1 Maximum-likelihood estimates of the mediaa time to neoplasm, adeMmatous leskta,
or metaplasia for various dose groups aid the medial predicted by three classes of
dose-response model.

This may have been the effect of competition from cell death, but it seems
more likely to be artifactually induced by the difficulties in observing
hyperplastic change in severely radiation-damaged tissue. Almost all these
highest dose rats were examined for pulmonary neoplasms, but over 80%
had some degree of missing histology. Indeed, when all rats with any
missing histology are excluded, the quadratic term becomes nonsignificant
and the linear no-threshold model is then in excellent agreement with the
observed data. Thus, for the induction of pulmonary neoplasms in rats by
radon inhalation, the induction rate increases approximately linearly with
dose, so quadratic or quadrilinear models are not needed.

The value of the background rate constant an cannot be estimated reli-
ably from these data, because no pulmonary lesions were observed among
the 150 control rats. It is, however, known that pulmonary tumors, though
rare, do arise spontaneously in Sprague-Dawley rats; an as yet
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the radiation dose, a0 is the spontaneous induction rate, and at and a2 are
positive constants.

To test this hypothesis, three classes of linear models were fitted by
using the method of Maximum Likelihood:

1. A linear model, with no background risk, of the form

P = exp(-a,Djtk)

where P is the probability, among animals coming to autopsy t days after
treatment began, of being found to be free of such lesions.

2. A linear model, with finite background risk, of the form

P = exp[ - (a o + a1Dj)t
k].

3. A quadrilinear model, again with finite background risk, of the form

P = exp [ - ( a 0 + a,Dj k

where P, Dj, and t have the same meaning. In all cases (1, 2, and 3), ao,
a h a2, and k are dose-independent parameters to be estimated.

To minimize any possible confounding effect of protracted exposure,
parameters were estimated (1) from the 60% of rats comprising the con-
trol group and the four groups (at 65, 170, 3000, and 7000 WLMs) whose
exposure accumulated over a period of 5 weeks or 6 weeks and (2) from
all groups except the 290-WLM and 9250-WLM groups whose atypical
exposures had been exceptionally protracted with the radon at only 1%
equilibrium with its daughter products.

Fortunately, the results from the six analyses showed a similar pattern
which is illustrated for "any neoplasm, adenomatous lesion, or meta-
plasia." The maximum-likelihood estimates of the median time to "neo-
plasm or preneoplastic change" at the various dose levels and the medians
predicted by the three classes of model are shown. Constraining the back-
ground risk to be zero (model 1) leads to an overestimation of the low-
dose median and, consequently, significantly more lesions were observed at
low doses than were predicted by this model. Allowing for a background
risk (model 2) leads to predicted medians that were in reasonable agree-
ment with the observed data. Adding a quadratic term (model 3) leads to
a small but significant improvement in the quality of fit at high doses.
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exposure in one group and subsequent to it in the other. The smoke was
administered to 50 rats at a time in a 500-liter box. The smoke was pro-
duced by the simultaneous combustion of nine cigarettes and was aspirated
into the box by means of a slight pressure differential. The rats were given
10- to 15-min inhalation sessions on four days per week. Blood carbon
monoxide levels after inhalation sessions were about 0.6%, which is well
below the average found in human smokers.

The rats exposed first to tobacco smoke and then to radon showed no
excess of tumors over those exposed to radon alone, whereas those animals
exposed to tobacco smoke subsequent to radon exposure appeared to have
a four times higher risk of developing a pulmonary tumor (Table 4), and
the tumors that were induced were larger and more invasive and meta-
static. The active component of tobacco smoke must therefore be exerting
a strong promotional effect on the somatic damage caused by the inhala-
tion of radon and its daughter products.

DISCUSSION

These data show once again that, whenever there is substantial inter-
current mortality from unrelated causes, no sensible examination of the
dose-response relationship can be made without adequate allowance for
competing causes of death. This is particularly important in radiation car-
cinogenesis experiments when many high-dosed animals will die from non-
neoplastic effects of treatment.

When such allowance is made, the observed incidence of radiogenic
pulmonary tumors in these data is adequately described by the linear "no
threshold" dose-response model. This is supported by a recent reanalysis
of data on United States uranium miners which has also shown a linear
relationship between excess risk of pulmonary tumors and radon exposure
(Whittemore and McMillan, 1983). This linearity in the observable dose
range is likely to continue at much lower doses since theoretical arguments
predict that, even if the dose-response relationship is nonlinear at higher
doses (but especially when it is), the excess risk at very low doses is likely
to be approximately proportional to the effective dose (Armitage, 1982).

The data also indicate the advisability of using relative-risk rather than
absolute-risk estimates of radiation hazards: throughout the life of the
exposed rats, the dose-specific onset rate of pulmonary tumors increased
approximately in proportion to the third power of age and thus doubling
the period of observation would result in an eightfold increase in the
absolute-risk estimate yet would leave the age-specific relative-risk esti-
mate unaffected. Furthermore, the excess incidence of pulmonary tumors
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unpublished experiment found a background incidence of five tumors in
600 rats (R. Masse, 1983).

It is also noteworthy that, when age-specific prevalence rate methods
are used (which allow for competing risk of death from radiation-induced
nonneoplastic causes), little evidence exists of a reduction in tumor induc-
tion rate at very high doses. Examining the crude percentage of tumor-
bearing animals (Fig. 2), which fails to allow for this competing risk,
wrongly indicates such a reduction in high-dose tumor induction rate.
This suggests, particularly for the induction of solid tumors by high-LET
radiation, that reported reductions in tumor induction at high doses may
be caused by inadequate allowance for intercurrent mortality lather than
by cell death inhibiting preneoplastic change.
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Fig. 2 Misleading decreases at high dose levels: crude (unconnected) percentages of autop-
sied rats that were found to have any oeoplastic, adenomatous, or metaplastic lesion of the
lungs.

Effect of Tobacco Smoke Inhalation on
Radon-Exposed Rats

In 1979 three groups of 50 9-month-old rats were exposed to 4000
WLMs of radon. Two of the groups were also exposed to 6 months' inha-
lation of cigarette smoke, the tobacco exposure occurring prior to radon



TABLE 4

Comparison of Effects on Radon-Treated Rats of Prior,
Subsequent and No Exposure to Tobacco Smoke*

Pabaoaary
fesfoast

Group A§
Any neoplasm

Group B
Any tumor, adeno

matous lesion,
or metaplasia

Group C
Any lung abnormality

Cai-soaare
for hetero-

geneity with
2 decrees

of freedoai

65.40!

37.97H

3O.55f

O

11

17

21

Radoa oaly
(N = 48)$

E O/E

20.35 0.54

25.85 0.66

31.10 0.68

O

8

21

25

Tobacco,
thea radoa
(N = 49)$

E O/E

20.16 0.40

27.50 0.76

28.63 0.87

O

39

39

40

Radoa, the*
tobacco

(N = 50)$

E O/E

17.49 2.23

23.65 1.65

26.27 1.52

I

z

I
•Radon was 4000 WLM, and smoke treatment lasted for 6 months. "
tNumber of rats reaching autopsy with intact lungs.
tListed are the number of various classes of pulmonary lesions observed (O) and the number of such

lesions expected (E) if the age-speciflc onset rate for such lesions was independent of tobacco exposure.
§AII malignant.
HP « 0.0001.

s
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among United States uranium miners has been well described by the use
of such a relative-risk model (Whittemore and McMillan, 1983).

Finally, if the principal cocarcinogenic effect of tobacco smoke inhala-
tion on pulmonary tumorigenesis in irradiated human populations is, as
with rats, a promotional effect, then cessation of smoking by exposed
populations might produce an absolute avoidance of future lung cancer
risk which is even more substantial than for unirradiated smokers.
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DISCUSSION

K. S. Crump (Science Research Systems, Inc.): In the consideration
of effects of tobacco smoking in human populations, there is evidence that
it may be both an initiator and a promoter. I wonder why that did not
show up in your study. Second, have you any information on whether the
promoting effect might have been due to an impairment of clearance
mechanisms?
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Gray: I am not a biologist, so I do not feel competent to comment on
the latter question. In tobacco smoke there are 30 or more known carcino-
gens. The tobacco-specific nitrosamines are especially potent—they can
produce tumors in rats in 10 to 15 weeks. Also, the well-known carcino-
gens like benzopyrene have a promoting effect. Certainly, in humans it is
true that there is an initiating and promoting effect of tobacco, and I
would suspect that whatever the promotional agent may be it is probably
exerting its effect on these rats. I don't know why it didn't initiate tumors.

J. F. Park (Battelle, Pacific Northwest Laboratories): Was there any
attempt at a sham exposure in the control groups?

Gray: I don't believe that was done at all.
Park: Could you clarify which animals were excluded from your

analysis?
Gray: Some animals were omitted. For instance, animals for which no

histology was reported, such as cannibalized animals, were omitted. Apart
from that, I think all animals were included.

Park: What is the rationale for eliminating these animals?
Gray: If you were doing a combined fatal and incidental cancer

analysis, the information you would obtain from a completely cannibalized
rat would be that it had not died previously because of the tumor of
interest. But, if you are looking only at incidental tumors, as we were, then
the denominator must be the number of animals coming to autopsy since
cannibalized animals can contribute no useful information to prevalence
estimates.

C. L. Sanders (Battelle, Pacific Northwest Laboratories): I am con-
fused as to who did this work. Was this the French work or did you do it?

Gray: I did the data analyses presented here; the rats were exposed
and autopsied in the French laboratories.
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ABSTRACT

Biological effects observed in dogs and rodents after the inhalation of radon and radon
daughters have included, primarily, respiratory carcinoma, pulmonary fibrosis, emphysema,
and life-span shortening. Extrapulmonary lesions observed are not considered significant
except for certain hematological effects. In this paper we present biological effects data
resulting from chronic exposures of hamsters, rats, and beagle dogs. Emphasis is placed on
the carcinogenic effects of radon and radon daughters, including the influences of radon-
daughter exposure rate, unattachment fraction, and disequilibrium and of concomitant expo-
sure to other pollutants. These data are correlated with results from human epidemiological
studies. Plausible values for the radon (radon-daughter) lifetime lung-cancer risk coefficient
are provided.

Exposures of dogs and rodents to uranium-mine air contaminants were
begun in the late 1960's and early 1970's at Battelle, Pacific Northwest
Laboratory to identify agents, and their levels, responsible for producing
lesions of the respiratory tract similar to those observed in uranium
miners. The early experiments concentrated on life-span inhalation expo-
sures of Syrian Golden hamsters and beagle dogs to mixed aerosols of
radon, radon daughters, carnotite uranium ore dust, diesel engine exhaust,
and cigarette smoke. Most of the data from these early experiments have
been published (Cross et al., 1978, 1981, 1982b). Follow-up studies
include exposures of beagle dogs to uranium ore dust alone to provide data
missing from the earlier dog study, as well as experiments with male,
specific-pathogen-free (SPF) Wistar rats to study the roles of carnotite
uranium ore-dust concentration and radon-daughter exposure rate, un-
attachment fraction, and disequilibrium in the production of lung
lesions. Histopathology, clinical pathology, and pulmonary physiology
tests are the primary means of measuring biological response in these

608
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experiments. Urinalyses have recently supplemented serum tests as more
sensitive indicators of kidney damage. Radiometric analyses of tissues are
used to determine mean radon-daughter tissue doses and the body distribu-
tion of long-lived radioactivity from the ore dust.

This paper summarizes biological effects data from our experiments to
date, with emphasis on the histopathology data. In addition, derived life-
time lung-tumor risk coefficients for radon-daughter exposures of animals
are compared with similar data estimated for humans.

Experimental Methods

Exposures of male hamsters and rats began when they were approxi-
mately 12 to 14 weeks of age; beagle dogs (both male and female) began
exposure at 2 to 2.5 years of age. The experimental methodology is
described in previous reports (Cross et al., 1978, 1981, 1982b; Palmer,
Stuart, and Filipy, 1973). The carnotite uranium ore-dust aerosols had
mass median aerodynamic diameters on the order of 1.0 fim, with a
geometric standard deviation (GSD) of ~2.0; the overall average activity
median aerodynamic diameter of the radon daughters was —0.5 ^m, with
an overall average GSD of ~2.0.

The exposure chambers are flow-through devices; therefore the dis-
equilibrium of the radon daughters was <1 and ranged from 0.1 to 0.6,
depending on individual experimental conditions. In the hamster experi-
ments a diesel engine was operated to simulate patterns of engine use in
the mines; CO levels were held to 50 ppm, NO2 levels to ~ 5 ppm, and
SO2 and aliphatic aldehyde levels remained below the 1-ppm detection
limit. Cigarette-smoke exposures of dogs were by mouth and nose only and
varied, in different animals, between 10 and 20 cigarettes/day. The expo-
sure protocols for the completed hamster and dog experiments are shown
in Table 1.

When animals were found dead or were sacrificed, the lungs and
selected other organs were removed and fixed in 10% neutral buffered for-
malin or glutaraldehyde for subsequent histopathologic examination.
Appropriate test statistics were used to compare survival and other biologi-
cal data.

RESULTS AND DISCUSSION

Life-Span Shortening and Weight Loss

Life-span shortening and weight loss were calculated by comparing the
mean survival times and weights of exposed and appropriate control
animals.
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TABLE 1

Exposures in Hamster and Dog Life-Span Studies

No. of
Exposure

Hamsters*
102 Controls (room air)
102 700-WLt radon daughters
102 800-WL radon daughters, ore dust (22 mg/m3 particle

concentration)

102 Ore dust (19 mg/m3 particle concentration)
102 Diesel exhaust (7 mg/m3 particle concentration)
102 800- WL radon daughters, ore dust, and diesel exhaust

(23 mg/m3 particle concentration)

Dogs*

9 Controls (room air)
20 600-WL radon daughters, 13 mg/m3 ore dust
20 600-WL radon daughters, 13 mg/m3 ore dust, 10 cigarettes/

day (7 days/week)
20 10 cigarettes/day (7 days/weck)§

•Exposed 6 hours/day, S days/week.
tWorking level (WL) is defined as any combination of the short-

lived radon daughters in 1 liter of air which will result in the ultimate
emission of 1.3 X 105 MeV of potential alpha energy. Working level
month (WLM) is an exposure equivalent to 170 hr at a 1-WL concen-
tration.

$Radon-daughter and ore-dust exposures of 4 hours/day, 5
days/week.

§Each of three additional dogs smoked 20 cigarettes/day, 7
days/week.

Life-span exposures of Syrian Golden hamsters to radon daughters
alone or in combination with uranium ore dust and diesel engine exhaust
caused no significant (P > 0.05) changes in mortality patterns compared
with those of controls. The mean radon-daughter exposure in the hamster
experiments was on the order of 10,000 WLM.* In contrast, life-span
exposures of beagle dogs to mixtures of radon daughters, uranium ore
dust, and cigarette smoke caused significant life-span shortening when

'Working level month (WLM) is an exposure equivalent to 170 hr at a 1-WL concentra-
tion. Working level (WL) is defined as any combination of the short-lived radon daughters in
1 liter of air which will result in the ultimate emission of 1.3 X 10s MeV of potential alpha
energy.



OVERVIEW OF PNL RADON EXPERIMENTS AND EPIDEMKXOGICAL DATA 611

compared with that of controls (Table 2). Mean survival times of the dogs
exposed to radon daughters and ore-dust mixtures, with or without added
cigarette smoke, was 4 to 5 years. Mean survival times of controls and
smoke-only-exposed dogs were not significantly different from each other
during the same period. The mean radon-daughter exposure of the dogs
was 13,100 WLM.

Chronic exposure of male Wistar rats to mixtures of radon daughters
and uranium ore dust also caused life-span shortening (Table 2). Because

TABLE 2

Current Summary of Tumors Primary to the Respiratory Tracts
of Rats and Dogs, Mean Survival Times, and Lung-Tumor Risk

Coefficients for Radon-Daughter Exposures

Groap
expoMre

WLM* (S.D.)t

Noaiaalex-
powrenlc,
WLM/weck

No. of No. oT Perccatof

exaadaed witfc tmmon

Groaftaeaa
wrriralttae

Dayi

Ufctaacrfaft
coeflkicat,

10"/WLM8

320
643

2,570
3,800

5,110

5,140

9.200

12,700

13,500

(41)1
(61)1

(523)t
(1700)"

(1000)tt

<I020)it

(2800)1

(3540)§§

(378O)«

176
44 to 176
88 to 176

185

265

265

445

71

71

Male SPF Wtattr Ran

93 13(Lung) 14
159 25 (Lung) 16
94 34 (Lung) 36
28 5(Lung) 18

96

32

31

Maleu

19

!9

2 (Nose)
63 (Lung)

5 (Nose)
8(Lung)

2 (Nose)
22 (Lung)

7
66

5
25

6
71

1 (Note) 3

Mi Female Beagle Dof»

I (Lung) 5
1 (Nose)
7(Lung)
2 (Nose)

5
37

11

626
600
606
409

501

355

465

1,490

1,520

(53)
(85)
(73)
(20)

(67)

(40)

(18)

(65)

(59)

4.4
2.4
1.4
0.47

1.3

0.49

0.77

0.041

0.27

'Working level month (WLM), an exposure equivalent to 170 hr at a 1-WL concentration. Working level
(WL) is defined as any combination of the short-lived radon daughters in 1 liter of air which will result in the
ultimate emission of 1.3 X 10' MeV of potential alpha energy.

tStandard deviation.
{Standard error of the mean. Values are underlined when mean survival times of exposed animals are signifi-

cantly shorter than controls (P « 0.05).
lvalues uncorrected for life-span shortening.
HUnattachment percentage of RaA (f,), <3%.
••High f, (i.e., fraction, or percentage, of the first daughter of radon (RaA or 2llPo) which is unattached to a

carrier aerosol.
+tThe f, range, 2 to 10%.
tJThe f., 24%.
§§The f,, <3%, 10 cigarettes, 7 days/week.
UTThe f,, <i%, sham smoking.
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the exposures are still in progress, the life-span shortening and weight loss
vs. cumulative-exposure relationships are not yet fully developed. The data
that have been analyzed, however, generally show no significant differ-
ences in mortality patterns compared with those of controls for exposures
up to —2500 WLM. Exposures exceeding 5000 WLM have cau ,^d
significant life-span shortening, the effect increasing with exposure. In gen-
eral, rats that showed life-span shortening also showed weight loss.

Thus far two life-shortening anomalies have been noted in the rat
experiments. First, in an interim study to determine any influence of
radon-daughter-exposure rate, rats exposed at the lowest rate
(—44 WLM/week) died earlier than other animals given comparable
cumulative exposures. Second, in a study to determine the influence of
unattached radon daughters vs. that of attached radon daughters, rats
exposed at the highest unattachment fraction level (fa* = 24%) died ear-
lier than other animals given comparable cumulative exposures. Neither
of these experiments has yet been repeated to determine whether the
observed results are real or artifactual.

In addition, the mean survival time of tumor-bearing animals was sig-
nificantly longer than that of non-tumor-bearing animals. This is not
surprising, since the tumors must grow to a size sufficient for detection;
the longer lived animals are therefore more apt to have tumors of suffi-
cient size for detection.

Pathological and Clinical Responses

Various pathological changes and clinical responses were noted, includ-
ing neoplasia. All may have played some role in causing the death of the
animal.

Hematological Effects

The hematological effects observed were infrequent and species depen-
dent and differed from the lymphocytopenia usually resulting from inhala-
tion exposure to transuranics.

Hamsters exposed to high levels of radon daughters with uranium ore
dust and diesel engine exhaust showed no significant changes in hemato-
crit, erythrocyte, leukocyte, or differential leukocyte levels when compared
with levels measured in controls. In contrast, dogs exposed to high levels of
radon daughters, uranium ore dust, and cigarette smoke showed mean leu-

•This term f, refers to the fraction, or percentage, of the first daughter of radon (RaA or
2"Po) which is unattached to a carrier aerosol.
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kocyte values significantly higher than those of controis. The leukocytosls
was exclusively tne result of an absolute neutrophilia which, in turn, was
thought to be the result of chronic irritation and pulmonary ceil death.
Neutrophilia also was observed in dogs exposed to radon daughters and
uranium ore dust, as well as in dogs exposed to cigarette smoke alone.
Mean lymphocyte, monocyte, and eosinophil levels, as well as blood serum
constituents, were not significantly different among the various groups of
exposed and control dogs. Leukocytosis has not yet been observed in the
follow-up study on dogs exposed for 6 years to uranium ore dust alone.

In plutonium experiments lymphocytopenia is considered a result pri-
marily of irradiation of cells or tissues within the lungs (International
Commission on Radiological Protection, 1980). However, dogs receiving
mean lung doses from radon-daughter exposures comparable to mean lung
doses from plutonium exposures do not manifest lymphocytopenia.

Rats exposed to ~300 to 10,000 WLM of radon daughters (estimated
50- to 2000-rads mean lung dose) and uranium ore dust showed no signifi-
cant changes in hematocrit, erythrocyte, leukocyte, or differential leuko-
cyte levels when compared with levels in controls. In this respect, rats are
similar to hamsters; the beagle dog is therefore the most sensitive of the
three animals with regard to hematological effects.

Renal Evaluations

Renal function was evaluated on six uranimn-ore-dust-exposed and six
sham-exposed dogs after 6 years of exposure for 20 hr/week to
15 mg/m3 uranium ore-dust concentrations. Integrated urine samples were
collected in ice-cooled containers before and after a 20-hr period of water
deprivation. Tests were conducted on the urine for osmolality, specific
gravity, glucose, creatinine, protein, sodium, potassium, chloride, alkaline
and acid phosphatases, glutamic oxaloacetic transaminase, glutamic pyru-
vic transaminase, and a microscopic examination.

Results of the battery of tests were equivalent, with the exception of
glucose, for the exposed and sham-exposed groups of dogs. The mean glu-
cose excreted in 24 hr by the exposed dogs was 27.3 mg vs. 10.1 mg
excreted by the sham-exposed dogs (P < 0.05). This difference was
equally apparent when glucose excretion was expressed as milligrams per
kilogram of body weight or as milligrams per milliliter of urine. The abil-
ity of the kidneys to concentrate urine after extended deprivation of water
was not different between the two groups. Thus, on the basis of this series
of renal tests, it appears that kidney function has not been appreciably
compromised by prolonged exposure to uranium ore dust.
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Respiratory Tract Lesions

The lesions observed in organs other than the lung, in the radon-
daughter-exposed animals, were considered spontaneous or only indirectly
exposure related, in contrast to the case for most alpha emitters, which
translocate from the lung to irradiate other organs. (A possible exception
is the appearance of two osteosarcomas in a group of approximately 100
hamsters exposed to radon daughters and uranium ore dust.)

Nonneoplastic Lesions

Pulmonary fibrosis and, to a lesser extent, emphysema are common in
hamsters, rats, and dogs exposed to radon daughters and uranium ore dust.
Alveolar septal fibrosis was noted in hamsters exposed to radon daughters,
uranium ore dust, and diesel exhaust (this was also true of ore-dust-only
exposures), which gives the impression that ore dust alone was responsible
for this finding. However, another group of hamsters exposed to
comparable levels of ore dust and radon daughters did not show alveolar
septal fibrosis. We have no explanation for thL> finding.

Pulmonary fibrosis was prevalent in all dogs exposed to radon
daughters and uranium ore dust. Alveolar septal fibrosis was apparent to a
slight degree in dogs exposed to 1800-WLM radon daughters plus
13 mg/m3 uranium ore dust concentrations, becoming progressively worse
after longer exposure. The condition was characterized by large fibrotic
areas in the parenchyma, occasionally involving the major portion of some
lung lobes. To evaluate the cause of this fibrosis, we compared radon-
daughter-exposed dogs on a radiation dose basis, with plutonium-exposed
dogs. The prevalence and severity of both emphysema and fibrosis were
comparable when dogs were matched by estimated mean lung dose.
Because the ore dust was absent from the plutonium experiments, it is ten-
tatively concluded that the radiation doses were responsible for the produc-
tion of these lesions. This conclusion is supported by a current experiment
with dogs exposed to uranium ore dust alone. For comparable cumulative
exposures to uranium ore dust without the radon-daughter exposures, the
most notable pulmonary lesions observed were vesicular emphysema (but
of less severity than when radon daughters are present), peribronchiolitis,
and focal pneumoconiosis. The degree of pulmonary interstitial fibrosis
was slight. Thus a more rapid development of fibrotic lesions occurred
when radon daughters were combined with uranium ore dust.

The only significant pulmonary-function change observed in these ore-
dust-exposed dogs was an increased slope of the single-breath N2 washout
curve, which suggests an uneven distribution of ventilation. This change
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was observed in dogs exposed for less than 1 year and continued through
5 years of exposure. Measurements of pulmonary resistance, made
through 5 years of exposure, showed slight age-related changes and
increasing differences between control and exposed animals related to
duration of exposure. These two changes are suggestive of bronchitis, simi-
lar to the "industrial" bronchitis of mine workers.

The degree and severity of pulmonary fibrosis in rats vs. cumulative
radon-daughter exposure are currently under study. Exposures to
~ 5000-WLM radon daughters and uranium ore dust produced about a
40% incidence of diffuse fibrosis. Only a trace to a small amount of
fibrosis was noted in animals exposed to <1200-WLM radon daughters.
Thus the incidence, if not the severity, of this lesion appears comparable to
that observed in dogs.

Animals exposed to radon daughters alone or in mixtures with other
uranium mine-air pollutants also commonly had adenomatous lesions that
progressed to squamous metaplasia of alveolar epithelium. Bronchioloal-
veolar and bronchogenic carcinomas followed this and other preneoplastic
changes in the lung. Hyperplasia and squamous metaplasia of nasal
epithelium, with eventual development of squamous cell carcinoma, were
also noted in experiments (generally in rodents) when the unattached frac-
tion of radon daughters was high. The condition of high unattachment was
not necessary to produce nasal carcinoma in dogs. This reflects either
nasal tissue more sensitive for carcinogenesis or higher nasal deposition in
dogs as compared with rodents.

Neoplastic Lesions

In the life-span studies with dogs, animals with tumors of the respira-
tory tract generally had cumulative radon-daughter exposures exceeding
13,000 WLM; the exposure rate was 71 WLM/week. Under the condi-
tions of the experiment, concomitant exposure to cigarette smoke had a
mitigating effect on radon-daughter-induced tumors. This probably was
due to the thickening of the mucous layer as a result of smoking and, pos-
sibly, the stimulatory effect of cigarette smoke on mucociliary clearance.
The overall percent of animals with primary lung tumors was 21% for a
mean radon-daughter exposure of 13,100 WLM; the percent was 37% in
the group exposed to radon daughters and uranium ore dust but only 5%
in the comparably exposed group that also received cigarette-smoke expo-
sures. The overall incidence of nasal carcinoma was 8%. The lung cancers
were about 70% bronchogenic carcinoma and 30% bronchioloalveolar car-
cinoma. We used the simplified convention that epidermoid tumors and
mucous-staining adenocarcinomas are bronchogenic carcinomas, whereas
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tumors of Clara cell or Type II alveolar cell origin, as well as non-
mucous-staining adenocarcinomas, are bronchioloalveolar carcinomas.

Life-span inhalation exposures of male hamsters produced only four
squamous carcinomas in 306 radon-daughter-exposed animals (1.3%).
Squamous carcinoma occurred only in association with squamous meta-
plasia of alveolar epithelium which, in turn, occurred only in hamsters
receiving exposure to radon daughters. Thus it appears that exposure to
radon daughters, development of squamous metaplasia, and development
of carcinoma were related. Because so few lung cancers were produced in
these experiments, we concluded that the Syrian Golden hamster was an
inappropriate model for further study of the carcinogenic potential of
inhaled mine-air pollutants.

Approximately 4000 male SPF Wistar rats have received chronic expo-
sures to mixtures of radon daughters and uranium ore dust since 1978.
Nearly half of these animals are still alive. The histopathology data are
still accumulating, but some general trends have been observed.

We have observed an increasing lung-cancer risk (sometimes signifi-
cant) with (1) a decrease in radon-daughter exposure rate, (2) an increase
in unattached radon daughters, and (3) an increase in rador-daughter
disequilibrium. The lung cancers observed after exposures of between
—300 WLM and 5000 WLM were about 70% bronchogenic carcinoma
and 30% bronchioloalveolar carcinoma by our simplified convention of
classification. The locations of the tumors were most often estimated (by
sizing associated bronchi and bronchioles) to be about 50% proximal
(bronchi-associated) and 50% distal (bronchiole- and alveoli-associated) in
contrast to the nearly 100% proximal location of human lung cancers
(Archer, 1978; Schlesinger and Lippman, 1978). The prevalence of naso-
pharyngeal squamous metaplasia and, generally, carcinoma, increased with
increasing levels of unattached radon daughters.

Data on percent of animals with tumors primary to the respiratory
tracts of rats and dogs from various radon-daughter exposures are shown
in Table 2. This table excludes data on approximately 3000 rats currently
on experiment. Our data are as yet inadequate to draw definitive conclu-
sions regarding the effect of radon-daughter exposure rate; however, the
rats currently on study have been exposed at rates two orders of magni-
tude lower (approximating the exposures of miners) than those shown in
Table 2. Chameaud et al. (1981) reported significantly increased tumor
probabilities in their radon experiments with protracted exposures.
Whether the exposure-rate dependence holds at the very low rates received
by miners and certain environmentally exposed groups of people, remains
to be demonstrated.
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The data in Table 2 also indicate an increasing lifetime lung-tumor risk
coefficient with decreasing cumulative radon-daughter exposure. We have
not corrected the risk-coefficient data for competing risks of death, nor
can we conclude as yet that the increase in the risk coefficient continues
with further decrease in cumulative exposure. Current experiments contain
exposures as low as 20 WLM, a value comparable to estimated mean
lifetime environmental exposures of humans.

Comparison of Human and Animal Data

The epidemiological data derived from many types of underground
mining show a relatively consistent relationship between lung-cancer
incidence (which is similar to the death rate from lung cancer) and expo-
sure to radon daughters (Archer, Radford, and Axelson, 1979;
NIOSH/NIEHS,* 1971; NAS,t 1972, 1980; UNSCEAR,* 1977; Rad-
ford, 1981; ICRP,§ 1981). This underlying consistency is probably related
to the relatively narrow range of bronchial dose per WLM under various
exposure conditions in the mines. The few differences result partly because
the radon-daughter exposures of miners are imperfectly known and partly
because of the influence of both exposure rate and the presence of other
mine-air pollutants.

The following eight points comprise a comparison of animal data with
human data:

1. In rats, primarily, tumor production per WLM at very high expo-
sures was lower than at moderate exposures (Table 2; Chameaud et al.,
1981). The lowest attributable lung-cancer rates per unit exposure were
observed in miners exposed to the highest radon-daughter levels in under-
ground mines (National Academy of Sciences, 1980).

2. In both the human and animal studies, tumor production appeared
to increase with decreasing exposure rate (Cross et al., 1982a) although
exposure rate, in our experience, is considered less important than cumula-
tive exposure.

3. In a small group of Swedish miners of zinc and lead, a lower life-
time incidence of lung cancer was observed in those who smoked and were
exposed to radon daughters than in similarly exposed nonsmokers. This is

•National Institute for Occupational Safety and Health/National Institute of Environ-
mental Health Science.

tNational Academy of Sciences.
^United Nations Scientific Committee on the Effects of Atomic Radiation.
international Commission on Radiological Protection.
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tentatively ascribed to the protective effect of increased mucus production
from smoking (Axelson and Sundell, 1978) or of the thickened mucosa
resulting from smoker's bronchitis. A similar result was observed in dogs
(Cross et al., 1982b). In rats cigarette smoke was found to be cocarcino-
genic with radon daughters when exposure to smoke followed completion
of exposure to the daughters (Chameaud et al., 1980). This effect was not
observed, however, when smoking preceded the radon-daughter exposure
(Chameaud et al., 1981). Such disparities may partially explain discrepan-
cies in interpreting epidemiological data.

4. Emphysema has been attributed to radon-daughter exposure in
animals such as hamsters, rats, and dogs (Stuart et al., 1978; Cross et al.,
1978) and in underground miners (Archer et al., 1964). Simultaneous
exposure to ore dust or diesel exhaust increased the incidence of
emphysema but did not appear to increase the number of tumors produced
by exposure to radon daughters (Cross et al., 1978, 1982a; Chameaud
et al., 1981).

5. For equivalent cumulative radon-daughter exposures, the older the
animal at the start of exposure, the shorter the latent period and, in
humans generally, the higher the associated risk (National Academy of
Sciences, 1980; Chameaud et al., 1981). The highest risk coefficient,
—50 X 10~6 lung cancers per year per WLM, is that for persons first
exposed when over 40 years of age (National Academy of Sciences, 1980).

6. The predictions of various dosimetric models appear to be borne out
in the various species. The tumors induced in experiments with animals are
commonly more distal than those in humans. The modeling of Syrian Gol-
den hamster lungs by Desrosiers and associates (1978) showed that pe-
ripheral basal and Clara cells may receive doses approximately equal to or
greater than those received by basal cells in the central airways. Human
tumors have appeared almost exclusively in the upper generations of the
bronchia] tree. Some absorbed-dose calculations show that basal cells in
human upper airways receive the highest dose from radon daughters
(Altshuler, Nelson, and Kuschner, 1964; Harley and Pasternack, 1972,
1982).

7. Lifetime risk coefficients are similar in both animals and humans.
The coefficients based on rat data appear to range between 1 and
4 X 10~4 per WLM for all tumors (benign and malignant) at cumulative
exposures <5000 WLM (Table 2; Chameaud et al., 1981). At exposures
considerably less than those in which mean life span is significantly
shortened (<500 WLM), the lifetime risk coefficient appears to be about
2 X 10~4 per WLM for malignancies and ranges between 2 and
4 X 10~4 for all tumors. Data are as yet insufficient to determine a value
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for exposures below 100 WLM. A summary of estimated human lifetime
lung-cancer risk coefficients appears in Table 3.

8. Except for the greater prevalence of solid alveolar tumors and bron-
chioloalveolar carcinomas observed in the animals and, possibly, the K-cell
type of tumors observed in man, the tumors are not dissimilar. We have
not found an oat-cell (K-cell) carcinoma in our experiments; however,
Masse (1980) considers that K cells are involved in pretumoral lesions,
with species-dependent phenotypic expression. Chameaud et al. (1982)
postulated that in rats K cells convert to mucus-secreting cells which may
eventually become adenocarcinomas.

In conclusion, the similarities in the human and animal data far
outweigh the differences. The animal experiments continue to yield valu-
able information concerning the effects on man of inhaled radon and
daughters, and associated pollutants, in mine and nonoccupational
environments.

TABLE 3

Proposed Human Lifetime Lung-Cancer Risk Coefficients
per Working Level Month of Exposure

Risk coefficient Type of exposure Reference

2 to 4.5 X 10"

2 X 1(T4

2 to 14 X 10"*

1.5 to 4.5 X 10"

1 x io ••
2 X 10 4

1 to 2 X 10~4

Occupational: underground miner United Nations Scientific
Committee on the Effects
of Atomic Radiation (1977)

Occupational: underground miner Jacobi (1977)
Occupational: underground miner National Academy of

Sciences (1980)
Occupational: underground miner International Commission on

Radiological Protection (1981)

Environmental
Environmental
Environmental

Evans et al. (1981)
Cliff, Davies, and Riessland (1979)
National Committee on Radiation

Protection and Measurements
(1984)

•Values were converted from published annualized coefficients, assuming 30 years for
cancer expression.
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DISCUSSION

R. G. Thomas (Los Alamos National Laboratory): Would you then
say, from your risk coefficients, that approximately 0.5 to 1.0 raa is equiv-
alent to a working level month?
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Cross: We use 0.5 rad per working level month as our conversion fac-
tor pertaining to underground uranium mining exposures. For environmen-
tal exposures, we think it's closer to 0.7 rad.

B. B. Boecker (Lovelace, Inhalation Toxicology Research Institute):
You expressed all doses and risks in terms of working level months. Since
you have different species, do you have different dosimetric conversion fac-
tors for each species?

Cross: Limited dosimetry on the rodents and the dogs points to a
number similar to that for man. On a mean-lung-dose basis, it seems to be
close to 0.2 rad per working level month and closer to 0.5 rad per working
level month for the progenitor cells.

Boecker: So it would be about the same factor for the different spe-
cies?

Cross: Right.

J. N. Stannard (University of California, San Diego): In the BEIR
Report which you referred to, the statement is made that no lung cancers
appear before the age of 40, no matter what the age of exposure. Does the
animal work show a similar phenomenon?

Cross: The earliest time we see lung cancers in rodents is about a
year after beginning exposure. I am not sure how that would relate to
human data. Lung cancer is rare in man before age 40, regardless of when
exposure occurred.

M. E. Wrenn (University of Utah): The working level is analogous to
an exposure rate, since the daughters are short lived. What was your
lowest working level or exposure rate? Also, what are your thoughts on
whether or not exposure rate might influence the risks? This is, of course,
an important practical consideration because environmental levels of expo-
sure rates may be 6000 times lower than occupational exposure rates to
miners.

Cross: We have done a number of experiments with exposures at
1000 working levels. We are just now completing our exposures at 100
working levels for the same cumulative working-level-month exposures.
We are just now starting exposures of 10 working levels. On a working
level month per week basis, a better measure of exposure rate, we are just
about at the rate to which the uranium miners were exposed.

E. Hupp (Texas Woman's University): In your final summary you
ignored your hamster data. Would you like to speculate as to why the can-
cer incidence is so much lower in the hamsters?

Cross: I don't know.
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Hupp: We saw a similar response in the burros we heard about ear-
lier. In Spanish goats, which I have worked with extensively, we also saw a
very low cancer incidence. I don't think we should ignore such observa-
tions.
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K. S. CRUMP,* L. S. ROSENBLATT.t and M. A. SCHNEIDERMANf
'Science Research Systems, Inc., Ruston, Louisiana; tGeneticon, Walnut Creek, California;
and JClement Associates, Arlington, Virginia

Schneiderman: Several papers this morning dealt with models and
with how models helped drive the analysis. Dr. Scott in his paper
presented the model first and then indicated that, for this model to be
meaningful—to know what to do with this model—he needed a substantial
amount of experimental data. This is a primary use I see for models and
modeling. I see the models suggesting what might be meaningful experi-
mentation. The experimentation then produces data indicating whether the
model is meaningful or not and how it needs to be modified. The changed
model then drives further experimentation. To me, this is how one uses
models.

Some of Dr. Boecker's data on nasal cavity cancers seemed to show
that the risk did not change over the animal's lifetime. Older animals were
at no greater risk than younger animals. Now I realize, the number of
animals was very small; but if this is the case, it says something about the
applicability of a relative risk model. The relative risk model says that
risks are increased by some factor that is superimposed on the background
risks by exposure to the hazard. We would expect th'S risk to increase with
age. If that does not happen, we need to change our model. This suggests
to me that we are in a position to begin to modify our relative risk models,
such as the Armitage-Doll, multistage models, and to see what these
changed models imply with respect to future experimentation.

Dr. Bair asked a question. He asked, is it okay in some way to add up
annual risks and get an overall sort of lifetime risk? In a certain sense,
yes. Nick Day from the International Agency for Research in Cancer has
recommended this in the third edition of Cancer on Five Continents. He
says that you take the age-specific rates and just add them across age, in

624
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humans up to about age 70. This gives you a very good approximation to
what you would get if you did age standardization for a European- or a
United States-type population, in which low mortality has occurred up to
that cutoff age. I have used this approach and I find it helpful. It doesn't
give me the same numbers as age-adjusted methods; but, when I want to
compare several groups or several populations, I find it always gives me
the same ordering. The highest one is highest; the lowest one is lowest.

Crump: There were a number of interesting papers this morning; I
do not have time to comment on all of them. First, the Lovelace papers on
interspecies comparison used BEIR Ill-type models. I would be interested
in having more information on exactly how the models were fit. It
appeared that the dose used was the dose to the lungs at death, the cumu-
lative dose. I wonder if some other method of considering dose that did
not involve the interaction between dose and longevity might give a differ-
ent result.

The paper presented by Dr. Mewhinney on the incidence of bone can-
cer used a proportional hazards model. An extension of that type of analy-
sis which looks like it would be feasible is the Cox model, which allows for
time-varying covariates. It would be natural, it seems to me, if you have a
cumulative dose which is changing over time, to put that into the Cox
model as your time-varying covariate, rather than using a fixed measure of
dose. That might be a way of getting around the problem of what measure
of dose to use. You would use the actual cumulative dose and allow it to
change over time. When you are evaluating the validity of a proportional
hazard hypothesis with respect to the occurrence of bone cancer, I should
have thought that you would want to look at the time to bone cancer,
rather than the time to death.

Dr. Scott's paper was very interesting. I was particularly interested in
his definition of synergy. I have felt for some time that different people
use the word synergy in different ways, and it would be good to have a
definition of the term that we could all agree upon. I had not seen this one
before—it looked interesting. I did note, however, that synergy was a func-
tion of dose. I wonder if there is some way of altering the definition to
make it independent of the dose.

The paper by Dr. Gray, I believe, demonstrated clearly, as we have
seen so many times, the necessity of adjusting for age. When you do an
age-adjusted analysis, it can show a different dose-response relationship
from what you see if you do an age-unadjusted analysis. He mentioned
that he used a Weibull model and that the Weibull model is predicted by
the multistage model of cancer induction. It is interesting to note that, if
you have a time-varying dose, then you do not exactly get the Weibull
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model from the multistage model; you get something similar to it. I have
done some work recently on developing a model that can be fit to animal
data, which is based upon the exact multistage model and which I think
may have some application to this kind of data.

The Armitage-Doll, multistage cancer model is based on the assump-
tion that cancer originates in a single cell. That cell goes through a num-
ber of stages and the rate that the cell goes through some of those stages
may be a function of the radiation dose rate. If dose is independent of
time, the model predicts cancer incidence as described by a Weibull model.
If dose is not constant with time, as it will not be in most of these studies,
then you do not get a Weibull model but something much more compli-
cated.

Recently, we have implemented the software for the multistage model
in which you do not have to assume a constant dose pattern. Briefly, the
way it works is that you input the number of stages (you can investigate
this by varying the number of stages and comparing the fits of the model
to the data). You estimate which of the stages are dose related. Currently
we have the possibility of allowing for two stages to be dose related. For
each dose group, or even for each animal, you input the actual time pat-
tern of the dose. Then you input the times of tumor appearance or the
time of death; and you input a context of observation—whether the tumor
was fatal or incidental. Then the program fits the model to the data,
estimating the parameters of the model. Once you have done that, you can
input any dose pattern you wish, and the model will estimate the risk from
that particular dose pattern. This is another example of how to use a
model.

I have not been too excited about fitting this model to carcinogenesis
data, because the doses are usually so imprecise. Even if the model does
not fit, I can always say, "Well, you know, this doesn't really represent
metabolized dose, so one can't conclude that the model is not a valid one."
But I think it would be interesting to apply the model to some of your
radiation-induced carcinogenesis data, where you have much more precise
measures of dose. If the model fits the data, you can make predictions
from the model; if it does not fit, you might get suggestions as to how the
model needs to be modified in order to fit.

Rosenblatt: I have nothing specific, but I am wondering if perhaps each
of us is so close to his own work that he does not see that we are dealing
with a large number of situations which are not necessarily the same in
either a physical or biological sense. We would like a unified-field-theory
model, but probably none exists. We have heard of work here on chemical
carcinogenesis, single exposures, fractionated exposures, protracted or con-
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tinuous exposures; it seems to me that one is not going to find a single
model that will fit data from all these situations.

B. B. Boecker (Lovelace, Inhalation Toxicology Research Institute): I
would like to respond to Dr. Schneiderman's comment on our nasal carci-
nomas. We have seen no nasal carcinomas in any of our control dogs to
this point, so it is a little difficult to calculate relative risk. Spontaneous
nasal cancers are observed in dogs, and there is an estimate of their
incidence, but it is based on animals referred to veterinary hospitals and is
hardly applicable to our situation.



Effects of X-lrradiation of Young Female
Beagles on Life Span and Tumor
Incidence

L. S. ROSENBLATT, S. A. BOOK, and M. GOLDMAN
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ABSTRACT

Causes of death and the occurrence of neoplasia in female beagle dogs were evaluated retro-
spectively for 57 unexposed and 296 exposed dogs given single or fractionated whole-body X-
irradiation exposures of 100 or 300 R. Some dogs subsequently were bred, and all were
observed for the duration of their lives. The pathology for these dogs was derived from clini-
cal records, gross-necropsy reports, tissue slides, and Formalin-fixed tissues. The results of
this study indicated: (1) Dose-related shortening of life span was clearly evident. (2) Causes
of death due to either neoplasia (50%) or nonneoplastic disease (50%), with few exceptions,
were similar in control and irradiated dogs. (3) The incidences of neoplasms were not signifi-
cantly greater for irradiated dogs than for controls, but the latency period decreased as dose
increased. (4) Protraction increased survival in dogs given 300 R but not 100 R, which is
attributable solely to amelioration of incidence rates of nonmammary neoplasia. (5) The
cumulative rates of death due to mammary tumors were the same in dogs exposed to 100 R
and 300 R.

Over 25 years ago 296 female beagle dogs approximately one year of age
were given whole-body X-ray exposures of 100 or 300 R. Thereafter, these
dogs and their 57 unirradiated controls were observed for the duration of
life. Some dogs were allowed to reproduce so that the effects of radiation
on fecundity could be evaluated. The purpose of the study was to provide
information that would be applicable to predicting latent health effects in
humans exposed to radiation.

Earlier publications reported the effect of whole-body X-irradiation on
reproduction (Andersen, Shultz, and Hage, 1961) and on the median sur-
vival of these beagles, estimated at a time when 10% of them were still
alive (Andersen and Rosenblatt, 1969). Radiation-induced life shortening
was reported for irradiated beagles relative to controls and amounted to

628
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9.5 and 20% reductions in median life span for the 100-R and 300-R
groups, respectively.

In this paper we present the results of a retrospective analysis of the
causes of death and the occurrence of neoplasms. Also, survival statistics
have been updated to include all the dogs under study. Full details on
tumor types and numbers and causes of deaths will be the subject of a
subsequent report.

METHODS

Female beagles averaging one year of age (i.e., 8 to 15 months) were
irradiated and kept for their lifetimes as previously described by Andersen
and Rosenblatt (1969). Dogs dying earlier than 90 days after first expo-
sure were excluded from the survival study. Six dogs were withdrawn dur-
ing the study; these, however, were included in life-table analyses.
Table 1 shows the experimental design for radiation exposures that
occurred from 1952 to 1958. Hereafter we refer to "subgroup" to indicate
dogs that received a specific radiation treatment schedule (Table 1) and
"group" to indicate pooled subgroups, i.e., the 0-R group is also
subgroup 1, the 100-R group is also subgroups 2 to 8, and the 300-R
group is also subgroups 9 to 15.

The two singly exposed >;.bgroups each differed from the others. The
singly exposed 100-R subgroup was purchased from outside breeders, and
all dogs were exposed on the same day. Other dogs in the study were
obtained from the laboratory's breeding colony. The singly exposed 300-R
subgroup was comprised of 11 survivors (to at least 90 days) from 55 irra-
diated dogs.

After initiation of the study, a decision was made to allow half of the
dogs to reproduce. This decision represented a compromise between those
investigators who wished to test the effects of irradiation on reproduction
(i.e., the ability of the dogs to do "work") and those who felt that repro-
duction per se would compromise life-span data. Those dogs allowed to
reproduce were permitted up to two litters with cessation of attempted
breeding occurring at 4.5 years of age. Most of the bred dogs had two
litters. The singly exposed 300-R subgroup was again exceptional with
breeding continuing for the lifetimes of the 5 parous dogs (Table 1).

The choice of dogs to be bred was made on the basis of their location
in the colony. Dogs in every other row were bred. Since the dogs had not
originally been assigned to row by radiation treatment, this resulted in
unequal numbers of bred and nonbred dogs in each subgroup (Table 1).
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TABLE 1

Experimental Protocol for Whole-Body X-Irradiation
of Adult Female Beagles

Subgroup
No.

1

2
3
4
5
6
7
8

9
10
11
12
13
14
15

Exposure

Control (sham irradiated)

25 R at 28-day intervals
25 R at 14-day intervals
25 R at 7-day intervals
50 R at 28-day intervals
50 R at 14-day intervals
50 R at 7-day intervals
100 R once

75 R at 28-day intervals
75 R at 14-day intervals
75 R at 7-day intervals
150 R at 28-day intervals
150 R at 14-day intervals
150 R at 7-day intervals
300 R once

Total R

0

100
100
100
100
100
100
100

300
300
300
300
300
300
300

Total

Parous

26

9
9
5
3
7

13
9

55

11
17
11
7
6
8
5

65

146

Female beagles

Nulliparous

31

13
16
15
18
14
7

11

94

10
5

15
16
15
15
6

82

217

Total

57

22
25
20
21
21
20
20

149

21
22
26
23
21
23
11

147

353

Overall, about 40% of the dogs in each irradiation group had one or two
litters, i.e., the parous dogs. All the other dogs, including those which were
bred unsuccessfully, were termed nulliparous.

Early in this study, a decision was made to leave mammary tumors
untreated. Hence, mammary nodules were not removed but were allowed
to grow. As indicated in Table 1, small numbers of dogs were present in
each subgroup. Therefore, data for this paper were subsumed, when
appropriate, according to the total radiation exposure.

Clinical records, gross-necropsy records, fixed tissues, and tissue slides
were all used in analysis of the data, when available; when tissues or slides
were not available, gross-necropsy and clinical records were used, and in
that order.
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Postirradiation cumulative survival rates were calculated by the method
of Cutler and Ederer (1958), and cumulative incidence rates of specific
diseases were calculated using a modification of their method (Rosenblatt
et al., 1971). Statistical differences between rates in two groups and sub-
groups were determined by the method of Mantel and Haenszel (1959), in
which a cumulative chi-square with one degree of freedom was computed
for successive time intervals to test for statistical significance. Since the
chi-square test is highly dependent upon numbers of observations, a larger
difference between the controls (n = 57) and the 100-R group
(n = 149) or the 300-R group (n = 147) was required for significance
than when the 100-R and 300-R groups were compared to each other.
Since the cumulative survival rate and cumulative incidence rate curves
were not smooth, statistical significance could be demonstrated at some
ages and not at others. When further subdivisions of the radiation groups
were made (e.g., as to parity or into specific tumor types such as mam-
mary neoplasms), the consequent reduction in numbers often precluded
findings of statistical significance. Therefore it is of importance to note the
trends toward significance, as well as actual statistical significance.

RESULTS

Survival

Life-span data from this study were very similar to those reported in
an earlier publication (Andersen and Rosenblatt, 1969), written when 10%
of the dogs were still alive. Median survival times (MST) for the three
radiation groups were then 11.6, 10.5, and 9.2 years postirradiation for the
0-, 100-, and 300-R exposures, respectively. MST in terms of age can be
approximated by adding one year to the years postirradiation. Survival
curves are shown in Fig. 1.

It had earlier been shown that age-specific mortality rates for the three
groups each followed a single exponential, i.e., the Gompertz function, the
slopes of which were almost identical. The three mortality-rate curves were
offset from each other by about one year, indicative of earlier onset of
death in the 300-R group relative to the 100-R group, and of the 100-R
group relative to the control group (Fig. 2).

The effect of protraction (i.e., number of days between first and last
exposures) among the multiply exposed subgroups within an irradiation
group also was examined. It was observed that protraction (7 to 84 days,
calculated from Table 1) was unrelated to median survival times among
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the 100-R subgroups but was positively correlated among the 300-R sub-
groups. A life shortening of 0.17% was reduced for each additional day
between first and last exposures for the 300-R group.

Causes of Death

Causes of death, determined as earlier described, were divided into
those due to nonneoplastic diseases (NND) and those resulting from neo-
plasia.

Nonneoplastic Disease

The first death from a neoplasm occurred at 5.0 years postirradiation.
All earlier deaths were either of undetermined causes or were due to
specific NND. Although a large number of causes of death were observed,
some appeared to be more numerous in some irradiation groups or were
disproportionate to relative numbers in these groups. Pyometra as a cause
of death was restricted almost wholly to the 100-R group and in particular
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was observed in the subgroup that received a single 100-R exposure. Pan-
creatitis and mastitis were more prevalent among 300-R dogs. Pneumonia
occurred among irradiated dogs and in only a single control. Nephro-
sclerosis was seen relatively more often among controls than irradiated
dogs. Dogs dying of undetermined causes were more prevalent among the
300-R dogs than the 100-R dogs.

Cumulative incidence rates (CIR) for NND are shown in Fig. 3. The
CIR of 100-R dogs relative to controls were significantly higher
(P < 0.05) beginning late in life. The increase in CIR of 300-R dogs rela-
tive to controls was noted earlier, beginning at 9.0 years postirradiation
(P < 0.01). The 300-R group had significantly greater CIR of deaths
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due to NND's than the 100-R group between 2.5 and 4.5 years
(P < 0.05) and again between 9.0 and 15.0 years postirradiation
(P < 0.01).

Cumulative incidence rates due to NND among parous and nulliparous
dogs were compared within radiation groups. Among controls, parity had
no effect related to NND. Among dogs receiving 100 R, the parous dogs
had significantly higher CIR between 1.5 and 5.5 years postirradiation
(P < 0.05). When causes of death related to parity (e.g., dystocia and
eclampsia) were eliminated, this difference was no longer present. In con-
trast, no significant differences between CIR due to NND were observed
among parous and nulliparous dogs exposed to 300 R.

The effects of protraction on survival postirradiation for dogs dying of
NND were examined. No differences were observed among subgroups
within either the 100-R or 300-R irradiation groups, indicating that pro-
traction did not affect the time course of NND.

Neoplasms

The CIR of deaths from neoplasms are shown in Fig. 4. Because of
the small numbers of deaths due to each type of neoplasm, with the excep-
tion of mammary tumors, data for all neoplasms were pooled. There was
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significantly greater CIR relative to controls of deaths due to neoplasms,
beginning at 11.5 years postirradiation among the 100-R beagles
(P < 0.05) and at 9.5 years postirradiation among the 300-R beagles
(P < 0.01). Beginning at 7.5 years of age the 300-R dogs had signifi-
cantly higher CIR due to neoplasms than the 100-R dogs.

Because of the small numbers of dogs at risk, it was not possible to
determine whether irradiated dogs had an increased risk for specific, lethal
neoplasms. The latent period of several types of the more common neo-
plasms (excluding mammary tumors) decreased relative to increasing
total-irradiation exposure. For example, median ages at death from
ovarian tumors were 13.4, 12.0, and 10.5 years in the 0-, 100-, and 300-R
groups, respectively.

It had been reported earlier that nine bronchiogenic carcinomas were
found in the irradiated dogs (Andersen and Guttman, 1965). Our reassess-
ment and reevaluation of the pathology indicated that of three cases of
pulmonary adenocarcinoma—all in the irradiated dogs—two of them were
the primary cause of death.
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An absolute increase was observed in numbers of transitional cell carci-
nomas of the urinary bladder found at necropsy in the singly exposed
300-R subgroup. Five of 11 dogs had this tumor.

Among controls parity had no effect on the CIR of deaths due to neo-
plasms. For this reason irradiated parous and irradiated nuliiparous
females were compared to the combined controls. Nulliparous animals had
significantly greater CIR of neoplasia than controls, beginning at 12.0
years postirradiation after exposure to 100 R (P < 0.05), and at 8.5
years of age after exposure to 300 R (P < 0.05). The CIR of nulliparous
dogs dying of neoplasia in the 300-R group were significantly greater than
those of dogs exposed to 100 R, beginning at 8.0 years postirradiation
(P < 0.0:").

The trends for exposure-related increases in neoplasia were the same
for the parous as for the nulliparous females, but, when the same compari-
sons were made among irradiated groups, the CIR of deaths from
neoplasia among parous dogs were not determined to be significantly
different.

Earlier analysis of the effects of protraction (Andersen and Rosenblatt,
1969) on median survival times showed that among the 300-R dogs only,
protraction increased survival. We have stated previously that median sur-
vival of dogs dying of NND was independent of protraction. It is impor-
tant to similarly examine the effects of protraction on median survival of
dogs dying of neoplasms. Neoplasia was divided into three groups: mam-
mary neoplasms; neoplasms excluding mammary; and total neoplasms.
Median ages at death in the multiply exposed subgroups are shown in
Figs. 5(a) and 5(b). Dogs exposed to 100 R showed no apparent effect of
protraction [Fig. 5(a)]. The 300-R dogs showed a protraction effect in
that increasing the interval between first and last exposures tended to
increase median age at death for neoplasms excluding mammary tumors
and for total neoplasms but not for mammary neoplasms [Fig. 5(b)].

Because of the unequal numbers of nulliparous and parous dogs in the
300-R subgroups, it was difficult to separate the effects of protraction
from those of parity. Mean ages at death of 300-R parous and nulliparous
dogs dying of nonmammary neoplasms were compared by two-way
analysis of variance. The two means, 10.4 (parous) and 9.5 (nulliparous)
years postirradiation, were not significantly different. The six subgroups
were marginally significant (P < 0.10), and the protraction by parity
interaction was also borderline significant (P < 0.10).

For deaths due to mammary tumors, a significant increase in CIR of
deaths was present in dogs exposed to 100 R (P < 0.05) beginning at
11.5 years postirradiation [Fig. 6(a)]. However, exposure to three times as



ea
rs

>

X

<

<
UJ

<

z
O
\-
<

a
CC
CC
|—

IA
N

 P
O

a
UJ

13

12

11

10

9

8

7

1 9

i i

10

9

8

7

12

11

10

9

8

7

I
-•—Control

— O •

- •

— •

| | i

•«—"-Control '

" • o •

— 9

—

—

1 I i

I ' !
•* Control

- O •

—

—

t i l l

[ |
Mammary neoplasms —

°-
O

—

—

—

1 1
1 1

Neoplasms
(Excluding mammary)

o —
O

—

—

—

Total neoplasms —

O _
O

—

—

7 14 21 28 42 84
TOTAL TIME BETWEEN

FIRST AND LAST EXPOSURES, days

(a)

Fig. 5 Median years postirradiatioa at death caused by aeopbsau (a) in dogs exposed to 100 R of whole-body X-imdiatioa awl
(b) in dogs exposed to 300 R of whole-body X-irradiatioa. O, 25-R fractioa. • , 50-R fractioa.

ye
ar

s

I
h-
UJ
O

H

Ul

<

Zg
i—

a
<l
cc
cc
t -
«-\

A
N
 P

i

D
Ul

13

12

11

10

9

8

7

12

11

10

9

8

7

12

11

10

9

8

| |

•«—Control

~ O

-«— l Control

~ O

I

-«—Control

—

O
— •

t 1 1
7 14 21

FIRST

Mammary neoplasms

#

—

—

oo

Neoplasms <
(Excluding mammary)

|

I
Total neoplasms

• O

I I
28 42

TOTAL TIME BETWEEN
AND LAST EXPOSURES, days

(b)

—

—

—

—

—
_

I
1

O—

—

|
34

CO



a>
CO

CUMULATIVE INCIDENCE RATE, CUMULATIVE INCIDENCE RATE, %

o u1* ** en a) "•
D o o o o c

0) O



X-IRRADIATKDN EFFECTS ON UFE SPAN AND TUMOR INCIDENCE 639

much total irradiation did not further increase the CIR. On the
other hand, for nonmammary tumors [Fig. 6(b)], the CIR were related to
the amount of radiation exposure, with (1) a significant difference between
controls and animals exposed to 300 R at 9.5 years postirradiation
(P < 0.05) and (2) a significant difference in CIR between groups
exposed to total doses of 100 R and 300 R beginning at 8.5 years postir-
radiation (P < 0.01).

When the influence of parity on the CIR of deaths due to mammary
neoplasms was examined, no striking differences were seen between parous
and nulliparous animals. On the other hand, for nonmammary tumors,
parity may have been important; nulliparous females had increased CIR
compared to parous females. This difference was significant only among
the 300-R dogs. Again the degree of influence of parity and protraction
could not be clearly determined because of the unequal numbers of parous
and nulliparous animals within each 300-R subgroup.

Crude incidences of deaths from NND, mammary tumors, or nonmam-
mary tumors are shown in Table 2. For the two tumor categories, only
small differences were observed in incidence relative to parous or nullip-
arous or to total dose. For NND the incidences among nulliparous
dogs were similar. Among parous dogs, deaths associated with reproduc-
tion appeared to be dose related, but the differences were not significant.
The probability was 0.05 < P < 0.10.

TABLE 2

Crude Incidences (in Percent) of Parous and Nulliparous Dogs
in Each Radiation Grcsj* Dying of Nonneoplastic Diseases,

Mammary Tumors, or Nonmammary Tumors

NoMKopUstk
diseases

Muuury
taaors

Nouuauaary
ttwors

Radiation Niillip- NiiUip- Nullip-
group Paroas areas Pooled Paroiis arous Pooled Parana aroiis Pooled

OR
100 R
300 R

Totals*

38
49
62

53

48
44
49

46

44
46
54

49

27
24
IS

22

16
23
16

19

21
23
17

20

35
27
20

25

35
33
35

34

35
31
29

30

'Crude incidence pooled for the three groups of dogs exposed to 0 R, 100 R, or
300 R.
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DISCUSSION

Results of analyses of survival including all dogs differed very little
from the earlier analyses with 90% of the dogs (Andersen and Rosenblatt,
1969), as expected. Differences in survival rates could be attributed to ear-
lier onset of death among irradiated dogs since the rates of increase of
death rates were identical among the three radiation groups. Similar mor-
tality rates were observed one year and two years earlier in 100-R and
300-R dogs, respectively, relative to controls.

It also had been observed earlier that survival among dogs multiply
exposed to 300-R total irradiation was greater with increasing protraction.
This was not true for dogs similarly exposed but receiving 100 R.

Nonneoplastic deaths occurred throughout life; whereas the earliest
death from neoplasia was seen at 5.0 years of age. Among the early deaths
were two histologically verified cases of canine distemper. We also
observed that a number of dogs died shortly before or after these two dogs.
Many of these animals died of convulsions, pneumonia, or of undetermined
causes. It was stated previously (Andersen and Rosenblatt, 1969) that no
control dogs died of canine distemper. Since neurological disease and
pneumonia are associated with this highly infectious disease, we now
believe that a number of other dogs also died of canine distemper. Since
dogs were entered into the experiment over a six-year period in a nonran-
dom fashion with respect to irradiation regimen and parity, focal out-
breaks of canine distemper within the colony may have produced unex-
pected patterns of deaths from NND.

Deaths from NND at later ages appeared to be related to dose. The
controls and 100-R dogs differed only at later ages, and the CIR of both
radiation groups increased at a higher rate than those of the controls, and,
as with survival, the three radiation groups were offset with respect to time
(Fig. 3).

The CIR curves for total neoplasms (Fig. 4) showed relationships to
dose similar to those seen for NND at later ages. There is an inverse rela-
tionship between latency and dose, and the slopes of the CIR after nine
years postirradiation were similar among the three groups. Thus, in con-
trast to NND, deaths from tumors in the controls were occurring at the
same rate as in the irradiated dogs. Neoplasms among nulliparous females
showed a more significant response to irradiation than those among parous
dogs.

The pattern of the CIR of lethal mammary tumors shown in Fig. 6a
was different from the pattern of total neoplasms (Fig. 4). The CIR of
100-R and 300-R dogs were highly similar, and both exceeded those of
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controls (P < 0.05). The CIR of lethal mammary tumors of nulliparous
females were greater than those of parous females in the 100-R group but
were not statistically significant. In the 300-R group, parity had a minimal
effect.

The findings of this study, which revealed no significant differences
between 100-R and 300-R exposures for the production of lethal mam-
mary tumors and little influence of parity on these neoplasms, were incon-
sistent with an earlier, interim report on these data (Chrisp et al., 1976).
Reanalysis of data for this report did not support the earlier conclusions.

Protraction of radiation exposures did not affect the median survival
time of dogs dying of mammary neoplasms. This was true for both the
100-R and the 300-R groups [Figs. 5(a) and 5(b)].

In this study the findings with respect to lethal mammary neoplasms
were similar to results of studies in rats and humans. We observed
[Fig. 6(a)] that above 100 R, cumulative incidence rates were not
increased by increasing the dose to 300 R. Bond and co-workers (1960)
demonstrated that above 400 R of X-irradiation the incidence of
mammary gland neoplasia in Sprague-Dawley female rats was not
increased. Shellabarger et al. (1966) also showed in this same strain of
rats that fractionation (1, 4, 8, 16, or 32 exposures spread over different
time periods but each beginning at 40 days of age, with irradiation at two
times per week, until 500-R exposures to ^Co gamma irradiation were
reached) did not alter the neoplastic potential of the radiation exposure.
Similar results were obtained in an earlier, smaller study in rats given
400 R from X-irradiation (Shellabarger, Bond, and Cronkite, 1962). We
observed no effect of protraction on median survival time of dogs dying of
breast cancer [Figs. 5(a) and 5(b)].

Shore and co-workers (1977), who studied women treated with X rays
for acute postpartum mastitis, observed an increased relative risk for
breast cancer up to 400 rads with a decrease at higher doses. They also
found that fractionation of the total dose (i.e., one or two vs. three or more
treatments) had no effect on excess risk of breast cancer (9.1 vs. 11.2 per
106 person-years per breast per rad). McGregor and associates (1977) sug-
gested that breast tissue of female atomic bomb survivors 10 to 19 years
old at time of bombing was more sensitive to ionizing radiation than that
of older women. Boice and Monson (1977) reported that women between
15 and 19 years of age had mammary tissue more sensitive to X ray than
that of older women, as evidenced by sequellae after repeated fluoroscopic
examinations of the chest. Our beagles were irradiated shortly after
puberty, and their mammary tissues may have been irradiated when they
would show a greater effect to X-irradiation.
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The data on irradiated women suggest that mammary tissue was very
radiation-cancer sensitive and that the risk decreased with age at time of
exposure. Unlike the dog the age distribution of radiation-induced breast
cancer in women appeared to be identical with that of other breast
cancers; i.e., there did not appear to be a major radiation effect on latency
(National Academy of Sciences, 1980), but there was in each age cohort
studied a strong dose-effect relationship. In irradiated women dose frac-
tionation appeared to have a minimal effect on risk, which suggests "that
radiation damage is cumulative and that highly fractionated X-irradiation
is approximately as effective in inducing breast cancer as unfractionated
radiation" (National Academy of Sciences, 1980).

The type of mammary cancer (adenocarcinoma vs. fibroadenoma) may
influence the analysis since radiation dose fractionation increases adeno-
carcinoma risk in women. The obvious contrast in the canine and human
mammary responses to dose and fractionation at this stage suggested more
of a complete carcinogenesis risk in irradiated women, whereas the lack of
significant changes in incidence, but shortening of latency with dose and
fractionation, suggested that in these dogs the radiation exposure acted
more as a promoter.

The CIR of nonmammary neoplasms showed a definite dose-response
relationship [Fig. 6(b)]. Again, latency was inversely related to dose, with
the first such tumor seen at 5.0 years in the 300-R group, at 6.0 years in
the 100-R group, and at 7.S years postirradiation in the controls. The CIR
of the three groups differed significantly. An effect of protraction was
observed only in the 300-R group [Figs. 5(a) and 5(b)] in that increased
protraction extended the median ages at death. Since 60% of the tumors
causing death in the 300-R group were nonmammary, median survival
times of dogs dying of any neoplasms were also lengthened by extension of
the total protraction time.

The observation that the estimated rates of increase in mortality rates
were identical for the three radiation groups was confirmed by the cumula-
tive incidence rate curves for neoplastic and nonneoplastic diseases. For
NND the curves (Fig. 3) are roughly parallel late in life. Early in life,
complications due to deaths associated with reproduction and distemper
affected mortality-rate increases in a differential fashion. The story for
deaths from neoplasms was different; here the earliest death was at 5.0
years postirradiation, and the parallel increases in cumulative incidence
rates are clearly evident for total neoplasms (Fig. 4) and for nonmammary
neoplasms [Fig. 6(a)].

Very few tumors observed in this study could be unequivocally said to
be radiation induced. Two granulocytic leukemias and one megakaryocytic
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myelosis case were seen. These tumors are rare in the beagle. The remain-
ing tumors are common in this breed. For any given tumor, when two
cases or more were seen in controls, they were also seen in 100-R and
300-R dogs. Overall, the crude incidence of deaths from tumors was 56,
54, and 46% and from mammary tumors was 21, 23, and 17% for 0-R,
100-R, and 300-R dogs, respectively (Table 2). As with survival, the
cumulative incidence rate curves for tumors were parallel among the three
groups [Figs. 4 and 6(b)]. Thus in this study life shortening was attrib-
uted almost solely to decreased latencies for tumors and shorter times to
death from NND, which in both cases were radiation related. The curves
for CIR of all neoplasms crossed the 50% level at 13, 11.8, and 11 years
for 0, 100, and 300 R, respectively. One-year differences also were
observed for survival.

This study differs markedly from bone-seeking radionuclide studies in
which irradiation produced tumors that were rare in the beagle, i.e.,
osteosarcomas. In such studies life shortening can be directly related to
increased tumor incidence and decreased latency, with increasing dose. In
this study, latency was affected, but incidence was not. This suggested that
the radiation acted more as a promoter than as an initiator of neoplasia.
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DISCUSSION

S. A. Benjamin (Colorado State University): You indicate in your
abstract that nulliparous dogs had a greater death rate due to tumors than
did parous dogs, but that this was not related to mammary tumors. That
is contrary to data in women and data from other animal species where it
is the nulliparous animal which is at greatest risk for mammary tumors.

Rosenblatt: Yes. I realize that this is true, and I hate to be reporting
pathologic data. I mean I would prefer for a pathologist to do that. There
were problems with breeding in this experiment. There was an interaction
between dose and the ability to breed successfully and to survive breeding.
This was in obvious complication in this study. I should make one other
point. I made it as a panel member the other day, but here is where it
should be said. Remember, this study was initiated in 1951. For whatever
reason the decision was made that dogs would not be treated for mam-
mary tumors. So nothing was done; tumors were not removed until they
were so big that they were practically dragging on the ground. At that
time they were removed, and, obviously, it was too late. If these tumors
had been removed as we do now when they are nodules, what effect
would this have had on the results I reported to you here? I am giving it
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to you straight, in the sense that this is what we saw when the experiment
was done as it was done.

Benjamin: I have a comment related to that. A recent review commit-
tee that came out to evaluate our program at Colorado State University
said we should never have taken off those mammary tumors because this
would affect our survival rates and would foul up the whole experiment.

M. Goldman (University of California, Davis): There is a lesson about
committees here, I believe.
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ABSTRACT

Graded doses of injected 226Ra or ingested ""Sr were given to 804 beagles in early life. The
median survival times of the various irradiated groups at higher exposures were lower than
the control value of 14.7 years. The 226Ra group with the highest total skeletal dose (16,000
rads) had a median survival of 4.5 years. For ^Sr the highest group (13,090 rads) had a
median survival of 2.2 years. Normal life spans were evident in treatment groups with aver-
age skeletal doses of <290 rads to the skeleton from 226Ra or of 2600 rads from *°Sr. Tne
life-shortening effects of 226Ra and "Sr are related to the tumors produced from the radionu-
clide exposure. The significant causes of death among the M6Ra-treated beagles were primary
bone cancers, mostly osteosarcomas. Among dogs exposed to '"Sr, significant numbers of
deaths were from primary bone cancer, myeloproliferative disease, and squamous-cell carci-
noma of the gingiva. In general, more of these effects were produced in the groups receiving
higher doses and dose rates; at lower doses the effects, when present, appeared later than they
did at higher doses.

Twenty-three years ago, at what is now known as the Laboratory for
Energy-Related Health Research of the University of California's Davis
campus, a study began on the lifetime effects of 226Ra and wSr in 804
beagle dogs. The purpose of the research was to provide data for predict-
ing the response of humans exposed to wSr from radioactive fallout from
nuclear weapons detonations, on the basis of our observations in beagles
and the observations of others on humans exposed to 226Ra from occupa-
tional or medical sources.

In this paper we summarize the results of this research, emphasizing
biological effects and their time of appearance as they relate to dose, dose
rate, and quantity of radionuclide administered. We also compare the tox-
icity of the two bone seekers and emphasize the importance of efforts to
utilize animal-derived data to predict human responses to irradiation.

646
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METHODS

To investigate the effects of long-term exposures to 226Ra and 90Sr in
beagle dogs, we used appropriate modes of administration of these
radionuclides to mimic exposure patterns for human populations.
Radium-226 was intravenously injected between 14 and 18 months of age,
simulating the 226Ra intake by luminous-dial painters, most of whom were
young adults during their relatively short period of radionuclide assimila-
tion. Specifically, 226Ra in 0.1 TV nitric acid was intravenously administered
in eight semimonthly injections. Six treatment groups plus controls, desig-
nated R dogs, received injected activities over an approximately 500-fold
range as presented in Table 1. The injected radium at the RIO level
represented the canine equivalent of 10 times the maximum permissible
skeletal burden for humans (i.e., 0.1 /xCi of 226Ra) if a 25% skeletal reten-
tion of the injected activity were assumed.

TABLE 1

Experimental Design and Status of Radium-226 Toxicity Study
(as of Sept. 30, 1982)

code

R00
R05
RIO
R20

R30
R40
R50

Series of 8 semimonthly injections

Single 2"Ra
injection,
nG/kg of

body weight

0
0.003
0.008
0.047

0.14
0.42
1.25

Tntal 22*R«

injected, pCi

0
0.24
0.64
3.76

11.2
33.6

100.0

starting at 435 days of age

Number

Dead

76
42
36
42

41
41
41

of dogs

Alive

8
4
4
0

0
0
0

Exposures to 90Sr resulted from continual ingestion of radioactivity,
beginning at 21 days after conception when pregnant animals received the
90Sr-containing diet (in the form of SrCl2), and continuing through
pregnancy and lactation. At weaning and until 18 months of age, pups
received the 90Sr-containing diet.

The feeding of ^Sr required dietary concentrations of radiostrontium
to be maintained at a constant level with respect to well-controlled dietary
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calcium levels. Seven treatment groups plus controls, designated D dogs,
ingested 90Sr over a 1500-fold range, as presented in Table 2. This pat-
tern of exposure mimicked the situation in which human exposures would
be likely to occur in an environment contaminated with 90Sr. The feeding
regimen simulated exposures of children who would accumulate ^Sr from
the time of skeletal development to adulthood; children were assumed to
be more sensitive to such risk and to have the maximum time available to
show low-level effects.

TABLE 2

Experimental Design and Status of Strontium-90 Toxicity Lttidy
(as of Sept. ?0, 1982)

Treatment
code

DOO
D05
D10
D20

D30
D40
D50
D60

Ingestion

*°Sr ingested,
ttCi/g of dietary

calcium

0
0.007
0.021
0.123

0.37
1.11
3.33

10.0

in utero to 540

Total "Sr
ingested,

MCi

0
10
40

240

700
2200
6500

19400

days of age

Number of

Dead

68
68
35
63

62
61
60
19

dogs

Alive

12
10
5
3

3
0
0
0

During and after radionuclide administration, periodic whole-body
monitoring of the dogs provided data on the quantity of 226Ra or ^Sr in
their skeletons. Frequent veterinary examinations and medical treatment,
as needed, occurred throughout their lifetimes. Animals were killed when
they were moribund, and all tissues were preserved for histopathological
examination.

Dosimetric calculations, based on the whole-body retention of the
radionuciides, were done by standard radiobiological methods, as discussed
elsewhere by Raabe, Parks, and Book (1981). Exposures have been
presented in terms of cumulative radiation dose (i.e., in total rads) and
dose rate (i.e., in rads per exposure day, where exposure day equals age for
90Sr-fed dogs and age minus 485 days—the midpoint of the injection
series—for 226Ra-injected dogs).

Cumulative survival rates were computed by the method of Cutler and
Ederer (1958). The significance of differences between two cumulative
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survival rates was determined by the method of Mantel and Haenszel
(1959). The level of significance used was 0.05. Median survival was
estimated from the plotted cumulative survival-rate curve.

RESULTS

These results were based upon only the causes of death of our beagles
(Book et al., 1982). Other effects which were present but which did not
kill the animals will be considered when the entire histopathologic evalua-
tion and clinical history of each dog is completed.

Doses

As indicated in Table 3, a wide range of doses and dose rates were
observed in the radium- and strontium-exposed animals. The mean skeletal

TABLE 3

Cumulative Skeletal Dose and Dose Rate
(Mean ± S.D.) for Beagles Injected

with 226Ra or Fed '"Sr

Treatment
code

R00
R05
RIO
R20

R30
R40
R50

D00
D05
D10
D20

D30
D40
D50
D60

Cumulative dose,
rads

Radium-226

0
90 ±

290 ±
1,400 ±

3,100 ±
7,800 ±

16,000 ±

20
100
320

720
2100
4000

StrontMim-90

0
30 ±

130 ±
800 ±

2,600 ±
6,100 ±
9,700 ±

13,000 ±

10
30
210

710
2000
4200
3800

Dose rate,
rads/day

0.019
0.063
0.38

1.4
5.5

15.3

0.0071
0.028
0.17

0.55
1.6
5.2

16.0

0
± 0.004
± 0.021
± 0.1

± 0.4
± 2.2
± 2.8

0
± 0.0028
± 0.006
± 0.03

±0.11
± 0.33
± 1.1
± 2.9
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doses for 226Ra-exposed dogs ranged 180-fold, from 90 to 16,000 rads. For
dogs exposed to 90Sr, the range was 430-fold, from 30 to 13,000 rads. The
range of dose rates was considerable, i.e., 800-fold for radium-injected
dogs and 2300-fold for strontium-fed dogs, reflecting the wide ranges of
cumulative dose and, as seen subsequently, age at death.

Survival

As the quantity of administered radionuclide increased, the survival
time of exposed beagles decreased. For radium-exposed dogs, the cumula-
tive survival rates of R05- and RlO-level dogs were indistinguishable from
control animals through 15 years of age (Fig. 1). Cumulative survival

4

Treat-
ment
code

• R00
A RO5
• RIO
* R20

6

Injected
22BRa.

nC\

0.0
0.24
0.64
3.76

8
AGE, years

Treat-
ment
code

0 R30
V R40
O R50

10

Injecte
226Ra

fiCi

11.2
33.6

100.0

12 14

Fig. 1 Cumulative survival of beagle dogs given eight biweekly intravenous injections
of "*Ra, the last of which occurred at 540 days of age.
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rates of other treatment groups were significantly different from controls
(P < 0.05) after 10 years of age for R20 dogs, after 7 years for R30s,
after 5 years for R40s, and after 3.5 years for R50s.

Dogs fed 90Sr at the D05, D10, D20, and D30 levels were not different
from controls through 15 years of age (Fig. 2), whereas the D40 dogs
were significantly different from controls from 3 to 6.5 years and after 8.5
years of age. For D50- and D60-level dogs, cumulative survival rates were
different from controls after 2 years of age.

When median survival was plotted vs. the quantity of radioactivity
administered [Fig. 3(a)], the cumulative skeletal dose [Fig. 3(b)], or the
average dose rate to the skeleton [Fig. 3(c)], the same pattern was evident:
survival of dogs injected with 226Ra deviated from the control life span of
14.6 years for ROOs and 14.7 years for DOOs and showed decreased sur-

4

Treat
merit
code

• D00
A D05
• D10
* D20

6

Ingested
9 0Sr.

0
10

40
240

8
AGE, years

Treat-
ment
code

O D30
V D40
O D50
* 060

10

Ingested
9 0Sr,
MO

700
2,200
6,500

19,400

12 14

Fig. 2 Cumulative survival of beagle dogs fed **Sr from 21 days postconception until
540 days of age.
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vival as exposures increased, but with a gradual slope using a log transfor-
mation that extends through.four treatment levels. Dogs fed ^Sr also
showed decreased survival, but at higher levels of radioactivity, dose, and
dose rate; the slope of the curve, spanning three treatment groups, was
steeper than the curve for 226Ra. Therefore we found that for dose and
dose rate, the 226Ra and the ^ r curves crossed, which suggested that the
same level of effect (i.e., life shortening to the same age) was achieved at
about 9200 rads and about 4 rads/day.

Causes of Death

Most of the radiation-related deaths from 226Ra, occurring at the
higher dose levels, were from primary bone cancer, mostly osteosarcoma
(Fig. 4). Other causes of death were related to pathologic fractures, radia-
tion osteodystrophy, and radiation nephritis. All radiation-related deaths
combined accounted for about 10% of all deaths of RIO dogs (290 rads)
and most of the deaths of R40 (7800 rads) and R50 dogs (16,000 rads).

Deaths from ^Sr (Fig. 5) were from primary bone cancer and
myeloproliferative disease (MPD), with a smaller number of deaths from
squamous-cell carcinoma of the gingiva, which we believe resulted from

2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000
CUMULATIVE DOSE, rads

Fig. 4 Occarreace of radiatioa-reiated deaths ui beagle dogs Ejected with
"*Ra as related to average cMMlatire skeletal dose. "Other causes" were radia-
tion related aad iacMed pathologic fractves, radiation osteodystrophy, aid
radiatioB aephritis. The lower vafae of radiatioa-related deaths awMaed at
16,000 rads reflects several dogs whose caases of death are listed as aakaow*,
peadiag kistopathologk exastiaatioa.
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100

-flfcl 0

2.000 4.000 6,000 8.000 10.000
CUMULATIVE DOSt. rads

12.000 14.000

Fig. 5 Occwreace of radiatioB-retated deaths u beagle dog? fed **Sr as related
to average cuinalative skeletal dose. O, Mydoprotiferatne disease, a , Primary
boae cancer. O. Squamons-ceU careworn of the gngfra.

beta irradiation from ^Sr-containing teeth. All these deaths combined
accounted for only a few percent of all deaths of D10 (130 rads) and D20
dogs (800 rads), and for about 95% of D60 dogs (13,000 rads). Deaths
from MPD generally preceded those from bone cancer (Table 4). There
was, however, an overlap of the range of ages for the two radiation-
induced effects.

A plot of the dose vs. the percent of deaths (Fig. 6) for 226Ra- and
^Sr-exposed dogs through the more linear, lower dose regions from Figs. 4
and 5 shows definite differences between the radionuclides. The radium-
injected dogs showed no threshold and a slope of 0.04% per rad, whereas
the strontium-fed dogs appeared to have a threshold and a slope of 0.006%
per rad. Although this presentation of the data was useful in comparing
the crude incidences of radiation-induced death, it does not show the
importance of time in the manifestation of the effects as demonstrated in
Fig. 3(b).

DISCUSSION

The results to date indicate that exposures at or below the R10 level
(i.e., 0.64 fid of 226Ra per 10-kg dog, resulting in an average dose of 290
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TABLE 4

Mean Age at Death (in Years) from Myeloproliferative Disease, Bone Cancer,
and Squamous-CeU Carcinoma of the Gingiva

Treatment
code

.xX)
D05
D10
D20

D30

D40

D50

D60

•Range

Myelopro-
liferative
disease

15.4

15.4

9.9
(7.9-11.9)*

4.3
(1.2-11.7)

3.0
(1.3-7.2)

1.8
(1.4-2.3)

of values.

No. of
dogs

1
0
0
1

2

7

24

7

BOM

caacer

14.8

12.7
(10.0-15.5)

12.4
(8.4-14.5)

7.9
(4.9-9.9)

2.5
(1.6-3.0)

No. of
dogs

0
0
1
0

2

6

15

10

S««aaMMis-ceU

carciooaa of
the giagfra

15.5
(14.7-17.1)

12.9
(9.7-16.1)

7.7
(5.6-10.1)

2.5

No. of
dogs

0
0
0
0

3

7

8

1

1000 1500 2000

CUMULATIVE DOSE, rads
2500 3000

Fig. 6 Occurreace of radiatkw-related deaths io beagle dogs iajected with
"*Ra or fed **Sr as related to average OMMilative skeletal doses.



656 BOOK, ROSENBLATT. AND GOLDMAN

rads, at an average dose rate of 0.063 rad/day) did not produce a signifi-
cant decrease in survival of exposed beagles. At higher levels life spans
were shortened. Exposures at or below the D30 level (i.e., ~700 ^Ci in-
gested for the nominal beagle, resulting in an average dose of 2600 rads,
at an average dose rate of 0.55 rad/day) did not result in decreased sur-
vival.

The median survival for control dogs was 14.6 years for the radium
controls and 14.7 years for the strontium controls. The quantity of
radionuclide administered, the average skeletal dose, and the average
skeletal dose rate to reduce survival from the control value to 50% of the
control value were, respectively, about 16 fid, 3900 rads, and 2.1
rads/day for 226Ra, and 4200 (iCi, 7900 rads, and 3.2 rads/day for '^Sr.
Hence, for 50% survival, the dose from ^Sr was twice that from 226Ra,
and the dose rate from ^Sr was 1.5 times that from 226Ra.

Because the median survival vs. exposure curves for the two radionu-
clides cross, as shown in Figs. 3(b) and 3(c), the relative biological effec-
tiveness at end points other than 50% of median life span will differ. For
reducing survival to two-thirds of control values, four times the total dose
and three times the dose rate were required from ^Sr as from 226Ra. To
reduce survival to one-third of control values, 0.8 times the dose and 0.6
times the dose rate were required from ^ r .

For data beyond the R10 and D30 levels, the relationship of adminis-
tered activity, dose, and dose rate for each radionuclide can be described
by a power function. The relationships of time to death from
radionuclide-induced bone cancer and injected radioactivity (Rosenblatt,
1972), dose (Jones and Grendon, 1975), and dose rate (Raabe, Book, and
Parks, 1980; Raabe, Parks, and Book, 1981) have been described by power
functions. Death from bone cancer in these studies wa., considered to be
unlikely at low doses and dose rates because of the likely intervention of
death from other, nonradiation-related causes. Survival increased as expo-
sure decreased to a point intercepting the normal median life span, which
suggests that for survival there was a threshold for radiation-induced
effects.

The results of this study also indicate important areas that need to be
addressed in the prediction of effects on humans from internally deposited
radioactivity. They include (1) the relationships of administered activity,
dose, dose rate, effect, and time; (2) how those relationships differ with
particular radionuciides; (3) the temporal relationship of different effects
to one another; (4) the risks of particular cancers; and (5) the nsks of
noncancerous effects.

Studies on animal models occupy an important position in radiobiologi-
cal research; they provide information to link the in-vitro studies of the cell
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biologist and the epidemiological studies of the biostatistician. The beagle
dog occupies an important position among animal models, providing
almost all the long-term data in a large animal, as compared to shorter
term data from the smaller rodent species.

Our objectives in utilizing animal data include the prediction of risks to
humans from radiation exposure, as we have done on several occasions
(Goldman et al., 1973; Rosenblatt et al., 1976; Raabe, Book, and Parks,
1980). The development of better methods for scaling between various lab-
oratory animal species, to account for their differences in radiation
responses, would be an important contribution to human risk assessment.
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DISCUSSION

G. M. Angleton (Colorado State University): In your presentation,
you used the words median and mean apparently interchangeably. Would
you care to define your use of the two terms?

Book: All the graphs in which I plotted median life span, were
median life span. By median, I mean the point at which the survival curves
crossed the 50% survival points, i.e., half were dead and half were alive.
Everything else was mean as in "average."

Angleton: When you calculated your median, there were no censored
data? By censored data, I mean removing an animal from the study for
any reason.

L. S. Rosenblatt (Geneticon, Walnut Creek, Calif.): The survival
curves were done by a life-table method. Some dogs were taken out of the
experiment for various purposes, but they were kept in the study until they
were no longer at risk. So they were censored if you are putting it that
way.

Angleton: But that is not a true median then, is it?
Rosenblatt: If you want to be a purist and say, "This is the popula-

tion and when did the middle dog die?", it is not. But it is the time at
which we would expect half the dogs to have died and the other half to be
alive.

Angleton: Throughout the symposium I have heard the words "mean"
and "median," and I have never been sure how any one person is using it
vs. how another person is using it. In this case you estimate your median
from a Kaplan-Meier survival?

Rosenblatt: In this case, yes.
Angleton: So it is the estimated median, not the median?
Rosenblatt: All medians are estimated, but the techniques used to

obtain the estimates vary. In this case either estimate is an unbiased esti-
mate of the median.
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C. W. Mays (University of Utah): Your radium data produce almost
exactly the same slope we see in our data, which is rather comforting. I
noticed that your linear fit did not star1 at the origin. I wondered if you
had tried to fit a linear quadratic to the t >ne sarcoma dose-response dala.
If so, what was the value of the linear term?

Book: We are waiting to do such analyses until the remaining 25
animals die.

ML E. Wrenn (University of Utah): I feel as Dr. Mays does that it is
comforting to see that you got the same slope we did. None of us would
have expected it, because the experiments differed in several ways. Yours
was a multiple-injection experiment, and ours involved a single injection.
The fact that the dose-response slopes appear to be the same and that
plots of the time to occurrence of bone sarcomas vs. average skeletal dose
in ail the dogs from both studies seem to overlap suggests that we might at
some point in the future try to combine the data from the two studies.
Maybe we can learn more from them taken together than separately.



Nonparametric Statistical Techniques Used
in Dose Estimation for Beagles Exposed
to Inhaled Plutonium Nitrate
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Pacific Northwest Laboratory, Richland, Washington

ABSTRACT

Retention and translation of inhaled radionuclidcs are often estimated from the sacrifice of
multiple animals at different time points. The data for each time point can be averaged and a
smooth curve fitted to the mean values, or a smooth curve may be fitted to the entire data
set. However, an analysis based on means may not be the most appropriate if there is sub-
stantial variation in the initial amount of the radionuclide inhaled or if the data are subject to
outliers. A method has been developed that takes account of these problems. The body burden
is viewed as a compartmental system, with the compartments identified with body organs. A
median polish is applied to the multiple logistic transform of the compartmental fractions
(compartment burden/total burden) at each time point. A smooth function is fitted to the
results of the median polish. This technique was applied to data from beagles exposed to an
aerosol of 239Pu(NO3)«. Models of retention and translocation for lungs, skeleton, liver, kid-
neys, and tracheobronchial lymph nodes were developed and used to estimate dose.

In 1976 an experiment was initiated at Pacific Northwest Laboratory to
determine the carcinogenicity of inhaled plutonium in a soluble form. Bea-
gle dogs were exposed to six deposition levels of 239Pu(NO3)4 aerosol. The
majority of the dogs were held for life-span observation; 80 dogs, however,
periodically were sacrificed to obtain information on deposition, transloca-
tion, and excretion of plutonium nitrate. The protocol for this experiment
and its current status are described elsewhere in this volume (Park et al.,
1986). In this paper we present data from the periodic sacrifices for one
deposition level, describe the technique used to define organ burdens over
time, and provide estimates of cumulative dose to selected organs.

660
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NONPARAMETRIC DATA SUMMARIZATION

The data used in the nonparametric summarization were from dogs in
deposition level 3 exposed to 239Pu(NO3)4. Dogs in groups of three were
sacrificed at 3, 28, 89, 371, and 1828 days postexposure, and the pluto-
nium content of the tissues was determined by liquid scintillation counting.
All excreta were collected for the first month after exposure; thereafter
yearly samples of one-week duration were collected. Daily samples were
collected just prior to sacrifice for the dogs sacrificed at three months
postexposure.

The organ burdens of the sacrificed dogs are given in Table 1. The
daily excretion rate was that estimated immediately prior to sacrifice. The
same data are also expressed in Table 1 as percent of final body burden.
For nonpar a metric summarization, organ burden data were collected into
six organ compartments (lung, liver, tracheobronchial lymph nodes, bone,
muscle, and kidney) plus a compartment comprising all other tissues.

Data such as those in the lower half of Table 1 are often summarized
by an average of the percentages for each organ for each sacrifice time.
This may obscure or distort structure present in the data. For example,
dog 1407, sacrificed at 3 days postexposure, showed a distinctly different
distribution of plutonium from that seen in the other two dogs sacrificed at
that time. The percentage of the final body burden in the lung was low,
and, consequently, the percentages in other organs appeared high. An
average of the percentages of the three dogs gave too much emphasis (or
weight) to these extreme data and did not allow for the relationship
between the percentages for a particular dog [i.e., if one organ had an
extremely low (or high) percentage, then the others had to be high (or
low) to compensate].

In the analysis presented here, we have countered these difficulties as
follows: (1) all organs were treated simultaneously instead of individually;
(2) the analysis was based on medians instead of means; and (3) the data
were transformed before analysis.

The tissues were treated simultaneously by considering the data for a
single sacrifice time as a two-way table with coordinates of tissues and
replicates (dogs). The transformation described below was used to expand
this basic table into several two-way tables. The expansion tables were
analyzed using an algorithm based on medians instead of the more com-
mon method based on means.

A median analysis of a two-way table was carried out in much the
same way as a mean analysis, in that overall, row, and column effects were
removed. However, the median analysis required several iterations to
accomplish the removal. The analysis was carried out by first computing



662 STEVENS AND DAGLE

TABLE 1

Organ Burdens at Indicated Times Postexposure

Sacrifice
time post-

exposure, days

3

28

89

371

1828

3

28

89

371

1828

Dog
No.

1375
1359
1407
1341
1336
1344
1522
1529
1539

1564
1571
1588
1598
1576
1605

1375
1359
1407
1341
1336
1344
1522
1529
1539

1564
1571
1588
1598
1576
1605

Lung

65.46
72.17
47.51
15.78
23.02
30.58
32.04
25.35
37.52

6.60
11.83
6.92
0.52
1.00
0.48

89.4
90.0
51.7
66.0
70.1
57.7
54.5
51.7
52.4

18.0
22.7
13.1
0.9
1.5
1.9

Tracheo-
broochial

lymph
nodes

0.10
0.12
0.38
0.05
0.07
0.13
0.33
0.19
0.22

0.47
0.08
0.21
0.08
0.23
0.03

0.1
0.2
0.4
0.2
0.2
0.2
0.6
0.4
0.3

1.3
0.1
0.4
0.1
0.4
0.1

Liver

0.71
1.96

10.07
0.289
1.84

11.40
6.74
9.07

13.29

12.30
15.21
18.99
24.44
30.17
13.47

BOM Muscle

Nuocuries

3.57
2.95

17.37
4.31
6.48
9.12

16.74
11.60
17.90

15.64
22.69
24.33
32.62
25.52
10.14

Percentage of

1.0
2.4

22.0
12.1
5.6

21.5
11.5
18.5
18.6

33.5
29.2
32.0
42.3
46.3
52.3

4.9
3.7

18.9
18.0
19.7
17.2
28.4
23.7
25.0

42.6
43.5
46.1
54.8
39.1
39.4

0.95
0.78
4.08
0.49
0.50
0.74

(

1.55
1.77
.52

).4O
.07
.17

0.02
1.07
0.60

Kidney

0.21
0.17
0.68
0.07
0.10
0.23
0.367
0.38
0.38

0.14
0.23
0.00
0.09
0.22
0.09

Final Body Burden

1.3
1.0
4.4
2.1
1.5
1.4
2.6
3.6
2.1

1.1
2.0
2.2
0.0
1.6
2.3

0.3
0.2
0.7
0.3
0.3
0.4
0.6
0.8
0.5

0.4
0.04
0.0
0.2
0.2
0.4

All
other

2.20
2.00

11.75
0.28
0.40
0.76
1.00
0.60
0.71

1.13
1.04
1.17
0.96
7.06
0.94

3.0
2.5

12.8
1.2
1.2
1.4
1.7
1.2
1.0

3.1
2.0
2.2
1.7

10.8
3.6

Duly
excretion

rate

0.0056
0.0131
0.0233
0.0510
0.4048
0.0593
0.0575
0.0475
0.0578

0.0103
0.0152
0.0234
0.0035
0.0072
0.0028

0.0076
0.0164
0.0253
1.2131
1.2333
0.1120
0.0977
0.0970
0.0807

0.0281
0.0291
0.0254
0.0061
0.0110
0.0109

the median of each row, next by subtracting the row median from the
corresponding observations, and then by computing and removing column
medians in the same manner. Since removing the column medians may
have made the residual row median non-zero (and vice versa), the process
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was iterated several times or until no further row or column effects were
removed.

Because of the iterative nature of the procedure, the two-way median
analysis is sometimes called a "median polish" (Mosteller and Tukey,
1977). A median polish is a special case of techniques called PLUS analy-
ses for analyzing multifactor additive models by using robust/resistant
measures of location (Tukey, 1977; Olsen and Nicholson, 1976).

The transformation from the basic table to the expansion table was
accomplished by taking logarithms of ratios of selected organ burdens to
other organ burdens. For instance, one expansion table was created by tak-
ing logarithms of the ratios of all other organ burdens to the lung burden,
another by taking logarithms of ratios of all other organ burdens to the
liver burden, and so on. If Ay represents the plutonium burden of the j t h

organ of the ith dog, then the kth expansion table (for the kth organ) has
entries

WM(k) = log
Mk

There were two ways one might consider this transformation. First, if
the data were subject to outliers, one might expect more consistency
among ratios of organ contents than among ratios of organ content to
total. That is, an unusual observation would have affected one organ and
the total, but the ratios among the other organs would be unaffected. Mul-
tiple ratios leading to multiple tables were used to smooth out the effects
of an outlying observation.

Second, the logarithmic transformation was introduced because of the
large differences in the nonocurie burdens in the organs. This implied that
the variation (in nanocuries) was not the same for all organs, which in
turn implied that the variation of the ratios was not the same. The lo,.
transformation was used to approximately equalize the variation across,
organs.

The transformation also can be regarded as a multivariate logit trans-
formation. Suppose the burden in the j t h organ for the ith dog was
represented by

where B; was the total body burden and Kj was the fraction in the j t h

organ. If there were only two organs, then
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and the logit transformation of Kj was given by

W, = log

This is the univariate logit model, frequently used to model the influence
of an explanatory variable on the probability of some specified event, e.g.,
the dose of a toxic agent on the probability of mortality. The inverse trans-
formation was given by

K , =
w,

w.

and

K , =
2 1 + eW '

If there are more than two organs, then the above can be generalized as

This transformation was not a one-to-one transformation between the Kj's
and the Wj's (one cannot unambiguously determine the Wj's, given the
Kj's, since an arbitrary constant can be added to each Wj without chang-
ing the Kj's. This reflected the fact that the Kj's were not independent but
were restricted so that

m
2*3=1

j - l

The usual approach is to arbitrarily set one of the Wj's to zero, say, to
require that Wn = 0. With this restriction, then
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Wj = log
Kn

and

For a single set of proportions Kj summing to unity, it makes no differ-
ence which Wj is set to zero. For several sets of observed proportions Ky
(such as the three-day data for percentage of final body burden in Table
1), it makes no difference from a statistical standpoint which Wy is set to
zero, provided all Wy's have about the same uncertainty. If, however, one
of the Wy's has an exceptionally large error, then setting that Wy to zero
spreads the error through the other W^'s. This can seriously distort the
results of any analysis, especially for small numbers of replicates (dogs) at
each sacrifice time.

The approach taken here avoided singling out one Wj. Instead, several
were selected, each leading to one of the expansion tables mentioned ear-
lier. The kth expansion table had entries

j = Wk = log

Each expansion table was passed through the median polish analysis. Let
Cjk denote the overall median plus the j t h column effect for the polish of
the kth table. Then cjk was an estimate of Wj — Wk, and exp (cjk) was an
estimate of Kj/kk.

It followed that

estimated

exp(cjk)

( 1 - K k

K,
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so that an estimate of Kk was

[1 +

Let

K k ( k ) = l [ l

and let Kj(k) = R^k) exp{cjk), for j # k, denote the estimate of Kj
resulting from the polish of Table j . These estimates for Tables 1,
2.... ,m can be arranged in the following table of estimates:

K,(l) K2(l) . . .

K,(2) K2<2) . . .

K,(m) K2(m) . . .

which can in turn be polished to yield the final estimates K|, K 2 , . . . , Kn.
One of the compartments included in the original table was the amount

of piutoniura excreted in the days prior to sacrifice. If B(t) was the body
burden at time t, then this compartment represented

Excreta on day t = B(t — 1) — B(t) = AB(t)

Since this was a one-day change, its negative was an approximation to the
time derivative of the body burden

The polishing procedure produced an estimate of the change in body bur-
den as a fraction of the total body burden
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AB(t)
B(t)

If we let

X(t) = -

then, approximately,

AB(t)
B(t)

Mt) =
B(t)
B(t)

This was a first-order, linear, differential equation which was solved to
give

The polish produced an estimate of X(t) at the time points ti, t2, . . . . tn at
which sacrifice data were available. Intermediate points were obtained by
exponential interpolation.

The results of the polish for all sacrifice times are given in Table 2.
The final column of the table (daily excretion rate) was used as above to
estimate the body burden as a function of time.

TABLE 2

Nonparametrically Polished Organ Burdens as Percent
of Final Body Burden at Indicated l imes Postexposure

Sacrifice
tine post-

exposare, days

3
28
89

371
1828

L - 8

87.81
65.75
50.97
18.16

1.66

Tracteo-
broackial

•odes

0.134
0.204
0.378
0.388
0.251

Li?er

2.78
12.41
17.91
33.46
50.18

BOM

4.79
18.49
16.40
43.33
42.36

Mwde

1.27
1.44
2.47
2.05
1.78

KHmty

0.248
0.291
0.595
0.420
0.266

AH
other

2.96
1.20
1.18
2.17
3.49

Daily
excretioB

rate

0.00749
0.21874
0.09389
0.02837
0.01130
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The information from excreta collections at times other than sacrifice
was incorporated into an estimate of the whole body clearance function.
Let B0(t) be the estimate of the whole body clearance function obtained
from the sacrifice data, and let e;(tj) be the amount of plutonium (in nano-
curies) that the ith dog excreted at time tj. An estimate of the initial lung
burden for the ith dog was given by

B0(tF)

where FB, was the final body burden for the ith dog, and B0(tF) was the
body-burden clearance function evaluated at tF, the sacrifice time for the
ith dog.

Then

B0(bj)

was an estimate of

B(t)
B(t)

The Xj(tj) were computed for all the excreta data, and a new estimate of
X(t), the average rate, was obtained by taking medians. A new estimate of
B(t), say B](t), was then obtained by integration, using both the set of
lambdas obtained from the excreta data and from the sacrifice data. The
process was iterated several times by using B] in place of BQ to produce
B2, and so on.

The major difference between the curves obtained from only the sacri-
fice data and from the sacrifice-plus-excreta data occurred in the first sev-
eral weeks postexposure. The sacrifice-based estimate missed an early peak
in the excreta clearance rate. It was also somewhat high during the 1- to
4-year time span so that the integrated estimates of body burden from
both the sacrifice data and the sacrifice-plus-excreta data were very close
at 5 years.

The body-burden curve based on sacrifice-plus-excreta data given in
Fig. 1 was used to convert percent of final body burden to percent of ini-
tial lung burden, as given in Table 3.
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Fig. 1 Estimate of whole-body clearaace cants prodiced by aodeliBg •oa-paraatttricatly
n—••riTrii data: sacrifice data oaly aad sacrifice pbig excretiow data.

TABLE 3

Nonparametrically Polished Organ Burdens as a Percent
of Initial Lung Burden at Indicated Times Postexposure

Sacrifice time
postexposve,

days

3
28
89

371
1828

Log

87.78
60.83
43.15
13.14
0.97

Liver

2.776
11.483
15.160
24.224
29.218,

BOM

4.79
17.11
22.35
31.37
24.66

Tracheo-
broacUal

•odes

0.13
0.19
0.32
0.28
0.15

Muck

1.270
1.336
2.093
1.482
1.039

Kidaey

0.248
0.269
0.503
0.304
0.155

Other

2.958
1.109
0.997
1.573
2.027

Total

99.96
92.52
84.65
72.40
58.22

DOSE ESTIMATION

Dose was computed by integrating a smooth curve, called the clearance
or retention function, fitted to organ-burden data, such as those given in
Table 2. Frequently the curves were exponentials or sums of exponentials.
In keeping with the premise that the data were interrelated and should be
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treated as such, the organ clearance or retention functions were developed
and fitted simultaneously. Instead of fitting isolated exponential models to
each organ, the organs were conceptualized as compartments of a single
system. In this conceptualization, the flow or movement of plutonium
nitrate was modeled for each organ in a consistent and unified manner.

Compartmental models were specified by defining the compartments,
the movement routes between compartments, and the transfer rate along
each of the routes. The transfer rates can be defined (1) by specifying the
amount per unit time flowing along each route or (2) by specifying the
total amount leaving a compartment per unit time and the fractional dis-
tribution of that amount among the other compartments. The second
method was followed here.

The transfer routes were defined by assuming that plutonium nitrate
moved through the body in a single pass. The material initially deposited
in the lung was either excreted or moved to some other organ from which
it was excreted. It was assumed that there were no feedback loops in the
system. A schematic of the assumed model is shown in Fig. 2.

The distribution-and-clearance model included organ systems that
corresponded to the lung, liver, bone, tracheobronchial lymph nodes,
(TBLN), kidney, and muscle, and a collective compartment for all other
tissues. The lung was divided into three compartments: TBLN, kidney, and
muscle were split into two compartments; and liver and bone were each a
single compartment. It should be noted that the compartments within an
organ system have no necessary physiological significance.

The clearance half-times and fractional distribution coefficients were
estimated by using weighted nonlinear least squares. The weights were
inversely proportional to the fraction of the initial lung burden. The values
of the estimated parameters were included in Fig. 2. The liver showed
essentially no clearance, with an estimated half-time greater than 372,000
years. The clearance and retention curves for lung, liver, skeleton, tracheo-
bronchial lymph nodes, kidney, and muscle are shown in Fig. 3.

Dose was estimated by integrating the clearance curves and then multi-
plying by an appropriate constant to convert to rad dose. Some representa-
tive dose estimates (for a 10-kg dog with an initial lung burden of 100
nCi) at various times after exposure are given in Table 4.
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TABLE 4

Estimated Cumulative Organ Dose (in Rads) for a
10-kg Dog with an Initial Lung Burden of 100 nCi

Time, post-
exposure

90 days
1 year
5 years

Lung

10
30
45

Liver

1
4

25

Bone

1
3

14

Tracheo-
bronchiai

lymph
nodes

100
500

2300

REFERENCES

Mosteller, F., and J. W. Tukey, 1977, Data Analysis and Regression. Addison-Wesley, Read-
ing. Mass.

OJsen, A. P., and W. L. Nicholson, 1977, Robust/Resistant N-Factor PLUS Analyses,
Proceedings of the Second ERDA Statistical Symposium, compiled by G. L. Tietjen
and Kay Campbell, U. S. ERDA Doc. LA-6758-C, NTIS, pp. 58-83.

Park, J. F., G. E. Dagle, H. A. Ragan, R. E. Weller, and D. L. Stevens, 1986, Current
Status of Life-Span Studies with Inhaled Plutonium in Beagles at Pacific Northwest
Laboratory, this volume.

Tukey, J. W., 1977, Exploratory Data Analysis, Addison-Wesley, Reading, Mass.

DISCUSSION

M. Goldman (University of California, Davis): You seemed to have
more negative than positive residuals. If you really had a good fit,
shouldn't there be as many animals overestimated as underestimated?

Stevens: Not necessarily. The sum of residuals from the least-squares
fit is zero. However, we had some dogs with a considerably gieater positive
residual than we had on the negative side. I believe these will counterbal-
ance. Also, there are more data for some of the dogs because the dogs
died at different times.

Goldman: Was it just a coincidence that two animals had a strange
change in excretion rate at the same time?

Stevens: As far as we know, it was just a coincidence.
Goldman: The standard they were compared to didn't shrink or some-

thing?
Stevens: We have examined those types of things, and we have not

been able to find anything.
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J. F. Park (Battelle, Pacific Northwest Laboratories): All these dogs
are in our highest dose level group. They all died because of pulmonary
tumors, Addison's disease, or bone tumors. Therefore one might expect
some perturbation in the excretion of these animals, especially toward the
end of their life span, because of the pathological processes that were
occurring at that time.



Estimation of Initial Lung Deposition
of Inhaled 2 3 8PuO 2 in Beagles

D. L. STEVENS AND J. F. PARK
Biology and Chemistry Department, Pacific Northwest Laboratory, Richland, Washington

ABSTRACT

Studies to determine the life-span dose-effect relationship of inhaled 238PuO2 in dogs require
an estimate of initial lung deposition (ILD) to calculate the radiation dose to several organs.
Ideally, this estimate of ILD is obtained by a summation of plutonium body burden at death
plus all the pjutonium excreted during the life of the dog. However, the high costs of excreta
collection and of plutonium analyses for all excreta from each dog made it necessary to
approximate the ILD by other less expensive methods. These methods could introduce error
into the estimate of ILD and, consequently, into the radiation dose calculation. The objective
of this work was to evaluate the potential error for several methods of estimating ILD.

Thirteen beagle dogs were given a single 5- to 30-min exposure to 238PuO2 aerosols, result-
ing in estimated ILD of 0.8S to 11.7 fid of plutonium-238. Plutonium analyse of the tissues
at death (1068 to 2SS9 days after exposure) and of all excreta from these dogs were used for
this evaluation. The estimate of ILD, obtained by summation of the plutonium body burden
at death plus all the plutonium excreted, was compared to the estimated ILD obtained by (1)
the plutonium whole-body retention function for each dog, using all excreta data; (2) the
mean plutonium whole-body retention function for each dog, using all excreta data; (3) the
plutonium whole-body retention function for each dog, using partial excreta data; and (4) a
mean plutonium whole-body retention function for all dogs, using partial excreta data.

This evaluation suggested that ILD estimates based on the whole-body retention function
obtained by the summation of the plutonium body burden at death plus the excreta estimates
based on plutonium analyses of excreta for the first month postexposurc and yearly samples
to death, would provide ILD estimates within 10% of those obtained by summation of the
plutonium body burden at death and plutonium excreta estimates based on plutonium anal-
yses of all excreta.

METHODS

The dogs used in these evaluations were part of a life-span dose-effect
relationship study of inhaled 238PuC>2 currently in progress at Pacific

675
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Northwest Laboratory (Park et al., 1986). Plutonium analyses of tissues at
death (1068 to 2559 days postexposure) plus all excreta from 13 beagle
dogs given a single 5- to 30-min pernasal inhalation exposure to 238PuO2

aerosols resulting in estimated ILDs of 0.85 to 11.7.0 yCi of 238Pu were
the data set for this evaluation. Each dog was housed individually in
metabolism cages for separate collection of urine and fecss. For each dog
all excreta were collected daily for the first month after exposure; after-
ward all excreta were collected as weekly samples for the life span of the
dog. At death the dogs were necropsied, and the plutonium content of
tissues and excreta was determined. The ILD was estimated as the sum of
the plutonium for all tissues and excreta. In addition to the summation
method for estimating ILD, hereafter called ILD0, the ILD was estimated
by (1) fitting a retention function to excreta data for each dog individu-
ally, (2) fitting a single retention function to the composite data for all
dogs, (3) fitting the mean retention function of all dogs, (4) fitting
monthly (one-week collection each month) excreta data for each dog indi-
vidually, (5) fitting a single function to composite monthly excreta data,
(6) fitting yearly (one-week collection each year) excreta data for each
dog individually, and (7) fitting a single function to composite yearly
excreta data.

The first step in the analysis was to adjust the excreta data to common
sampling times postexposure (in days). This was accomplished by using
linear interpolation in such a way that the total plutonium excreted by
each dog was not changed. A curve describing the excreted plutonium was
calculated for each dog and normalized by the estimate of ILD0 obtained
from summation of plutonium in urine and feces (except for the first 3
days of fece: after exposure) plus the plutonium body burden at death.
Plutonium measured in feces samples collected during the first 3 days
after exposure was considered to reflect primarily upper respiratory tract
clearance and was excluded. This retention curve gave the percent of ILD
remaining in the body at time t postexposure (in days). The average reten-
tion curve at various times postexposure was calculated as the sum of the
individual curves at those times divided by the number of dogs alive at
those times. The retention curve for each dog was fitted by a two-
compartment exponential function, using nonlinear least squares. The
function had the form

f,(t) = B , e " V + B 2 e" V

where Bi and B2 were the plutonium content of the two compartments (in
nanocuries); X, and X2 were rate constants for the compartments, and fj(t)
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was the plutonium content in the body (in nanocuries) at time t. The sub-
script of unity on f|(t) denotes that this procedure had an estimate of
ILD! as an endpoint. The function was fitted to the excreta data and the
final body burden by minimizing the quantity

2[EXj - Af(tj)]2 + [FBB - f(tF)]2

where EXj = plutonium (in nanocuries) in excreta (urine plus feces)
collected between times tj — i and tj

Af(tj) = predicted change in plutonium body burden between
times tj _ 7 and tj

FBB = final body burden of plutonium
tF = time of death.

The function was fitted to the measured plutonium values (in nanocuries)
instead of the cumulative retention curve for two reasons: (1) If the princi-
pal component of variation was due to uncertainty in the radiochemical
analysis process, then temporally independent errors could be assumed.
This considerably simplified the fitting process from a statistical stand-
point. (2) The fitting technique was applicable to ILD estimation evalua-
tion, where portions of the data were omitted.

With this model the estimated initial lung deposition, denoted by
ILD!, was estimated as B| + B2, and the fraction in compartm^iC 1 was
given by Bj/(Bi + B2). The half-time of compartment k was
Tadc) = ln(2)/Xk, fork = 1,2.

The next step was to fit a single retention function to the composite
data from all the dogs. The same two-compartment exponential function
was used, with the ILD allowed to vary between dogs. The mathematical
form of the model was

f2i(tj) = Bi[ae

where now Bj was the estimated ILD for dog i, and a was the fraction in
compartment 1. This estimate of ILD was called ILD2.

Another estimate of ILD was obtained by fitting the average retention
curve with the two-compartment exponential model. Since the average was
expressed as a fraction of ILD, the model did not have an explicit parame-
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ter that represented ILD. The only parameters were the rate constants
k = 1,2, and the fraction a in compartment 1

f3(tj) = ae v ' + ( l - a ) e v '

Estimates of ILD, denoted by ILD3, were obtained by dividing the final
body burden by f3(tj) evaluated at tj equal to the time of death.

The parameters were estimated by minimizing the sum of squares

2[f3(tj) -Tdj)]2^2

where f(tj) was the average retention curve at time tj, and nj was the
number of dogs that were averaged at time tj. The use of nf as a weight-
ing factor was an approximation. It accounted for the precision of f(tj),
which contributed a factor of nj. The remaining nj reflected the decreasing
precision of the average retention function with time. Because of the form
of the function, f(tj) must be equal to 1.0 jit time tj = 0. As time
increased, more variation of the sample average f(tj) around the true popu-
lation average f3(tj) was expected.

Four additional estimates of ILD were obtained as variations on ILD]
and ILD2. The estimates called ILD4 and ILD5 were computed in the
same manner as ILDj, except ILD4 was based on the first month of
excreta and one weekly sample per month thereafter, whereas ILD5 was
based on the first month of excreta and one weekly sample per year
thereafter. The estimates called ILD6 and ILD7 were computed in the
same manner as ILD2 but were based on monthly samples and yearly sam-
ples, respectively.

RESULTS AND DISCUSSION

Table 1 gives the results from estimating ILDj for the 13 dogs indi-
vidually. For the most par', the results were homogenous. Some obvious
exceptions are the low T ^ l ) for dog 1191, the high T%(2) for dogs 1143
and 1175, and the low fraction in compartment 1 for dog 1162. This varia-
tion could have been predicted on the basis of an inspection of the indi-
vidual retention curves, three of which are given in Fig. 1, along with the
average retention curve for all 13 dogs. Dog 1191 had an abrupt increase
in clearance rate at about 900 days; dog 1162 had one extremely high
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TABLE 1

Estimated Initial Lung Deposition (ILD) in Nanocuries of
Inhaled "*PuO2from ln&vidual Fits for Each Dog

Days
after

exposure

1068
1263
1490
1519

1547
1571
1869
1899
2014

2098
2191
2204
2559

Dog
No.

1191 F
994 F

1143 M
1025 M

1064 M
1175 F
1162 F
1009 M
975 F

1037 M
1006 F
1057 M
1002 M

Half-times

T»(I)

3154
6073
7065
8018

6529
6399
4665
8464
5539

5279
5751
5840
5436

T*(2)

12
10
67
16

8
69
41

7
8

15
6
9
8

Compart-
ment 1
fraction

0.99
0.97
0.95
0.98

0.98
0.94
0.93
0.98
0.99

0.98
0.99
0.97
0.96

ILD,

845
5,979
7,707

11,688

10,136
4,581
5,221
5,223
4.101

3,253
3,727
2,341
2,572

ILD,

856
5,974
7,722

11,670

10,097
4,591
5,239
5.2J8
4,120

3,259
3,750
2,336
2,554

Percent
difference

-1.29
0.08

-0.19
0.15

0.40
-0.22
-0.34
-0.29
-0.46

-0.18
-0.61

0.21
0.71

value at about 900 days. No satisfactory explanation was available for
these unusual patterns.

The results of the eight methods for estimating ILD are contrasted in
Table 2. The IDL0 is given in nanocuries; and the other ILDm, with
m = 1, ... 7, estimates are given as percent difference from ILD0

(100 X (ILDm — ILD0)/ILD0), to provide a convenient scale for com-
parison.

The ILD( agreed quite well with ILD0. The maximum percent error
was less than 1.3% which occurred for dog 1191. All others were less than
1%. Since ILD, was based on all data, this estimate was primarily used as
an indication of the suitability of the two-compartment exponential model.

The ILD2 differs from ILD! in that common values of T^(l), T^(2),
and the fraction in compartment 1 were used for all dogs. The estimate of
the common half-time for the first compartment was 6417 days; for the
second compartment the estimate was 13.5 days. The estimate of the frac-
tion in compartment 1 was 97.6%. As expected, the agreement between
ILt>2 and ILD0 was not as close as that between ILDj and ILD0. How-
ever, except for dogs 1162 and 1191, the agreement was within 6%. As
noted earlier, dogs 1162 and 1191 exhibited unusual clearance patterns.
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Fig. 1 Wfeofe-bmtj,reteatkw of ^ P B after iakaJatioa of 2 3 t r^O I for three dogs
aad for the average of 13 dogs.

Although the function f3(t) used in estimating ILD3 was only a minor
modification of f^t) and fj(t), the method used in estimating the parame-
ters of f3(t) was fundamentally different. Estimation of the parameters of
f>i(t) and f|(t) utilized the minimization of squared differences in clear-
ance rates; for f3(t) the minimization was of the squared differences of
retention functions, i.e., the integrated or accumulated rates. In practice
this method of estimating ILD would be applied by collecting all excreta
from a group of dogs and developing a function corresponding to f3(t).
Once such a function was available, the ILD could be estimated by divid-
ing the final body burden by the value of the retention function at the
time of death. Given the differences in estimation technique, the parameter
estimates for f3(t) were in reasonable agreement with the corresponding
parameters for f^Ct). The estimate of the half-time of compartment 1 was
5825 days; for the second compartment the estimate was 26.1 days. The
estimate of the fraction in compartment 1 was 96.6%. The largest percent
errors relative to ILDQ, again, occurred for dogs 1162 and 1191. All esti-
mates of ILD3 were within 10% of ILD0.
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TABLE 2

Comparison of Estimates of Initial Lung Deposition (ILD)*

Dog No.

1191
994
1143
1025

1064
1175
1162
1009

975
1037
1006
1057
1002

ILD,

856
5,974
7,722
11,670

10,096
4,591
5,239
5,238

4,120
3,259
3,750
2,336
2,554

ILD,

-1.29
0.08

-0.19
0.15

0.40
-0.22
-0.34
-0.29

-0.46
-0.18
-0.61
0.21
0.70

ILD,

-11.57
-1.32
-1.35
3.77

1.13
-3.72

-12.35
4.68

-2.67
^.73
-2.21
-2.74
-5.52

ILDj

-9.57
1.23
1.39
6.70

3.93
-0.96
-9.55
8.07

0.61
-1.54
1.29
0.75

-5.20

ILD4

-1.27
0.37
0.87

-0.24

-0.93
0.02
-3.22
0.12

-0.73
-0.02
0.82

-0.23
2.04

ILD,

1.24
1.45
6.86

-0.86

0.47
-4.22
9.66

-0.49

-0.51
6.38
2.28
0.38
7.73

ILD«

-11.68
-1.39
-1.40
3.72

1.08
-3.76

-12.35
4.67

-2.67
-4.70
-2.18
-2.72
-5.49

ILD,

-10.75
-1.87
0.04
5.27

2.61
-2.27
-10.73

6.64

-0.70
-2.70
0.96

-0.56
-2.98

in nanocuries. Other estimates of ILD are expressed as percent error
relative to ILD0.

The last four methods of estimating ILD simulated substantial differ-
ences in experimental methods that in practice would result in significant
cost reductions. From Table 2 the maximum error for individual fits to
excreta data collected on a monthly basis (used to estimate ILD4) is 3.2%,
which occurred for dog 1162. For the individual fit to excreta data col-
lected yearly, ILD5, the maximum error increased to 9.7%, again for dog
1162. The use of monthly or yearly excreta-collection protocols did not
greatly degrade the performance of the composite fit. The ILD6 (based on
monthly data) had a maximum error of 12.4%, the same as for ILD2. For
ILD7 the maximum error of 10.8% was smaller than for ILD2; in fact
ILD7 was closer to ILDo ^an to ILD2 in nine of 13 cases.

This study provided an assessment of several protocols for estimating
ILD. The assessment used data from 13 dogs. All data were used, even
though the data from several dogs exhibited clearance patterns that
departed greatly from the norm. All data were included as recorded to
preclude the possibility of reporting an overly optimistic result. However,
even with this data base, all the various estimates of ILD reported here
were within 12.4% of the ILDo estimate which was based on summation of
final body burden and all excreta. Although a complete analysis of the
sources of error has not been carried out, it is believed that the 12.4%
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error compares favorably with the error inherent in ILD0. Therefore, the
protocol using yearly excreta collection represents a viable method for
estimating ILD, at least for a compound such as 238PuO2 with a slow
clearance rate.
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DISCUSSION

M. Shore (U. S. Food and Drug Administration): Concerning the
models that you are using, whether they are two-compartment or three-
compartment models, were they derived by starting off with a compart-
mental system in which you assigned variables that have some physiologi-
cal meaning and then derived your equations? In such a case parameter
estimates and compartments have meanings that are physiologically more
easily understood. But your approach was strictly empirical, was it not?

Stevens: Yes, definitely. We did not identify physiological compart-
ments and amounts in those compartments before we started out.
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ABSTRACT

A group of beagle dogs exposed to inhaled "9PuO2 is being followed for life-span effects at
Battelle, Pacific Northwest Laboratory (PNL). This paper reports preliminary lung dose esti-
mates and dose-response relationships for incidence of lung tumors and radiation pneumonitis
which have been observed to date. Doses were estimated by using both conventional dose-
averaging and microdosimetric techniques. Cascade impactor sampling data were used to
reconstruct the original plutonium aerosol size distributions unique to each of about 120 indi-
vidual dogs exposed to 239PuO2.

Data providing the initial plutonium lung burden and lifetime lung retention-clearance
functions of plutonium for each dog were used for calculating average dose rates, cumulative
absorbed doses, and specific energy distributions. A linear dose-response relationship for lung
tumor induction was estimated on the basis of cumulative lung dose. Average time to death
was estimated as a function of average dose rate. Conclusions regarding the potential value of
microdosimetry in the interpretation of such dose-response relationships are discussed.

For more than 12 years, a major life-span study of the effects of inhaled
239PuC>2 in beagle dogs has been in progress at PNL. Dogs were individu-
ally exposed at 18 months of age to a single, nose-only exposure of
239PuO2 at different levels, and the survivors are now reaching their
median life expectancy. Increased mortality due to radiation pneumonitis
and lung tumors was observed in the three highest dose-level groups (Park,
1983). Other pathological findings also have been carefully documented.

Long-term aninal studies provide important information concerning
the relationship between radiation dose and associated biological effects.
The dose-response relationship is an essential element in estimating the
potential risks to exposed human populations and in setting standards for
radiation protection.

683
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DOSIMETRIC APPROACHES

Dosimetry is the measurement or quantification of radiation energy
imparted to matter. Dosimetry provides a physical basis for quantifying
the amount of radiation energy which may be responsible for biological
changes of significant health importance.

Just as there are many different kinds of biological end points of irra-
diation, there are also many different ways of expressing dose. A common
practice is to express dose in terms of activity per unit of body tissue, such
as "microcuries per gram of lung tissue." Since ionizing radiation interacts
with matter by imparting energy to it, a preferred dosimetric method is to
quantify the amount of energy imparted to tissue during a specific period
of time. The total amount of radiation energy released is averaged over the
total organ mass. Dose is then expressed in terms of cumulative absorbed
dose. This simplified method is referred to as "conventional dose averag-
ing." It neglects track structure detail, target characteristics, and dose
fluctuations at the cellular level. It does, however, provide a convenient
estimator of the total radiation insult to the organ system.

Simplification of the dosimetry invariably leads to loss of information
and a disassociation of cause from effect. Radiation effects begin at the
cellular or subcellular level of biological organization. The localized dose
from alpha-emitting particulates is highly nonuniform. Microdosimetry
provides a statistical description of the frequency distribution of doses cal-
culated for small targets such as cells or cell nuclei. Careful attention to
dosimetric detail, particularly at the microscopic level, helps to reduce
uncertainties. For example, microdosimetry accounts for the fine structure
of the tissue and the distribution of sensitive cell nuclei. It considers the
nonuniform distribution of radioactive materials in the organ, and the
microscopic distribution of energy emitted from discrete radioactive
sources.

Microdosimetry is an important tool for studying the biological effects
of alpha emitters and may provide a better understanding of exposure
risks. We are currently able to calculate the microdosimetry of plutonium
in the lung, but we are not yet sure how to utilize the large amount of
information that results. Further study is needed to understand the biologi-
cal processes associated with energy depositions at the cellular level.

DOSE-RESPONSE RELATIONSHIPS

The dose-response function provides a prediction of the risk at a given
dose. However, dose-response relationships are expressed in many different
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ways. The most common representation is incidence of a biological end
point as a function of cumulative absorbed dose (International Commission
on Radiological Protection, 1980). Another expression is time to death
from start of exposure as a function of average dose rate (Raabe, Parks,
and Book, 1981).

In this paper we present preliminary dose-response information for
beagle dogs exposed to 239PuC>2. This is a report of work in progress; more
work remains before final conclusions are presented. Ultimately our goal
is to determine dose-response relationships that are applicable to the
health protection of humans. We also are beginning to explore the
relevancy of microdosimetry to long-term health risks that might result
from inhalation of radioactive materials such as plutonium.

METHODS

Plutonium-239 emits a 5.15-MeV alpha particle. The range of the
alpha particle is short: about 40 /im in soft tissue and 40 to 800 fim in pul-
monary tissue, depending on the amount of air space encountered. Alpha
particles are highly ionizing over short distances. Lung tissue therefore is
not irradiated uniformly; the nonuniformity of the irradiation increases
with higher proportions of large PuO2 particulates in the inhaled aerosol.

Dose-Averaging Techniques

Cumulative absorbed lung doses in beagle dogs from inhaled 239PuC>2
were determined by using the expression

where D = cumulative absorbed dose, rads
51.23 = constant conversion factor

E = energy of the alpha particle emission (5.15 MeV)
A = initial lung burden, fid
m = mass of the lung, g

B(t) = retention function of the plutonium in the lung
t = time period (days) for which the dose is determined

For surviving dogs in the PNL study, t is the time from plutonium inhala-
tion to Sept. 30, 1982. For dead dogs with lung tumors, t is the time from
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inhalation to the estimated time of tumor appearance, as diagnosed from
periodic chest radiographs. For dead dogs without lung tumors, t is the
time from inhalation of plutonium to death.

A pure 239PuO2 was assumed. Sines the oxide also contained some
24lPu and 241Am, further work is needed to account for their contribution
to the total absorbed dose.

The initial alveolar lung deposition was estimated from external thorax
gamma counting at 14 and 30 days postexposure (Park, Bair, and Busch,
1972). Lung mass was estimated to be a constant fraction (0.011) of the
total body weight.

Assuming single-exponential clearance* of 239PuC>2 from the lung,
integration of Eq. 1 yields

7 3 . 7 3 E A T ^ ( l - f )
D " m ( 2 )

where T^ is the effective half-time for clearance of plutonium from the
lung, and f is the fraction of the initial lung burden remaining at time t, or

f _ lung burden at time t . .
initial lung burden

The mean dose rate D (rads/day) is the total cumulative absorbed dose for
a time period t (days) divided by t,

(4)

The effective half-time T^ was determined for each euthanized dog by
using the expression

T ( - t in 2)
T * ~ lnf

T - (-0-693Q

*The choice of a single-exponential clearance function was necessitated by the lack of
better information. Retention data from periodically sacrificed dogs should improve our
understanding of plutonium retention and clearance.
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The mean effective half-time for removal of plutonium from the lungs of
64 euthanized dogs was estimated to be 1075 ± 482 days (mean ± S.D.).
The value T^ = 1075 days was assumed to be valid for surviving dogs
until the final lung burden (and thus the effective clearance half-time) can
be accurately determined after death.

Microdosimetric Techniques

This section briefly describes the methods used to calculate these dose
distributions in "specific energy" (International Commission on Radiation
Units and Measurements, 1980) for cells or cell nuclei of the beagle dog
pulmonary lung.

Figure 1 is a diagram of the work that was required to establish the
capability of performing lung microdosimetry calculations. First, a com-
puter code (Fig. 1, step 1) for internal lung microdosimetry (Roesch,
1977) was developed from first principles and combined with a statistical
model (Fig. 1, step 2) of the microanatomical structure of the dog lung
(Fisher, Hadley, and Bowen, 1981), which resulted in a revised code for
lung microdosimetry (Fig. 1, step 3). The lung code required information
concerning the distribution, concentration, specific activity, and number of
radioactive particul^tss deposited in the lung (Fig. 1, step 4). It accounted
for the residence time for particulates in the lung over the life span of the
dog (Fig. 1, step 5) and calculated a probability distribution of doses in
specific energy received by cells in the lung (Fig. 1, step 6). The mean

1. Internal
microdosimetry
code
development

2. Modeling
of lung
tissue
microstructure

—I

3. Lung
microdosimetry
code

4. Aerosol
characterization

5. Deposition and
retention
parameters

—

6. Specific energy
distributions
for inhaled
plutonium

Fig. 1 Ordering and progression of tasks involved in characterizing
the microdosimetry of plutonium in beagle dog lung.



688 FISHER, CANNON, HADLEY, AND PARK

specific energy of the probability distribution is equivalent to the cumula-
tive absorbed lung dose, D. The microdosimetry technique also provided
the probability that cells or other targets were irradiated or not during a
specified exposure period.

Aerosol sampling data were used to determine the size distribution of
plutonium dioxide particulates that were initially deposited in individual
dog lungs. The dogs were exposed by using a close-fitting latex exposure
mask connected to the inhalation port of the exposure chamber (Park,
Bair, and Busch, 1972). Samples of the aerosol were collected at ports on
the same level as the inhalation port. Cascade impactors separated the
sampled aerosol particles into eight size ranges, and the activities of each
size range were measured. The impactor cutoff Stokes diameters were cal-
culated by using known values of jet diameter, impactor flow, and particle
density. These cutoff diameters were taken as the lower limits of particle
diameter for each size range except for the final filter, which collected all
particles of a size smaller than the cutoff diameter of the seventh impactor
stage. The number of particles within a size rangt was estimated by calcu-
lating an "average" activity for particles within the range and by dividing
the measured activity by this average number. Standard radiochemical
analysis procedures were used to measure the 239Pu activities of the various
stages.

The fraction of particles in a size range deposited in the lung was
estimated from a deposition curve constructed by Yeh (1980) after the
particle size scale had been converted to Stokes diameter by using the rela-
tionship

KaDa
2 = PKSD2 (6)

where Da and Ds are the aerodynamic and Stokes diameters,* respectively,
and Ka and Ks are their corresponding Cunningham slip correction factors.
The density (p) of PuO2 is 10.6 g/cm3.

The microdosimetry code first calculated the "single-event density,"
which is the statistical probability of all possible energy depositions in a
single site (or biological target of interest) from a single interaction by an
alpha particle. The relative specific ionization of the alpha particle as a
function of range and all possible distances between the source and the site
within alpha particle range were considered. These one-alpha-particle

*The aerodynamic and Stokes diameters of a particle are diameters of spheres of density
1.0 and p, respectively, which will impact and settle on surfaces in the same way as the actual
particle.
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curves were obtained independently from proportional-counter measure-
ments and Monte Carlo computer simulations. The probabilities from the
single-event curves were then combined by the methods of probability
theory (i.e., by convolution) to obtain the probabilities for multiple
sources in the lung.

RESULTS

Lung dose calculations were performed for surviving and dead dogs.
Periodically sacrificed dogs were excluded from this analysis. Among dogs
with detectable initial lung burdens, calculated total cumulative absorbed
doses ranged from 2.2 to 7760 rads. Average dose rates to the lung ranged
from 0.001 to 23.2 rads/day.

The average lung dose iate for each dog was plotted against the time
in days to the first observation of a lung tumor, time to death in the
absence of tumors, or time to Sept. 30, 1982, for surviving dogs. A log-log
scale was chosen (Fig. 2). The estimated median life expectancy (postex-
posure) of 4500 days is shown. Open circles represent live dogs, and closed
circles represent dead dogs with lung tumors. The best-fit straight line
through the points representing dogs with lung tumors was determined by
least squares linear regression on transformed data. (The straight line
appears curved on a log-log plot. A lognormal dose-response relationship
could also be constructed through the data to give a straight line on a log-
log plot.) The negative slope of the dose-response relationship indicated a
decreasing life span of dogs with higher average daily dose rates. The
linear fit suggested that, for dogs developing a lung tumor, each one-rad-
per-day increase in dose rate decreased the survival time by 912 days
(from an intercept of 3617 days).

Figure 3 shows the percent incidence of dogs with lung tumors as a
function of cumulative absorbed dose to the lung. Only dogs with detect-
able initial lung burdens of plutonium were included in this analysis. For
the 36 dogs with lung tumors, a dose correction was made by subtracting
the amount of "wasted radiation" (i.e., dose to the lung after onset of the
tumor) from the total cumulative absorbed dose. We found a wide varia-
tion in calculated absorbed doses for individual dogs. However, eight
groupings of dogs were observed because of natural clustering of the calcu-
lated lung doses. The mean cumulative lung dose for each of these groups
and the percent of dogs with lung tumors in each group were represented
by points on the figure. The horizontal and vertical error bars indicate the
standard deviation of the mean for each group.
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group mean.

Figure 3 also shows an increasing frequency of lung tumors with
increasing cumulative absorbed dose. The frequency approached 100% of
dogs with lung tumors at about 2200 rads to the lung and then decreased
with increasing dose because of the competing risk of death from radiation
pneumonitis. An estimate of the lung cancer risk at low to moderate doses
was obtained by a linear fit to the data points. If a straight line was fitted
through the first four data points, an estimate of the lung tumor risk was
obtained from the slope: 661 lung tumors per 106 rads. If the fifth data
point was included, the risk was estimated to be 537 lung tumors per 106

rads. If the sixth data point, (at 100% incidence) was included in the
regression analysis, the slope reduced further and indicated a risk of 460
lung tumors per 106 rads. For all regression analyses, the coefficient of
determination indicated excellent fit to a straight line (R2 = 99.6, 95.7,
and 94.4, respectively). The coefficient was maximized by the selection of
groups. The mean and standard deviation of the lung doses for each group
of dogs are given in Table 1.

At doses above 1000 rads, all deaths were due to either iung tumors or
radiation pneumonitis. Radiation pneumonitis predominated at doses above
4000 rads. An estimate of the risk of radiation pneumonitis was also deter-
mined by the same method although there were few data points to work
with. Knowing that the incidence is 11% at 2870 rads and 67% at 5380
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TABLE 1

Preliminary Incidence* of Lung Tumors by Group
and Mean Lung Doses (rads) ± Standard Deviation

Group

1
2
3
4

5
6
7
8

No. of
dogs

38
14
17
10

6
5
9
9

Luag
incidence,

0
14.3
35.3
70.0

83.3
100.0
88.9
33.3

tumor
% ± S. D.

± 3.0
± 9.4
± 11.6
± 14.5

± 15.2
± 25.0
+ 10.5
± 15.7

Mean
rads

52
212
559

1090

1630
2230
2880
5380

lung dose,
± S. D.

± 45
± 46
± 140
± 116

± 159
± 82
± 391
± 1420

•Percent of dogs at risk developing lung tumors as of
Sept. 30, 1982. This includes both living and dead dogs in the
study with measurable 23*Pu lung burdens.

rads, the linear estimate of the risk function for radiation pneumonitis was
Y == 0.00022 X — 0.53, where X is the lung dose in rads. This prelim-
inary estimate suggested a practical threshold for radiation pneumonitis
for the dog lung at about 2300 rads, which increases to 100% incidence at
about 6800 rads.

In conventional dose averaging, the end product of a dose calculation is
a numerical value representing the average dose or dose rate. The end
product of a microdosimetry calculation is a probability density function
(pdf) in specific energy. The specific energy pdf for a single dog is thus a
distribution of "doses" received by nuclei of epithelial and endothelial cells
of the pulmonary lung. An example distribution calculated for one dog
lung is shown in Fig. 4 for which a random distribution of 239PuC>2 in the
lung was assumed. The period of time used for this example was 2333
days.

We are currently in the process of calculating probability densities in
specific energy in the lung for each dog in the study, taking into account
the character'sties of the inhaled aerosol and individual plutonium reten-
tion par-"-^'.:s of individual dogs. The results for the dogs will then be
compai-u to determine the relationship between the microdosimetric
parameters and lung tumor incidence. An example comparison for seven
dogs is shown in Fig. 5. This figure illustrates the specific energy distribu-



EVALUATION OF LUNG DOSES FOR DOGS EXPOSED TO 239PuO, 693

0.0007

Mass, 137 g
Lung burden, 254 nCi
Particulate

activity, 3.25 x 10~16 Ci
Number of

participates, 7.8 x 108

Duration
of exposure, 2333 days

800 1600 2400
SPECIFIC ENERGY (z), rads

3200

Fig. 4 Dose to epithelial cell nuclei in dog long front inhaled 23*PaO2, described
by a probability function in specific energy. The mean of this distribution is the
cumulative absorbed dose.

tions for seven different instances where the average doses were 25, 80,
150, 500, 1200, 2500, and 6000 rads.

DISCUSSION AND CONCLUSIONS

Lung tumors predominated in dogs receiving 500 to 2500 rads to the
lung from inhaled plutonium, whereas radiation pneumonitis predominated
at doses above 4000 rads. The effects of inhaled plutonium appeared to be
nonspecific at doses of iess than ~300 rads.

A linear dose-response relationship was estimated for tumor incidence
between about 200 and 2000 rads. All the dogs with cumulative absorbed
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lung doses of between 2000 and 3200 rads developed lung tumors. These
results were comparable to an earlier 239PuC>2 inhalation study at PNL
involving a smaller number of dogs (International Commission on Radio-
logical Protection, 1980, p. 27). The two lowest lung doses for which a
tumor was found in the present study were 170 and 203 rads. Since almost
half the dogs in this study were still alive, these results must be regarded
as preliminary. Of particular interest are the surviving members of the
low-dose groups, which could still develop lung tumors.

Microdosimetry calculations showed that the actual doses to individual
cells of the lung were highly variable, and ranged from 0 to 20,000 rads,
depending upon the proximity of the cell to the plutonium particulates. We
have not yet explored the many ways to utilize the information that
microdosimetry provides. There are, however, some practical aspects of
lung microdosimetry that could be useful. One of these is the statistical
probability that ceils are hit once, twice, three times, etc., or not at ail.
These probabilities are determined by the internal microdosimetry com-
puter code. If all doses to cells above a certain level were considered to be
lethal or overkill (and therefore ineffective for tumor induction), such
doses could be subtracted, and a dose-response relationship could be gen-
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erated from the probability of lower dose interactions. The fraction of
unirradiated cells also may be related to the probability of a tumor not
being formed. Another possibility involves the use of the mean square of
the specific energy, which reduces the information from a distribution of
data to a single number. A better understanding of the variation in dose at
the cellular level could provide new clues to understanding the complex
relationship between lung dose and occurrence of early or late biological
effects.
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DISCUSSION

J. A. Mewhinney (Lovelace, Inhalation Toxicology Research Insti-
tute): Your microdosimetric calculations must depend upon a measured
particle size in the air the animal actually breathed.
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Fisher: Of course. Dr. Cannon sampled the plutonium aerosol the
dogs breathed. The aerosol was divided into the particle-size fractions
measured by the cascade impact or air-sampling equipment, as is normally
done. The physical diameters and the physical activities of these particles
were then calculated. The deposition in the lung was next determined
using the Lovelace inhalation deposition models for beagle dogs. Together,
this gave us an estimate of the size distribution of plutonium particulates
deposited in the lung, according to their activity.

Mt/vhinney: That is what I was trying to get at. You have a different
size distribution deposited at, say, the alveolar level from that which was
actually measured in the air inhaled?

Fisher: That's right. We have performed all these calculations in the
hope that this concept of microdosimetry will eventually prove useful.

B. B. Boecker (Lovelace, Inhalation Toxicology Research Insti-
tute): What you have just described relates to the initial condition of the
aerosol. Do you make any corrections for thz fact that these particles
agglomerate and that they are cleared differentially, and dissolved, and so
on?

Fisher: These are things that we have thought about. We can model
clearance from the lung with time. However, it is also important to model
the changing distribution of particles in the lung with time, the migration
of PuO2 to the subpleural regions, and the development of fibrosis. These
changes affect the lung model that we are using to calculate dose. We
haven't done all these things yet, but we plan to.

M. B. Snipes (Lovelace, Inhalation Toxicology Research Insti-
tute): Another factor in this microdosimetry is the changing target. Do
you expect to combine cell kinetics with your studies of particle distribu-
tion and energy distributions?

Fisher: We don't take that into consideration in conventional dose
averaging, either. But let me say one thing about what microdosimetry
does: It calculates dose to a specific site. It turns out that the probability
distribution of doses in specific energy for one site is the same as for any
other site in the lung. Now the biology of a particular site changes with
time, and we have not quite figured out how to handle this. For example,
98% of all sites may be traversed in the lung over, let us say, a five-year
period. However, 98% of the cells are not irradiated during these five
years, because of cell turnover.



Tests for Homopeneity for Multiple
2 x 2 Contingency Tables
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ABSTRACT

Frequently data are described by 2 X 2 contingency tables. For example, each 2 X 2 table
arises from two dichotomous classifications such as control/treated and respond/did not
respond. Multiple 2 X 2 tables result from stratifying the observational units on the basis of
other characteristics. For example, stratifying by sex produces separate 2 X 2 tables for
males and females. From each table a measure of difference between the response rates
for the control and the treated groups is computed. The researcher usually wants to know if
the response-rate difference is zero for each table. However, commonly used statistical tests
address only the question, "Is the response-rate difference zero on the average over tables?" If
the tables are homogeneous, the researcher can generalize from a statement concerning an
average to a statement concerning each table. If tables are not homogeneous, homogeneous
subsets of the tables should be described separately. This paper presents tests for homogeneity
and illustrates their use.

Biological experiments often determine the presence or absence of a
response for each animal in one of two treatment groups, control or
treated. In addition, other characteristics such as sex of animal are used to
stratify the experiment so that subgroups of the two treatment groups are
present. Table 1 represents an example of experimental results in which
200 animals, 100 males and 100 females, are placed into control or treated
groups. During the experiment each animal is examined for a specific
response. The experimental objective is the comparison of response rates
for two treatment conditions. This common experimental setting of two
treatment groups stratified by other characteristics into multiple subgroups
results in data classified into multiple 2 X 2 contingency tables. In
Table 1 stratification by sex gives two 2 X 2 contingency tables, one for
males and one for females.

697
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TABLE 1

Examples of 2 X 2 Contingency Tables

Group

Control

Treated

Control

Treated

Control

Treated

No. of animals

Exposed

n, = 50

n, = 50

N, = 100

n2 = 50

n2 = 50

N 2 = 100

Responding

Males

40

10

50

Females

10

40

50

Pooled Males and

100

100

200

50

50

100

- Proportion
responding

p, = 0.8

P, = 0.2

Pi = 0.5

P2= 0.2

p, = 0.8

p2 = 0.5

Females

0.5

0.5

0.5

Difference
Pi — Pi

0.6

-0 .6

0.0

A basic question asked is, "Is there a difference in response rates
between the control and the treated groups?" Without the presence of the
subgroups due to stratification, a single 2 X 2 contingency table (such as
that indicated in Table 1 as pooled across sex) would contain the data
relevant to answering the question. The statistical analysis would be com-
pleted using the classic chi-square test, or, if a marginal frequency is
small, the Fisher-Irwin Exact Test (Fleiss, 1981). The stratification into
subgroups, however, complicates both the question asked and the statistical
analysis. The question asked no longer has a direct interpretation.

One analysis approach is to ignore the stratification, to collapse the
data to a single 2 X 2 table, and to complete the statistical analysis as



T E S T S F O R H O M O G E N E I T Y F O R M U L T I P L E 2 X 2 C O N T I N G E N C Y T A B L E S 6 9 9

previously discussed. Conclusions drawn from this approach can be
misleading. As in Table 1 the two 2 X 2 tables can give inconsistent
differences between the response rates in the control and the treated
groups, but, pooled, the two tables can average to a zero difference.

In the presence of multiple strata, the original question is ambiguous
and must be restated. Three questions, typically of interest, can be asked:

1. On the average over strata, is the difference in response rates between
control and treated groups equal to zero?

2. Is the difference in response rates for each stratum consistent across
strata?

3. Within each stratum, is the difference in response rates between con-
trol and treated groups equal to zero?

From Table 1, the answer to the first question is affirmative; the average
over strata of the difference in proportion responding is zero. The second
question concerns an issue termed homogeneity across tables and is the
central topic of this paper. The answer to the second question from
Table 1 is negative; the males and females did not have a similar differ-
ence in the proportion responding (0.6 vs. —0.6). The answer to the third
question is negative. That is, the difference in proportions of males
responding (0.6) and the difference in proportions of females responding
(—0.6) were not zero. The relationships between the conclusions and the
statistical procedures whereby the conclusions were reached are given in
subsequent sections of this paper.

DEFINITION OF HOMOGENEITY

When the question is asked, "Is there homogeneity across tables?", a
definition of homogeneity is required. Often the tables can be thought of
in terms of response rates p; and p{ as shown in Table 1, where p; is the
proportion of controls responding and p{ is the proportion of treated
responding, i = 1,2. One definition of homogeneity can then be stated as
satisfying the condition

Pi ~ Pi = • • • = P k ~ Pk = c (1 )

where k is the number of tables and c is a constant. That is, the homo-
geneity hypothesis is that the difference between the control and the
treated proportions responding in each table is the same constant c.
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When either or both response rates are close to 0 or 1 for some of the
tables, this hypothesis is likely to be false since the size of the difference
that can be observed is constrained. To avoid this difficulty, a function of
the response rate is used for comparison. Thus the null hypothesis (Ho) of
homogeneity across tables has the general form

Ho: f(p,) - f(pi) = f(Pk) - dpi) = c (2)

where the function f must be specified. The alternative hypothesis is that
there is at least one inequality in Eq. 2. In Eq. 1 the identity function
f(p) = P is used. The three most commonly used scales (functions) are

f(p) = P (3)

f(p) = arcsin(Vp) (4)

and

f(p) = logit (p) = log P
1 - p

(5)

With f(p) chosen Eq. 2 provides a formal null hypothesis statement for
testing presence of homogeneity in that scale. In subsequent sections the
difference f(pj) — f(p;) will be called a measure of association.

TESTS FOR HOMOGENEITY

Presented here are three simple tests for homogeneity in three different
scales. Tests for homogeneity, based on the other scaling functions, can be
derived. The null hypothesis being tested is as stated in Eq. 2 where the
function f(p) corresponds to either the proportion or to the arcsin or logit
scale transformation of the proportion. The first test uses the direct differ-
ence in proportions. Let

di = Pi - Pi' (6)

1 — , . , PiO ~ Pi) , Pi'(l ~Pi)
— = var(dj)= + : (7)„.
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and

(8)

Here_va?(dj) is the estimated variance of the difference in proportions dj
and d is the reciprocal-variance-weighted average of the differences in pro-
portions. Then

H = (9)

The homogeneity test̂  statistic H for comparing each difference in propor-
tion to the average d in Eq. 9 has a chi-square distribution with k — 1
degrees of freedom.

The test for homogeneity on the arcsin or logit scales has the same
form. For the arcsin scale (in radians), let

= arcsin (10)

and

1

— = var(aj) =- ( U )

If degrees are used instead of radians, the variance given in Eq. 11 is mul-
tiplied by (180/TT)2. For the logit scale, let

rj = logit (p^ - logit (p^ (12)

and

1 ^ x 1
— = var(rj) = — — - n/Pi'd — Pi)

(13)
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The homogeneity test on the arcsin or logit scale is computed by using
Eqs. 8 and 9 by replacing d; with a; or Tt, d with a or F, and by using the
weights in Eqs. 11 or 13, respectively. The distribution theory is discussed
in the Appendix to this paper.

CHOOSING A HOMOGENEITY SCALE

Since different scales to test for homogeneity are available, researchers
are faced with selecting the most appropriate scale for their data. On the
basis of their previous experience, researchers may want to avoid a partic-
ular scale. For example, the experiment may involve the comparison of a
treatment and a placebo. If the subjects are stratified into two groups, e.g.,
those with disease in recession and those with active disease, it may be
anticipated that the difference in response rates will be radically different
for the two strata. Consequently, the identity scale, which presumes that
rate differences among strata are similar, f(p) = p, can be rejected as a
candidate. However, in such a case the choice between the arcsin and logit
scales typically will not be obvious. In the absence of a readily evident
scale, Radhakrishna (1965) and Tarone and Ware (1977) expressed a
slight statistical preference for the arcsin scale. However, the logit scale
and the corresponding Mantel-Haenszel test (in which the basic statistic
has an interpretation as the observed value minus the expected value), has
long been used in the statistical literature. In the absence of a clearly pre-
ferred scale and in situations for which the conclusions do not change
depending on the scales, researchers can report the conclusion on the scale
most familiar to the target audience. When decisions based on different
plausible scales are in conflict, the best course is to report conflicting
results and admit uncertainty.

NO ASSOCIATION VS. NO
AVERAGE ASSOCIATION

Typically, the researcher's null hypothesis is that no association is
present in any table as given in Eq. 2 but with c = 0. That is,

Ho: f(p,) ~ f(pl) = • • • = f(pk) - f(rV) = 0 (14)

However, commonly used procedures, such as the Mantel-Haenszel statis-
tic, test for no average association. This null hypothesis is,
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f(Pi)-f(Pi)
Ho: = 0 (15)

Whereas Eq. 14 implies Eq. 15, the reverse is not true. Expression 15 can
be satisfied when large positive and negative measures of association can-
cel. Thus, when a test of hypothesis such as Eq. 15 is not significant, the
researcher cannot immediately draw conclusions concerning the hypothesis
expressed by Eq. 14.

Let us consider an example. Table 2 gives the form of a commonly
used one-degree-of-freedom test statistic for no average association, the
Mantel-Haenszel statistic. The basic statistic calculated is the weighted
difference in response rates for each stratum. For the males in
Table 1, the basic statistic (observed - expected) is (50 X 50/100) X
(0.8 — 0.2) = 15. The number 15 represents 15 more responses in the
male control group than were expected had there been no differences in
responses between the control and treated groups. For the females in

TABLE 2

Form and Notation* for Computing the
Mantel-Haenszel Statistic to Test

for No Average Association

Weighted difference? Variance given ft = Pi

n in i - n in i _ _
Stratum I ~ T p ( P i ~ P i ) "77; rrPiO~Pi)

JN| (rN i — l ;

n k n k , . . nknlc

Stratum k !^ (Nt ~
k k

2 Weighted Differences 2 Variances
i « l i - l

. = (12 Weighted Differences! ~ '^)2

2 Variances)

•In this paper the loose notation p, is used both for estimated and for expected values.
Generally, computations involve estimates and hypotheses involve expected values.

tThe basic statistic has a direct interpretation. The basic statistic is the observed value for
the upper-left cell in the table minus the expected value for that cell.
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Table I, this statistic is (50 X 50/100) X (0.2 - 0.8) = - 1 5 . This
constitutes 15 fewer responses in the control group than were expected had
there been no differences in response betwen the control and the treated
groups. These two results are worthy of note, but when the basic statistics
are averaged (or summed), the average is zero, and the test for no average
association leads to acceptance of the null hypothesis of no difference in
average association between the control and the treated groups. With the
distinct patterns in the two tables, this example shows how misleading a
test for no average associaton can be if interpreted as a test for no associa-
tion.

A test for homogeneity addresses the null hypothesis of no association.
If the measures of association are homogeneous (the null hypothesis in
Eq. 2) and their average near zero (the null hypothesis in Eq. 15), then
the measures are individually close to zero (the null hypothesis in Eq. 14).
Further, if either Eq. 2 or Eq. 15 is false, so is Eq. 14. Thus, by consider-
ing a test for homogeneity in addition to a test for no average association,
conclusions concerning the hypothesis of no association can be drawn.

ALTERNATIVE TESTS FOR NO
AVERAGE ASSOCIATION

Variants of the Mantel-Haenszel test for no average association can be
constructed by applying alternative weights to the difference in rates.
Tarone and Ware (1977), building on the work of Radhakrisha (1965),
have shown that the power of the test is increased by using weights opti-
mized for the type of homogeneity. Increased power means a greater
probability of rejecting the hypothesis of no average association when it is
false. Table 3 gives the basic test statistics and the variances to be used for
each scale of homogeneity. Calculation of the one-degree-of-freedom chi-
square test statistic follows the same pattern as indicated in Table 2.

TWO EXAMPLES

This section presents two examples of the use of tests for homogeneity.
The first example provides the intermediate calculations for computing
homogeneity tests and illustrates a dependence in inference on the choice
of scale. The second example goes through the decision-making process by
starting with tests for no average association.

First, consider the artificial data shown in Table 4. The data were gen-
erated to produce homogeneity on the logistic scale. Results of computa-
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TABLE 3

Homogeneous Scales and Corresponding Weights
for More-Powerful Rate-Difference Tests

Homogeneous
scale Bask statistic

Conditional
variances Source

f(p)

f(p)

f(p)

= p

— arcsin (Vp)

-log p
1 - p

nA(Pi - Pi) njr

, (Pi-Pi)

, (Pi-Pi)

' N i

iiPi(l — Pj)N

>i PiC 1 — S )

( 1 — P i )

Breslow(1970)

Tarone and Ware (1977)

Mantel and Haenszel (1959)
Cochran(1954)

TABLE 4

Artificial Data* Used to Illustrate
Homogeneity Tests

Stratum
With Without
factor factor

1

2

Diseased
Not diseased

Diseased
Not diseased

200
10

210

10
10

20

30
40

70

30
800

830

230
50

280

40
810

850

•Source: Mantel, Brown, and Byar (1977).

tional steps are shown in Table 5. Note that the different homogeneity
tests result in different conclusions. In contrast to the "perfect" homo-
geneity of tables on the logit scale, the tables are not homogeneous on the
other two scales.

As a second example consider the experimental data shown in Table 6.
The question being investigated concerns the presence or absence of a sex
difference in lesion rates. If such a difference were established, hypotheses
based on sex differences could then be investigated.
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TABLE 5

Selected Computational Results for
Homogeneity Tests on Three Different

Scales Using Data in Table 4

d, =
d2 =
d =

Identity

0.67
0.24
0.48

x,2 =
P =

w, =
W2 =

= 22
= 0

271
213

a i

a2 =
a =

Arcsin

0.74
0.41
0.58

x,2 =
P =

w, =
W2 =

= 8.4
= 0.004

164
152

ri =
r2

 =

r =

Logit

3.3 w, =
3.3 w2 =
3.3

x,2 = o
p = 1.0

6.1
4.3

TABLE 6

Incidence of Osteosarcoma in Male
and Female Rats After Injection of

Beta-Emitting Radionuclides*

Radio-
ouclide

"'Sr

l44Ce

147Pm

Sex

Male

Female

Male

Female

Male

Female

No. with
lesion/

No. exposed

44/369t

31/291

90/339

64/329

4/38

5/31

Proportion
with

leskHi(p)

0.12

0.11

0.26

0.19

0.10

0.16

Pi "" Pi

0.01

0.07

- 0 . 0 6

arcsin (pjw) —
arcsin (pjK)

0.02

0.08

- 0 . 0 8

'Numbers extracted from Moskalev and Strelt'sova (1973).

t in computing the number of rats with lesions from the probabilities
given in Moskalev and Strelt'sova (1973), an inconsistency with the com-
puted margin counts was found. Consequently one of the computed counts
may not match the original data.

The three scales in the previous section can be used to test the
hypothesis of no average association. In the absence of a clearly preferred,
scale, all three tests can be applied with the hope that the results will be
similar. (Note that the weights for Breslow's test increase the relative con-
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tribution of tables with large counts, whereas the weights for the
Mantel-Haenszel test increase the relative contribution of tables with
small counts.) The P values for the Breslow, Tarone-Ware, and
Mantel-Haenszel tests were 0.04, 0.05, and 0.07, respectively. All are sug-
gestive of rejecting the hypothesis of no association at the 0.05 significance
level. Since the dominant contribution to the significant result comes from
the l44Ce stratum, a replicate study of that isotope is suggested.

If the basis of decision is the 0.01 significance level, the hypothesis of
no average association is accepted. The conclusion that no association is
present follows, provided there is homogeneity. In view of the sample sizes
and the negative difference in lesion rates for the third stratum, homo-
geneity is not evident. However, none of the homogeneity tests is signifi-
cant, so the hypothesis of no association is accepted at a 0.01 significance
level.

WARNINGS, IMPROVEMENTS,
AND GENERALIZATIONS

After homogeneity tests are espoused, some warnings are appropriate.
First, if rates p; or p/ are exactly 0 or 1, the homogeneity tests are not
defined and cannot be applied in their current form. Second, homogeneity
tests are not particularly powerful. They may fail to detect heterogeneity
when it is present. If the P values are close to significance as in the second
example, serious thought should be given to describing tables separately.
Especially for small samples, P values should be regarded as crude esti-
mates since the test is based on variance approximations and large-sample
theory.

More sophisticated approaches avoid the undefined tests indicated
above. For example, Cox's (1970) logistic model is the analog to the logit
transformation. With the logistic model the expected rates are modeled,
which handles the 0 or 1 response rate problem. Statistical models also
allow for generalization to more complex tables than the 2 X 2 case. In
this setting homogeneity tests are still useful, but they are usually referred
to in the statistical literature as interaction tests.

SUMMARY

This paper presents easily computed homogeneity tests that are useful
in assessing if tests for no average association obscure significant vari-
ability in the associations for a collection of 2 X 2 tables. In some cases
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it is advisable to partition the collection into homogeneous subsets and
analyze the subsets separately. Although homogeneity tests are often use-
ful, at times they cannot be calculated, and at other times approximate P
values may not be very accurate. Consequently, the tests presented here do
not provide a complete solution to the problem posed.

ACKNOWLEDGMENT

This work was sponsored by U. S. Department of Energy contract
No. DE-AC06-76RLO 1830.

REFERENCES

Breslow. N.. 1970. A Generalized Kruskal-Wallis Test <or Comparing k Samples Subject to
an Unequal Pattern of Censorship, Biometrika, 57: 579-594.

Can-. D. B., 1976, The Analysis of Arbitrarily Right-Censored Life Data for 1, 2, and G
Groups, Ph.D. dissertation. University of Wisconsin, Madison, Wisconsin.

Cochran, W. G., 1954, Some Methods of Strengthening the Common x' Tests, Biometrics,
10:417-451.

Cox. D. R.. 1970, The Analysis of Binary Data, Methucn, Publishers, London, England.
Fkiss, J. L., 1981. Statistical Methods for Rates and Proportions, 2nd e i , John

Wiley & Sons, Inc. New York, N.Y.
Halperin, M.. ct al., 1977, Testing for Interaction in an I X J X K Contingency Table,

Biometrika, 64: 271-275.
Mantel. N., C. Brown, and D. P. Byar, 1977, Tests for Homogeneity of Effect in an Epi-

demiologic investigation, Am. J. Epidemiol., 106: 125*129.
. and W. Haenszcl, 1959, Statistical Aspects of the Analysis of Data from Retrospective
Studies of Disease, J. Natl. Cancer Inst.. 22: 719-748.

Moskalev. Y. I., and V. N. Strelt'sova, 1973, Dependence of Osteosarcomogcnk Activity of
Radionuclides on Their Physical Properties and Physiological State of the Animal, in
Radionuclide Carcinogenesis, AEC Symposium Series, Rkbland, Wash., May 10-12,
1972, C. L. Sanders et al. (Eds.), p. 310, CONF-720505, NTIS.

Radhakrisna, S.. 1965, Combination of Results from General 2 X 2 Contingency Tables,
Biometrics, 21: 86-98.

Taronc R. E., and J. Ware, 1977, On Distribution-Free Tests for Equality of Survival Distri-
butions, Biometrika. 64: 156-160.

APPENDIX

Distributional Theory and
Alternative Tests

In 1976 Carr derived tests similar to Eqs. 8 to II which apply in the sur-
vival analysis where the strata are defined by time intervals. Generally, the
sum of squares can be partitioned as in Table A (Fleiss, 1981). This parti-
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TABLE A

Statistics from Partitioning the Sum of Squares

Statistic Distrihikw* Use

2 Wjdj2 xt2 Test f° r no association

( 2 Wjd,)2/! W| xi2 Test for no average association

2 w^d; — d)2 xVi Test for homogeneity

•The noncentrality parameter is obtained by multiplying
the statistic by O.S and replacing d, by its expected value.

tioning yields three tests: for no association, for no average association,
and for homogeneity. If the d; is independent and has a normal distribu-
tion with known expectation and variance 1/Wj, the chi-square distribu-
tions and the noncentrality parameters are easily obtained. When the
assumption of normality is a poor approximation, the test for no average
association still may have close to a chi-square distribution because the
central limit theorem operates when averaging across strata. This is one
reason for preferring a test for no average association to a direct test of no
association. If normality does not hold, the tests for homogeneity and for
no association depart from the indicated chi-square distributions. Conse-
quently the test for homogeneity should be used only as a rough guide.

The tests for no average association suggested by Table A are different
from the corresponding tests in Table 3. The tests in Table 3 have an
interpretation in terms of nonparametric tests. Thus, although their use
may come as a surprise, given the normal theory and convenient partition-
ing in Table A, a sound basis exists for their use from another perspective.

The partitioning in Table A suggests that there may also be tests for
no association and tests for homogeneity which correspond with the tests
for no average association in Table 3. Unfortunately, the conditional vari-
ance used in the tests for no average association in Table 3 is not
appropriate for use in a homogeneity test. At least one attempt to develop
a homogeneity test along this line has failed, as indicated by Mantei,
Brown, and Byar (1977) and Halperin et al., (1977).
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and JClement Associates, Arlington, Virginia

Schneidennan: In the title of this symposium, "Life-Span Radiation
Effects Studies in Animals," the question "What Can They Tell Us?" can
be changed to "Do They Tell Us Anything?" And the answer, to me, is
perfectly obvious: Yes, they do. Do they tell us anything useful? Yes, they
do. Can we use these animal data to tell us anything about humans? Yes,
we can. These are certainly not lost, or wasted, or unnecessary studies. I
cannot model humans in the computer. I can't, and I don't know anybody
who can. Some people are now advocating that we stop looking at whole
animals and look only at cells, which perhaps are modified by adding some
enzymes. If I cannot learn from whole animals, I believe I might have a
harder time learning from bacteria or isolated cells.

In terms of the details of what we have talked about here, are appro-
priate designs being used in these long-term studies? 1 think this is an
inappropriate question. We are looking at studies that were started in the
50's. I believe it certainly would be outrageous to criticize the designs of
these studies. I am enormously impressed by not only the tenacity of the
people who have stuck with these studies but also by the care and imagi-
nation that has gone into them.

Now we look to the future—somebody is proposing a new piece of
work. From the point of view of the regulator, I have questions that I
think need to be asked. Will the proposed piece of work narrow the confi-
dence limits on the estimates of human effects that we are currently
using? How much will it narrow it? Is this much narrowing going to be
useful to the regulator or to anybody else? Are we buying a small reduc-
tion in confidence limits at a large cost? If we are buying it at a large
cost, is there some better way to spend that money? I think this is some-
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thing the administrators—the people in Washington, D. C.—have to think
about.

I have a second set of questions that relate to science rather than to the
regulatory "issues, and I think these are quite different questions. Will the
proposed work help to answer an important unresolved question concerning
mechanisms? I believe we have a lot of unresolved issues concerning
mechanisms. What are the suggested mechanisms? Are we looking at
enough of them? Can the results of the proposed study eliminate any of
these mechanisms?

Now, as I sat here for three days and listened to 50 papers, I asked
myself: What questions do I hear that are still alive, were alive when these
studies started, and are still alive today?

One of the questions I heard several times was: Can there be early
predictors of these late effects that we are seeing? Should we be focusing
on such early predictors? I think some of the imaginative things I have
heard here have indicated some possible early predictors.

We continually hear questions about different dose patterns. What are
the differences between these smear doses, attenuated doses, one-time
doses? Are we concerned with repeated and continuous doses? I have
heard no resolution of these issues.

As a corollary to this, I ask, What are the differential effects of expo-
sure to different materials? Can we study some average material that we
think people might be exposed to—that people in the community are going
to be exposed to? For example, they might be people living on the perime-
ter of, let us say, an atomic energy plant or a waste disposal site, or they
might be people exposed medically, both the technicians working with the
medical materials and the persons receiving the treatment. Do we have to
look separately at all these materials? If not, what kind of generalizations
can we make?

One important question that has been asked repeatedly is, What are
the interactions between radiation and exposures to other toxic materials?
We are talking about such things as cigarette smoke, alcohol, and diet. I
remember hearing that in the wintertime at one of the colder laboratories,
dogs had their diet changed to one with a higher fat content. We are con-
cerned with fat content in the human diet as possibly Going related to
breast cancer or colon cancer. By modifying the beagles' diet, did we mod-
ify the cancers that were going to appear?

For my own interests, because I have seen what looks like an enormous
change in causes of death in the United States since World War I, I ask,
what are the interactions between radiation exposure and infections of one
sort or another? It has been suggested that early infections of various
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kinds may operate as initiators of the cancer process. Is the overall reduc-
tion in cancer rates among younger persons in this country related to
reduction in infections?

Also, from a personal point of view, I would like to see more tie-in of
these data with some of the theories of carcinogenesis—not just the
Armitage-Doll model but some others—so that these theories drive both
the experimental design and the data analysis.

The emphasis, here, has been on dog studies conducted in four or five
major laboratories. These are closely related studies. Should we now have
a formal get-together of people from these laboratories, who might spend a
lot of time together deciding on the uniformities in their data, so that they
can say, "These uniformities we agree on, but on the other hand there are
the remaining issues and problems which we have not resolved among our-
selves?" Then these people would go back to their labs and work to resolve
the remaining issues. I would also ask, in that connection, is there a role
for the other DOE national laboratories which are not involved in these
specific studies? Do the small-animal investigators have something to con-
tribute?

Crump: I think one of the most interesting experiments that I have
been hearing about this week is the experiment of having a statisticians'
panel at a meeting like this. I am pleased to have been a part of it.

Because of the well-known statistical fact that the width of confidence
limits goes down only as the square root of the increase in sample size, my
personal opinion is that we may be getting close to the limit of what we
can do by increasing the sample sizes. I am not sure that increasing exper-
iments from 10,000 to 100,000 animals, for example, would be the best use
of funds in decreasing the uncertainties.

Most of the work that I have heard described this week has been paral-
lel work done in different laboratories. It is a way that scientists usually
work—formulate hypotheses, conduct tests of those hypotheses, which
leads to formulating other questions, etc.

I suggest that it might be worthwhile at this point to consider a differ-
ent approach: that is to try cutting across these studies rather than to keep
pushing out—to look at all the studies and to ask specific, important ques-
tions. You can formulate those questions better than I can, but some of
the key questions are: What do we know about extrapolating from animals
to humans? What do we know about the effect of smearing the dose?
What do we know about low-dose effects? You need to identify key ques-
tions and to have people take a fresh look at the data—not just their own
data, but all the data—and to try to reach judgments about what the data
as a whole have to say about these important questions.
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What kind of generalizations can we draw from '-he studies? What can
we say about the relative sensitivity of mice vs. rats vs. beagles vs.
humans? Can we find consistencies among the effects of the different
kinds of radionuclides which will allow us to draw some general conclu-
sions?

Lastly, I would make a plea that this vast amount of very useful data
be made generally available for people to study and research in years to
come. Some papers in this symposium have analyzed data others have gen-
erated, and I think that is great. I applaud that and hope there will be
more interaction of this type.

I sometimes have to analyze data that have been collected and ana-
lyzed by others, for different purposes. Many times the kind of analyses
they have done are not answering the questions I would like to answer. So
it would be valuable to be able to go back to the data they used. But
unfortunately those data are frequently not available. You have large
amounts of precious data; save it and share it.

Rosenblatt: People involved in long-term studies are apt to be rather
unusual people. When somebody puts an entire working career into a given
study, it shows a certain kind of dedication. It is not, in most instances,
because the person cannot find a job someplace else; it is because he gets
wrapped up in the work and wants to carry it to completion.

But invariably something happens: in the course of a 20- or 25-year
study, a lot of things occur which have unanticipated effects on the out-
come. And all too often it is not even clear that there has been an effect or
how to measure the effect if it is recognized. All our labs have these kinds
of problems which we are not quite sure what to do about.

As many of you know, a group called The Beagle Club formerly met
from time to time. It has not met now for a number of years. The reason
it stopped was because of one of these unforeseen events. Dr. Fritz at
Argonne was to host the next meeting, and suddenly he was working 24
hours a day trying to save his colony from an outbreak of Parvo virus. I
would like to see a revival of The Beagle Club, to involve scientists, statis-
ticians, and administrators. Each lab might submit a list of questions or
areas of concerns they would like to have discussed. It should be a working
session to come to grips with—and to try to solve—specific problems that
the laboratories have. If it requires some help from DOE to get this
started, or to bring in resource people to help with some of these problems,
then this should be done.

I believe such interlaboratory meetings are particularly important if we
are to become involved in combining data from different laboratories and
in interpreting each other's data. The problem is that, when you use some-
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body else's data, you don't always know the background. You do not
always know what went into generating that data. You can easily be
misled and can provide a very fine statistical analysis of data that really
weren't exactly what they seemed to be. As we hear today, a lot appears in
some of our progress reports, but we don't tell everything. We may indi-
cate a cause of death, but the dog had a lot of other things wrong with
him that nobody knows about except the investigators at the laboratory.
There simply isn't the space, or time, or desire to report everything.

D. Grahn (Argonne National Laboratory): I would like to respond to
Dr. Schneiderman's question concerning what our experience with small
animals might contribute to the large-animal studies. We have a large
amount of mouse data, from external radiation studies, covering a variety
of dose patterns. For example, I have more animals at a single dose level
than the total number of animals in some of the studies we have heard
about here. Over the past 35 years we have tried just about every statisti-
cal procedure. But, of course, new statistical procedures and the software
to accomplish them are being introduced continuously.

One advantage you have with large animals is the pathological detail,
in which each animal presents a clinical history and a great deal of medi-
cal insight with regard to what has been going on. In mouse and other
small-animal studies, we have to deal with the statistical average of a dose
group. The problem of incidental tumor can be dealt with better in the dog
than we can in the mouse, because in the mouse everything is presumption
in terms of cause of death. So I believe that with dogs you have a much
more detailed sense of what is happening.

If the Beagle Club is revived, I would urge that an effort be made to
bring in this 35- to 40-year experience that we have from the small-animal
studies.

Rosenblatt: I certainly did not mean to restrict my suggestions con-
cerning interlaboratory meetings to those people who work with beagles.
The issues are very much the same whether the animal model is a mouse,
a rat, a dog, or a burro.

R. C. Thompson (Battelle, Pacific Northwest Laboratories): I would
like to say just a word about the experiment we have all been a part of for
the past three days. I am probably in the worst position to evaluate the
results of that experiment, but as far as I am concerned, the most valuable
aspect of this symposium has been the remarks of the panel members,
which I believe have added a dimension of discussion and interchange
which we always strive for in these symposia but seldom achieve as effec-
tively as we have during the past three days.

J. A. Mahaffey (Battelle, Pacific Northwest Laboratories): Also, I
would like to thank the panel members for their collective wisdom and for
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their endurance. Marv, Leon, and Kenny, thank you. For me you have
made the symposium a success. And thanks to all of you hers for convng;
without your papers, your comments, and your endurance, it wouldn't have
happened.
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A/J mouse, see under mouse
abdominal, exposure, 193

tenderness, 201
acute effects of irradiation, 398, 578, 597

therapy for, 395
Addison's disease, see under adrenal
additive damage model, see under statistical

design and analysis
adrenal, 470

Addison's disease, 460, 469
tumor, 21, 177, 187,406

aerosol, production and characterization, 75,
414, 432, 436, 457, 503, 523, 594,
609, 688

aluminosilicate particle, 76, 503,
523, 557, 579

monodisperse aerosol, 82
age at exposure, effect of, 1, 43, 57, 82, 142,

160, 174,357, 551,618
alginate therapy, see under decorporation
alkaline phosphatase, see under liver
aluminosilicate particle, see under aerosol
americium, distribution, 269, 280

microdistribution, 270
retention, 270

americium-241, 33, 268, 326, 404
anemia, 121
anorexia, 201
aplastic leukemia, see under leukemia
Armitage-Doll model, see under

statistical design and analysis
August-Marshall rat, see under rat
autoradiography, 48, 270, 293, 474

B6C3F, mouse, see under mouse
B6CF, mouse, see under mouse
BALB/c mouse, see under mouse
Bayesian concepts, see under

statistical design and analysis
beagle, see dog
benzo[a]pyrene, 413, 453
bismuth-210, 256
bladder, see urinary system
blood, 116,477

blood chemistry, 20.1, 274, 285
blood circulatory system, 203, 294

microvasculature, 294, 296
tumor, 187, 212

bone, cell populations, 290, 306
dosimetry, 34, 43, 48,

62, 77, 80, 254, 258, 266, 292, 306,
309, 408, 539, 568, 649, 661, 669

fracture. 32, 259, 653
marrow, 9, 52, 62,

107, 114, 125, 149, 154, 287, 294, 296,
395, 466, 483, 485

microstructure, 48, 286, 314
osteoarthropathy, 473
osteodystrophy, 464, 473, 653
remodeling rates, 289
resorption, 259
tumor, 20, 38, 43,

52,53,69,91, 187,205,
259, 287, 299, 302, 316, 325,
362, 372, 404, 460, 473, 535,
539, 598, 614, 653

brain, 7
tumor, 158, 146, 226

burro, 107

C57BL mouse, see under mouse
californium-249, 34, 326
californium-252, 34, 326
cancer, see under carcinogenesis

for general treatment, or under
specific organ or tissue

Carcinogenesis, general, see also under
specific organ or tissue. 20, 43, 53,
82, 105, 108, 114, 116,
140, 146, 158, 175, 177,
184, 193,213,219,231,280,343,
349, 357, 413, 600, 626, 628, 712,

latency, 54, 58, 187,
239, 264,266, 278, 301, 325,
343, 534, 570, 602, 635, 689

modification by treatment, 46, 376,
379, 636

cataract, 227, 233, 314
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cellular-level studies, 130, 315
central nervous system, 1

tumor, 187
cerium-144, 76, 501, 523, 557, 565, 588

distribution, 503
retention, 503, 526

cesium-137, 27, 176, 557, 565
distribution, 76

chelation therapy, see under decorporation
cigarette smoke, 70, 603, 606, 609, 615
cobalt-60 gamma

irradiation, 1, 14, 53, 109,
116, 144. 160, 194

connective tissue, tumor, 187
context of observation

analysis, see under statistical
design and analysis

continuous exposure, see protracted exposure
controls, see under dog
Cox, model, see under

statistical design and analysis
curium-244, 404
Cushing's disease, see under pituitary

data management, 488, 497
decorporation, by alginate therapy, 368

by chelation therapy, 46
effect on tumor incidence, 376, 379

deer mouse, see under mouse
developmental effects of

irradiation, 5, 8, 10, 65, 157, 381
diescl exhaust, 70, 609
distribution (of radionuciide), see under

specific radionuciide, organ or tissue
dog (beagle), 1, 14, 23, 32, 53, 66, 74,

116, 142, 160, 193, 243, 253, 268,
286,315,325,455,471,477,488,
500, 521, 535, 556, 564, 578,
608, 628, 646, 660, 675, 683

aged, see age at exposure
care of, 2, 89, 102,

119, 143, 194, 243, 254, 317, 644,
control, 243, 266,

267, 317, 344, 451, 498, 556, 571
genetic makeup, 79, 101, 243, 254
juvenile, see age at exposure
St. Bernard, 43, 301, 304

dose-rate effects, 1,16, 24,
53,64, 119, 167, 325, 395, 526,
531,617,622

dosimetry, see also under
specific organ, tissue, or

radiation type, 253, 684, 711
microdosimetry, 684, 687, 692, 695

DTPA, see under decorporation

einsteinium-253, 326
electron irradiation, 221
emphysema, see under lung
endometriosis, 228, 234
epidemiology, see under human
epilepsy, 247, 252, 459, 539
erythroleukemia, see under leukemia
excretion, 661, 676
extrapolation to human,

see under human, also under
interspecies comparison

eye, 8, 10, 157, 227, 314
tumor, 259, 406

Eyring-Stover theory of survival, 246, 311

feces, see excretion
fetus, see also developmental

effects of irradiation,
1,63,64, 142, 160, 357, 381,647

Fisher rat, see under rat
fission fragments, 41
fractionated exposure, see

protracted exposure
fracture, see under bone
funding, see support of life-span studies

gamma irradiation (external),
1, 14,53, 107, 116, 144,
160, 176, 194,357,397

dosimetry, 4, 17, 23, 119, 144,
176, 194, 397

gastrointestinal tract, 201, 204, 212
acute effects of irradiation on, 399
tumor, 187, 349

genetic effects, 14, 349
genetic makeup, see under dog
gingiva, see oral cavity
glucose intolerance, see hypcrglycemia
giutamic pyruvic transaminase, see under liver
goat, 623
Gompertz equation, see under statistical design

and analysis
grasshopper mouse, see under mouse

hair, 201
hamster, 70, 502, 562, 591, 608, 622
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Harderian gland, tumor, 21, 362
heart, 203, 211
hemangiosarcoma, 20, 205, 459, 460, 558
hcmatology, 32, 123, 136, 202, 317, 465,

477, 496, 612
leukocyte, 479
lymphocyte, 463, 479, 487, 496
neutrophil, 464, 479, 482, 496

hematopoietic system, 24, 109,
114, 119, 140, 148, 154, 287, 296, 395,

tumor, 24, 57, 116, 140, 148, 154, 175, 187,
226, 247, 360

hepatic, see liver
homogeneity test, see under

statistical design and analysis
hormcsis, 368, 376, 379
"hot particle" effect, 82
human, epidemiology, 42,

55, 58, 90, 281, 300, 302,
305, 327,513,536,
549, 556, 573, 577, 617

extrapolation to, 33,
42, 55, 58,91, 116, 138,
173, 190, 234, 236, 253, 269,
281, 299, 327, 391, 510, 521, 549,
559, 564, 587,617,656

hydrogen-3, see tritium
hyperglycemia, 227, 233
hypothyroidism, see under thyroid

icterus, 201
immune system, 9, 10, 157, 13, 486
ingestion, 57, 62, 536, 572, 647
inhalation, 68, 74, 83, 326, 413, 429, 455,

471,477,501,521,535,556, 564,
578, 594, 608, 660, 675, 683

injection, intratrachael, 414
interfcron, 46
interspecies comparison, 14, 24, 55,

58, 327, 408, 501, 587, 625
intravenous, 32, 76, 254, 269, 287, 536,

565, 572, 647
iodine-131, 66

kidney, 7, 8, 10, 175, 177, 204, 212,
400,613,661

dosimetry, 669
nephritis, 653
tumor, 406, 598

latency, see under carcinogenesis
LD50, 24

lead-210, 256
lethargy, 201
leukemia, 14, 27, 57, 62, 64, 123,

140, 154, 175, 177, 226 406,
410, 485, 539, 600, 642

aplastic, 28
erythroleukemia, 123, 141
myelogenous, 27, 62, 123, 140,

149, 154, 177, 360,406,451
leukocyte, see under hematology
leukopenia, see hematology
life shortening, see survival
linear model analysis, see under

statistical design and analysis
liver, 9, 52, 77, 201, 203,211,

268, «X), 461, 474, 661
alkaline phosphatase levels in

serum, 285, 475
dosimetry, 80, 474, 561, 568, 669
glutamic pyruvic transaminase

levels in serum, 285, 466, 475
nodular hyperplasia, 271, 284, 465
tumor, 20, 92, 175, 177, 187, 210,

268, 276, 280, 302, 362, 556
lognormal dose-response surface, see

under statistical design and analysis
Jung, 68, 77, 175, 177, 400,

436,460,484,661,675
dosimetry, 72, 78, 84, 440, 449,

503, 523, 527, 568, 618, 622, 669, 685
emphysema, 614, 618
radiation pneumonitis, 458, 470,

472, 578, 597, 614, 691
tumor, 20, 21, 24, 68, 81,96,

175, 177, 187, 205, 212, 305, 360,
413, 458, 472, 503, 521, 592, 615,
635, 689

lymph node, 9, 77
dosimetry, ,8, 533, 669
hepatic, 474, 487
pulmonary, 69, 77, 91,462,

472, 483, 486, 530, 661
tumor, 91, 530, 532

lymphocyte, see under hematology
lysosome, 48

macrophage, 48
mammary gland, tumor, 53, 58, 102,

136, 147, 154, 158, 187, 247, 636
Mantell-Haenszel statistic, see under

statistical design and analysis
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marrow, see under bone
mastoid, tumor, 574
median polish procedure, see under

statistical design and analysis
microdosimetry, see under dosimetry
microvasculature, see under blood

circulatory system
monkey, care of 220

bonnet, 391
macaque, 391
rhesus, 219
squirrel, 391

monodisperse aerosol, see under aerosol
mouse, 15, 41, 46, 55, 72, 172, 301, 304,

314, 349, 357, 368, 395, 501, 587
A/J, 382
B6C3F,, 357
B6CF,. 15
BALB/c, 172, 396
C57BL, 46, 172, 301, 304, 349, 368, 502
deer mouse (Peromyscus maniculatus), 304
grasshopper mouse (Onychomys

Q leucogaster), 304
Swiss-Webster, 382
white-footed deer mouse (Perornywus

leucopu:), 21
muscle, 661

dosimetry, 669
myelogenous leukemia, see under leukemia
myeloprolifcrative disease, 27, 62,

121, 133, 147, 154,653

nasal cavity, 77, 158, 564, 615
dosimetry, 568
tumor, 91, 146, 158, 569,

576, 615, 624, 627
turbinates, 568

neonatal exposure, 1
nephritis, see under kidney
neutron irradiaton, 14, 17, 109,

176, 185, 194, 305, 313
dosimetry, 17, 176, 185, 194
therapy, 210

neutropenia, see under hematology
neutrophil, see under hematology
nodular hyperplasia, see under liver

oocyte, 381
oral cavity, tumor, 146, 1S8, 459, 653
osteoarthropathy, see under bone

osteodystrophy, see under bone
ovary, tumor, 20, 362, 381, 459, 635

pancreas, 203, 211,219,
tumor, 187

parity, influence on radiation effects,
628, 644

phagocyte, 270
pig, 64, 67
pituitary, Cushing's disease, 459, 469

tumor, 2K 362, 459, 460
plutonium, distribution, 48,

269, 280, 460, 470, 474, 484, 660
microdistribution, 270, 286, 292, 470, 474
nitrate, 68, 455, 471, 477, 660
oxide, 68, 82, 455, 471, 477, 489,

523, 535, 557, 579, 675, 683
polymeric, 52
retention, 43, 48, 68, 270, 428,

436, 448, 460, 474, 526, 660, 679, 686
plutonium-238, 68, 82, 326, 455,

471, 523, 535, 557, 591, 675
retention, 68

plutonium-239, 32, 55, 68, 82, 244,
253, 268, 286, 301, 302, 305, 315, 326,
404, 413, 429, 455, 471, 489, 523,
536, 579, 660, 683

retention, 68
plutonium-241, 48, 470
pneumonitis, see under lung
polonium-210, 256
polymeric plutonium, see under plutonium
pregnancy, effect of, 154
prenatal exposure, see fetus
prevalence rate method, see under

statistical design and analysis
promcthium-147, 591
proportional hazard model, see under

statistical design and analysis
proton irradiation, 219
protracted exposure, 14, 17, 24, 53,

58, 82, 107, 119, 173, 177, 179, 193,
383, 502, 531, 557, 594, 609, 628, 647

pulmonary, see lung

radionuclide, see individual element listing
radiosensitivity, 1, 8, 43, 52, 57,

107, 116, 173, !84, 210, 269, 281, 300,
381, 577

radium, retention, 43, 256
radium-224, 34, 551
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radium-226. 32. 55. 58. 244. 253.
299. 315. 315. 326. 368. 536, 574. 646

radium-228. ?i. 326
radon and daughters. 70. 190. 256. 305,

592, tiO8
rando'oized block design, see under

statistical design and analysis
rat, 70, 185,314.404.413,

429, 500. 577. 587, 592. 608
August-Marshall. 404
Fisher. 502
Sprague-Dawley, 185. 593
Wistar. 4! 4, 430. 608

RBE (relative biological effectiveness).
17, 21, 40. 41. 60. 172, 184, 210,
213. 300, 324. 404, 531. 534. 547,
562. 582. 656

relative vs. absolute risk models,
see under statistical design and analysis

remodeling, see under bone
repeated exposure, see protracted exposure
reproductive capacity, 381. 628, 639
reproductive tract disorders, 490
resorption. see under bone
retention (of radionuclidc). see under

specific element
routes of entry, see under specific routes

septicemia, 121
sex-related effects. 57, 123. 167,

222, 229. 246. 349, 381, 628
sheep, 66
sinus, paranasal, tumor, 574
skeleton, see bone
skin. 201

tumor, 187, ?05. 598
SNOVET, 488
space flights, effects of radiation

during, 219, 229, 234, 236
spleen, 9

tumor, 136, 177
Sprague-Dawley rat, see under rat
St. Bernard, see under dog
statistical design and analysis,

16, 52, 70, 79, 99, 105, 108, 144,
154, 158, 160, 162, 167. 171, 176,
237, 246, 262, 308, 309, 319. 322,
336, 341, 343. 416, 433, 450. 479,
490, 497, 500, 507. 524, 537, 554,
579, 596, 624, 631, 658, 660, 676,
697,712

additive damage model. 579
Armitage-Doil model. 624. 626
Bayesian concepts, 240
context of observation (Pcto)

type analysis. 144, 154. 158. 237.
241. 346,415.453, 595

controls, see under dog
Cox model. 239. 500, 625
Gompertz equation, 313
homogeneity test, 697
linear model analysis, 160,

162, 167, 171. 238. 500
lognormal dose-response surfaces, 320
Mantel-Hacnszel statistic. 702
median polish procedure, 663
prevalence rate method, see context of

observation (Peto) tjpe analysis under
statistical design and analysis

proportional hazard model, 537, 554, 625
randomized block design, 79, 450, 453
relative vs. absolute risk models, 604, 624

Stover-Eyring survival equation,

see Eyring-Stover theory of survival
strontium-89. 57
strontium-90, 33, 60, 67, 76, 523,

535, 557. 565, 579, 646
distribution, 568
retention, 526

support of life-span studies, 67,
72, 104, 240, 710, 713

survival following irradiaton, 5, 16,
20, 24, 39, 53, 58, 87, 108, 119. 129,
167, 176. 185, 195. 222, 230. 244, 264,
311, 327, 357. 370, 415, 503, 526.
539,594,609,631,650,689

swine, see pig
Swiss-Webster mouse, see under mouse
synergistic effects, see also specific

agents. 70, 413, 578, 585, 591, 603,
615.625.711

tantalum-182, 109
teeth, 1, 8, 10, 64
testes, 7, 48

abnormalities, 490
dosimetry, 48, 353
tumor, 187

thoracic exposure, 193
thorium-228, 33, 326
thorotrast, 281, 282, 302, 561, 574
thyraidine, tritiated, 351
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thymus. 9, 13, 157, 175. 177
thyroid, hypothyroidism. 149, 157, 240. 242

tumor. 96. 149, 154, 157. 177. 187
tobacco smoke, see cigarette smoke
toxicity ratio, 33. 38. 41. 42. 253, 299. 303
tritium. 349. 381
tumor, see under specific organ or tissue
turbinate, see under Nasal cavity

uranium, (nine hazards, 69
ore dust, 609

urinary system, turner, 187, 636
urine, see excretion
uterus, tumor. 20

veterinary care, see under dog

weight effects. 6, 199
white-footed deer mouse, see under mouse
wistar rat, see under rat

X-imdiation. 53. 58. 173. 221. 313. 397. 628

ytterbium-169, 72. 84. 430, 436
yttrium-90. 76, 523. 557, 587

retention. 526
yttrium-91, 76, 523. 557. 565. 587

distribution, 568
retention. 526
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