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PREFACE 

The idea for a report or book reviewing the total effort on life-span studies of 

radiation effects, conducted with beagles and sponsored by the Department of 

Energy (DOE) and its predecessor agencies, was not one that originated with the 

author of this book. The book was designed to fill a need that has been felt by 

many during the nearly 40 years that such studies have been in progress. This 

need was perhaps most keenly felt in DOE Headquarters, where expenditures 

for these studies had to be justified for annual budget requests. The need became 

more acute in the mid-1980s when all Federal science budgets became tighter, 

and the competition for funds within the DOE Office of Health and Environ- 

mental Research (OHER) became more critical. Hard questions were asked as 

to what scientific purposes were served by continuation of the life-span beagle 

studies. While the completion of studies in progress was generally supported, 

there were widely differing opinions as to exactly what "completion" meant in 

the context of these studies. To some i t  meant funding until the "last dog dies," 

while to others the death of the last dog was only a preliminary to the really 

important analysis and interpretation of the voluminous specimens and data 

accumulated over decades of observation. 

The direct antecedent of the present volume was the Twenty-Second Hanford Life 

Sciences Symposium held a t  Richland, Washington, September 27-29, 1983, 

which was titled, Life-Span Radiation Effects Studies in Animals: What Can 

They Tell Us? The Proceedings of that symposium, which Judy Mahaffey and I 

edited, contained over 600 pages and dealt, not entirely, but largely with the life- 

span beagle studies. These Proceedings were not the general survey of the total 

beagle effort that was needed, but they provided a starting point from which to 

construct such a survey. Completion of the task of editing these Proceedings 

happened to coincide with my formal retirement. I was willing and available to 

do a job that might have little appeal to one immersed midstream in a scientific 

career, but which had considerable appeal to one in a somewhat nostalgic 

"tapering-off' mode. 

A further qualification for my involvemerit in this project was the fact that, al- 

though I had firsthand familiarity with the people and experiments involved, 

over a forty-year time span, I had never been personally engaged in the beagle 

studies. This helped me to retain an unbiased view of the input from the various 

laboratories involved, both in actual fact and in the perception of the scientists in 

these laboratories, whose cooperation was essential to my effort. 



Although my name appears as the sole author of this book, and errors of 

omission or commission are my responsibility, the total effort could not have 

been conducted without the encouragement and cooperation of a great many 

other people. I would particularly like to acknowledge the early encouragement 

of Bill Bair and Jim Park, and their willingness to provide the support services 

of the Pacific Northwest Laboratory over a somewhat leisurely extended period. 

Bob Thomas, a t  DOE-OHER headquarters, has had oversight responsibility for 

the beagle studies since 1984 and has been a constant supporter of this book, as 

has Martin Minthorn, who retired in 1988 as Director of the Health Effects 

Research Division of OHER. 

From each of the laboratories involved in life-span beagle studies, I have receiv- 

ed continuing cooperation in terms of information and materials and comments 

on draft manuscripts. I am particularly indebted to Scott Miller, Ray Lloyd, and 

Chuck Mays, a t  the University of Utah; to Leon Rosenblatt and Marvin Gold- 

man, a t  the University of California, Davis; to Tom Fritz at Argonne National 

Laboratory; to Jim Park and Chuck Watson at Pacific Northwest Laboratory; 

and to Bruce Boecker and Roger McClellan at the Inhalation Toxicology Re- 

search Institute. 

I must confess (with some pride, actually) that the publishing effort, to the point 

of camera-ready copy, was done by me, on my personal computer, without secre- 

tarial or typesetting assistance. However, in the considerable correspondence 

accompanying the project, I am happy to acknowledge the secretarial assistance 

of Patty Bresina and Kris Jacobs. 

Finally, I am indebted for careful and critical editing to Dev Felton, who proofed 

the final draft, and to Ray Baalman who proofed the final manuscript. Ray was 

also responsible for dealing with the printers, DOE'S Office of Scientific and 

Technical Information. 

Roy C. Thonipson 

January, 1989 
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1. INTRODUCTION 

Nearly 40 years ago, the U.S. Atomic Energy Commission made a far-reaching 

commitment to the support of life-span radiation-effects studies in a relatively 

long-lived animal, the beagle dog. As a consequence of this commitment, some- 

thing in the range of 200 million dollars has already been spent on a group of 

closely related experiments, many of which are only now coming to fruition. 

Responsible fiscal management of these studies, directed toward securing an 

optimum return from past investments, and toward creative planning of future 

directions, requires a comprehensive view of this total effort. This report is 

designed to provide that comprehensive view. 

This is primarily intended as a research management document. I t  is not a 

technical evaluation of research results. I t  would be neither possible nor 

appropriate to evaluate an ongoing effort of this magnitude in a singly authored 

document of this sort. Evaluation and interpretation are tasks for those directly 

involved in conducting these experiments. The limited objective of the present 

document is to describe what has been done, to give some of the background for 

why it  was done, to describe results already realized and applications that have 

been made of these results-all in a manner designed to display the total effort 

rather than piecemeal details. While proposing no specific answers to the ques- 

tion "Where do we go from here?" it  is hoped that the document will provide a 

basis for approaching that question in an informed manner. The maintenance 

of a continuity of scientific understanding and direction in these experiments, 

which often continue beyond the initiating investigators' working life, is no 

small part of the problem involved in conducting these experiments. It is hoped 

that this report will serve a useful function in support of that continuity. 

Emphasis is placed on the major life-span experiments conducted under 

AECERDMDOE sponsorship at  the University of Utah; a t  the University of 
California, Davis; a t  Argonne National Laboratory; a t  Pacific Northwest 

Laboratory; and at  the Inhalation Toxicology Research Institute. These experi- 

ments are listed in Table 1 .l, with an indication of the time period over which 

exposures were conducted, the general nature of those exposures, and the 

number of dogs held for life-span observation-total animals and those still 

alive. Many more animals were employed in preliminary and ancillary studies, 

and in the maintenance of breeding colonies. In some of the earlier experiments 

all of the animals are already dead; however, in none of the experiments have 

interpretations been completed, nor can they be considered finally completed 

until cross comparisons are made among all experiments. 



1. Introduction 

Table 1.1 MAJOR DOEJERDNAEC LIFE-SPAN BEAGLE EXPERIMENTS 

LABORA- DATE OF TYPE OF EXPOSURE I IFE-SPAN DOGS 
TORY EXPOSURES FXPOSURE MODE TOTAL ALIVE* 

IV inj. 

IV in]. 

IV inj. 

IV inj. 

IV inj. 

IV inj. 

IV inj. 

IV inj. 

IV inj. (juvenile) 

IV inj. 

IV inj. (aged) 

IV inj. (juvenile) 

IV inj. (aged) 

IV inj. (multiple) 

Davis '52-'58 x ray WE? (fractionated) 360 0 

'61 -'67 9 0 ~ r  Ingested (in-utero to 

540 days of age) 484 0 

'63-'67 9 0 ~ r  IV inj. 46 0 

'63-'67 2 2 6 ~ a  IV inj. (multiple) 341 0 

Argonne '56 9 0 ~ r  Transplacental 53 0 

'57 9 0 ~ r  SC inj. (multiple, 

various ages) 98 0 

'60-'64 1 4 4 ~ e  IV inj. 49 0 

'61 -'63 l3'cs IV inj. 65 0 

'68-'78 gamma ray WE? (continuous to death) 31 1 115 

'68-'77 gamma ray WB (continuous to pre- 

determined doses) 343 70 

PNL '59-'62 2 3 g ~ u 0 2  Inhal'n 35 0 

'67 238~u02 Inhal'n 22 0 

'70-'72 2 3 9 ~ u ~ 2  Inhal'n 136 1 

'72-'75 2 3 8 ~ u ~ 2  Inhal'n 136 22 

'75-'77 2 3 9 ~ u ( ~ 0 3 ) 4  Inhal'n 148 77 



Table 1.1 MAJOR DOEIERDAIAEC LIFE-SPAN BEAGLE EXPERIMENTS (Cont.) 

LABORA- DATE OF TYPE OF EXPOSURE LIFE-SPAN DOGS 
TORY FXPOSURES FXPOSURF L I . Q U ! & A L I V E *  

9 0 ~ r ~ ~ 2  

1 4 4 ~ e ~ ~ 3  

g1yc13 

1 4 4 ~ e  (FAP) 

3 7 c s c ~  

(FAP) 

(FAP) 

g O ~ r  (FAP) 

1 4 4 ~ e  (FAP) 

1 4 4 ~ e  (FAP) 

1 4 4 ~ e  (FAP) 

2 3 8 ~ u ~ 2  

2 3 8 ~ u ~ 2  

2 3 9 ~ ~ 0 2  

2 3 9 ~ ~ 0 2  

2 3 9 ~ u ~ 2  

2 3 9 ~ ~ 0 2  

2 3 9 ~ ~ 0 2  

2 3 9 ~ ~ 0 2  

Inhal'n 

Inhal'n 

Inhal'n 

Inhal'n 

IV inj. 

Inhal'n 

Inhal'n 

Inhal'n 

Inhal'n (juvenile) 

Inhal'n (aged) 

Inhal'n (multiple) 

Inhal'n (3.0 pm) 

Inhal'n (1.5 pm) 

Inhal'n (0.75 pm) 

Inhal'n (1.5 pm) 

Inhal'n (3.0 pm) 

Inhal'n (multiple, 0.75 pm) 

Inhal'n (juvenile, 1.5 pm) 

Inhal'n (aged, 1.5 pm) 

Total '52-'83 5389 692 

* As of final quarter of 1987. 

** Surviving Utah dogs were moved to ITRl in September, 1987. 

Abbreviations: inj = injection: IV = intravenous; SC = subcutaneous; WB = whole-body; FAP = 

fused aluminosilicate particle; Inhal'n = inhalation; pm = activity median aerodynamic diameter 

of particles (micrometers). 

Other radiation-effects studies with beagle dogs, of shorter than life-span dura- 
tion, conducted in these and other laboratories, will be considered in this report 
only to the extent required to place the major life-span studies of Table 1.1 in 
proper perspective. Thus, we will consider only briefly the important early ex- 
periments with beagle dogs conducted a t  the University of Rochester (Casarett, 
1970; Stannard, 1988); the experiments with plutonium-contaminated wounds 

(Watters, 1972; Lebel, 1976) and the non-DOE-sponsored experiments a t  Colo- 
rado State University (Benjamin, 1986); the experiments investigating the effects 
of uranium-mine atmospheres conducted a t  Pacific Northwest Laboratory 



(Cross, 1982; Stuart, 1971); and the many ancillary short-term experiments sug- 

gested by, and often conducted in parallel with, the life-span experiments. 

The general approach taken in reviewing these experiments will be apparent 

from the Table of Contents. It was considered important to maintain a continu- 

ing broad viewpoint on the total effort rather than to divide the report into sepa- 

rate sections dealing with individual experiments in individual laboratories. 

Such separate study-by-study consideration would have allowed a more straight- 

forward presentation of experimental design and results, but it would have 

tended to obscure the fact that these experiments were planned as a total pro- 

gram with important interactions (Book, 1980; Bruner, 1969; Richmond, 19706; 

Totter, 1972). A concession to the study-by-study approach is made in Chapter 8, 

an appendix in which each experiment is outlined on an individual basis. 

While many compromises were obviously required in holding this document to a 

reasonable size, a special effort was made to provide a complete bibliography, in 

Chapter 9. While knowledgeable readers will inevitably be disappointed by the 

omission from the text of certain details that they feel should have been included, 

i t  is hoped that the bibliography will provide them with a useful key to the total 

published literature on these studies. To increase the usefulness of the bibliog- 

raphy, entries cited in the text are indexed to the pages on which they are cited, 

thus providing a senior-author citation index. Another unusual feature of 

Chapter 9 is the inclusion of brief biographical sketches of the principal con- 

tributors to the life-span radiation effects studies in beagles. 

For some detailed information, only the year-by-year progress reports from the 

various laboratories provide the total picture-r the nearest thing available to a 

total picture. These progress reports have usually not been referenced in the 
text, nor are they listed in the bibliography of Chapter 9. They are, however, 

tabulated in Chapter 10, and referenced to individual experiments in Chapter 8. 

The senior-author citation index of Chapter 9 is the only index is provided. The 

entire report may be thought of as an index to the life-span beagle studies, and it 

was not clear how a useful index to this index could be constructed. Because of 

the limited scope of subject matter and the considerable redundancy in presenta- 

tion, the Table of Contents provides the necessary and sufficient features of a 

subject index. 



2. HISTORICAL OVERVIEW * 

Contents 

2.1 The Decade of the 1950s 

2.2 The Decade of the 1960s 

2.3 The Decade of the 1970s 

2.4 The Decade of the 1980s 

Studies of the effects of radiation on health and longevity have been principally 

stimulated by the need to control to safe levels the exposure of those who must 

work with radiation. Data from the early decades of the twentieth century on 

effects in humans from external exposure to medical x-irradiation, and data 

from internal occupational and medical exposure to radium, provided a basis for 

the establishment of exposure limits in the 1920s and 1930s that seemed adequate 

for control of the infrequent exposures then encountered. 

With the advent of the Nuclear Age, and its vastly increased potential for expos- 

ure to a bewildering array of external radiation sources and internally deposited 

radionuclides, the need for more extensive and more sophisticated information 

on radiation effects became urgently apparent. With little opportunity for the 

study of effects in humans-certainly no studies with controlled exposures-at- 

tention turned to studies in experimental animals. During, and in the years im- 

mediately following World War 11, many studies were conducted, mostly in rats 

and mice, whose life spans were short enough to provide results within a few 

years. Based on these early studies, data on radiation effects were accumulated 

that led to the refinement of external exposure limits, and to the establishment of 
internal deposition limits for a large number of radionuclides. These exposure 

limits were adopted by the various laboratories and industries employing radia- 

tion workers, and codified by such groups as the National Council on Radiation 

Protection and Measurements (as it is now titled), and the International Com- 

mission on Radiological Protection. 

Basing human exposure limits on data from animal experiments posed serious 

problems of extrapolation. To the extent possible, the limits were anchored to the 

* The reader is directed to Dr. J. N. Stannard's comprehensive new book, 

Radioactivity and Health: A History (Stannard, 1988), which served as a 

valuable source for this chapter, and which can be profitably consulted for 

further details. 



human experience with x-irradiation and radium deposition, and extended 

from this base by inferences drawn from the animal data. While experimental 

rats and mice offered the advantage of speedy and economical acquisition of 

life-span data, their small size and short life span were serious disadvantages 

from other viewpoints. Could one expect to see in the two or three years of rodent 

life the full array of late developing effects that were known to be characteristic of 

low-level radiation exposures in humans? Could one evaluate in these small 

animals the subtle clinical effects that could be important in extrapolation to 

man? It was early recognized that life-span data from a larger and longer-lived 

animal was essential for confident extrapolation (Stannard, 1988). 

Dogs were employed in a number of experiments conducted at the University of 

Chicago, a t  the University of California (Berkeley), and a t  the University of 

Rochester, during and shortly following World War 11. These, however, were 

experiments involving a relatively few animals, usually for short time periods, 

for studies of radionuclide distribution or acute radiation effects (S tannard,  

1988).  The initiation of life-span studies in larger animals awaited the com- 

pletion of the more immediately urgent rodent studies, and perhaps most 

importantly, the development of confidence in the longevity of support required 

for consideration of these unprecedented studies. 

2.1 THE DECADE OF THE 1950s 

It would be inaccurate to conclude that the major life-span experiments in 
beagle dogs initiated by the AEC, as outlined in Table 1.1 of the Introduction, 

were conceived as a single multifaceted program. The different experiments 

evolved in a serial fashion, but always with the knowledge of what had gone 

before, and with an effort to link them together into a coherent whole. 

Dr. Stannard, in his historical review, concludes that the first proposal for use of 

the beagle dog in life-span radiation effects experiments may have come from 

Dr. George Hart, Dean of the Veterinary School at the University of California's 

Davis campus. A contract was let by the AEC, to Davis, in January of 1951, to 

study effects of graded and fractionated exposure of beagles to x rays. Effects on 

reproductive performance were of primary initial interest, but life-span effects 

were also to be followed. Justification for this project was based, in part, on the 

need for information to evaluate the radiation hazard to crews of nuclear power- 

ed aircraft, which were then considered a likely future development. This first 

Davis experiment was directed by Dr. A. C. Andersen; the first animals were 

exposed in 1952 (Andersen, 1969; Stannard, 1988). 



Coincident with developments a t  Davis, other life-span radiation effects experi- 
ments with beagle dogs were organized at  the University of Utah. The origins of 

the Utah program have been well documented (Dougherty, T., 1962; Stover, 

1972f). The earliest planning for the Utah program may, in fact, have preceded 

the Davis planning. The initial Utah experiments were very specifically aimed 

a t  providing data to support an exposure limit for plutonium. As then estab- 

lished, the plutonium limit was derived from the radium limit, which, in turn, 

was based on experience with exposed humans. The link between plutonium 

and radium was provided by comparative toxicity studies in mice. The applica- 

bility of the mouse data was highly suspect, considering that the critical effects 

observed were long-delayed bone tumors, and considering the major differences 

in life span, and skeletal size and growth characteristics, between man and the 

mouse (Stover, 1972f; Mays, 1986b). 

The Utah experiments were therefore designed to compare the long-term toxicity 

of 2 3 9 ~ u  and 2 2 6 ~ a ,  administered as single intravenous doses to young-adult 

beagles (to correspond to the usually brief exposure of the young-adult radium 

dial painters). Because 2 2 8 ~ a  was implicated in the exposure of some of the dial 

painters, i t  and its alpha-emitting second daughter, 2 2 8 ~ h ,  were also included in 

the experimental design (Evans, 1972; Van Dilla, 1956). The contract initiating 

the Utah project became effective July 1,1950. The project was initially directed 

by Dr. John Z. Bowers, Dean of the College of Medicine of the University of Utah, 

who was succeeded as project director in 1954 by Dr. Thomas Dougherty. The 

first life-span dogs were injected in December of 1952. 

While the original Davis and Utah dog experiments seem to have arisen rather 

independently, their subsequent evolution, and the spawning of life-span dog 
experiments in other laboratories, have followed a carefully orchestrated pattern 

of interrelationships. The widespread public concern for 90Sr in the fallout from 

weapons tests conducted in the atmosphere prompted extensions of both the 

Utah and Davis programs. To maintain comparability with the other Utah ex- 

periments, 90Sr, a t  Utah, was administered by single intravenous injection; the 
first animals were injected in 1954 (Dougherty, T., 1962). Because humans are 

more apt to ingest the fallout 90Sr, experiments were later initiated at  Davis with 

the radionuclide fed daily (Rook, 1980; Goldman, 1967, 1969). Dogs received 90Sr 

in this manner from midgestation to young adulthood. For comparison, other 

dogs received repeated injections of 226Ra during young adulthood (another link 

to the dial painters). Thus, within-laboratory comparisons would evaluate the 

relative toxicity of 90Sr and 2 2 6 ~ a ,  while between-laboratory comparisons would 

evaluate possible effects of route of entry and exposure timing. Smaller support- 

ing studies were initiated by Dr. Miriam Finkel a t  Argonne National Laboratory, 



in 1956 and 1957, with beagle dogs receiving 90Sr transplacentally and by daily 

subcutaneous injection (Finkel, 1960, 1972). 

From the outset the need had been recognized for experiments with inhaled 

radionuclides, since inhalation is the usual route of entry in most types of occu- 

pational exposure. Exposure of an animal as large as a beagle dog to precisely 

measured quantities of very toxic materials, via inhalation, poses severe techni- 

cal problems. The University of Rochester was the principal source of expertise 

in this area, and from the late 1950s to the early 1970s researchers there con- 

ducted a number of usually short-term experiments in which dogs were exposed 

to aerosols of polonium, uranium or plutonium oxides, or radon daughters. 

Ultimately, the large-scale inhalation experiments were conducted in other 

laboratories, but usually by graduates of the University of Rochester, employing 

equipment originally developed at the University of Rochester (Stannard, 1988). 

One such graduate, Dr. William J. Bair, led the development of inhalation 

exposure capabilities a t  Pacific Northwest Laboratory (PNL), where concern for 

plutonium exposure was high-plutonium then being the principal product of 

the Hanford Project where PNL is located. Beagles to be held for life-span obser- 

vation were exposed to 2 3 9 ~ u 0 2  as early as 1959 (Park, J., 1964); smaller groups 

were later exposed to 238Pu02 (Park, J., 1976). The earliest PNL experiments 

with inhaled plutonium were sponsored by the U. S. Air Force, which was con- 

cerned, with some justification as later events were to prove, about the potential 

for plutonium exposure following crashes of aircraft carrying nuclear weapons. 
The appearance of lung tumors in some of these Air Force dogs prompted the 

extension of these experiments under AEC sponsorship. 

2.2 THE DECADE OF THE 1960s 

The early years of the 1960s saw the development of major new beagle dog pro- 

grams to study the life-span effects of fission-product radionuclides. These 

programs were stimulated by concern for exposure of the world's population to 

these radionuclides in the fallout from nuclear weapons tests, and to the poten- 

tial for exposure from nuclear reactors, employed as domestic power sources, in 

nuclear-powered rockets or in other devices under consideration a t  the time. 

Experiments directed by Drs. Thomas E. Fritz and William P. Norris were 

initiated at Argonne National Laboratory, in 1960, with 144Ce (Fritz, 1970), and in 

1961 with 137Cs (NCRP, 19771, both administered to beagles as a single intra- 

venous injection. 

The major concern, however, was for the inhalation route. It was concluded 

that neither Rochester nor PNL could expand their inhalation exposure 



commitments to handle such a program, and a contract was awarded in June of 
1960 to the Lovelace Foundation for Medical Education and Research of 
Albuquerque, New Mexico, for development of a new laboratory, later to be 

known as the Inhalation Toxicology Research Institute (ITRI). Under the 

direction of Dr. Clayton S. White, with Rochester graduates in most of the key 

staff positions, exposure techniques and facilities were developed and a program 

of studies planned, which would look a t  selected fission products chosen for their 

range of radioactive half-lives and chemical behavior (McClellan, 1970). The 

first dogs were exposed in 1964. In 1966, direction of the ITRI program was 

assumed by Dr. Roger 0. McClellan, who had served his apprenticeship at  PNL, 
and who remained at  ITRI until 1988. 

A new radionuclide, 241Am, was added to the list being studied a t  Utah, with 

exposures commencing in 1966 (Stover, 1972f). Americium is only slightly less 

abundant than plutonium (on a radioactivity basis) in  the fallout from weapons 

tests, and, because of its greater environmental mobility, i t  may constitute as 

great a hazard as plutonium. 

At PNL, exposures were initiated in 1969 to determine the effects of daily expos- 

ure of beagle dogs to radon daughters and other components of uranium mine 

atmospheres (Cross, 1981, 1982; Stuart, 1970b, 1971). This experiment was 

designed to provide another link between effects in the dog and effects in the 

human; i.e., the humans that developed lung cancer from exposures in urani- 

um mines. Because few of these animals were actually retained for life-span 

observation, this experiment is not given primary consideration in this report, 

but is briefly considered in the chapter on ancillary studies. 

Argonne, in the 1960s, acquired 60Co gamma-ray exposure facilities that were 
first employed in non-life-span studies of acute radiation effects in beagles 
(Norris, 1968). In 1967, a series of continuous, whole-body, gamma-ray exposure 
experiments were initiated (Norris, 1972). Dogs were exposed, 22 hours per day, 
7 days per week, until they died or until a predetermined total dose had been de- 

livered. These experiments have been extended to lower doses, and some are 
still in  progress. In contrast to most of the other life-span dog experiments, 

these were designed primarily to provide insight into mechanisms of radiation 

effects rather than to simulate practical hazard situations (Fritz, 1986). These 

experiments are now cosponsored by the National Cancer Institute. 

2.3 THE DECADE OF THE 1970s 

By this time, preliminary results were accumulating from some of the earlier 

initiated experiments. These results, in many cases, pointed up the need for 



data from additional animals, exposed to explore effects not anticipated in  the 

initial experimental design. At Utah, where Dr. Webster S. S. Jee had assumed 
direction of the project in 1974 following the death of Tom Dougherty, the high 

incidence of effects in the lowest 2 3 9 ~ u  and 2 2 6 ~ a  exposure levels prompted addi- 

tion of groups exposed a t  lower levels (Stover, 1972f). Small experiments with 

californium isotopes (Lloyd, R., 1976) and with einsteinium (Lloyd, R., 1975) 

were also initiated to permit comparisons between a larger number of actinide 

elements, and to evaluate the biological effectiveness of fission fragments emit- 
ted in the decay of 252Cf. 

A major experiment with 224Ra, initiated a t  Utah in 1977 (Lloyd, R., 1982; 

Wrenn, 1986), was designed to provide still another link between the beagle dog 
and the human; this time to the humans that had been treated with 2 2 4 ~ a  for 

relief of ankylosing spondylitis, and who were, and still are, being followed in 

epidemiologic studies in Germany (Mays, 1978, 1986~; Spiess, 1978). Direction of 

the beagle project a t  the University of Utah passed, in 1979, from "Web" Jee to 
Dr. McDonald E. Wrenn 

At PNL, the early plutonium inhalation experiments had produced a nearly 100 

percent incidence of lung tumors, and new experiments were initiated, extend- 

ing exposures to levels equivalent in the dog to those permitted in  humans by 

occupational exposure standards (Totter, 1972; Park, J., 1972, 1986). Parallel ex- 

periments compared the effects of inhaled 2 3 9 ~ u 0 2 ,  2 3 8 ~ u 0 2 ,  and 239Pu(~03)4.  

At ITRI, techniques had been developed to produce monodisperse aerosols, i.e., 
aerosols with a very narrow particle-size range (Raabe, 1975). These techniques 
were employed in 239Pu- and 238P~-o~ide  exposure experiments with particles of 
various sizes (McClellan, 1972). Results from these experiments would compare 
with those obtained a t  PNL where polydisperse aerosols were employed. Experi- 

ments involving multiple inhalation exposures were also initiated during this 
period a t  ITRI (Boecker, 1977; Diel, 1982). This emphasis on plutonium was 

stimulated by the "hot particle controversy" instigated by allegations that plu- 
tonium aggregated in the form of highly radioactive particles possessed a car- 

cinogenic potential much greater than the same quantity of plutonium more 

uniformly dispersed (Tamplin, 1974). 

At Davis, Dr. Marvin Goldman assumed direction of the project in 1973, from 

Dr. Leo K. Bustad who had served in that capacity since 1965. New experiments 

initiated a t  Davis during the 1970s involved chronic whole-body exposure of 

beagle dogs to gamma rays from 60Co (Goldman, 1986; Klein, 1984). These ex- 
periments were, in certain respects, a follow-on to the earlier chronic 90Sr feed- 

ing experiment, and like that earlier experiment involved exposures starting a t  



different ages, including in-utero. Designed primarily to elucidate mechanisms 

of leukemogenesis, they usually did not involve life-span observation; they are 
therefore not given primary consideration in this document, but are briefly con- 

sidered in the chapter on ancillary studies. 

2.4 THE DECADE OF THE 1980s 

The 1980s saw the initiation of no new life-span dog studies. At Davis, the last 
life-span dog (who achieved the remarkable age of 18.5 years) died in 1986. Much 

remains to be done, of course, in completing analyses and interpretation of the 

Davis experiments. This effort is continuing at  Davis under the direction of Dr. 

Leon Rosenblatt. 

At Utah, by September of 1987, the number of dogs remaining on life-span obser- 

vation had decreased to 157 beagles and 9 St. Bernards. Two factors were mainly 

responsible for a decision to transfer these dogs from Utah: 1) the unfavorable 
economics of maintaining the small and dwindling colony, and 2) the desire of 

the University of Utah to build new research laboratories on the site of the exist- 

ing kennels. In response to these factors, the remaining 157 beagles were 

transferred to the ITRI colony, and the 9 St. Bernards were transferred to PNL. 
Responsibility for managing completion of the Utah life-span studies was as- 

signed to ITRI, with input from a small team of investigators a t  the University of 

Utah as well as investigators a t  ITRI. 

Thus, by 1988, dogs remained on study at  only Argonne, PNL, and ITRI. Final 

interpretation of experimental results must await the death of these animals, 
including controls, and the completion of radiochemical, clinical, and histologi- 
cal analyses on which interpretations must be based. The interrelationships 
between the results of the various studies can, of course, not be finally evaluated 
until all studies are completed, which will extend the period of final evaluation 

well into the 1990s. 

It  should also be recognized that materials derived from these life-span studies 
may provide the basis for experiments that could continue even further into the 

future. These life-span studies provide not only numerical data, but a wealth of 

biological material for basic studies of radiation carcinogenesis. For example, 

frozen cancerous and normal tissues and cell cultures from dogs of various ages 

and with various radiation exposure histories have been saved; they afford 

exciting opportunities for future molecular biological studies. Such potential 

spin-offs are currently receiving attention a t  all of the beagle laboratories 

(Frazier, 1987; Kelly, in press). 



Finally, i t  should not be assumed that the era of life-span dog studies is con- 

cluded with the animals now on experiment. Although one must acknowledge 

the present hiatus in newly initiated experiments, and one can appreciate the 

budgetary reasons for this situation, few would question that the decision to 

initiate this program, nearly 40 years ago, was a far-sighted decision that has 

paid, and will continue to pay, rich dividends. Should we assume that future 

planners will be less far-sighted? 
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This chapter will describe the major life-span beagle experiments, which are the 

subject of this report. It will consider the principal objectives of these experi- 

ments. It will consider the experimental animal chosen to explore these objec- 

tives. Why the beagle dog? And what special constraints are imposed by this 

choice? I t  will consider the experimental protocols developed to accomplish 

these objectives. It will consider the routes of exposure employed, and the spe- 

cial problems encountered in the development of exposure techniques. Finally, 

it will consider in a general way the variety of observations required during the 

subsequent life span of the exposed animal. Consideration of specific experi- 

mental results will be reserved for subsequent chapters. 

Several sources of information on the subject matter of this chapter require 

special mention. In addition to Stannard's history (S tannard,  19881, the 

Proceedings of the Hanford Life Sciences Symposium on Life-Span Radiation 
Effects Studies i n  Animals (Thompson, 1986) provides recent surveys of these 
experiments. Utah has published a lengthy review of their early studies 
(Dougherty, T., 1962) and several Proceedings volumes, chronicling not only 

their own studies, but including input from the other life-span studies 
(Dougherty, T., 1962d; Jee, 1976; Mays, 1969b; Stover, 1972; Wrenn, 1981). 

Informative Davis monographs relate specifically to the beagle as an experi- 
mental animal (Andersen, 1970; Shifrine, 19801, and to studies with 90Sr 

(Goldman, 1972d). A recent monograph of the Commission of the European 

Communities includes a number of papers on the status of these experiments 

(Priest, 1985). Several papers relate to AEC planning in this area (Bruner, 1969; 

Durbin, 1978; Richmond, 1970b; Stover, 1972f; Totter, 1972). A paper by 

Rosenblatt is particularly helpful in succinctly pointing up the problems and 

potentials of long-term experiments with beagles (Rosenblatt, 1970). Finally, it 

must be acknowledged that details of these experiments are not always 
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completely reported in the open literature, and recourse must sometimes be had 

to laboratory Progress Reports. These reports are listed in Chapter 10. 

3.1 OBJECTIVES 

As noted in the previous chapter, rather specific justifications were associated 

with each of the major life-span beagle experiments. However, certain charac- 

teristic objectives were shared by all. All were designed in response to the 

virtual absence of human data, and in response to the distrust of data available 

from more easily performed experiments in rats or mice. All should be consid- 

ered as primarily "demonstration" experiments. They were experiments that 

ethically and politically could not be avoided. 

If workers in the nuclear industry, or the general public, were to be exposed to 

increased levels of radiation of various types and in various manners, it was 

necessary to demonstrate that such exposures would cause no detectable effect 

in an animal that was as close a stand-in for man as could reasonably be 

studied. In the simplest terms, the primary objective of these experiments was 

to demonstrate the essential safety of a certain type of radiation exposure, at  

some tested level of exposure. The statistical limitations of any such demon- 

stration were, of course, recognized, and a more scientific statement of the 

primary objective might be the establishment of a dose-response relationship, 

from which the safety of any specific radiation exposure could be estimated with 

some stated degree of confidence (Rosenblatt, 1970). When viewed as a dose- 

effect relationship, this primary objective defines two corollary objectives-the 
quantification of radiation dose and the identification and quantification of 

biological effect. It is in terms of these corollary objectives that the necessity for 

life-span studies in a relatively long-lived and large-sized animal becomes most 

apparent. Only in such an animal is i t  possible to make the kinds of measure- 
ments and observations that one would make in a human being suspected of 

suffering an effect from radiation exposure. 

It is important to note that the "effect" aspect of the dose-effect relationship in- 

volves not only quantification, but, even more basically, identification. There 

was, and is, a concern that the difficulties of observation in the human, and 

other limitations in small-animal studies, may result in our overlooking certain 

effects of radiation exposure. Thus, while a particular type of cancer may be the 

most obvious finding in animals surviving the acute effects of irradiation, life- 

span studies in a large, long-lived animal afford the opportunity to explore the 

possibility that other less dramatic effects may also result from the radiation 

exposure. 
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Finally, in  experiments such as these, serendipity must be recognized as an im- 

portant objective. These are unprecedented experiments in terms of the effort 

expended in careful observation over extended periods of time. I t  would be 

unusual, indeed, if something unexpected were not observed. Considering only 

a single example, the existence of large aging populations of thoroughly inves- 

tigated animals offers exciting possibilities for geriatric studies. Indeed, the 

impossibility of pursuing even a fraction of such potential spin-off studies was, 

and is, a frustrating aspect of the whole endeavor. 

3.2 CHOICE OF EXPERIMENTAL ANIMAL 

Of the animal species that might have been chosen for use in these experiments, 

several were rather easily eliminated. Non-human primates were too costly, 

were too difficult to handle and house, and had too long a life span. Pigs, burros, 

and horses were too large; rodents were too small and had too short a life span. 

Dogs were commonly used in research before the inception of the experiments 

considered in this report. However, the extensive use of the beagle, specifically 

bred for research purposes, is a development that has occurred coincident with 

these studies, and largely stimulated by them. Thus, the many arguments that 

can now be advanced for the use of this animal were unknown, or a t  least 

unsupported, when the decision to employ beagles in these experiments was 

made in 1950. Once that initial decision was made, the continued use of the 

beagle in subsequent experiments was dictated by the need for intercomparing 

data in the same animal model. 

The American Foxhound was actually the first choice in considerations of an 

appropriate experimental animal for these studies, but it lost out to the beagle on 

grounds of availability (Stover, 1972f). The choice of the beagle seems, in retro- 
spect, to be as good a choice as could have been made. Arguments in support of 
that choice would include the following (Book, 1980; Bustad, 19726; Rehfeld, 

1972): 

ready availability 
easy management-reflecting selection over centuries for field stamina, 

tractable disposition, and intelligent cooperation as a "pack dog" 
optimum size (about 10 kg)-small enough to be easily handled, while 

large enough to permit detailed clinical studies 
optimum life span (12 to 15 years)-an appropriate compromise between 

the desire to mimic humans and the need for timely results 
physiologic and anatomic similarities to humans-particularly as re- 

gards the critical hematopoietic, skeletal, and pulmonary systems. 
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An extensive literature on the beagle dog as an experimental animal has devel- 

oped from the AECERDADOE-sponsored life-span studies. A full appreciation 
of this contribution could be conveyed only by a comprehensive review of this 

literature, which is beyond the scope of this report. This literature is included, 

however, in the Bibliography (Chapter 9). Of particular note is the treatise en- 

titled The Beagle as a n  Experimental Dog, edited by A. C. Andersen, and 

published in 1970 (Andersen, 1970). This book summarizes much of the experi- 

ence with beagles gained in the early years of the life-span studies. A later 

comprehensive report is  The  Canine as a Biomedical Research Model: 
Immunological, Hematological and Ontological Aspects, edited by Shifrine and 

Wilson (Shifrine, 1980). Particularly important have been data on skeletal 

structure (Gillett, in  press; Jee, 1970; Park, J., 19861, mass (Garsd, 1981; Martin, 
1981) and mineralization (Goldman, 1970); on the bone-lining cells and vascula- 

ture of the marrow (Miller, S, 1980, 19806); on blood chemistry values 

(Goldthorpe, 1962; Kaspar, 1977; Pickrell, 1974); on pulmonary function parame- 

ters (Mauderly, 1972, 19738, 1974, 1980b, 1983; Pickrell, 1971, 1973); on gastroin- 

testinal function parameters (Miyabayashi, 1984, 1986); and on the spontaneous 

incidence of mammary (Chrisp, 1980; Moulton, 1986; Taylor, G., 1976b), pulmo- 

nary (Taylor, G., 1979), and bone and cartilage tumors (Pool, 1978), as these are 

affected by age, sex, and family line. Extensive data have also been reported on 

the extent of viral transmission among colony beagles, their handlers, local 

mongrels and other native animals (Lundgren, 1968, 19686, 1969, 19693, 1970, 

1971).  Such accumulating experience has been shared, not only through 

publication of scientific papers and monographs, but also through direct com- 

munication between the laboratories conducting major life-span experiments. 

Of interest is the fact that dogs employed as controls in specific life-span experi- 
ments have been utilized as controls for other essentially unrelated studies 

(Deeg, 1980, 1983). The pooling of control-dog data from some, or all, of these 
experiments has been suggested as a potentially useful method of improving the 

statistics of specific experimental results (Crump, 1986). 

The provision of optimal animal care was an essential concern in all the beagle 

colonies (Dougherty, T., 1962; Goldnzan, 19696; McKelvie, 1970; Redman, 1970; 

Wolf, 1966). Ideally, all experiments would employ identical procedures, but 

what was optimum for one experiment might not be for another; what was 

optimum in 1955 might be superseded by improved procedures in 1975. The 

persons responsible for the choice and application of these procedures changed 

over passing decades, and a continuing effort was required to maintain some 

semblance of uniformity and comparability. 
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Animal housing facilities were different a t  each laboratory . Davis dogs were 

kept outdoors, usually 2 dogs per 377-ft2 pen, with a crushed rock ground 

surface, and with an elevated barrel offering protection from the elements 

(Andersen, 1 9 7 0 ~ ) .  With a colder winter climate, Utah dogs were maintained in 

outdoor runs connecting with inside housing at the dogs' choice (Dougherty, T., 

1962). Floors were concrete with imbedded heating cables. Usually 2 dogs (3 
maximum) shared a 50-ft2 run; one-fifth of each run was indoors. Similar 
indoor-outdoor runs have been employed for most studies at PNL (Park, J., 1976) 

and ITRI (Redman, 1970). Indoor-outdoor runs have also been employed at 

Argonne (Norris, 1968); however, during periods of continuous exposure, the 

animals, including controls, are of necessity confined to cages (Fritz, 1986). The 

disposal of radionuclide-contaminated wastes from these large dog colonies 

poses a special problem (Goldman, 1963). 

Disease problems unrelated to radiation exposure have complicated the interpre- 

tation of results in a number of experiments (Andersen, 1970k). An epidemic of 

canine distemper, and a vitamin deficiency problem influenced early deaths in 

the Davis x-ray study (Andersen, 1969). An epizootic of gastroenteric disease a t  
Argonne, involving half the colony and killing 10 dogs, was shown to be associ- 

ated with a parvovirus infection (Binn, 1981; Fritz, 1979). A similar parvoviral 

outbreak a t  ITRI killed 8 puppies and 3 adult dogs (Merickel, 1980), and resulted 

in a continuing clinical, pathological and epidemiological study of canine parvo- 

viral enteritis (Mason, 1987). The incidence of epilepsy in certain colonies has 

been a complicating and incompletely understood factor (Atherton, 1986; Bielfelt, 
1971; Redman, 1969, 19726). The diagnosis of hypothyroidism in a stud dog that 

contributed substantially to the genetic pool of the ITRI breeding colony led to 

investigations involving 75 dogs, relative to the possible heritability of the thyroid 

condition; no evidence was found for a problem in the colony (Pickrell, 1970). 

The question of genetic uniformity of the beagles employed in these experiments 

has been of some concern (Rosenblatt, 1986). Unlike the highly inbred strains of 
small rodents usually employed in laboratory studies, the beagles employed in 

these life-span studies possess no such genetic uniformity. Each of the major 

laboratories established its own breeding colony. The Davis and Utah colonies 
were established independently of each other (Dougherty, T., 1962; Rehfeld, 

1972).  Subsequently established colonies a t  Argonne, PNL and ITRI each 

obtained a part of their original breeding stock from one or both of these original 

colonies, but also employed animals from other sources (Rehfeld, 1970; Redman, 

1970). The laboratories have followed accepted breeding practices, have main- 

tained detailed pedigree records, and have made some effort to evaluate genetic 

variability (Bielfelt, 1969, 1971; Fritz, 19706, 1976; McKelvie, 1966; Pickrell, 1970; 

Redman, 1970; Rehfeld, 1967, 1970, 1970b; Tyler, 1968). The cornsparability of 
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results between experiments conducted in different laboratories, or in the same 

laboratory a t  different times, is compromised by this genetic uncertainty, to a 

degree that would not be involved in studies with standard strains of experi- 

mental rats or mice. On the other hand, the use of outbred beagles allows for 

greater confidence in extrapolating to the dog, in general, than if a single strain 

of inbred beagle had been employed. 

3.3 EXPERIMENTAL PROTOCOLS 

The primary objectives and basic design of most of the life-span beagle experi- 

ments are quite straightforward. Thus, for purposes of definition and super- 

ficial comparison, i t  is possible to provide reasonably complete experimental 

protocols, in simple tables, as has been done in Chapter 8. The experiments typi- 

cally involve several exposure groups, exposed a t  different dosage levels or in 

different temporal patterns, with observation of the exposed animals continuing 

for duration of life. This observation is directed toward certain preconceived end 

points, such as survival time and incidence of anticipated radiation effects, but 

is also designed to detect unanticipated effects if they occur. 

A problem associated with all of the life-span beagle studies has been that of 

providing appropriate control animals in statistically adequate numbers. Small 

control groups were sometimes justified on the basis that effects would likely not 

be seen in the lower exposure groups, which would effectively serve as additional 

controls. The combining of controls from different studies has also been 

considered (Atherton, 1986; Crump, 1986); and the need for controls in many 
applications has been questioned (Crump, 1986). 

In addition to the animals retained for life-span observation, most experiments 

included other exposed and unexposed animals, available for sacrifice at inter- 
vals throughout the experiment. These "sacrifice" animals might be required 
as comparative pathology controls, or for purposes of defining radionuclide 

retention patterns necessary for the estimation of radiation dose. These animals 

are not included in the abbreviated protocols of Chapter 8, but in some experi- 

ments may have exceeded the number of "life-span" animals. "Sacrifice" 

animals that were, in fact, never sacrificed but retained for life-span observa- 

tion, will, in some experiments, supplement the designated "life-span" animals. 

While simple in concept, the long duration, sometimes complex exposure re- 

quirements, and broad range of potential effects-all translating to high cost- 

add complicating dimensions to the experiments. Whereas scientists normally 

expect to learn from a first experiment how to perform a better second experi- 

ment, the pressure in these experiments was to "do it  right the first time," 
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because there was apt to be neither time nor money for a second experiment. 

The long duration of the experiments posed extraordinary requirements for the 

widest acquisition and the safest retention of data, the need for which might not 

be fully apparent until the conclusion of the experiment, and the user of which 

would more than likely not be the original data collector (McKelvie, 1964). 

Because of the often complex nature of the exposure processes, and the small 

number of beagles of appropriate age available a t  any given time, exposures 

were, of necessity, performed over an extended period of time, not infrequently 

amounting to several years. Under these circumstances, strict adherence to 

standardized and statistically randomized procedures was of critical importance 

(McKelvie, 1966; Rosenblatt, 1970). 

Overriding all of these concerns and complications was the reality of the budget. 

Although, from the present historical vantage point, one may marvel a t  the far- 

sighted generosity of the early funding of these experiments, there were always 

budgetary constraints, and compromises were inevitable. 

Some specific comments on the experimental protocols, as  summarized in 

Chapter 8, seem essential, as does some discussion of a few experiments not 

included among these protocols. Selection of the life-span beagle experiments to 

be considered in this report has involved unavoidably arbitrary decisions. One 

might, with some justification, have included the experiment conducted a t  the 

University of Rochester during the 1950s and 1960s, which involved 60 dogs (in- 

cluding controls), exposed for their life span to daily (5 per week) x-ray expo- 

sures of 0.06, 0.12, or 0.60 R (Casarett, 1970; Stannard, 1988). The principal 

objective of this experiment, which included additional dogs exposed to higher 
doses and observed for shorter periods, was the effect of radiation on spermato- 
genesis. 

Another excluded experiment is that initiated a t  PNL in 1969 involving chronic 

exposure for nearly 5 years of 69 beagles (including controls) to combinations of 

uranium mine air contaminants, including radon and daughters, uranium ore 

dust, and the smoke from individually smoked cigarettes (Cross, 1982; Stuart, 

1971). Most of these animals died relatively early, or were sacrificed short of 

their life span, or were diverted to other studies, making the experiment difficult 

to evaluate as a life-span experiment. 

Experiments initiated at  Davis in 1976, involving continuous 60Co gamma-ray 

exposure of beagles, starting in-utero and a t  various ages after birth, have also 

been excluded (Goldman, 1986). These experiments are relevant to this report as 
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an important application and extension of the findings from earlier Davis life- 
span experiments, but are specific studies of the leukemogenic process rather 
than life-span studies in the sense of this report. 

Excluded for administrative reasons, is the major experiment currently in prog- 
ress a t  Colorado State University that involves the life-span observation of some 
1700 beagle dogs given single 60Co gamma-ray exposures of 20 or 100 R during 
gestation a t  8, 28, or 55 days postconception, and following birth a t  2, 70, or 365 

days of age (Angleton, 1977, 1988; Benjamin, 1986, 19866). This experiment was 
initiated by the U.S. Public Health Service and is currently funded by the Bureau 
of Radiological Health, Food and Drug Administration, and the Low Level 
Radiation Effects Branch of the National Cancer Institute. From every point of 
view except source of funding, this experiment could be considered a part of the 
total life-span radiation-effect-in-beagles effort, and, though not considered in 
detail, will be referred to from time to time in this report. 

Also excluded from major consideration are the Colorado State University 
experiments with simulated plutonium-contaminated wounds in beagle dogs, 
which were funded by AEC/ERDA/DOE, but in which most of the dogs were 

sacrificed at  short intervals following exposure, and in no case were kept for 
life-span observation (Bistline, 1972, 1976; Dagle, 1975, 19756, 19846; Gomez, 1972, 
1974; Lebel, 1970, 1976; Schallberger, 1976). 

The Utah and ITRI protocols, as summarized in Chapter 8, are derived from 
their most recent Progress Reports, in which they annually publish information 
on the status of every dog enrolled in their experiments. A similar data tab- 
ulation has appeared during recent years for PNL and Davis experiments. 
Equivalent information on individual dogs for the early PNL and Davis experi- 
ments has not been published, but the protocols have been reconstructed, to the 
extent possible, from referenced publications of results. Published, individual 
animal data are available for none of the Argonne experiments. For all but the 
current external gamma-irradiation experiments (Fritz, 1986), published pro- 
tocols are sketchy a t  best. The earlier Argonne experiments pose a serious 
documentation problem, and prompt measures are required to avoid irretriev- 
able loss of important data. 

I t  is important to note that the "Initial Burden" indicated in the protocols for 
PNL and ITRI inhalation experiments is a median level for the exposure group. 
Because of the technical difficulties of controlling inhalation exposures, deposi- 
tion in individual animals may differ substantially from the group median, in 
some cases overlapping that of animals in adjacent groups. For this reason, 

eventual analysis of results will be based on the dosimetry for individual dogs, 



and the nominal exposure groups will have limited relevance. 

3.4 EXPOSURE MODES 

Although not purposefully planned to provide a balanced study of all possible 

modes of radiation delivery, the life-span beagle studies, as they have evolved, 

come close to providing such an all-encompassing picture. A few experiments 

have employed external, whole-body, x- and gamma irradiation, delivered in 

fractionated and continuous exposures, started a t  various ages. Most ex- 

periments have involved internal exposure from radionuclides delivered by 

ingestion, injection, or inhalation routes, in various temporal patterns, a t  vari- 

ous ages. Alpha-, beta-, and gamma-emitting radionuclides of widely varying 

half-life and chemical form have been employed. 

3.4.1 EXTERNAL IRRADIATION 

External, whole-body exposure to x or gamma rays has been employed in 3 

major life-span experiments. The 1952 Davis experiment involved a total of 360 

life-span, female dogs, exposed at 10 to 12 months of age to total x-ray doses of 100 

R or 300 R, delivered as a single dose or in 2 or 4 dose fractions separated by 1, 2, 

or 4 weeks (Andersen, 1969). Exposures were produced by an x-ray machine 

operated at  250 kVp, 30 mA, filtration HVL equivalent to 2.65 mm copper; target 

to midline distance was 140 cm; midline air-dose rate averaged 8.5 Rlmin. Dogs 

were suspended by slings in a standing position and irradiated bilaterally. They 

were randomly assigned to exposure subgroups; controls were sham-exposed. 

Following exposure they were randomly assigned to outdoor pens. 

At Argonne, beagles were exposed to 60Co gamma radiation, continuously until 

death, or, in a companion experiment, until the accumulation of a predeter- 
mined total dose (Fritz, 1986; Norris, 1972). Young-adult beagles of both sexes 
were caged singly in three-tiered fiberglass cages a t  appropriate distances from 

the 60Co source, which was maintained a t  a reasonably constant strength by 

periodic removal of cylindrical steel attenuators to compensate for 60Co decay 

(Fritz, 1982). Cages were rotated 90° each day, and dogs migrated through all 

cages of a given dose group. In experiments initiated between 1968 and 1978, 

dose rates have ranged from 0.3 to 54.0 radlday; terminated exposures have 

ranged from total doses of 450 to 3000 rad. 

Experiments a t  Davis have also employed a 60Co irradiator, designed to provide 

both an outdoor and an indoor field for continuous exposure of beagles or other 

experimental animals (Momeni, 1974). This facility was designed to provide a 

more flexible continuous exposure regimen for follow-up of observations made in 
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the Davis life-span beagle studies with internally deposited 90Sr, and were used 

subsequent to 1976 in non-life-span studies of leukemogenesis in beagles. Other 

external exposure studies with beagles, not considered in detail in this report, 

are the non-DOE-sponsored experiments at Colorado State University, which 

involve single, bilateral, whole-body exposure to 60Co gamma radiation a t  doses 

of either 20 or 100 R, at  8, 28, or 55 days postconception, and 2, 70, or 365 days 

postpartum (Angleton, 1977, 1988; Benjamin, 1986, 19866). 

3.4.2 INTERNAL IRRADIATION 

Most of the life-span beagle experiments have involved exposure to internally 

deposited radionuclides because this type of exposure was of particular occupa- 

tional concern and, during the peak "fallout" era, of concern also for general 

populations. Later concerns were associated with the potential for radionuclide 

dispersal resulting from accidents in power-reactor, weapons-related, and 

space-related applications of nuclear energy. The biokinetic and dosimetric 

complexities of internally deposited radionuclides pose greater difficulties in 

estimating radiation dose and effect in man, as compared to the more straight- 

forward situation encountered with whole-body external exposure. 

Inhalation and intravenous injection have been the experimental routes of ad- 

ministration most commonly employed in internal exposure studies-inhala- 

tion because i t  is the most likely route of accidental exposure of man, and intra- 

venous injection because it affords a greater degree of control over the chemical 
and physical form and precise quantity of radionuclide administered. Two 

early, small experiments with 90Sr at Argonne employed the unusual routes of 
transplacental administration and subcutaneous injection (Finkel, 1960, 1972). 

The ingestion route of exposure was employed in a single, major experiment 

with 90Sr, a t  Davis (Book, 1980; Goldman, 1969). Ingestion levels were defined in 

terms of the goSr/Ca ratios of the diets, in an effort to ensure uniform labeling of 

the growing bone; stable strontium concentration in all diets was about 1.4 mglg 

calcium (Della Rosa, 1972). Actual 90Sr intake within a group varied from 

animal to animal depending on food intake. Attained radionuclide levels were 

measured in each animal by periodic whole-body bremsstrahlung counting 

(Goldman, 1972b). 

The 90Sr diets, in equilibrium with were fed to the dams from midgestation 

through the lactation period. The offspring were weaned to the same dietary 

gOSrlCa levels consumed by their mothers, and feeding was continued until 540 

days of age. For comparative purposes, a few animals were maintained on the 

90Sr diets for the duration of their life (Book, 1982). The diets employed for 7 
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dosage groups ranged in 90Sr content from 0.007 to 10.0 pCi/g calcium; attained 

burdens at 540 days of age ranged from about 0.2 to 400 pCi (Momeni, 1976). The 

dietary regimen employed in this study was designed to mimic the "fallout" ex- 

posure pattern of the most sensitive members of the general population, i.e., the 

child and young adult. To provide a direct link with other studies involving 

acute exposure, smaller groups of dogs were given single intravenous injections 

of 90Sr a t  540 days of age (Momeni, 1976). 

The intravenous injection route of exposure affords precise control of the 

quantity of radionuclide administered. The disadvantage is that this is not a 

commonly encountered route of accidental occupational exposure and is never 

apt to be involved in the exposure of general populations. If intravenous injec- 

tion is to qualify as a dependable surrogate for more commonly encountered 

modes of exposure, such as ingestion or inhalation, steps must be taken to 

ensure that the distribution and subsequent retention of the injected radio- 

nuclide bears some resemblance to that of inhaled or ingested radionuclides and 

is not merely an artifact of the injection process. This problem is of particular 

concern with polyvalent metal ions, which are prone to hydrolyze in injectable 

solutions, forming colloids that may distribute very differently from the very low 

concentrations of these ions that would be absorbed from the lung, from the 

gastrointestinal tract, or through the skin (Stover, 1962). 

Most of the life-span beagle experiments employing the intravenous injection 

route have been conducted at the University of Utah. In all of these experiments, 

the radionuclide under study was administered in a freshly prepared citric acid- 

sodium citrate buffer solution, 0.08 M in total citrate, with a pH of 3.5 (Stover, 

19593). Particular pains were taken in the preparation of plutonium solutions to 
ensure the presence of only monomeric Pu(1V) (Stover, 19596). Comparative 

studies with polymeric 2 3 9 ~ u ( ~ ~ )  in beagles have shown that it is, indeed, 
distributed and retained in a manner quite different from that of the monomeric 

form administered in citrate buffer (Bruenger, 1981; Stevens, W., 1975). Other 

studies showed that 2 3 7 ~ u ( ~ ~ )  citrate, injected a t  mass levels lo5 times lower 
than those typically employed with 239~u(IV) citrate, was retained in blood and 

distributed among tissues in a manner very similar to that observed with 

2 3 9 ~ u ( ~ ~ )  citrate (Lloyd, R., 1976d). An in-vitro preparation of the 2 3 9 ~ u ( ~ ~ )  

transferrin complex, injected intravenously, was also shown to behave very 

similarly to injected 2 3 9 ~ u ( ~ ~ )  citrate (Stevens, W., 1975). There is, therefore, 

every indication that the injection solutions employed in these studies are 

reasonable surrogates for the materials encountered in more realistic modes of 

human exposure. 
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The Utah, life-span, single intravenous injection studies included experiments 

with 90Sr, 2 2 4 ~ a ,  2 2 6 ~ a ,  2 2 8 ~ a ,  2 2 8 ~ h ,  2 3 9 ~ ~ ,  2 4 1 ~ m ,  2 4 9 ~ f ,  252Cf, and 2 5 3 ~ s .  

Single intravenous injection experiments were performed a t  Argonne, em- 

ploying 144Ce (Fritz, 1970), and 137Cs (NCRP, 1977). A life-span, single 

intravenous injection experiment with 137Cs was conducted a t  ITRI (Boecker, 

1972; Redman, 19721, after preliminary studies indicated tha t  the  metabolic 

behavior of inhaled 137Cs chloride was indistinguishable from that  of injected 

137Cs (Boecker, 1969b). 

A major multiple intravenous injection experiment with 2 2 6 ~ a  was conducted a t  

Davis (Book, 1980; Goldman, 19696). Eight injections were given a t  15-day inter- 

vals, the last occurring a t  540 days of age, the same age a t  which the goSr-fed 

beagles, a t  Davis, were removed from feeding, and the approximate age a t  which 

the Utah beagles received their single intravenous injections of 2 2 6 ~ a  and other 

radionuclides. 

Early studies of the pulmonary route of exposure to radionuclides employed tech- 

niques of intratracheal administration. I t  became apparent, however, tha t  such 

techniques could not adequately mimic the pattern of deposition and subsequent 

distribution of inhaled insoluble particulate materials. Inhalation exposure to 
. highly toxic materials poses severe problems in protecting the experimenter as 

well as in  controlling quantitatively the exposure of the dog. From the stand- 

point of control of exposure, the dog is a particularly good choice of experimental 

animal because i t  can be trained to cooperate in the exposure process, and 
because i t  i s  large enough to  be exposed in complex apparatus, employing 
exposure masks molded to fit the individual animal. 

Experimental inhalation exposure of dogs was first employed extensively i n  

studies with uranium compounds a t  the University of Rochester (S tannard,  
1988). A large experiment, involving more that  100 dogs (mostly beagles) 
inhaling U02  dust, chronically, for a period of 5 years, was initiated a t  Rochester 

in 1955 (Leach, 1970). This experiment is not considered in  detail in this report 

because the  dogs were not kept for their life span; however, the  published 

exposure techniques (Leach, 1959) served as a basis for further development in 

subsequent life-span dog studies. These exposure techniques constitute a 

critical aspect of the experiments; their refinement over the past 30 years has, 

unfortunately, not been as extensively documented in the open literature as one 

might wish. 

Notable early developments a t  ITRI included the Lovelace nebulizer (Mercer, 

1968), the Mercer cascade impactor (Mercer, 19701, and the Lovelace dog plethys- 

mograph exposure system (Boecker, 1964). Control over the administered dose 
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has improved over the years. First estimated from aerosol volume and concen- 

tration parameters, it was later directly measured by external chest monitoring 

(Cuddihy, 197361, employing, where necessary, a gamma-emitting tracer, such 

as 169Yb-labeled plutonium (Diel, 1982, Raabe, 1975). Studies employing 140La- 

labeled, insoluble, polydisperse aerosols, of various size ranges, demonstrated 

deposition patterns in the dog similar to those of man (Cuddihy, 1973). 

All of the life-span PNL experiments considered in detail in this report involved 

single inhalation exposures of young-adult beagles to compounds of plutonium. 

All employed polydispersed aerosols, i.e., aerosols including a range of particle 

sizes. The early PNL life-span experiment with 2 3 9 P ~ 0 2  employed material ob- 

tained by calcination of plutonium oxalate in air a t  300° C, aerosolized from a 

suspension in 0.1% polypropyleneglycolethylene oxide polymer, with a resulting 

particle size mostly in the range of 0.1-1.0 pm (Park, J., 1964). Dogs were 

attached to the aerosol reservoir via a closely fitted, valved mask, and were train- 

ed to inhale the aerosol without anesthesia or tranquilizers (Bair, 1963). The 

early PNL 238Pu02 exposures were similarly performed, employing either 350° 

calcined oxalate material, or crushed 238Pu02 microspheres, with count median 

diameters of about O.1pm (Park, J., 1976). 

The later PNL life-span experiments employed similar but more sophisticated 

exposure techniques, affording more precise control of the quantity and quality 

of the material inhaled (Craig, 1972, 1973). The 2 3 9 ~ u 0 2  and 2 3 8 ~ u 0 2  were 

prepared from the oxalate, calcined at 750° and 700° C, respectively, with inhaled 

particle sizes of 2.3 pm and 1.8 pm activity median aerodynamic diameter 

(AMAD), respectively, both with a mean geometric standard deviation (GSD) of 

1.9. The 239Pu(N03)4 aerosol was generated by nebulizing a nitric acid solution, 

producing particle sizes of 0.81 pm AMAD with a GSD of 1.7 (Dagle, 1979; Park, 

J., 1986). 

The initial life-span dog program at ITRI was designed to evaluate the effects of 
exposures, by inhalation of fission-product radionuclides, such as might be en- 

countered in a catastrophic accident (McClellan, 1970, 1986). Five beta emitters 

91Y, 137Cs, 144Ce, and 90Sr), with a wide range of physical half-lives (64 h, 

58.8 d, 30 y, 284 d, and 28 y, respectively) were employed, initially in soluble 

forms prepared by nebulization from a chloride solution using a CsCl vector 

aerosol. Later experiments employed insoluble aluminosilicate particles formed 

by high temperature fusion of droplets nebulized from a suspension of mont- 

morillonite clay in which the radionuclide was entrapped (Raabe, 1971). These 

fused aluminosilicate particles (FAP) showed a common kinetic behavior in the 

respiratory tract, and differing effects could be attributed to time and dose-rate 

factors imposed by the particular radionuclide involved (McClellan, 1970, 19706). 
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Most experiments involved a single inhalation exposure of young-adult beagles, 

but experiments with 144Ce FAP were also conducted with juvenile and aged 

beagles, and with multiply exposed young adults. 

Later ITRI life-span experiments with 2 3 9 ~ u 0 2  and 238Pu02 employed monodis- 

persed aerosols, i.e., aerosols of a very narrow size range. These monodispersed 
aerosols were produced by a tedious process of aerosol centrifugation (Kotrappa, 

1971, 1972), adapted a t  ITRI for mass production (Raabe, 1975; Talley, 1979). 

While monodispersed aerosols are not normally encountered in accidental occu- 

pational exposures, they offer the only direct approach to the evaluation of the 

"hot particle" issue (Tamplin, 1974), i.e., the evaluation of the effect on lung 

cancer induction, of radiation dose distribution a t  the cellular level. Experi- 

ments with 2 3 8 ~ u 0 2  employed 3.0- and 1.5-pm particles administered as a single 

inhalation exposure to young-adult beagles. Experiments with 2 3 9 ~ u 0 2  employ- 

ed 3.0-, 1.5-, and 0.75-pm particles in singly exposed young adults; 1.5-pm 

particles in juvenile and aged beagles; and, 0.75-pm particles in  an experiment 

involving a series of 20 inhalations at  6-month intervals. 

In addition to the exposure of animals to be retained for life-span study, many 

ancillary inhalation studies were conducted to develop the techniques (Craig, 

1971, 19731, and to evaluate pulmonary function following exposure (Dubin, 1969, 

1970, 1971). A challenging inhalation exposure problem was that of simulating 

in dogs the process by which cigarettes are smoked by humans (Bair, 1969b). 

These techniques were employed to determine the effect of smoking on basic 
clearance mechanisms (Bair, 19671, in the simulation of working conditions in 

uranium mines (Cross, 1982; Park, J., 1971; Stuart, 1970b, 1971), and even in 

studies of marijuana smoking (Sullivan, 1978). 

3.5 LIFE-SPAN OBSERVATION 

It  is not our purpose in this section to consider the results of observations, but 

only the kinds of observations required, and special problems that these may 

pose (Andersen, 19624 1963d; Rosenblatt, 1970). 

An obviously unusual feature of these experiments is the time span of observa- 

tion, which poses a problem of safe retention of the data in an understandable 
and easily retrievable form. The more than 35 years of life-span beagle studies 

have seen remarkable developments in the application of computers to data 

handling (Doyle, 1981; McKelvie, 1964, 1967; Rosenblatt, 1970; Weller, 1986; 

Wittmier, 1983). The data from all current experiments are preserved in 

computer files, which should expedite analysis and interpretation; however, 

much of the primary data from earlier experiments remains in handwritten 
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records. The preservation of all these data, in a format easily accessible to 

persons not involved in their original collection, is a concern that becomes more 

urgent as the original collectors die or retire. A concerted effort to preserve 

these observations would benefit greatly from standardization of archiving 

techniques and procedures. 

In addition to maintenance and documentation of the general health of the ani- 

mals, special measurements were required in all radionuclide experiments for 

assessment of radiation dose to individual animals. Special measurements 

were also aimed a t  early detection of anticipated radiation effects. Extensive 
postmortem studies were required, for dosimetric purposes in radionuclide ex- 

periments, and to identify and quantify effects that may have been caused or 

influenced by radiation, or that may have interfered in the recognition of 

radiation effects. 

Reference was made earlier to the general animal care and housing procedures 

employed, and the extent to which these varied among laboratories. A particu- 

lar problem is that relating to the amount and kind of supportive care given to ill 

and aging beagles. Such care, given or withheld, may influence the observed 

pattern of radiation effects. The aging beagle bitch is susceptible to mammary 

tumors. In  some experiments, to avoid influencing survival patterns, these 

tumors were not treated; in other experiments they were surgically removed; in 

still other experiments, mammary glands were surgically removed before the 

animals were placed on experiment (Rosenblatt, 1986). In some experiments 

animals were treated surgically for bone tumors (Morgan, J., 1982). More 

uniformity of treatment in such situations would have simplified inter-experi- 

ment comparisons, but allowance can be made for these factors if they are 

recognized. Such recognition is difficult to assure when experiments extend 
over a score or more years, and involve a score or more investigators in different 

laboratories. 

The radiation dose to externally irradiated animals can be estimated from meas- 
urements made on the radiation source and on suitable dosimetric phantoms 
(e.g. Norris, 1968; Sinclair, 1963). Estimation of the radiation dose from inter- 

nally deposited radionuclides requires that measurements be made on the 

animal; one must know the initial deposition and the subsequent retention of the 

radionuclide at the point of interest. While a reasonably accurate estimate of an 

injected quantity can be made from measurements on the solution injected, a 

quantity deposited by inhalation can be estimated with reasonable accuracy only 
from measurements on the animal following inhalation. These measurements 

of deposition and retention may be made by external counting of the exposed 
animals if sufficiently energetic photon emitters are involved. For example, the 
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radium animals at Utah and Davis were routinely counted externally (Lloyd, R., 

1976g; Momeni, 1976c), as were the animals in several ITRI beta-emitter studies 

(Boecker, 1972). 

If external counting is not practical, deposition and retention in the life-span 

animal may be inferred from analysis of tissues taken from animals periodically 

sacrificed during the course of the experiment. Measurement of the radio- 

nuclide in the excreta of life-span animals also gives a measure of whole-body 

radionuclide retention. The addition of measured life-span excretion to measur- 

ed postmortem retention is a direct measure of initial deposition. This is a 

cumbersome approach to the estimation of initial deposition, but the only direct 

method for inhaled, non-photon-emitting radionuclides such as 23gPu and 2 3 8 ~ u .  

To circumvent this problem, ITRI, in some experiments, has tagged PuOz with 

169Yb, which serves as a photon-emitting tracer for the inhaled Pu02 (Diel, 1982; 

Raabe, 1975). 

Where dose to specific organs or tissues is required, measurements must be 

made on samples from sacrifice animals. Where it is necessary to estimate dose 

on a microscopic scale, quantitative autoradiographic measurements of radio- 

nuclide localization are required. Such studies have played a particularly 

important role in the explanation of results from experiments with bone-seeking 

radionuclides, where microdistribution is critical to carcinogenic effect (e.g., 

Jee, 1961, 1972~).  

Any departure from the normal state of health may be of subsequent interest in 
the evaluation of dose-effect relationships; detailed clinical records are therefore 

maintained for all animals. A thorough physical examination is scheduled at 

least annually, with more frequent measurements of parameters that might re- 

flect radiation effects. Hematology (e.g. Dougherty, J., 1971) and blood chemistry 
(e.g. Stevens, W., 1967) data are obtained on all animals, and particular atten- 

tion is paid to any indication of tumor development. In most of the radionuclide 

experiments, total-body diagnostic radiography has been employed, at least dur- 

ing the later high-risk period, for early identification of lung and bone tumors 

(Christensen, 1962); radioisotopic bone scans have also proved useful for this 

purpose (Wolff, 19801, and liver tumors have been detected using single photon 

emission computed tomography (Wolff, 1988). Animals are closely observed for 

signs of impending death and are euthanized to avoid pain and suffering when 

recovery seems unlikely. 

At death, a gross necropsy is performed to include all major organ systems. 

Gross findings are documented thoroughly, with written descriptions, photo- 

graphs, radiographs, and samples taken for pathologic, dosimetric, and other 
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purposes (e.g. Dougherty, T., 1962). Histologic sections of a variety of types are 

usually prepared from an extensive list of tissues and from any other tissues 
with lesions of interest (Redman, 1972). In radionuclide studies, samples of all 

organs and tissues, or the entire organs and tissues, are directly counted or 

analyzed radiochemically to provide an estimate of the radionuclide organ 

burdens and total-body burden. Autoradiographic studies may be made to deter- 

mine radionuclide distribution within organs or tissues. Generous samples are 

also usually retained for unforeseen future needs. Thus, a wide variety of 

samples of cancerous and noncancerous tissues, and cell cultures from exposed 

and control animals, preserved for many years at liquid nitrogen temperatures, 

are proving invaluable in current studies of oncogene involvement in radiation 

carcinogenesis (Frazier, 1987; Kelly, in press). 

The special problems of interpretation of morbidity and mortality data from the 

life-span beagle experiments are confounded by multiple, collinear, time-de- 

pendent variables (age, dose, survival, etc.) (Momeni, 19751, and also by the 

frequent desire to attempt preliminary interpretation before all the data have 

been collected. A variety of statistical procedures have been recommended and 

employed in these attempts (Grump, 1986, Gilbert, i n  press). Probit analysis was 

early recommended in the interpretation of hematological data (Rosenblatt, 

1967). Linear model analysis techniques have been employed to show a lack of 

significant effects of radiation on mean life span in the ongoing Colorado State 

University 60Co gamma-ray exposure study (Angleton, 1986); "prevalence rate" 

methods (Peto, 1980), have been employed in another analysis of this data 

(Benjamin, 19866). A proportional hazard approach has been employed in other 

studies, to relate elements of time, dose, and effect (Mewhinney, 1986; Peterson, 

1982). Further consideration of these problems will be found in Chapter 7 on Ap- 

plications. 
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This chapter. and the two chapters that follow. will place in a general perspec- 
tive the results that have been realized from the life-span dog studies . This will 

not be a tabulation of detailed results. but will direct attention to the kinds of 
findings that have been described. and reference these descriptions . I t  will not 

seek to derive new understanding from raw data. but will attempt to integrate 
previously published interpretations and expectations . 



A problem inherent in the review of published results from long continuing and 

still incomplete experiments is the possibility that earlier reported findings or 

conclusions may need to be altered in the light of later observations. An effort 

has been made to direct attention to such changing interpretations when they 

are known to have occurred, but the reader should be alert to the possibility that 

such changes may not have been recognized by the author, or may not yet have 

been published by the experimenter. 

As discussed in the previous chapter, the primary objective of these experiments 

may be viewed as the establishment of dose-effect relationships. I t  will be con- 

venient to consider in this chapter the findings relating to the description of 

radiation dose, and to consider in the following chapter those relating to the 

identification and quantification of biological effect. A third chapter will con- 

sider a number of results that, while subordinate to the primary objective of the 

life-span experiments and perhaps not considered in the initial planning and 

justification of these experiments, are nevertheless an important legacy of the 

total program. 

The concern of this chapter is not just with the specific evaluation of radiation 

dose but also with the more general body of observations necessary to that 

evaluation of dose. In the case of exposure to radionuclides, this will involve the 

distribution and retention of the radionuclide on both a macro- and microscale. 

These broadly defined dosimetric observations are of interest, not solely as they 

relate to the interpretation of effects observed in these experiments, but are of 

importance to the theoretical understanding and interpretation of radiation ef- 
fects generally. Thus, if observation of biological effects had been excluded from 

these experiments, the dosimetric information derived would still have been 

useful in many applications. 

Of the 48 life-span experiments listed in Table 1.1 of the Introduction, only 3 

involved an external source of radiation exposure. Dosimetry in these x- and 

gamma-ray-exposure experiments was relatively straightforward. This is not to 

say that challenging problems were not encountered in the provision of repro- 

ducible exposures and in the precise estimation of relevant doses (Andersen, 

1969; Barnes, 1972; Grahn, 1986; Hubbard, 1969, 1971; Momeni, 1974); however, 

the experiments themselves were not designed to provide new knowledge of the 

methods and procedures required for this dosimetry. Our concern in this chap- 

ter is  therefore largely with the experiments that employed various means of 

internal exposure, and in which the estimation of dose to the organs and tissues 

of interest was an integral part of the experiment. 



Estimation of dose from internally deposited radionuclides requires information 

relative to the initial absorption of the radionuclide and its subsequent distribu- 
tion and retention within the body. The problems of absorption will be different, 

depending upon the route of exposure. The evaluation of distribution and 

retention may be pursued at the gross organ or tissue level, or at more closely 

defined levels extending to cellular or molecular levels if this seems appropriate. 

Microscopic distribution of the radionuclide is of little concern in the case of 

long-range gamma emitters, but may be of critical importance in the case of 

short-range alpha emitters or beta emitters. 

4.1 ABSORPTION 

It is useful to give separate consideration to this initial step in the distribution of 

an administered radionuclide because absorption is the step that is unique to the 

route of entry; subsequent distribution and retention behavior may be relatively 

insensitive to route of entry. The route of entry in most of the life-span experi- 

ments was either inhalation or intravenous injection. Inhalation was employed 

because it  was considered the most likely route of occupational exposure. 

Intravenous injection was employed because i t  avoided the complications of 

absorption; the results of injection experiments, when suitably corrected for the 

absorption step, would presumably be applicable to any route of entry. Ingestion 

was employed in one major experiment with 90Sr because ingestion was con- 

sidered the critical route of exposure of the general population to fallout 90Sr. 

If distribution data obtained following intravenous injection are to be accepted as 

a valid indicator of postabsorption behavior following other routes of entry, this 

validity must be established in suitable comparison experiments. The life-span 

dog experiments provide several opportunities for such validation. One may 

compare the results of a single intravenous injection with those from chronic in- 

gestion of 90Sr in parallel Davis experiments; despite difference~ in age and 

duration of exposure, the components of long-term retention of 90Sr were similar 
in the two experiments (Monzeni, 1976). Studies at ITRI with inhaled and injec- 

ted "7CsC1 indicated that the subsequent disribution and retention behavior of 

such a soluble substance was essentially similar, whether inhaled or injected 

(Boecker, 1969). The distribution and retention of 2 3 9 ~ u  intravenously injected as 

the citrate in Utah experiments (Stover, 19626) approximated the postabsorption 

behavior of inhaled 2 3 9 ~ u ( ~ 0 3 ) 4 ,  as observed in PNL experiments, but was very 

different from the postabsorption behavior of inhaled 2 3 9 ~ u 0 2  (Park, J., 1986). 

The retention of 90Sr following inhalation as the chloride in an ITRI experiment 

was very similar to that observed following single intravenous injection in a 

Utah experiment (McClellan, 1972c), and indistinguishable from that following 

single intravenous injection in a Davis experiment (Momeni, 1976). 
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4.1 . I  ABSORPTION OF INGESTED RADIONUCLIDES 

The Davis 90Sr ingestion experiment provided extensive data on 90Sr absorption 

as a function of age, and under conditions of controlled calcium intake (Momeni, 

1976); studies preliminary to the main experiment explored the effect of dietary 

calcium level on 90Sr absorption (Della Rosa, 1965; Stover, 1961). Whether ab- 

sorbed as a consequence of chronic ingestion or single intravenous injection, the 

long-term retention of 90Sr was observed to be similar; this despite differences in 

age and duration of exposure (Momeni, 1976). 

4.1.2 DEPOSITION AND ABSORPTION OF INHALED RADIONUCLIDES 

Life-span experiments with inhaled radionuclides a t  PNL and a t  ITRI have pro- 

vided a wealth of data on factors affecting initial deposition of inhaled materials 

in the lung and subsequent absorption of these materials from the lung. Solu- 

bility is, of course, a major factor. Such soluble materials as CsCl (Boecker, 

1969) and SrC12 (McClellan, 1972~)  are very rapidly lost from the lung. To com- 
pare the biological responses of radionuclides inhaled as "insoluble" forms in 

contrast to "soluble" forms, a number of ITRI gamma-emitter experiments 

employed a common, very insoluble, fused aluminosilicate vector particle (FAP) 

of controlled size characteristics (Raabe, 1971). With less soluble materials, 

retention in the lung is prolonged, and factors other than solubility become 

important. FAP labeled with 1 3 7 ~ s  and 144Ce were employed in ancillary ex- 

periments comparing their retention in the lungs of mice, rats, and beagles 

(Thomas, 1971). Later experiments employed FAP labeled with 1 3 4 ~ s ,  compar- 

ing the retention of monodisperse or polydisperse particles of various sizes in 
dogs, rats, and mice (Snipes, 1983, 1983~). Retention was prolonged in the dog, 

depending largely on solubility factors rather than on mechanical clearance, 

which was more important in rats and mice. Within the range studied (0.7 to 
2.8 pm AMAD), size had little influence on clearance rates. Clearance to 
lung-associated lymph nodes was more prominent in dogs than in the rodents. 

As compared to young-adult beagles, a threefold larger fraction of the initial 

pulmonary burden of 144Ce inhaled as FAP by immature dogs (90 days of age) 

was cleared from the lung soon after exposure (Guilmette 1987b). 

Very early distribution of inhaled 144Ce or FAP, as determined autoradio- 

graphically, shows an accumulation just inside the nares, on the turbinates and 

at the sharp ventral bend in the nasopharynx; this activity is largely cleared via 

the esophagus within 30 minutes (Barnes, 1971). Autoradiographs of the costal 

surface of the lung show a striated pattern, with deposition occurring most 

heavily beneath the ribs; this pattern was observed with a variety of radio- 

nuclides and persisted for at least several hundred days postexposure; a similar 



pattern has been observed in gross lesions following inhalation of and 241Am 

(Barnes, 1971). 

Ancillary experiments a t  PNL investigated the deposition in, and absorption 

from, the lung of various chemical and physical forms of inhaled 239Pu (Bair, 

1961, 1961b, 19623, 19633, 1964,1968; Stuart, 1968; West, 1964). These experiments 

demonstrated the tenacious retention of 2 3 9 ~ u 0 2 ;  its relatively uniform distribu- 

tion among the lobes of the lung (Bair, 1961b; West, 1964); and its translocation, 

principally to pulmonary lymph nodes (Bair, 1961, 1961b). During the first week 

or two postexposure, about half the initial lung deposit was excreted via the 

feces; less than 1% was excreted in the urine (Bair, 1961, 1961b; Stuart, 1964; 

West, 1964). The more chemically soluble forms of plutonium, and the smaller, 

lower-temperature-calcined oxide particles, were more rapidly absorbed and 

excreted (Bair, 1962b 1963, 19&3b, 1964, 1968). 

Experiments at ITRI also demonstrated effects of varying physical and chemical 

characteristics on pulmonary retention of 2 3 9 ~ u 0 2 .  Different production tem- 

peratures for 239Pu02 aerosols resulted in lung retention half-times that 

increased as the production temperature increased; the proportion of plutonium 

excreted in the feces was greater a t  lower production temperatures; in-vitro 

solubility was inversely correlated with production temperature (Mewhinney, 

1976; Miglio, 1977). Preliminary data from the life-span experiment involving 

repeated exposure to 239Pu02 via inhalation indicate that, under the conditions 

employed, retention in the lung following each exposure was not influenced by 

previous exposure history (Diel, 1982). 

The half-time for clearance of the major long-term component of 239Pu02 de- 
posited as a polydisperse aerosol in the lungs of beagles has been estimated to lie 

in the range of 500 to 1500 days (Bair, 1968, 1973; Fisher, D., 1986; Mahaffey, 1981; 
Park, J., 1972, in press; Stuart, 1970). Experiments with monodisperse aerosols 
of 2 3 9 ~ u 0 2  indicated half-times for the major component of retention in the lung 

of 680 days for 0.72 pm AMAD particles, 1400 days for 1.4 pm AMAD particles, 

and 1800 days for 2.8 pm AMAD particles; the cumulative radiation dose to the 

lung of the 2.8-pm-AMAD animals was projected to be twice that of the 0.72-pm- 

AMAD animals a t  10 years postexposure (Guilmette, 1984). A more recent 

evaluation of the above monodisperse 239Pu02 data, supplemented by longer- 

term data from life-span dogs, shows no significant difference in the lung re- 

tention of the two larger particle sizes, but significant differences in their 

translocation to bone and certain lymph nodes (Guilmette, 1987). 

The clearance from the lung of inhaled 238Pu02 is more rapid than that of in- 

haled 239Pu02 (Bair, 1973; Dagle, 1979; Diel, 1980; Hahn, 1981; Mewhinney, 1983; 



Park, J., 1969, 1974, 1976, 1986). This more rapid clearance is attributed to 

radiolytic fragmentation occasioned by the high specific activity of the 2 3 8 ~ u 0 2  

particles (Park, J., 1974). This fragmentation and solubilization process has 

been studied autoradiographically (Diel, 1983), and has been incorporated in a 

detailed biokinetic model (Mewhinney, 1983). 

For inhaled 2 3 9 ~ u ( ~ 0 3 ) 4 ,  data from 15 dogs, sacrificed at intervals to 5 years 

postexposure, indicated a retention half-time of 100 days for the major fraction, 

but 18% of the initial lung deposit was retained with a half-time of about 400 days 

(Stevens, D., 1986); similar lung retention of 239Pu(N03)4 was indicated in earlier 

studies involving fewer animals (Bair, 1973). The early clearance of 2 3 8 ~ u ( ~ 0 3 ) 4  

was more rapid than that of 239~u(N03)4,  but the two rates became similar after 

1 month postinhalation (Dagle, 1983). 

No age-related differences have been detected in the retention of inhaled 239Pu02 

in the lungs of immature, young-adult , or aged dogs, although differences are 

observed in the relative fractions translocated to different organs (Guilmette, 

1987b). 

Concern for the practical long-term consequences of differences in absorption, 

and subsequent distribution of various forms of inhaled plutonium provided the 

primary motivation for a number of the life-span experiments currently under 

way at PNL (Park, J., 1986) and ITRI (McClellan, 1986). 

4.2 DISTRIBUTION AND RETENTION 

The radiation dose to various organs and tissues resulting from the internal 
deposition of a radionuclide will depend upon how this radionuclide is initially 

distributed among these organs and tissues, and the time pattern of its reten- 

tion and redistribution with time. It is usually impractical to measure these 

radiation doses directly in a life-span study; instead they are calculated from the 

known physical characteristics of the radionuclide and its measured distri- 

bution as a function of time. Measurements of radionuclide distribution are 

obtained directly from the life-span animals at death, inferred from external 

counting of penetrating radiation over the life span of the animals, and/or 

measured in separate groups of animals exposed for this purpose and sacrificed 

a t  intervals during the course of the experiment. Distribution and retention may 

be determined on a gross organ or tissue basis, or microdistribution may be 

important in assessing dose to particular cell types or molecular species. 



4.2.1 GROSS DISTRIBUTION AND RETENTION (by element) 

Gross distribution and retention will be considered on an element-by-element 

basis, with elements ordered according to atomic number. 

4.2.1 . I  STRONTIUM: The gross distribution and retention of strontium has been 

studied in life-span experiments and supporting sacrifice studies involving in- 

jected, ingested, or inhaled 90Sr. 

The Davis chronic ingestion experiment, in which exposure commenced in- 

utero, presented a number of special dosimetric problems. A preliminary ex- 

periment studied the comparative metabolism of 85Sr and 47Ca as a function of 

age, and provided data necessary to the establishment of dietary gOSr/Ca ratios in 

the main experiment (Della Rosa, 1965). Another preliminary experiment pro- 

vided data on transport of 90Sr via the placenta and lactation (Della Rosa, 19683). 
Placental discrimination resulted in a goSr/Ca ratio in fetal bone of 0.1 that in the 

maternal diet; this ratio increased to 0.2 during nursing and to 0.4 when the diet 

was fed directly. Supporting sacrifice studies provided data on the kinetics of 

90Sr in the growing beagle, both during 90Sr feeding and subsequent to cessation 

of 90Sr feeding at 540 days of age (Della Rosa, 1969; Goldman, 1967, 1969). 

Except at very early times following exposure, 90Sr is present almost entirely in 

the skeleton, including teeth (Jee, 1960). At long intervals following injection, 

less than 0.01 percent of total-body 90Sr is retained in liver, spleen and kidney, 

and that present in these organs is apparently maintained from skeletal reser- 

voirs (Atherton, 1966). The rate of loss of injected 90Sr from plasma is similar, 

but not identical, to that of radium; renal clearance is less efficient than that of 
radium; and fecal excretion relatively less important (Stover, 1958, 1962). The 

lesser retention of strontium, relative to radium, was verified in a double-tracer 

experiment with 85Sr and 226Ra (Glad, 1960). 

Total-body retention of 90Sr in beagles of the Utah injection experiment was 

followed by bremsstrahlung counting over the life span of the animals (Lloyd, R., 
1963, 1976g; Mays, 1958~) .  Retention data from 96 beagles were expressed as a 

five-component exponential function, with 36% of the injected dose lost with a 

half-time of less than a day, and the longest component (13%) retained with a 
half-time of about 13 years (Lloyd, R., 1976h). The longest component of 9 0 ~ r  

retention was shown to be not significantly different from the longest component 

of radium retention (Lloyd, R., 1976h). Supporting 8 5 ~ r  tracer experiments indi- 

cated a decrease in strontium retention with increased age a t  injection, for ages 

from 6 months to 10 years (Decker, 1964; Glad, 1960); retention also decreased at 

ages younger than 6 months (Decker, 1964). 



The more complex pattern of 90Sr retention in the animals of the Davis chronic 

feeding experiment was also followed by bremsstrahlung counting (Goldman, 

19723). Results are consistent with the kinetic findings in the Davis and Utah 

injection experiments (Goldman, 1972c; Momeni, 1976). A small number of 

dogs in  the Davis chronic feeding experiment were continued on 90Sr intake for 

their life span; these dogs showed retention data that differed little from animals 

whose feeding of 90Sr stopped a t  540 days of age, which reflects the low rate of 

bone turnover in the mature dog (Book, 1982). Periodic external counting data 

have been employed to calculate individual average skeletal doses for each dog in 

the Davis experiment (Raabe, 1981, 1981b). 

The whole-body retention of 90Sr inhaled as SrClz has been studied in detail and, 

allowing for early loss of unabsorbed 90Sr, is very similar to the retention data 

from intravenous injection experiments; the longer-term retention was describ- 

ed by three approximately equal components with half-times of about 6 days, 130 

days, and 8 years, all reflecting loss from the skeleton (McClellan, 1972c, 1983). 

The early distribution of inhaled and injected soluble 90Sr was also shown to be 

virtually identical (McClellan, 1972~) .  

4.2.1.2 YTTRIUM: The gross distribution and retention of yttrium was followed 

in a single life-span experiment with inhaled 91~C13.  Studies with and 

gl~-labeled, fused aluminosilicate particles (FAP) will be considered below with 

other FAP. Radionuclide impurities in the 9 1 ~  employed in the 91YC13 inhala- 

tion experiment posed dosimetric difficulties; only brief accounts of distribution 
and retention results have appeared in the published literature (McClellan, 

1976, 1979). For long-survival dogs, inhaled 91YC13 delivers approximately 
equivalent average radiation doses to lung and skeleton, about one-third this 

dose to liver, about four times this dose to nasal turbinates (Boecker, 1986). 

4.2.1.3 CESIUM: The distribution and retention of cesium has been studied in 

two life-span, single injection experiments with beagles, and in  a supporting 

experiment comparing the behavior of inhaled and injected cesium. Ex- 

periments with cesium-labeled FAP will be considered below with other FAP. 

External counting of dogs injected from 61 to 588 days of age showed a rapidly 

excreted component (half-time about 1 day) amounting to about 20% of the injec- 

ted dose; the retention half-time of the remaining 80% increased progressively 

with age, achieving a value of about 30 days a t  an age of about 300 days; the 

relative concentrations of 137Cs in various tissues of a dam and pups were also 

reported (Tyler, 1969). An incidental observation was the tenacious retention of 

137Cs in urinary calculi composed of the mineral struvite (Kaspar, 1969). 
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Distribution and retention of systemic 1 3 7 ~ s  were similar following either in- 
halation or injection of 137CsC1 (Boecker, 1969, 19696). About 77% of 137Cs, 
inhaled as CsC1, was retained in the body with a biological half-time of 43 days; 

urinary excretion was about 10-fold higher than fecal excretion, and both 

decreased a t  a rate similar to that of total body retention (Boecker, 1968). Life- 

span dogs in  the ITRI injection experiment retained about 85% of injected 1 3 7 ~ s  

with a half-time of about 32 days; concentration of 137Cs in a variety of tissues fell 

in the range of 0.6-1.5 times the average concentration in the total body (Boecker, 
1972). 

4.2.1.4 CERIUM: The gross distribution and retention of cerium was followed in 

a single life-span experiment with inhaled 144CeC13 (Benjamin, 1973; Boecker, 
1984), and in supporting sacrifice studies (Boecker, 1974b; Cuddihy, 19766). 

Experiments with 144Ce-labeled FAP will be considered below with other FAP. 

Data from animals sacrificed at intervals to 512 days postinhalation showed rap- 

id initial clearance of about half of the inhaled 144CeC13. The remaining 144Ce 

was retained with a half-life approaching its physical half-life and was distrib- 
uted principally between liver and skeleton, with high local concentrations in 

the nasal cavity. Radiation doses were estimated, based on a detailed kinetic 

model, and the results were compared with data from other species and with the 

assumed behavior of cerium in man (Boecker, 1974b; Cuddihy, 1975). 

A supporting experiment, involving 12 dogs sacrificed at  intervals to 32 days 

following inhalation of 144CeC13, directed special attention to the distribution and 
retention of 144Ce in the endocrine glands and reproductive organs. Cumulative 

radiation doses in  pituitary and adrenal glands, pancreas, ovaries, testes, pros- 
tate, and uterus were less than 2% of the doses calculated for lung and liver; the 
thyroid dose was about 30% of the dose in liver (Cuddihy, 1976b). 

For dogs i n  the life-span experiment surviving for longer than 5 years, cumu- 
lative dose to lung was about one-half the dose to liver; dose to bone, about 
one-third the dose to liver; and dose to the nasal cavity about 1.5 times the dose to 

liver (Boecker, 1984). 

4.2.1.5 FUSED ALUMlNOSlLlCATE PARTICLES: Several ITRI experiments with 

inhaled beta-emitting radionuclides have employed these radionuclides in the 
form of fused aluminosilicate particles (FAP) (Raabe, 1971). Life-span experi- 

ments have employed 90Sr, 9 1 ~ ,  and 144Ce FAP; the 144Ce FAP were studied 

in aged and juvenile as well as young-adult animals and with repeated as well 

as single inhalations. Non-life-span supporting dosimetry studies have em- 

ployed 134Cs and 137Cs FAP. 



Retention of FAP in the lung is determined by the behavior of the aluminosilicate 

vector particle; dosimetry in the lung is a function, also, of the radiation charac- 
teristics and the physical half-life of the radionuclide employed, but not of its 

chemistry (McClellan, 1970, 1974). Solubility of these FAP has been studied in- 

vitro, and compared with in-vivo behavior (Kanapilly, 1973). Since only a small 

fraction of the radionuclide inhaled in this form was dissolved and absorbed 

from the lung, these experiments are of interest primarily for the light they shed 

on dose-response relationships in the respiratory system, including pulmonary 

lymph nodes. The radionuclides employed in  the life-span FAP experiments 

were chosen to provide a range of dose rates and exposure durations and are 
considered below in  order of increasing half-life. 

The effective half-time for retention in the lung of inhaled as  FAP is that 
dictated by its physical decay half-time of 2.6 days (Jones, R., 1974; McClellan, 

1974). Results from a supporting study involving 12 beagles sacrificed a t  inter- 

vals from 1 hour to 12 days postexposure indicate infinite-time radiation doses 

per millicurie initial lung burden of: 1200 rad to lung, 290 rad to rib bone mar- 
row (from 9 0 ~  in the lung), 180 rad to the large intestine (from cleared from 

the upper respiratory tract), 170 rad to tracheobronchial lymph nodes (largely 

from in the lung), 120 rad to blood circulating through the lung, 0.54 rad to 

skeleton, and 0.38 rad to liver (Barnes, 19726). Another supporting study em- 

ployed 10 dogs that inhaled relatively large numbers of large-sized FAP to 
maximize exposure of the gastrointestinal tract; animals were sacrificed from 8 

to 29 days postexposure; gastrointestinal tract doses were measured with ther- 
moluminescent dosimeters, and radiation effects were observed (Hahn, 1975). 

The effective half-time for retention in the lung of 9 1 ~  (physical decay half-time, 
59 days) inhaled as FAP is about 50 days, allowing time for significant trans- 
location to pulmonary lymph nodes, but dosimetrically insignificant absorption 
to bone and liver (Jones, R., 1974; McClellan, 1974). 

The effective half-time for retention in the lung of 144Ce (physical decay half- 

time, 285 days) inhaled as FAP is about 180 days (Jones, 1974; McClellan, 1974). 

Results from 24 serially sacrificed dogs indicate that only a small amount of 

144Ce inhaled as FAP is translocated from lung to other organs, <5% to liver, 

~ 3 %  to skeleton, and <2% to puln~onary lymph nodes (Hahn, 19736, 1976). In the 

life-span animals, cumulative radiation doses to pulmonary lymph nodes were 

about 3 times higher that those to lung (Hahn, in press 6). Early results have 

been reported on the retention and distribution of 144Ce inhaled as FAP during a 
series of repeated inhalation exposures (Boecker, 1980). Studies of the effect of 

age a t  inhalation showed more rapid early clearance from the lungs of imma- 

ture dogs (90 days of age); coupled with the continued growth of the lung of the 



4. Dosimetry 

immature dog, this resulted in a 60% reduction in the cumulative radiation dose 

to lung, 1000 days after exposure, as compared with young adults (Guilmette, 
19876).  As compared with young adults, the immature dogs showed an 

increased deposition of inhaled 144Ce in the skeleton; aged dogs showed a de- 

creased skeletal deposition. 

The effective half-time for retention in the lung of 90Sr inhaled as FAP is about 

400 days, with significant translocation to pulmonary lymph nodes and bone 

(Jones, R., 1974; McClellan, 1974). 

Supporting, non-life-span studies have investigated the short-term behavior of 

inhaled 137Cs-labeled FAP; about half of the initially inhaled material is rapidly 

excreted in feces, most of the remainder is retained with a biological half-time of 

440 days; fecal excretion continued to exceed urinary excretion for a t  least 130 
days postexposure (Boecker, 1968, 1969, 19693). In another experiment, employ- 

ing 1 2  dogs, accumulation and retention of lS7Cs-labeled FAP was determined 

after 10, 20, or 30 weekly inhalation exposures; deposition was about as would be 

predicted from single-exposure data, but retention was prolonged in the mul- 

tiply exposed animals (Boecker, 1977). 

Several ancillary studies of the retention of insoluble particles in the beagle lung 

have employed FAP labeled with 134Cs; these have included studies of the effect 

of particle size and have involved interspecies comparison, from which it  was 

concluded that, for the clearance and translocation of such relatively insoluble 

particles, the dog is a much better model for man than the rat, mouse, or guinea 

pig (Snipes, 1983, 1983c, 19848). 

4.2.1.6 RADIUM: The gross distribution and retention of radium has been de- 

scribed in  life-span experiments involving single injection of young-adult 
beagles with 2 2 4 ~ a ,  226Ra, and 228Ra; also in experiments involving multiple 

injection of young adults with 2 2 4 ~ a  and 226Ra, and in experiments involving 

injection of juvenile and aged dogs with 226Ra. A number of supporting 

non-life-span studies have also been conducted. 

Preliminary to the earliest life-span experiments with radium, a number of 

exploratory studies were conducted. One of these compared the metabolism of 

2 2 6 ~ a  and 45Ca in a 5-month-old beagle; the principal gross metabolic difference 

was the more rapid clearance of 2 2 6 ~ a  from blood and its preferential excretion 

by both kidney and gut (Stover, 1957). The extent of biological or physical 

redistribution of the longer-lived members of the complex decay-product chains 

of the different radium isotopes was a matter of critical concern. Such in- 

formation is important not only in the estimation of radiation dose to various 
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organs, but is also essential in the interpretation of external counting data, on 

which estimates of retention are based (Lloyd, R., 1976g). 

Supporting studies focusing on these problems have included detailed investi- 

gations of the substantial exhalation of the 2 2 2 ~ n  daughter following single 

(Mays, 1958, 1975; V a n  Dilla, 1958) or multiple (Parks, 1978) injection of 2 2 6 ~ a ,  

and the effect of age (Lloyd, R., 1983d; Parks, 1978) and radiation dose (Parks, 

1978) on this process. Skeletal 2 2 2 ~ n / 2 2 6 ~ a  ratios in neonatal and juvenile 

beagles could be described by the same equation, but this ratio was higher in 

young-adult beagles and in St. Bernards (Lloyd, R., 1983d). Less than 2% of the 

shorter-lived 2 2 0 ~ n ,  in  the decay chain of 2 2 8 ~ a ,  is lost by exhalation (Mays,  

19583); there is essentially complete retention of the 2 1 2 ~ b  daughter (Stover, 

1959~) .  

The complex internal dosimetry of 224Ra and its daughters has been studied in 

dogs sacrificed a t  intervals to 7 days postinjection (Lloyd, R., 1982); other studies 

with 224Ra have focused on the state of equilibrium with its daughters, 2 2 0 ~ n  and 

212Pb, a t  the endosteal surfaces of dog bone (Schlenker, 1986). 

Clearance of radium from the plasma was more rapid than that of other radio- 

nuclides in Utah injection studies, and the fecal-to-urinary excretion ratio 

higher (Stover, 1962; Van  Dilla, 1958). Radium is deposited predominantly in 

bone, including teeth (Jee, 1960). About 15% remains in soft tissues a t  1 day 

postinjection, which is reduced to less than 3% a t  60 days; liver, kidney and 
spleen are principal sites of soft tissue retention (Atherton, 1965). Concentration 
and retention of radium also occur in the eye, where its presence is correlated 

with biological effects (Fisher, G., 1976; Stover, 1962; Taylor, G., 19626, 19643). 

In-vivo counting data from 125 dogs, over a period of as  long as 14  years 

following injection with 2 2 6 ~ a ,  as young adults, shows evidence of greater 

retention in dogs receiving more than 4 pCi/kg; retention in dogs receiving lower 

injected doses could be expressed as a five-component exponential, with 25% lost 

with a half-time of less than 1 day, and the longest component (15%) retained 

with a half-time of about 13 years (Lloyd, R., 1976h, 19863; Wrenn, 19863). The 

definitive 2 2 6 ~ a  skeletal dosimetry for the Utah injection study, including dose 

from daughters injected and daughters grown in, is that of Lloyd, Mays and 

Atherton (Lloyd, R., 19866). Data from 78 dogs injected, as young adults, with 

2 2 8 ~ a  showed retention essentially similar to that of 2 2 6 ~ a  (Lloyd, R., 1976h). 

The distribution, retention, and complex internal dosimetry of injected 2 2 4 ~ a  

and its daughter products were studied in 6 young-adult beagles sacrificed at  

intervals to 7 days following injection of 224RaC12; the injection of 1 ~ C i k g  was 



estimated to result in cumulative doses of about 40 rad to skeleton (since revised 

to 30 rad, based on a larger assumed skeleton), 13  rad to kidneys, 11 rad to eyes, 8 
rad to liver, and 0.8 rad to testes and ovaries (Lloyd, R., 1982). 

The retention of 2 2 6 ~ a  has been measured by in-vivo counting procedures over 

the life span of 46 niultiply injected Davis beagles (Momeni, 1976c, 1976d; Parlzs, 

19783). The Davis and Utah data are remarkably consistent, both showing the 

increased long-term retention a t  high radiation dose levels. The Davis data also 

identify an effect of age-at-initiation of the multiple 2 2 6 ~ a  injections. Long-term 

retention of radium in the beagle is substantially greater than that in man 

(Momeni, 1 9 7 6 ~ ) .  Periodic external counting data have been employed to cal- 

culate individual average skeletal doses for each dog in the Davis life-span 

experiment (Raabe, 1981, 1981b). 

The retention and dosimetry of 2 2 6 ~ a  were studied in St. Bernards, in an experi- 

ment designed to compare the effect of radiation in a breed with a much higher 

spontaneous incidence of osteosarcoma (Jee, 19768). Radium retention in the St. 

Bernard is slightly greater than that in beagles; radium distribution is similar, 

as is radon retention in bone (Lloyd, R., 19836, 1983d). 

Effects of age on radium retention were observed in early Utah studies (Van 

Dilla, 1958). In more extensive later studies, beagles injected with 2 2 6 ~ a  a t  5 
years of age showed a diminished retention, but an essentially similar distri- 

bution, as compared with young adults (Lloyd, R., 1983~) .  Those injected at  3 

months of age showed an increased retention, as compared with young adults, 

but a lower average radiation dose to bone per microcurie injected because of 

dilution due to growth (Lloyd, R., 1983); the juvenile animals retained a 
significantly smaller fraction of the 2 2 2 ~ n  daughter in their bones for about the 
first 600 days after injection. Preliminary distribution and retention data have 
also been reported from experiments involving the serial sacrifice, from 1 to 14 

days following injection of 6 neonatal beagles, and from 7 to 360 days following 

injection of 7 three-month-old beagles (Bruenger, 1983). 

4.2.1.7 THORIUM: The single life-span experiment employing 2 2 8 ~ h  was sup- 

ported by a number of sacrifice studies designed to explore the biological and 

physical redistribution of the longer-lived members of its complex chain of decay 

products (Jee, 1967; Stover, 1968c, 1981). These include experiments on the dis- 

tribution and retention of the decay products 2 2 4 ~ a  (Van Dilla, 1956, 1957, Stover, 

19656, 1965c, 1968c), 2 2 0 ~ n  (Mays, 19586; Van Dilla, 19561, and 2 1 2 ~ b  and 2 1 2 ~ i  

(Stover, 1959c, 1965b, 1965c, 1968~) .  A 20-dog sacrifice study has supplied detailed 

data on decay-chain equilibria for the period to 18 months postinjection (Lloyd R., 
1984d). 



Early clearance of thorium from the plasma was slower than that of radium or 

strontium but, after the first hour, was more rapid than that of plutonium; the 

early fecal-to-urinary excretion ratio was the lowest of the four elements (Stover, 

1960, 1962). At the low mass levels employed in the Utah experiment, 70% to 80% 

of injected thorium deposited in bone, about 4% in liver, about 1.5% in kidney, 

0.3% in spleen, and the remainder was widely distributed in other soft tissues. 

Concentration and retention of thorium also occur in teeth (Jee, 1960) and in the 

eye, where its presence is correlated with biological effects (Stouer, 1962; Taylor, 

G., 19623). 

In-vivo counting data from 40 life-span dogs, obtained over a period of nearly 8 

years, and from 20 dogs sacrificed from 7 days to 18 months postinjection, show 

evidence of greater retention at the highest dose levels; a single biological half- 

time of about 10 years was estimated for 2 2 8 ~ h  in bone (Lloyd, R., 1984d). Loss 

from soft tissues was more rapid, with a biological half-time of about 2 years 

(Stover, 1960). 

4.2.1.8 PLUTONIUM: The gross distribution and retention of plutonium has 

been described in a number of life-span experiments, and supporting sacrifice 

studies, conducted at three laboratories, involving its administration by injection 

or inhalation, in various forms, to dogs of various ages. 

The Utah single intravenous injection experiments, with juvenile, young-adult, 

and aged dogs, employed a carefully standardized 2 3 9 ~ u  citrate injection solu- 

tion, which was minimally colloidal, and with at least 98% of the plutonium in 
the tetravalent state (Stover, 19623). A supporting study with intravenously 
injected 237Pu showed that this isotope, present a t  very much smaller mass 

levels, was distributed similarly to 2 3 9 ~ u  injected as the citrate (Lloyd, R., 1976b). 

Another study had indicated that 237Pu was more readily excreted than 2 3 9 ~ u  

injected as the nitrate (Bair, 1974d). It seems likely that the nitrate form would 
undergo polymerization, which would explain its different behavior; such po- 

lymerization would not occur in the case of the citrate. Thus, administration of 

2 3 9 ~ u  citrate, a t  the relatively high plutonium mass concentrations required in 

biological studies with 2 3 9 ~ u ,  may be considered an appropriate stand-in for the 

very low mass levels of plutonium present in the environment, which is the 

circumstance of primary interest to radiation protection considerations (Lloyd, 

R., 1976d). 

The colloidal status of the injection solution has a profound effect on initial 

distribution, with colloidal 239~u(IV) being cleared more rapidly from blood and 

deposited, primarily by phagocytic processes, in liver, spleen, and bone marrow, 

rather than on bone surfaces. Phagocytically deposited colloidal plutonium was 



shown to be eventually translocated to bone surfaces and liver parenchyma, but 

only slowly, with half-times of approximately a year or longer (Bruenger, 1981; 

Stevens, W., 1975). The noncolloidal 239Pu(IV) citrate solution, when injected, 

behaved very similarly to an injected 23g~u-transferrin complex (Stevens, W., 

1975). 

The distribution and retention of 2 3 9 ~ u  in the Utah, young-adult, life-span dogs 

has been studied exhaustively (Stover, 1959,1959b,1962,1962b, 1968, 1969, 1971, 

1972c, 1974, 1976, 1977). About 85% of injected plutonium remains in the blood at 

1 minute postinjection, and only about half of this is lost from blood in the next 10 

hours; about 12% is excreted in the first 3 weeks, another 16% in the next 4 

years; nearly 30% is deposited in liver, a few percent in spleen, kidney, and other 

soft tissues, and the major fraction in the skeleton, including teeth (Jee, 1960). 

Because of the low energy and low abundance of penetrating radiation from 

2 3 9 ~ u ,  data on its distribution and retention have been obtained largely from 

alpha-counting of tissue and excreta samples, although some success was 

achieved in counting gamma rays from relatively high-dose animals (Lloyd, R., 
19621, and a 169Yb tracer has been successfully employed in  following the early 

retention of inhaled plutonium (Diel, 1982; Hahn, 1981). 

Plutonium concentration in plasma, from 1 minute to 12.5 years postinjection, 

has been described by a four-term exponential function of time (Stover, 1977). 

Retention of plutonium in the skeleton, a t  dose levels below about 0.1 yCi/kg, has 

been described by a single exponential plus a constant term amounting to 21% of 

the injected dose; a t  higher dose levels, the constant retention term is greater 

because of radiation damage (Stover, 1976, 1977). A more elaborate kinetic model 
for skeletal retention, taking account of differences in bone types and the micro- 

distribution within bone, has also been reported (Stover, 1974, 1975, 1976). 

Retention of plutonium in the liver, a t  dose levels below about 0.1 pCi/kg, has 

been described by a single exponential expression corresponding to a retention 
half-time of about 10 years; a t  higher dose levels, the half-time is shorter because 

of radiation damage (Stover, 1968, 1971, 1977). Thus, radiation damage has op- 

posite effects on skeletal and hepatic retention of 239Pu. There is also evidence of 

a radiation effect on retention in spleen and kidney (Stover, 1971). Based on the 

above relationships, calculations show the average cumulative radiation dose to 

liver, a t  injection levels less than 0.1 pCi/kg, to be about twice the average 

cumulative dose to the skeleton (Stover, 1977). A comprehensive biokinetic model 

of 2 3 9 ~ u  distribution and retention in  blood, liver, and cortical and trabecular 

bone of the beagle has been recently described (Polig, in press). 



The retention and dosimetry of plutonium were studied in St. Bernards, which 

were also employed in life-span studies designed to compare the effect of radia- 

tion on induction of bone tumors in a dog with a much higher spontaneous 

incidence of bone tumor than the beagle (Jee, 19766); distribution and retention 
were similar to what was observed in the young-adult beagle (Lloyd, R., 19846). 

The behavior of inhaled plutonium in the lung has been previously considered in 

Section 4.1.2. I t  might seem reasonable that plutonium, once translocated from 
the lung, would be distributed and retained within the body in  a manner unaf- 

fected by the form in which it was inhaled. This is often not the case, however. 

There is a variable degree of plutonium translocation to, and retention in, pul- 

monary lymph nodes, depending on the size and chemical nature (solubility) of 

the plutonium particles inhaled (Bair, 19626). Very little of the relatively soluble 

2 3 9 ~ u ( ~ 0 3 ) 4  is translocated to lymph nodes (Park, J., 1986; Stevens, D., 1986). 
Much more of the insoluble 2 3 9 ~ u 0 2  and 2 3 8 ~ u 0 2  is translocated to lymph nodes 

(Bair, 1962, 1980; Mewhinney, 1983; Park, J., 1964, 1966, 1971, 1972, 1981, 1986, in 
press) but retained less tenaciously in the case of 238Pu02, probably as  a con- 

sequence of radiolytic fragmentation (Diel, 1980; Mewhinney, 1983). Whatever 

form of plutonium is inhaled, however, the highest concentration, within 100 
days postexposure, is present in pulmonary lymph nodes (Park, J., 1972). Within 

3 to 4 years postinhalation, the quantity of 239Pu02 in pulmonary lymph nodes is 
about equal to that retained in the lung (Clarke, 1964b, 1966b). As much as 5% of 

inhaled 2 3 9 ~ u 0 2  is translocated, a t  later times postexposure, to hepatic and 

splenic lymph nodes (Park, J., 1972). Recently reported ITRI data for the period 
extending to 1100 days following exposure to monodisperse aerosols of 0.7, 1.5, 

and 3.0 pm AMAD show an effect of particle size on both retention half-times in 
the lung and on the fractions translocated to skeleton and certain lymph nodes 
(Guilmette, 1984, 1987). 

Comprehensive biokinetic models have been derived for the distribution and 
retention in the beagle dog of inhaled 239Pu02 (Mahaffey, 1981; Stuart, 19701, 

2 3 8 ~ u 0 2  (Mewhinney, 19831, and 2 3 9 ~ u ( ~ 0 3 ) 4  (Stevens, D., 1986), and for the 
correlation of both inhalation and intravenous injection data (Cuddihy, 1976). 

Systemic distribution of plutonium absorbed from the lung, when inhaled as 

2 3 9 ~ u ( ~ 0 3 ) ,  or 2 3 8 ~ u 0 2 ,  is similar to that observed following intravenous in- 

jection of Pu(IV) citrate, with roughly equivalent deposition in liver and bone 
(Dagle, 1979; Mewhinney, 1983; Park, J., 1969, 1976, 1986; Stevens, D., 1986). 

When plutonium is inhaled as 2 3 9 ~ u 0 2 ,  however, the fraction deposited in bone 

is greatly reduced (Dagle, 1985; Guilmette, 1984, 1987; Park, J. ,  1964, 1966, 1971, 

1972), in  a manner reminiscent of injected colloidal Pu(IV), suggesting that 

absorption from the lung occurs in particulate form (Dagle, 1979; Guilmette, 

1987; Park, J., 1986). 



A supporting study, involving 24 dogs, compared distribution and retention of 

inhaled 239Pu(~03)4  with that of inhaled 2 3 8 ~ u ( ~ 0 3 ) 4 ,  in animals sacrificed a t  

intervals to 1 year postinjection; eventual systemic distribution was similar, but 

was more rapidly attained following 238Pu(N03)4 inhalation (Dagle, 1983; Park, 

J., 1981). 

Deposition and retention of inhaled or injected plutonium in ovary and testis 

have been of particular interest. Relatively high concentrations were reported in 

ovaries following inhalation of 2 3 9 ~ u 0 2 ,  due perhaps to the particulate nature of 

the translocated material (Bair, 1963). Data on the gonadal concentration of plu- 

tonium and other actinides, from life-span dog studies and from other animal 

studies, have been reviewed (Richmond, 1975). 

The effect of age on plutonium distribution and retention was explored in sup- 

porting studies with dogs injected at  2 days of age (Bruenger, 1978), and at  about 

3 months of age (Atherton, 1976; Bruenger, 1980, 1983,1984; Lloyd, R., 1978~). As 

compared to young adults, the juvenile dogs cleared plutonium more rapidly 

from the blood, excreted less, deposited and retained less in liver, and more in 

bone. A supporting study with dogs injected at  4 to 7 years of age, employing 

239Pu(IV) citrate with a 237Pu tracer, showed little difference in early distribu- 

tion and retention as compared to dogs injected as young adults (Lloyd, R., 1978). 

Following inhalation of 2 3 9 ~ u 0 2 ,  age-related effects were seen in the transloca- 

tion of plutonium to the skeleton, with the largest uptake in immature dogs and 

the smallest in aged dogs; significant age-related differences in retention in the 

lung or translocation to pulmonary lymph nodes were not seen (Guilmette, 

1987b, 1988b). 

4.2.1.9 AMERICIUM: Gross distribution and retention of 241Am has been fol- 

lowed in a single life-span experiment involving administration via intravenous 

injection (Lloyd, R., 1970, 1984~1, and in ancillary sacrifice studies involving its 

inhalation (Craig, 1979; Mewhinney, 1981, 1982; Thomas, 1970, 19726). 

Retention following intravenous injection was measured by whole body count- 

ing, with liver content estimated from counts with and without shielding in the 

liver region (Lloyd, R., 1970, 1975d, 1976g). Clearance of 241Am from blood is 

much faster than that of plutonium; comparable to the rate of clearance of diva- 

lent alkaline earths (Bruenger, 1969). Early excretion was largely via the urine. 

About 50% of initially injected 241Am was deposited in liver and about 30% in 

skeleton. Both liver and skeletal burdens were retained with a half-time of about 

10 years, except a t  relatively high dose levels, where there was a sharp decrease 



in liver retention beginning about 100 days postinjection, accompanied by in- 

creased deposition in skeleton (Lloyd R., 1970, 19723). With nearly all animals 

dead in the life-span injection experiment, detailed retention and dosimetry data 

have been reported (Lloyd R., 1984~) .  Retention of the 49% of injected dose de- 

posited in  liver was characterized by a single exponential function, with 

retention half-time varying from 0.8 year a t  the highest injection levels, to 8.8 

years a t  levels of 0.1 pCi/kg or less. The 36% of injected dose initially deposited in 

skeleton increased with time as americium was translocated from liver. 

Although the fraction deposited was low, notably high concentrations of 241Am 

occurred in the thyroid gland, where i t  was selectively bound to connective tissue 

elements (Lloyd, R., 1970, Stevens, W., 1969). Relatively high concentrations also 

occurred in the kidney, with selective deposition in the glomerulus (Lloyd, R., 
1970). 

A supporting sacrifice study described the retention and distribution of 241Am in 

neonatal beagles injected a t  1 day of age and sacrificed from 1 to 5 days later 
(Stevens, W., 1977). As compared with young adults, the neonates deposited a 

larger fraction in the skeleton (-80%); only 7% was deposited in liver. 

Three sacrifice studies showed somewhat different rates of removal of inhaled 

2 4 1 ~ m 0 2  from the lung, and of deposition in pulmonary lymph nodes, due pre- 

sumably to differences in the chemical and physical state of the oxide particles 

inhaled (Craig, 1979; Thomas, 1972b; Mewhinney, 1982). Systemic deposition 
and retention were similar to what was observed following injection. A detailed 

biokinetic model for inhaled 241Am02 has been developed from these data 
(Mewhinney, 1980,1981,1982,1982b, 19836). 

4.2.1.10 BERKELIUM: Data on the distribution of 249Bk in the beagle was 

obtained from studies with 249Cf in which berkelium was a contaminant; the 

general distribution of intravenously injected 2 4 9 ~ k  was almost identical to that 

of 249Cf (Taylor, G., 1972). 

4.2.1.1 1 CALIFORNIUM: Gross distribution and retention of californium have 

been followed in life-span experiments involving the administration via intra- 

venous injection of either 249Cf or 2 5 2 ~ f  (Lloyd, R., 1976). Retention of either 

radionuclide was measured by whole-body counting, with liver content esti- 

mated from counts with and without shielding in the liver region (Lloyd, R., 

1972, 1975d). Both isotopes were rapidly absorbed from the blood stream, less 

than 1% of the injected quantity remaining after 24 hours (Stevens, W., 1972). 

Early excretion was largely via the urine (Lloyd, R., 1972). About 50% of the 

injected dose was deposited in skeleton, about 20% in liver; relatively high 
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concentrations were initially present, and retained, in kidney and thyroid 

(Atherton, 1972; Lloyd, R., 1972, 1976). Based on measurements to about 4 years 
postinjection, the major fraction of either californium isotope was retained in 
the total body with a half-time of about 8.5 years; the major fraction of califor- 

nium deposited in liver was retained with a half-time of about 4.2 years (Lloyd, 
R., 1976). 

4.2.1.1 2 EINSTEINIUM: Data from the very few dogs involved in the einsteinium 

experiment indicate an excretory, distribution, and retention behavior very 

similar to that of californium. Three dogs sacrificed at intervals to 8 weeks post- 

injection showed an average of about 45% of the injected dose in skeleton and 
12% in liver, with significant concentrations also present in thyroid and kidney 

(Lloyd, R., 1975). 

4.2.2 LOCALIZED DISTRIBUTION AND RETENTION (by organ or tissue) 

Correlation of radiation dose with biological effect often requires knowledge of 
dose to local regions of an organ or tissue, or even to individual cell types or 
molecular species. Materials derived from life-span dog studies have provided a 

wealth of information of this type. It will be convenient to consider this infor- 

mation in relation to the organs or tissues studied. 

4.2.2.1 BLOOD: Supporting studies have described the distribution of 2 2 6 ~ a  

between blood cells and plasma and have compared the results with those ob- 
tained from similar measurements in a sample of human blood (Stover, 1965). 

The distribution of 2 2 8 ~ h  between red cells and plasma has also been studied 

(Lloyd, R., 1984d). 

Studies of the interaction of blood constituents with Pu(IV), injected in citrate 
buffer, indicated extensive binding of the plutonium to proteins (Stevens, W., 
1965), later identified as albumin and transferrin, with predominant binding to 
transferrin (Stevens, W., 1968; Stover, 19723). In-vitro studies with human blood 
showed similar binding of Pu(IV) to transferrin (Stover, 19686). In-vitro studies 

demonstrated exchange of 239~u(IV) between transferrin and ferritin in beagle 

blood (Bruenger, 19693). 

Americium(II1) also formed a complex with transferrin, which was less stable 

than that formed with Fe(II1) or Pu(IV); americium was also bound by albumin, 

and possibly by an alpha-globulin; similar results were obtained from in-vitro 

studies with human sera (Bruenger, 1969; Stover, 19723). Californium exhibited 

behavior similar to that of americium, with binding to transferrin less stable 

than that shown by plutonium (Stevens, W., 1972). 



4.2.2.2 LUNG: The uniformity of distribution of inhaled FAP within the lung 

was studied in experiments involving 16 dogs that inhaled 90Sr-90Y-labeled FAP, 

and 14 dogs that inhaled FAP labeled with 147Pm and 169Yb (Snipes, 1975). A 3- 

to 4-fold ratio of observed local dose to average thorax dose was observed in the 

case of goSr-labeled FAP. Other experiments, with 134Cs-labeled FAP, investi- 

gated the translocation of particles deposited in various lobes of the lung to the 

various regional lymph nodes (Snipes, 1983b). 

Autoradiographic studies of the very early distribution of inhaled 1 4 4 ~ e  or 

FAP showed an accumulation just inside the nares, on the turbinates and a t  the 

sharp ventral bend in the nasopharynx; this activity was largely cleared via the 

esophagus within 30 minutes (Barnes, 1971). Autoradiographs of the costal 

surface of the lung showed a striated pattern, with deposition occurring most 

heavily beneath the ribs; this pattern was observed with a variety of radionu- 

clides and persisted for a t  least several hundred days postexposure; a similar 

pattern has been observed in gross lesions following inhalation of and 241Am 

(Barnes, 1971). 

The distribution of inhaled 2 3 9 ~ u 0 2  within the lung has been described in sever- 

al autoradiographic studies (Clarke, 1964, 1966; McShane, 1980; Park, J., 1964) 

and considered in relation to the induction of neoplasia (Sanders, 1971, 1972). 

These studies indicate an initial uniform distribution of alpha-emitting particles 

that become focally concentrated in subpleural areas with the passage of time. 

Phagocytosis and entrapment in fibrotic areas appear to be involved in these 
processes. Fragmentation of 2 3 8 ~ u 0 2  particles, inhaled by dogs as monodisperse 

aerosols, was observed autoradiographically in lung sections (Diel, 1983). 

The microscopic distribution of radiation dose around 239Pu02 particles was cal- 

culated from autoradiographs of lung tissue sections of dogs, and the results 
were compared with similar calculations for rats and hamsters; the results did 

not explain the much lower tumor incidence in hamsters (Diel, 1984). 

4.2.2.3 PULMONARY LYMPH NODES: Autoradiographic studies of tracheobron- 

chial lymph nodes, following inhalation of 144Ce as FAP, showed 144Ce particles 

in macrophages in the paracortical zone as early as 2 days postinhalation; con- 

centrations in the paracortical zone and medullary cords continued to increase 

over the next year, with concentrations exceeding that in the lung by 100 days 

postexposure (Hahn, 1976). 

Autoradiographic studies have demonstrated an early accumulation of inhaled 

2 3 9 ~ u 0 2  particles in medullary sinuses, followed by later concentration in the 

cortex of the nodes (Clarke, 1964, 1966; Dagle, 19766; Park, J., 1962, 1964). The 



very nonuniform distribution of inhaled 2 3 9 ~ u 0 2  among the different lymph 
nodes draining the respiratory tract, and the influence of particle size on this 
distribution, have been demonstrated (Guilmette, 1987). 

4.2.2.4 CALCIFIED TISSUES: Many of the radionuclides employed in these ex- 

periments deposit selectively in bone and teeth. The alkaline earth elements, 
strontium and radium, can substitute for calcium in the bone matrix; the actin- 

ide and lanthanide elements deposit initially on bone surfaces but may be buried 

by apposition of new bone. Localization of radionuclides within bone, together 

with the range and quality of the radiations emitted, will determine the cells or 

tissues irradiated and the kinds of effects observed (Marshall, 1969). 

Extensive data have been collected on the distribution of radionuclides among 

the different bones of the beagle skeleton, with correlations made to the presence 

of cortical versus trabecular bone, and to rates of bone remodeling. Nasal 
turbinates accumulate higher-than-average-bone concentrations of 90Sr, 9 1 ~  

and 144Ce, when these radionuclides are inhaled in soluble form (Boecker, 1986). 

The distribution of injected 90Sr (Lloyd, R., 1976e), chronically ingested gOSr 

(Parks, 1985), and injected 2 2 6 ~ a  (Lloyd, R., 1976e; Parks, 1980) among individual 

bones of the beagle skeleton has been reported for various times postinjection; 

distribution is similar for the two radioelements, and similar to that of calcium. 

Such distribution data have also been reported for 2 2 4 ~ a  in the beagle (Lloyd, R., 
19821, and for 2 2 6 ~ a  in the St. Bernard (Lloyd, R., 1983b). In young-adult beagles, 

cortical bone takes up 90Sr less avidly than does trabecular bone, but this 
difference is not maintained a t  long times following injection. The complex 

redistribution of 2 2 6 ~ a  among the different bones of 1 2  beagles sacrificed at 

intervals following 8 semimonthly injections was described in terms of the 
fraction of cancellous and compact bone in each skeletal component (Parks, 
1980). The dynamics of life-span 90Sr distribution among different bones were 
described in a similar fashion, in terms of the proportions of cancellous and 

compact bone present (Parks, 1985). An effect of radiation on the distribution of 

226Ra among different bones is seen within a month following injection of doses 
as large as 10 kCi/kg (Lloyd, R., 1976e). 

The distribution of 2 2 6 ~ a  among the various bones of the juvenile beagle was 
shown to be quite different from that observed in young-adult beagles, with a 

greater proportion deposited in parts of the skeleton containing much cortical 

bone, and a lesser deposition in parts containing much trabecular bone (Lloyd, 

R., 1983). Mature beagles, injected a t  5 years of age, showed a distribution of 

2 2 6 ~ a  among the various bones of the skeleton that was quite similar to that of 

the young adult (Lloyd, R., 1983~) .  



The distribution of injected 2 2 8 ~ h  among individual bones of the beagle skeleton 

at various times postinjection, as well as distribution along the length of hu- 

merus, femur, and ulna, displayed a pattern more typical of a surface-seeking 

radionuclide, with highest deposition in areas with much trabecular bone and 

with high rates of bone remodeling (Lloyd, R., 1984d). 

Detailed data have been obtained on the distribution of 2 3 9 ~ u  among different 

bones, and within different regions of specific bones, as a function of exposure 

level and time postinjection; average dose rates within bone regions varied as 

much as 7-fold, even between relatively large pieces of bone (Stover, 1969; 1972~). 

A detailed biokinetic model of the distribution of 2 3 9 ~ u  between trabecular and 

cortical bone has been recently described (Polig, in press). 

The much greater vascularization of red marrow, as compared to yellow mar- 

row, correlates with the greater deposition of plutonium in red marrow sites, 

and the greater incidence of bone tumors at these sites (Smith, J., 1984). The 

concentration of 238Pu, inhaled as 238~u02,  was found to vary in different bones 

from about one-half to twice the skeletal average (Park, J, 1976); a similar distri- 

bution of concentrations in different bones was observed following inhalation of 

239Pu(N03)4 (Dagle, 1985). Distribution among different bones of 2 3 9 ~ u  present at 

very low levels in a Utah control dog showed a somewhat similar spread of val- 

ues (Singh, 1987). Data have also been presented on the partition of plutonium, 

inhaled as 2 3 9 ~ u ( ~ 0 3 ) 4 ,  between bone and marrow in different regions of the 

humerus, radius, and lumbar vertebra (Dagle, 1985). 

The distribution of plutonium among the various bones of the neonatal 
(Bruenger, 1978) and juvenile (Atherton, 1976; Bruenger, 1980; Lloyd, R., 1978c, 

1983) beagle was shown to be significantly different from the distribution ob- 
served in beagles injected as young adults. Compared to young-adult beagles, 
animals injected as juveniles showed a greater deposition in parts of the skele- 

ton containing much cortical bone, such as paws and lower leg bones, and a 

lesser deposition in parts containing much trabecular bone (Lloyd, R., 1978~).  

Active bone growth and turnover in the very young beagle also produced a dif- 

ferent pattern of plutonium redistribution within bone from that observed in 

older animals (Bruenger, 1980). 

Distribution of injected americium (Lloyd, R., 1972b) and californium (Lloyd, R., 
1972) among bones of the beagle skeleton was generally similar to that of plu- 

tonium. Detailed analyses of autopsy data from the 241Am life-span study 

showed distribution of americium among bones to vary with injection level, due 

to radiation effects and to systematic differences in time between injection and 

autopsy, (Lloyd, R., 1984~). The distribution of 241Am among the various bones of 



the neonatal beagle was measured in animals injected at 1 day of age; distri- 

bution was dependent on the state of development of the individual bones and 

differed considerably from that seen in dogs injected as young adults (Stevens, 

W., 1977). 

Autoradiographic procedures have been widely employed in studies a t  the mi- 

croscopic level of radionuclide distribution. Microdensitometric techniques were 

developed for the quantitation of localized concentrations of 2 3 9 ~ u  as depicted on 

autoradiographs (Twente, 1961). Techniques of neutron-induced autoradiogra- 

phy have proved particularly useful in studying the microdistribution of pluto- 

nium present in low concentrations in bone (Fellows, 1975; Jee, 19726, 1972~;  

Smith, J., 1980; Wronski, 1980). 

Autoradiographic studies of the highly nonuniform microscopic deposition and 

redistribution within bone of 90Sr (Jee, 1971) and the alpha emitters 2 2 6 ~ a ,  2 2 8 ~ h ,  

and 2 3 9 ~ u  (Arnold, 1959; Jee, 1960b, 1962c, 1964, 1971) show similar patterns for 

the distribution of the volume seekers strontium and radium, and for the sur- 

face-seekers plutonium and thorium. The redistribution of plutonium within 

bone as a function of time postinjection shows a pronounced dose-level effect, 

clearly attributable to radiation damage; a t  the highest dose levels of the Utah 

experiment, remodeling of bone and redistribution of plutonium is virtually 

stopped (Arnold, 1959, 1962). In teeth, there is an initial concentration on the 

newly formed dentinal surface of the pulp chambers; at  long times following 

injection, bone-seekers exhibit a minimal diffuse distribution in dentine formed 

after injection, whereas volume-seekers show a more uniform distribution, 

throughout, with maximum concentration on most recently formed dentine, 

cementum, and bone (Jee, 1960, 1962~) .  

Thermoluminescent dosimetry, autoradiography, and radiochemical analysis of 
excised humeri and lumbar vertebrae from beagles of the Davis 90Sr chronic- 

feeding experiment (Goldman, 19726; Momeni, 19756, 1975d, 1976, 19766; Spiers, 

1969, 1972; Zanelli, 1971), and 2 2 6 ~ a  multiple-injection experiment (Momeni, 

19766, 1976d), provide a detailed picture of dose distribution within these bones as 

a function of time; the local dose to hematopoietic tissues (marrow), and to 

osseous tissues, was lower than that estimated as average skeletal dose. Similar 

local dosimetry studies of the mandible and teeth identify this region as one of 

unusually high dose, because of the lack of removal of 90Sr from teeth by 

remodeling (Parks, 1984). 

A detailed picture has emerged of the kinetic behavior of low concentrations of 

plutonium in bone, with initial nonuniform deposition on bone surfaces, subse- 

quent burial of these surface deposits by new bone growth, removal of the buried 



deposits by osteoclastic activity, with a resulting concentration of plutonium 

within osteoclasts and bone marrow macrophages; at  low injected doses, pluto- 

nium is essentially removed from bone surfaces within 6 months postinjection 

(Arnold, 1959, 1962; Jee, 1964, 1971, 1972, 1972~) .  The fraction of plutonium ac- 

cumulated in marrow increases with decreasing plutonium dose, but a t  the 

lowest dose levels is not retained in the marrow beyond about 4 years postin- 

jection (Jee, 1972, 1972~ ) .  A similarly detailed picture is available for the 

microscopic distribution, retention, and dosimetry of 2 2 6 ~ a  and 90Sr on bone sur- 

faces of beagles, with comparative data from other species, including man in the 

case of 2 2 6 ~ a  (Jee, 1964). 

The microdosimetric pattern of plutonium and radium in the dog has been ex- 

trapolated to man using con~parative morphometric techniques (Lloyd, E., 1971, 

1972; Spiers, 1976, 1988). These techniques have been employed in the calcula- 

tion of absorbed dose rates to the tissues of beagle and human bone, for 9 0 ~ r  

(Spiers, 1969, 1972, 1988), for 2 2 6 ~ a  and 2 3 9 ~ u  (Spiers, 1976, 19881, and for other 

bone-seeking radionuclides (Spiers, 1978). 

Detailed morphometric and autoradiographic studies of the ulna and second 

lumbar vertebral body of dogs sacrificed from 5 to 746 days following plutonium 

injection, showed low initial uptake and slow loss from the ulna with 50% of its 

surface trabecular, and high initial uptake and rapid loss from the vertebral 

body with 90% of its surface trabecular (Kimmel, 1976). Detailed studies have 

also been reported of the microdistribution of 2 3 9 ~ ~  in the cortical bone regions of 
these same two bones over times ranging from 41 to 1950 days postinjection 

(Zngrao, 1985). 

Thicknesses of the deposits of plutonium and radium a t  bone surfaces have been 

compared in studies measuring the energy loss of alpha particles emitted from 

the bone surfaces (Schlenker, 1975). Ninety days after injection of monomeric 
2 3 9 ~ u ,  the thickness of the endosteal surface deposit was not greater than 0.1 

p; for 2 2 6 ~ a ,  the thickness was as great as 6.5 pm, within 5 hours postinjec- 

tion. Studies of 2 2 4 ~ a  daughter-product equilibrium at bone surfaces indicate an 

endosteal tissue dose of one-half to one-third that which would be calculated 

assuming complete equilibrium (Schlenker, 1986). 

Preliminary results have been reported from a comparative study of the 

microscopic distribution within bone of 226Ra and 239Pu following injection of 

neonatal, juvenile, young-adult, and aged beagles (Bruenger, 1983). The local 

distribution of radiation dose within the humerus of growing beagles following 

injection with 2 3 9 ~ u  at 90 days of age has been compared with the corresponding 

distribution of dose in beagles injected as young adults (Bruenger, 1984). 



4. Dosimetry 

Autoradiographic studies reveal a somewhat more uniform distribution of 
americium on bone surfaces than is the case with plutonium (Lloyd, R., 19726). 

Recently developed methods employing computer-controlled microphotometry 
(Polig, 1986, 1 9 8 6 ~ )  have provided analyses of microdistribution and micro- 
dosimetry a t  a level of detail hitherto unavailable. For 241Am on bone surfaces, 
the estimated dose to the 10-pm marrow band adjacent to bone surfaces was 8 to 
16 times the average skeletal dose, and a positive correlation was demonstrated 
between specific surface activity and local bone turnover rate (Polig, 1984, 19846). 

This approach can be extended to the consideration of dose to individual cells or 

cell types (Polig, 1985, 19866, 1986c, in press). 

4.2.2.5 LIVER: Autoradiographic studies have indicated an initial uniform dif- 

fuse distribution in the liver, of Pu(1V) injected as the citrate complex (Cochran, 
1962; Jee, 1976b; Taylor, G., 1971, 19726, 1986). This distribution became less 
uniform with time; "hot spots" appeared as early as a few months postinjection 
in sinusoidal reticuloendothelial cells; concentration also occurred in periportal 
areas in association with iron-staining pigment. Regenerating nodules, which 
might constitute as much as 85% of the liver volume, showed no significant 
redeposition of plutonium. A similar behavior was noted for 241Am (Taylor G., 

19723, 1986). Early concentration of injected 249Cf occurred in the hepatic cells of 
the liver, with little if any deposition in reticuloendothelial cells (Taylor, G., 

1972). Redistribution and loss of plutonium from the liver was not observed in 
dogs injected at  3 months of age (Bruenger, 1980). 

A very different and nonuniform pattern of distribution within the liver was 
observed following injection of colloidal Pu(IV); plutonium was retained pre- 
dominantly within reticuloendothelial cells; very little was associated with 
soluble proteins (Stevens, W., 1975). 

Plutonium in the liver of dogs that have inhaled 239Pu02 is heterogeneously 
distributed, showing on autoradiographs as  large "stars," and suggesting 
translocation in particulate form (Guilmette, 1987). Following 2 3 9 ~ u ( ~ 0 3 ) 4  
inhalation, liver autoradiographs show a distribution of single tracks; following 
238Pu02 inhalation, both stars and single tracks are observed (Dagle, 1986). 

Following inhalation of 2 3 8 ~ u 0 2 ,  clustering of liver plutonium in particulate 
form was increased a t  high exposure levels, and it increased with time following 
exposure; a t  low exposure levels, distribution of inhaled 2 3 8 ~ u 0 2  in the liver was 
similar to that of injected 238Pu- or 239Pu-citrate (Gearhart, 1980). 

Studies of the subcellular distribution of plutonium in liver showed a somewhat 
ubiquitous distribution, with evidence for its association with ferritin (Bruenger, 
1971, 1976; Stover, 19726); similar patterns of distribution and binding were 



observed for americium (Stover, 1970, 197261, californium (Bruenger, 1972) and 

curium (Bruenger, 1 9 7 6 ~ ) .  A review has been published of the comparative 

subcellular behavior of five actinides in the beagle liver (Bruenger, 19766). 
Subcellular distribution of 241Am in the liver of neonatal beagles differed 

significantly from that in the liver of young adults (Stevens, W., 1977). 

The deposition patterns and toxicity of plutonium and americium in liver were 

reviewed by Lindenbaum and Rosenthal, comparing data from beagles and 

other experimental animals (Lindenbaum, 1972). 

4.2.2.6 SPLEEN: Plutonium deposited in the spleen following inhalation of 

2 3 9 ~ ~ 0 2  was present as discrete particles, suggesting transport from lung to 

spleen in particulate form (Guilmette, 1987). 

4.2.2.7 KIDNEY: Deposition of 2 4 1 ~ m  (Lloyd, R., 1970) and 249Cf ( ~ a ~ l o r ,  G., 1972: 
in the beagle kidney was shown to occur principally in the glomeruli and renal 

papillae. 

4.2.2.8 OVARY: Moderate localization of 2 4 9 ~ f  was observed, adjacent to the 

ovum, in  the region of the zona pellucida of larger and more mature Graafian 

follicles; selective localization in the smaller follicles did not occur (Taylor, G., 
1972). 

4.2.2.9 TESTES: Investigations employing light- and electron-microscopic auto- 

radiography described the distribution and localization of 241Pu in the testes of 
the beagle, rat, and guinea pig; in all species the plutonium was localized in the 

lysosomal system of macrophages of the interstitial tissue, and little was evident 

in seminiferous tubules (Miller, S., 1982, 1985). Together with morphometric 

measurements in aged, adult, and immature humans, these data indicate that 
the radiation dose to the spermatogonia of man is less than would be predicted 

assuming a uniform distribution of plutonium (Brooks, 1979). 

4.2.2.1 0 EYE: Several papers have been published on the microscopic distribu- 

tion of radium, thorium, and plutonium within the beagle eye (Fisher, G., 1976; 

Stover, 1962; Taylor, G., 19623, 19643, 1972d). Radium is concentrated in the 

iridiocytes of the tapetum and in the melanocytes of the ocular vascular tunic 

(Taylor, G., 19646); concentrations as high as 66 times the average concentration 

in the eye were measured in cells of the tapetum lucidum (Fisher, G., 1976). 

4.2.2.1 1 THYROID: Deposition of 241Am in the beagle thyroid was shown to occur 

principally in the interfollicular areas, with lesser amounts retained in the tuni- 

ca media, and in the intima of some of the arterioles; the deposition pattern did 
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not change over a period of 448 days (Taylor, G., 1969~). Californium in the thy- 
roid was also present, almost exclusively, in  the interfollicular connective tissue 

(Taylor, G., 1972). Subcellular fractionation showed that americium is selective- 

ly bound to connective tissue elements of the thyroid (Stevens, W., 1969). 





5 . RESULTS: BIOLOGICAL EFFECTS 
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Biological effects observed in the life-span studies will be considered in 3 major 
categories: those resulting in early death or debilitation; delayed. nomeoplastic 

effects. such as may be detected by hematologic. biochemical or morphologic 
studies; and long-delayed neoplastic effects. sometimes. but not always. 



resulting in shortened life span. A final group of effects will be considered that 

do not fit neatly into these categories. Life shortening, per se, will be briefly con- 

sidered in this final category. Data on life shortening and on specific causes of 

death also appear in the experiment summaries of Chapter 8. 

5.1 ACUTE EFFECTS 

The description of acute effects of radiation was not a primary purpose of most of 

the life-span dog experiments. Information on such effects was available from 

other sources, including many observations on man. However, most of the 

life-span dog experiments included groups that received exposures calculated to 

produce early effects. This was due in some cases to uncertainty regarding 

acutely damaging levels of exposure, but more generally reflected a desire to 

include, in a single experiment, the complete spectrum of potential biological 

effects. High-exposure groups usually contained fewer animals. It will be most 

instructive to consider these acute effects in relation to the type of syndrome en- 

countered, which will, of course, reflect the early distribution of radiation dose. 

5.1 . I  HEMATOPOIETIC SYNDROME 

The classic hematopoietic syndrome of bone marrow irradiation has been 

described in dogs exposed to x- (Andersen, 1957) or gamma-irradiation (Fritz, 

1970),  and in dogs exposed to whole-body irradiation by injection of 137CsC1 

(Redman, 1972). The Argonne continuous gamma-irradiation experiments 

were designed particularly to study these effects. In life-span-irradiated ani- 
mals, early deaths were due to septicemia associated with granulocytopenia, at  

doses of 12.8 and 26.3 radday; later deaths were due to anemia, at  doses of 1.9 to 
12.8 radday; longer delayed myeloproliferative disorders, mostly myelogenous 

leukemias, occurred a t  dose rates of 0.8 to 12.8 radday; only a few dogs died of 
delayed radiation-induced effects unrelated to the hematopoietic system (Fritz, 
1973, 1978, 1986; Norris, 1972, 1976). Hematopoietic effects were less pronounced 

when the continuous irradiation was terminated at predetermined total doses 

(Fritz, 1986). 

High dose levels of many bone-seeking radionuclides have also resulted in early 

death from irradiation of the bone marrow. The usual clinical signs include a 

progressive severe thrombocytopenia and neutropenia; anorexia; petechial 

hemorrhages of mucous membranes and skin; pyrexia; and hemorrhagic diar- 

rhea. Pathological findings include hemorrhage in the gastrointestinal tract, 

epicardium, subcutaneous tissues, and lungs, and marked destruction of mar- 

row elements (Gillett, 1987; McClellan, 1 9 7 2 ~ ) .  Such effects have been described 

following inhalation of soluble forms of 90Sr (Gillett, 1987; McClellan, 1972c; 



1973), 144Ce (Benjamin, 1973; Boecker, 1984), (Scott, 1980); and intravenous 

injection of 90Sr (Dougherty, J., 1972b), 1 3 7 ~ s  (NCRP, 1977; Redman, 19721, and 
1 4 4 ~ e  (Fritz, 1970). An LD5,, of 256 pCi/kg was estimated for hematopoietic death 

following a single inhalation of 9 0 ~ r ~ 1 2  (McClellan, 1972c; Scott, 19801, and of 150 

yCi/kg for a single injection (Finkel, 1960, 1972). Acute hematopoietic death has 

also been reported following injection or inhalation of alpha emitters. 

5.1.2 PULMONARY INJURY 

Acute pulmonary injury, usually described as radiation pneumonitis and pul- 

monary fibrosis, was a commonly observed cause of early death in dogs that 

inhaled relatively high levels of radionuclides that were retained for appreciable 

periods in  the lung. Such early deaths were observed with the beta emitters, 

144Ce, 9 1 ~ ,  and 90Sr when inhaled as FAP (McClellan, 1970, 1974; Slauson, 
1976, 19771, less frequently when inhaled in soluble forms (Benjamin, 1973); and 

were extensively studied in terms of pulmonary histopathology (Hobbs, 19721, in 

terms of the effects on pulmonary vasculature (Slauson, 1977), of the physiology 

and pathology of pulmonary lipids (Pfleger, 19751, of the effects on pulmonary 

connective tissue (Pickrell, 1975, 1978), effects on microbiological flora of the lung 

and other organs (Hobbs, 1972), effects on cardiopulmonary function and histo- 

pathology (Hobbs, 1972; Mauderly, 1973, 1980, 1980b), effects on peripheral 

lymphocytes and lymphocyte function (Benjamin, 1975, 1976, 1978; Jones, R., 

1976), and morphologic effects in pulmonary lymph nodes (Hahn, 1976). These 

observations of "nonstochastic" effects in lung have been recently reviewed 

(Hahn, 1988). 

Similar acute effects in the lung were seen in  dogs inhaling 144Ce FAP as 

juveniles or as  aged dogs (Pickrell, 1978); unlike the effects seen in adults, the 
juvenile radiation pneumonitis deaths were sometimes complicated by conges- 

tive heart failure. Deaths from radiation pneumonitis were much less frequent, 

and were long delayed, when 144Ce FAP was inhaled as a series of individually 
smaller doses (Boecker, 1980). Pulmonary deaths were also less frequent when 

144Ce was inhaled as the more soluble chloride (Boecker, 1984). 

Acute deaths from pulmonary damage following inhalation of 239Pu02 have 

been described in several reports (Bair, 1962; Clarke, 1964; Dagle, 1976; Park, J., 
1962, 1986; West, 1964). Similar observations have been reported following 

inhalation of 2 3 8 ~ u 0 2  or 239Pu(N03)4 (Dagle, 1979, 1986; Hahn, 1981; 

Muggenburg, 1980; Park, J., 1969, 1972, 1986). A practical threshold for radia- 

tion pneumonitis of about 2300 rad was estimated for dogs inhaling 239Pu02 

(Fisher, D., 1986). 



With 239Pu02 depositions of O.lpCi/g lung, or more, acute respiratory death was 

usually noted within 1 to 1 2  months postinhalation, with symptoms of pul- 

monary edema, severe vascular damage, fibrinous accumulations in the 

bronchioles and alveoli, and pulmonary fibrosis; with depositions in the range of 

O.OSpCi/g lung, symptoms occurred from 1 to 5 years postinhalation and death 

was more likely to result from lung cancer (Howard, 1970). A markedly 

increased respiratory rate was a characteristic feature of the acute effect of 

plutonium inhalation (West, 1964). 

Preliminary data from studies comparing the effect of different sizes of inhaled 

2 3 9 ~ u 0 2  particles suggest that the more homogeneous radiation dose from 

smaller particles results in earlier deaths from radiation pneumonitis and 

pulmonary fibrosis than does the more heterogeneous dose from larger particles 

(Diel, 19836). As compared to dogs exposed as young adults, those exposed a t  

about 3 months of age show a lower incidence of radiation pneumonitis, while 

those exposed at 8 to 10 years of age show a higher incidence, when exposed at 

comparable radiation doses to the lung (Guilmette, 19886). 

A detailed comparison of pulmonary function in dogs that inhaled 2 3 8 ~ u 0 2  or 

144Ce FAP, showed a different pattern of effects, with death a t  comparable dose 

levels being substantially later in the plutonium dogs, probably because of their 

much less homogeneous pattern of dose distribution within the lung (Mauderly, 

1980). Detailed studies of pulmonary function in dogs surviving exposure to 

2 3 9 ~ ~ 0 2  aerosols suggest that restrictive lung disease may occur at long times (1 

to 5 years) after initial exposure; cardiac function in these same animals was 
not affected (Muggenburg, 1988). 

The pattern of early death following inhalation of 2 3 9 ~ u 0 2  in the dog has been 

compared to that observed in studies with baboons; considering only early mor- 

tality, the baboon and beagle were judged to show a similar sensitivity (Bair, 

1980). 

Pulmonary fibrosis was also observed in dogs inhaling radon and daughters 

with uranium-ore dust; the effect was attributed to radiation from the radon and 

daughters, rather than to the ore dust, because of the correspondence of the 

dose-effect relationship with that seen in plutonium exposures where no ore 

dust was present (Cross, 1986). 

Data on early death from radiation pneumonitis have been subjected to extensive 

dose-response modeling (Raabe, 1979; Scott, 1979,1980,1980b, 1980c), and applied 

to the prediction of potential effects in acutely exposed humans (McClellan, 

1982). Beta emitters with short half-lives, and higher initial dose rates, were 



more effective, per rad, in producing early death from radiation penumonitis 

and pulmonary fibrosis than beta emitters producing lower initial dose rates 

(Hahn, 19833). 

5.1.3 GASTROINTESTINAL INJURY 

Inhaled, insoluble materials are largely cleared through the gastrointestinal 

tract and may result in radiation damage in those regions. This route of 

exposure was specifically targeted in a supporting study that involved inhalation 

of FAP; the short half-life of the and the large-sized particles employed, 

maximized exposure of the GI tract relative to the lung and other organs (Hahn, 

1975). Radiation doses as high as  5700 rad were measured by thermolumines- 

cent dosimeters in the colon, and focal colonic lesions were observed, but nasal 

dermatitis and radiation pneumonitis were more severe and life threatening 

than the gastrointestinal injury. 

5.1.4 HEPATIC INJURY 

Liver degeneration was noted as a frequent cause of early death in the Argonne 

137Cs injection experiment (NCRP, 1977). Acute necrosis, fibrosis and atrophy 

were also observed a t  somewhat lower dose levels in the ITRI 137Cs injection 

experiment (Muggenburg, 1986). Liver lesions consisting of alternating areas of 

degeneration, atrophy, and regeneration were consistent postmortem findings 

in dogs injected with 144Ce (Fritz, 1970). Hepatic injury was noted as an early 

cause of death following inhalation of soluble forms of 144Ce (Benjamin, 1973; 
Boecker, 1984). These observations of "nonstochastic" effects in liver have been 

recently reviewed (Hahn, 1988). 

Liver lesions were a prominent finding in dogs injected with plutonium 
(Cochran, 1962; Taylor, G., 1971, 19726, 19861, and to an even greater extent in 

the case of americium (Lloyd, R., 1970, 19723; Taylor, G., 1972b), where liver 

degeneration was listed as the cause of death for several high-dose animals. 

Even at  relatively low dose levels, extensive nodular hyperplasia was a frequent 

observation, occurring as early as 1 year postinjection and eventually extending 

to as much as 85% of the liver volume (Cochran, 1962). Liver changes were less 

evident in beagles injected as juveniles (Bruenger, 1980; Jee, 19766). 

Passive congestion with central lobular degeneration was observed in the livers 

of dogs that died early following inhalation of 239Pu02 (Park, J., 1964) and 

2 3 8 ~ ~ 0 2  (Park, J., 1969); this was thought to be related to circulatory changes 

caused by severe lung pathology (Park, J., 1972). Hepatic nodular hyperplasia 

was observed in dogs that inhaled 2 3 9 ~ u ( ~ 0 3 ) 4  or 238Pu02, but was seldom 



observed following inhalation of 239Pu02, and was not a cause of death (Dagle, 
1986; Park, J., 1986). 

5.1.6 KIDNEY INJURY 

Histologically evident kidney damage was a common observation following 

higher levels of external gamma-irradiation (Fritz, 1970), and following internal 

deposition of 144Ce (Fritz, 1970). In the Davis fractionated x-ray exposure 

experiment, progressive intercapillary glomerulosclerosis was followed by 

light-, electron-, and fluorescence-microscopy in aging beagles; those exposed to 

as little as 100 R, in 50-R fractions, showed earlier and more severe lesions than 

were observed in control dogs (Guttman, 1968, 1970). 

Studies in support of the Colorado State perinatal radiation program investi- 

gated effects on the developing kidney from 60Co gamma radiation delivered at 4 

and 30 days of age. The progressive glomerulosclerosis and renal failure 

associated with perinatal renal irradiation was shown to result from direct ra- 

diation damage to deep cortical nephrons and compensatory functional changes 

occurring in response to loss of renal mass (Peneyra, 1985). Early effects of a 

1500-rad dose of 6 MeV electrons to the externalized kidneys of 6 dogs were 

reported from a supporting study at Colorado State University (Hoopes, 1985). 

Kidney degeneration was listed as cause of death for several high-dose 241Am- 

injected dogs (Lloyd, R., 19726). Kidney degeneration occurring in high-dose 

228~h-injected dogs was attributed to both 2 2 8 ~ h  and its daughter 2 2 4 ~ a ,  and cor- 
relates with increased kidney disease in 224~a-injected humans (Spiess, 1978). 

5.2 LONGER-TERM NONNEOPLASTIC EFFECTS 

5.2.1 HEMATOLOGIC EFFECTS 

Changes in the peripheral blood picture are an easily measured and sensitive 

indicator of exposure to radiation. The normal beagle hemogram has been de- 

scribed in several publications (Andersen, 1970g; Dougherty, J., 1955, 1965). 

Hematological responses observed in the Argonne continuous gamma-irradia- 

tion studies have been described in detail (Fritz, 1973, 1982, 1986; Norris, 1972, 

1976; Seed, 1977, 1978, 1980, 19826; Tolle, 1977, 1979, 19796, 1982, 1983, 19833). 

There is a dose-related depression in numbers of all types of circulating blood 

cells, effects on leukocytes and thrombocytes occur before those on erythrocytes. 

Significant changes in bone-marrow function and structure have been shown to 

parallel the peripheral-blood responses (Seed, 1977, 1978, 1982, 19826, 1983). 



The essentially total-body exposure from injected 137Cs, which resulted in early 

hematopoietic deaths at high dose levels, caused a dose-related depression in 
lymphocytes, granulocytes and platelets in all exposure groups (Redman, 1972). 

Female pups, exposed to 60Co gamma radiation in-utero, throughout gestation, 

a t  doses as high as 5 R per day, exhibited normal hematopoiesis and peripheral 

blood values within the normal range, despite their subsequent inability to bear 
young (Sanderson, 1978; Seed, 19776). 

The hematological response, as a function of time postexposure, has been de- 

scribed in a series of papers comparing effects of 90Sr, 2 2 6 ~ a ,  2 2 8 ~ a ,  228Th, and 

2 3 9 ~ u  in the Utah injection experiments (Dougherty, J., 1955, 1962, 1969, 1970, 

1971, 1972, 1972b; Parkinson, 1956, 1958, 1959); as has the hematological response 
to chronically fed gOSr (Bustad, 1969, 19698; Della Rosa, 1969; Dungworth, 1969; 

Goldman, 1972~)  and multiply injected 2 2 6 ~ a  (Bustad, 1969b; Goldman, 19693; 

Rosenblatt, 1967) in the Davis experiments, and for injected 144Ce (Fritz, 1970) in 

the Argonne experiment. Detailed hematologic data have also been reported for 
dogs exposed to a single inhalation of 90SrC12 (Gillett, 1987). 

Significant changes in red cell values were not seen with 90Sr, and for the other 

radionuclides in the Utah injection experiments, only a t  the highest exposure 

levels (Parkinson, 1958, 1959). The response of white blood cells was similar for 

all radionuclides, with minimal values of all cell types except lymphocytes 

observed within 2 to 4 weeks postinjection; maximal lymphocyte depression 

occurred after about 1 year. In the chronically fed 90Sr dogs of the Davis experi- 
ment the severity of the neutropenia increased with time during exposure, but 

there was a tendency for recovery when 90Sr feeding was terminated; recovery 
from neutropenia seemed to correlate with a return of the depressed mye- 
loiderythroid ratio in bone marrow to near normal levels (Goldman 1972~) .  
Only in the chronically fed Davis dogs was there observed a significantly in- 
creased incidence of hematopoietic neoplasia (Bustad, 1969; Dungworth, 1968, 
1969; Goldman, 19696; Wilson, 1972). 

Hematological relative biological effectiveness (RBE) values (defined as the aver- 
age dose rate to bone from 2 2 6 ~ a  required to produce a 50% depression in blood 

cells, divided by the average dose rate from the radionuclide in question required 
to produce the same 50% depression) were calculated as (226~a= l ) :  2 2 8 ~ h ,  -4; 

2 3 9 ~ ~ ,  -4; 228Ra, -2; and 90Sr, -0.5 (Dougherty, J., 1970, 1971). It is of interest 

that these hematological RBEs are in reasonable agreement with early estimates 
of RBEs based on osteosarcoma as the endpoint (Mays, 1969). 



Hematologic data from juvenile dogs injected with 239Pu indicated similar ef- 

fects, but of a lesser magnitude, than those observed in  young-adult beagles 

injected with similar radionuclide concentrations (Bruenger, 1980). 

Hematologic effects have also been studied following inhalation of beta or alpha 

emitters. A dose-related lymphopenia was observed a t  early times following 

inhalation of 144Ce, 90Sr, or 91Y as  FAP (Benjamin, 1975; Hobbs, 1972; 

Jones, R., 1976); the magnitude of lymphocyte depression was related to the 

initial dose rate to the lung, but recovery occurred unless radiation exposure 

was maintained. Anemia was a common observation during the period shortly 

before death of dogs dying with lung tumors following inhalation of 144Ce as FAP 
(Hahn, 1973b). This anemia was not a direct result of irradiation but resulted 

from hemorrhage related to the neoplasia. 

A dose-related lymphopenia was the earliest and most sensitive clinical in- 

dication of toxicity from inhaled 239Pu02;  effects on blood cells other than 

lymphocytes were minimal (Bair, 1961, 1962; Guilmette, 1984b; Park, J., 1962, 
1964, 1966, 1971, 1972, 1975, 1986; Ragan, 1976, 1986; West, 1964). Inhalation of 

2 3 8 ~ u 0 2  caused an even more pronounced effect on lymphocytes, and at  high 

dose levels, a moderate neutropenia (Dagle, 1979; Muggenburg, 1980; Park, J., 

1969, 1975, 1976, 1986; Ragan, 1986). After 239Pu(N03)4 inhalation, a significant 

lymphopenia was seen only at  relatively high dose levels (Dagle, 1979; Park, J., 

1986; Ragan, 1986). Recovery from lymphocyte depression occurred in all pluto- 

nium-exposed groups, complete recovery occurring in surviving 239Pu(N03)4- 

exposed animals. Observations are consistent with the conclusion that the 
observed effects are due, primarily, to irradiation of lymphocytes during transit 
through pulmonary lymph nodes (Dagle, 1979; Ragan, 1986). 

Lymphocytes from dogs suffering from a severe lymphopenia following inhala- 

tion of 90Sr or 144Ce as FAP, showed an impaired ability to respond to plant 

mitogens in-vitro; this effect was not observed for lymphocytes from dogs that 

had recovered from a severe lymphopenia following inhalation of the short-lived 

(Benjamin, 1975, 1975c, 1976, 1978). These findings were considered to be 

evidence of immune suppression that might be involved in subsequent neo- 

plasia. 

5.2.2 BIOCHEMICAL EFFECTS 

Normal blood chemistry values in the beagle dog, as influenced by such factors 

as age, sex, and family line, have been described in several publications 

(Goldthorpe, 1962; Kaspar, 1977; McKelvie, 19706; Pickrell, 1974), as have the 

levels of various metal ions in the liver (Keen, 1981). 



Serum lactic acid dehydrogenase (LDH) was depressed during the early period 
following injection of relatively high levels of 137CsC1 (Redrnan, 1972). Elevated 
LDH levels were reported a t  longer intervals following injection of a number of 

radionuclides, but the effect was not considered a consistent indicator of patho- 
logic states in irradiated dogs (Ruhrnann, 1965). 

Biochemical changes were studied in the blood of dogs from the Utah injection 

studies with 90Sr, 2 2 6 ~ a ,  2 2 8 ~ a ,  2 2 8 ~ h ,  and 2 3 9 ~ u  (Berliner, 1969; Goldthorpe, 

1962; Ruhrnann, 1965), and from the Davis 90Sr ingestion experiment (McKelvie, 
1968; Bustad, 1969). A dose-related increase in  serum alkaline phosphatase was 

observed for all except 90Sr animals, and was also shown to correlate with osteo- 

sarcoma incidence (Goldthorpe, 1962; Stevens, W., 1967). Elevated lysozyme con- 

centrations were seen in dogs with goSr-induced myelomonocytic leukemia and 

also in the recipients of transplants of these tumors (Shifrine, 1973d). 

Supporting studies in 36 beagle pups raised on a diet containing 10 pCi gOSr/g Ca 
showed elevation in  bilirubin, total protein, calcium, inorganic phosphorus, 

alkaline phosphatase, blood urea nitrogen, serum glutamic oxalacetic trans- 

aminase (SGOT) and alpha-2 globulin, and a depression in  serum glutamic 

pyruvic transaminase (SGPT), by 4 months of age; the effects began to return to 

normal by 5 months of age despite continued 90Sr ingestion (McKelvie, 1968). 

Levels of SGPT and SGOT were markedly increased in 239~u-injected animals 

and were considered to reflect liver damage (Stevens, W., 1964, 1967; Taylor, G., 
1971). Dose-dependent increases in serum inorganic phosphorus were observed 

in all except the goSr-injected animals of the early Utah studies. For all of these 

radionuclides, increases in serum globulins were accompanied by decreases in 
serum albumin. 

Studies employing minced adrenal tissue from dogs that had been injected with 
90Sr, 2 2 6 ~ a ,  2 2 8 ~ a ,  2 2 8 ~ h ,  or 2 3 9 ~ u ,  showed effects on corticosteroid biosynthesis 
(Berliner, 1962); similar studies with testicular tissue showed significant reduc- 

tions in  androgen biosynthesis (Ellis, 1967). In another study, no statistically 

significant difference in urinary steroid levels were noted between control dogs 

and dogs burdened with gOSr (Mitchell, 1970). 

A comparison of effects from injected 2 3 9 ~ u  and 241Am showed 241Am to be more 

effective in causing early elevation of SGPT, SGOT and serum alkaline phos- 

phatase. These effects, attributed to liver damage from the deposited actinide, 

were generally more pronounced in  males than in females (Nabors, 1972). 
Cortisol metabolism was shown to be significantly elevated in the skin of beagles 

bearing 241Am (Nabors, 1975). 



A variety of serum chemistry abnormalities were reported in dogs dying with 

lung tumors following inhalation of 144Ce as FAP (Hahn, 19736). Effects on 

pulmonary lipids (Pfleger, 1975) and on collagen constituents (Pickrell, 1975, 

1978) were studied following inhalation of the beta emitters 144Ce, or 

9 1 ~ .  Dose-related effects on the mucopolysaccharides of cartilage were meas- 

ured in beagles multiply injected with 2 2 6 ~ a  (Tsai, 1970). 

Blood chemistry data were reported following inhalation of 239Pu02, with values 

normal as compared to controls (Park, J., 1962). Evidence of elevated SGPT and 

SGOT levels were reported in dogs that inhaled 2 3 8 ~ u 0 2  or 2 3 9 ~ u ( ~ ~ , ) 4  (Park, J., 
1976, 1986). A dose-related elevation of alanine aminotransferase levels, in- 

dicative of liver damage, was observed a t  long intervals following inhalation of 

2 3 8 ~ u 0 2  (Gillett, in press). 

Radioimmunoassay techniques revealed a significant decrease in primary anti- 

body response in dogs that inhaled 2 3 9 ~ u 0 2  (Dagle, 1979). 

Increased urinary taurine levels observed as early as 3 months following inhala- 

tion of 2 3 9 ~ u 0 2  were shown to correlate with the onset of lymphopenia; a similar 

inverse correlation between urinary taurine and circulating lymphocytes was 

noted in humans undergoing -treatment for chronic lymphocytic leukemia by 

extracorporeal irradiation (Dilley, 1972). 

5.2.3 NONNEOPLASTIC EFFECTS IN CALCIFIED TISSUES 

A wide variety of nonneoplastic effects have been observed in the bones and teeth 

of life-span beagles with depositions of bone-seeking radionuclides. 

Morphologic effects in bone were demonstrated both grossly and micro- 

radiographically in dogs from the higher dose levels of the Davis feeding 

experiment (Andersen, 1962; Della Rosa, 1969). The bones exhibited a char- 

acteristic "flinty" condition related to decreased endosteal resorption and 

remodeling (Goldman, 1969). Effects were more varied, more prominent, and 

observed a t  lower radiation dose levels in the 2 2 6 ~ a  multiple injection study, 

especially in animals whose injections commenced a t  2 or 4 months of age 

(Goldman, 19696; Momeni, 19763, 1976d, 1976e; Morgan, J., 1982, 1983; Pool, 

1983).  These effects included pathological fractures and a variety of dental 

lesions. Preliminary studies on the effects of 226Ra on the mucopolysaccharides 

of cartilage were also reported (Tsai, 1970). 

Comparison of these effects with those observed in humans exposed to 2 2 6 ~ a  

indicates that the beagle affords a useful model for understanding the human 



pathology (Morgan, J., 1982, 1983). From a comprehensive study of these effects 

it was concluded that a beagle surviving to 16 years of age would not show 

detectable skeletal change if injected a t  about 1 year of age with 0.053 pCi, or less, 

of 2 2 6 ~ a  (Momeni, 1976e). 

Similar pathologic effects of bone-seeking radionuclides injected in Utah experi- 

ments have been studied radiographically (Christensen, 1962; Jee, 1961, 19626; 

Stover, 1963; Taylor, G., 1976), in light- (Jee, 1960b, 1961, 1962b, 1962c, 1969, 1971, 

19721, in electron-microscopic studies (Park, H., 19721, and in terms of changes 

in gross chemical composition (Stover, 1963). Effects of radiation on bone re- 

modeling processes have been inferred from dose-dependent differences in  the 

redistribution of 2 3 9 ~ u  and 2 2 6 ~ a  as observed in  autoradiographic studies 

(Arnold, 1959, 1962). From the above observations there has developed a "vas- 

cular theory of radiation injury to bone," which interprets a variety of radiation 

effects in terms of the efficiency of diffusion of nutrients between vessels and 

bone (Christensen, 1962; Jee, 1960b, 1960c, 1961, 1962b, 1969, 1971). 

Pathologic fractures have been a frequently observed gross manifestation of non- 

neoplastic effects a t  relatively high dose levels of bone-seeking radionuclides 

(Christensen, 1962; Gillett, 19876; Jee, 1961; Momeni, 1976e; Morgan, J., 1982, 

1983; Rehfeld, 1962; Taylor, G., 1962, 1966, 19666, 1971, 1976). Effects of daily 9 0 ~ r  

ingestion were less severe than those from alpha emitters, being mostly evi- 

denced by an increased hardness and a narrowing of the marrow cavity (Bustad, 

19696). The-highest incidence, and slowest healing, of pathologic fractures were 

seen in dogs injected with 228Ra; fractures were particularly numerous in the 

rib cage, a region notably free of tumors (Taylor, G., 1966). As compared to 

young adults injected with the same high concentration of 2 3 9 ~ u ,  juvenile 
beagles exhibited a much lower incidence of pathologic fractures and more rapid 

healing of these fractures (Bruenger, 1980). Tensile stress tests on tibias from 

radionuclide-injected dogs from the Utah studies could not account for frac- 

tures, suggesting that these fractures were due to localized faults (Taysum, 
1962). 

Radiation osteodystrophy (osteodysplasia) in  which the normal process of bone 

tissue replacement appears to be defective, characterized by peritrabecular fibro- 

sis and considered a possible precursor of fractures and neoplasia, has been 

reported in dogs exposed to relatively high levels of 2 3 8 ~ u 0 2  or 239Pu(N03)4 

(Dagle, 1979, 1985, 1986; Hahn, 1981; Park, J., 1986), 241Am02 (Gillett, 19851, 

2 2 6 ~ a  (Morgan, J., 1982; Pool, 1973, 1983), or gOSr (Gillett, 19876; Nilsson, 1985; 

Pool, 1973). Material available from 42 dogs of the Davis 226Ra experiment, 

whose limbs were amputated because of the development of painful bone lesions, 

have been particularly valuable in the study of this syndrome (Morgan, J., 1982). 



The very much lower incidence of radiation osteodystrophy in dogs exposed to a 

single inhalation of 90Sr as compared to those exposed by chronic ingestion of 

90Sr, suggests that this disturbance in bone remodeling is not a necessary 

precursor to osteosarcoma development (Gillett, 19873). These observations of 

"nonstochastic" effects in bone have been recently reviewed (Hahn, 1988). 

Turbinate osteolysis was a dose-related consequence of intravenously injected 

2 3 9 ~ ~ ,  226Ra, 228Ra, and 2 2 8 ~ h  (Taylor, G., 1971). Atrophy of the maxilloturbi- 

nates was associated with fibrous dysplasia of the turbinate bones in dogs that 

inhaled 238Pu02 (Hahn, 1981). A trend toward higher than usual incidence of 

spondylosis deformans is seen in dogs inhaling 238~u02 ,  and hypertrophic osteo- 

arthropathy has been observed secondary to plutonium-induced lung tumors 

(Dagle, 1985). 

Histopathologic effects reported from the deposition of 2 3 9 ~ u  in teeth include the 

formation of secondary dentine, disturbance in cementum formation, resorption 

of cementum and dentine with metaplastic bone formation, damage to perio- 

dontal membrane, ankylosis of teeth and loss of teeth (Jee, 1960). Relatively high 

doses of intravenously injected 2 2 4 ~ a ,  226Ra, or 2 3 9 ~ u  did not have an effect on the 

narrowing of the dental pulp cavity as a function of age (Taylor, G., 1969b). 

Pathological changes in the mandible have been an early and consistent effect of 

alpha-emitting radionuclides (Christensen, 1962; Taylor, G., 1976). Gingival ul- 

ceration was observed as a consequence of 2 2 6 ~ a ,  2 2 8 ~ a ,  or 2 2 8 ~ h  deposition on 

tooth surfaces (Taylor, G., 1964). Similar but lesser changes were induced by 
2 3 g ~ u ,  but gingival ulceration did not occur (Taylor G., 1976). Tooth loss was an 

ultimate consequence of these pathological changes (Taylor, G., 1971, 1976). 

5.2.4 NONNEOPLASTIC EFFECTS IN LYMPH NODES 

The high concentration of inhaled, insoluble radionuclides that typically ac- 

cumulate in pulmonary lymph nodes, and the low incidence of effects of this 

exposure, have been subjects of particular interest in many life-span experi- 

ments involving inhaled radionuclides. A review of the subject, referring to 

results of the beagle studies, has been published (Leeds, 1976). 

The effects on tracheobronchial lymph nodes of 144Ce inhaled as FAP was follow- 

ed in a supporting experiment involving 30 dogs sacrificed at intervals to 2 years 

postexposure; histologic changes were described, including atrophy of the 

germinal centers and lyrnphocytic follicles; primary neoplasms were not observ- 

ed until more than 2000 days following exposure (Hahn, 1976). 



At relatively high doses of inhaled 2 3 9 ~ u 0 2 ,  pulmonary lymph nodes were se- 
verely affected, with the germinal centers gradually replaced by dense, sclerotic 
connective tissue (Clarke, 1964, 1966; Dagle, 19766; Park, J., 1962, 1971, 1986). 

Similar effects were seen with inhaled 238Pu02 (Dagle, 1979; Hahn, 1981; Park, 
J., 1969, 19861, and similar but less severe effects with 2 3 9 ~ u ( ~ 0 3 ) 4  (Dagle, 1979; 

Park, J., 1986). Hepatic lymph nodes in the 239Pu02- and 239Pu(N03)4-exposed 
dogs showed similar but less severe effects (Dagle, 1979). 

Damage to popliteal lymph nodes subsequent to injection of 239Pu02 into the hind 
paws of beagles was described in studies involving light- and electron-microsco- 
py and autoradiography (Dagle, 1975,19766). 

5.2.5 NONNEOPLASTIC EFFECTS IN THYROID 

Effects in the thyroids of life-span dogs injected with high-levels of 241Am 
included a marked loss of the epithelial component and the absence of well- 

defined follicles (Lloyd, R., 19726). 

5.2.6 NONNEOPLASTIC EFFECTS IN OVARIES 

Light- and electron-microscopic studies revealed severe ultrastructural abnor- 
malities in the ovarian cortex of pups exposed in-utero, throughout gestation, to 
60Co gamma-ray doses of 5 R per day. Less severe effects were noted in animals 
exposed at a rate of 2.5 R per day. The 5-R-per-day animals were subsequently 
unable to bear young (Sanderson, 1978; Seed, 19773). 

5.2.7 NONNEOPLASTIC EFFECTS IN EYES 

Concentration of 226Ra, 2 2 8 ~ a ,  2 2 8 ~ h ,  and less frequently 2 3 9 ~ ~  in the beagle eye 
results in degeneration and necrosis of iridiocytes and melanocytes, producing a 
marked depigrnentation of the choroid and iris and complete loss of the tapetum 
(Taylor, G., 19626, 19646). 

5.3 NEOPLASTIC EFFECTS 

The observation and quantification of long-delayed neoplastic effects has been a 
principal focus of all of the life-span beagle experiments. These observations 

will be considered in relation to the organ or organ systems involved, except for 
the case of the Davis fractionated, whole-body, x-ray study, in which the inci- 

dence of neoplasia was not significantly greater for irradiated dogs than for 

controls, but the latency period decreased as dose increased. This study involved 
a total of 360 dogs exposed to total doses of 100 or 300 R, with varying patterns of 



fractionation. Protraction of exposure lengthened survival in dogs that received 

total doses of 300 R, due solely to amelioration of incidence rates of nonmam- 

mary neoplasia (Rosenblatt, 1986). 

5.3.1 MYELOPROLIFERATIVE DISORDERS 

A variety of neoplastic manifestations of bone marrow irradiation are considered 

under this heading. 

Myeloproliferative disorders were a major cause of death in the intermediate 

dose ranges of the Argonne continuous gamma-irradiation experiments. The 
majority of these disorders were classified as myelogenous leukemias (Fritz, 

1970, 1973, 1986; Norris, 1972, 1976; Seed, 1977, 1978; Tolle, 1979b, 1982). 

Erythroleukemias (Tolle, 1977) and acute monocytic leukemia (Tolle, 1979) were 

also described. There appears to be a critical period for the development of my- 

eloproliferative disorders, none occurring before about 400 days of continuous 

irradiation, and none after 2000 days, irrespective of total dose or dose rate. The 
incidence of myeloproliferative disorders was much lower, but still significant, 

when exposures were terminated a t  predetermined accumulated doses. Data 

from these studies combine to provide a rather detailed picture of the probable 
mechanism of myelogenous leukemia induction (Frazier, 1987, Fritz, 1985, 1986; 

Grahn, 1986; Seed, 1977,1978, 1984,1985,1987; Tolle, 19793,1982). These mecha- 
nistic applications are discussed a t  greater length in Section 7.8. 

Myeloproliferative disorders, including myelogenous leukemia, were also a 
prominent finding in the Davis chronic feeding experiment (Andersen, 

1962; Book, 1980, 1986; Bustad, 1969; Dungworth, 1968, 1969; Goldman, 19696, 
1972c; Wilson, 1972). These effects were observed at  relatively high dose levels 
and usually occurred much earlier than bone tumors. In the acute form these 
disorders appear "as granulocytic leukemia and in the chronic form resemble 
myelofibrosis with myeloid metaplasia; anemia, poikilocytosis, anisocytosis, 
hypochromasia and terminal thrombocytopenia are  constant features" 

(Dungworth, 1969). Such myeloproliferative disorders were also observed as a 

significant finding in the early Argonne 90Sr studies, which also involved mul- 

tiple exposure of very young dogs (Finkel, 1972). 

In other life-span gOSr experiments, involving exposure of young-adult beagles 

by single inhalation (Gillett, 19876) or injection (Taylor, G., 19761, myelo- 

proliferative neoplasia has not been a major cause of death; two cases of 

myelomonocytic leukemia following inhalation of 90SrC12 were considered to be 

radiation induced (Gillett, 1987). Atypical myeloproliferation, including a t  least 
one case of myelogenous leukemia, has been reported following injection of 144Ce 



to young-adult beagles (Fritz, 1970). Two cases of myelogenous leukemia were 
reported as relatively early causes of death in  dogs that inhaled 144CeC13 

(Benjamin, 1973; Boecker, 1984). Leukemia has not been a significant finding in 

life-span studies with plutonium in the beagle, despite its deposition in bone 

marrow; there has been speculation, however, as to the possibility of a leukemo- 

genic risk from plutonium in humans (Vaughan, 1976). 

Based on the observation that chronic exposure of the very young animal ap- 

peared to be a critical factor in the development of myeloproliferative disorders, 

extensive studies were undertaken at  Davis to develop a reliable "preleukemic 

model," in which chronic external irradiation of the beagle fetus produces a 

leukemic response in about 2 years (Goldman, 1986). A brief consideration of 

these non-life-span studies will be found in Section 6.5.  

5.3.2 BONE TUMORS 

The increased incidence of bone tumors has been a commonly observed delayed 

effect of exposure to bone-seeking radionuclides. The spontaneous incidence of 

bone tumors in the beagle is extremely low, although perhaps higher than early 

estimates based on veterinary hospital surveys (Mays, 1969). An incidence of no 

more than 1% is suggested by the 3 or 4 observed bone tumors in control beagles 

in all of the life-span experiments (Wrenn, 19866). 

Bone-tumor data from the Utah 226Ra injection experiment, with all animals in 

the experiment dead, have been briefly summarized (Wrenn, 19863). Such 

findings have been described in greater detail in a number of progress reports, 

which also describe preliminary observations of bone tumor incidence in the 
228Ra, 2 2 8 ~ h ,  90Sr, and 239Pu injection experiments (Blair, 1972; Dougherty, T., 

1962,1962c, 1969; Gridgeman, 1971; Mays, 1969, 1972, 1972c, 19803, 1987). Bone 

tumors induced by injected 226Ra were mostly osteosarcomas, with a variable 

degree of osteogenesis. Dogs were euthanized when pain became evident, or 
clinical management difficult, otherwise the immediate cause of death would 

frequently have been metastatic disease (Wrenn, 19863). The pattern of bone- 
tumor induction following repeated 2 2 6 ~ a  injection, in the Davis experiment, 

was very similar to that reported for the Utah single-injection experiment 

(Goldman, 19693). 

The dose-vs-response curve for bone tumor induction by intravenously injected 

90Sr, in contrast to that for 226Ra, is decidedly nonlinear (Mays, 1972~) .  RBEs for 

bone tumor induction, for 90Sr relative to 2 2 6 ~ a ,  consequently vary with dose 

level. Based on average dose to bone calculated to 1 year prior to death, they 

range from 0.2 to 0.04 (226~a=1)  (Mays, 19806). Similarly estimated RBE values 



from other Utah injection studies, as  most recently reported, are: for 2 2 8 ~ a ,  2.0 * 
0.5; for 2 2 8 ~ h ,  8.5 f 2.3; for 2 3 9 ~ u ,  16.6 f 4.5; and for 241Am, 5.4 f 1.6 (Lloyd, R., 

1986; Mays, 1987). 

The pattern of bone tumor incidence in the Davis 90Sr and 2 2 6 ~ a  chronic ex- 

posure experiments was very similar to that observed in the Utah injection 

experiments (Andersen, 1962; Book, 1980, 1986; Goldman, 1972c; Nilsson, 1985, 

1987; Pool, 1972b, 1973, 1973b; Raabe, 1981). As in the Utah experiments, the non- 

linear dose response curve for 90Sr bone tumors resulted in a wide range of RBE 

values (Raabe, 1981). A somewhat similar pattern of bone tumor incidence was 

observed in life-span experiments involving the inhalation of 90Sr, as 90SrC12, 

except for a relatively higher incidence of hemangiosarcomas (Benjamin, 19753; 

Gillett, 19873; McClellan, 1973). Bone tumors were a prominent finding in dogs 

injected intravenously with relatively high doses of 144Ce (Fritz, 1970), but were 

not observed following inhalation of 144Ce in soluble form (Boecker, 1984). 

Bone tumors resulting from 239Pu injection were predominantly osteogenic sar- 

comas. These tumors originated almost always in trabecular bone, usually in 

the long bones or vertebrae, this distribution being especially pronounced a t  

lower dose levels. A longer average latent period was exhibited a t  lower injec- 

tion doses (Jee, 1962; Taylor, G., 1971, 1976). 

Relative to average skeletal dose, injected 241~rn  produced a substantially lower 

incidence of bone tumors than did 239Pu (Wrenn, 1986). Bone tumors have thus 
far been observed only in the highest dose levels of the 249Cf and 252Cf life-span 

studies; these preliminary results suggest that the carcinogenicity of fission 
fragments from 252Cf is much lower than that of alpha particles (Lloyd, R., 1976; 

Taylor, G., 1983b, Wrenn, 1986). 

Bone tumors have not been observed following inhalation of 2 3 9 ~ u 0 2 ,  but are the 

most common cause of delayed death in dogs inhaling 238Pu02 (Dagle, 1985, 

1986; Hahn, 1981; Muggenburg, 1980; Park, J., 1976, 1986) or 2 3 9 ~ u ( ~ 0 3 ) 4  (Dagle, 

1985, 1986; Park, J., 1986). Although there are no life-span studies involving 

inhaled 241Am, bone tumors have been reported in long-term sacrifice studies 

with inhaled 241Am02 (Gillett, 1985). 

Supporting studies with a few 2 3 9 ~ u -  and 226~a-injected St. Bernards have com- 

pared the incidence of bone tumors in this animal, prone to spontaneous bone 

tumors (Tjalma, 1966), with that in the beagle. The St. Bernard was estimated to 

be about 5 times as sensitive to radiation induction of osteosarcoma as the beagle, 

with latent periods in the St. Bernard about one-half those for comparable dose 

levels in the beagle (Jee, 19766, Mays, 19866; Taylor, G., 1981). The anatomical 



distribution of tumors in the St. Bernard was unlike that in the beagle, with only 

1 axial 2 3 9 ~ u 0 2  tumor (Taylor, G., 1981). Despite the greater radiosensitivity of 

the St. Bernard, the 2 3 9 ~ u / 2 2 6 ~ a  toxicity ratio, as measured by relative times to 

tumor appearance, was similar to that observed in the beagle (Mays, 19863). 

A supporting study employing young-adult beagles injected with polymeric 

2 3 9 ~ ~  suggested a shorter latent period for bone tumor induction than that seen 

with monomeric plutonium; the difference was attributed to delayed transloca- 

tion to bone of polymeric plutonium initially deposited in liver, and consequent 

longer retention on the bone surfaces of a more mature skeleton (Jee, 19763; 
Stevens, W., 1976). Early results from the life-span experiments in variously 

aged dogs suggest that older dogs are more sensitive to induction of bone sar- 

coma than young adults or juveniles, presumably because of longer retention of 

plutonium on bone surfaces in  the older animals (Wrenn, 1986). 

Osteosarcomas are the predominant type of bone tumor induced by internally 

deposited radionuclides in  the beagle, as is also the case in  human radium 

victims; a much wider variety of bone tumors are observed spontaneously in 

humans (Thurman, 1973). Growth dynamics were studied for 256 radiation- 

induced beagle bone tumors from the Utah studies with injected 90Sr, 2 2 6 ~ a ,  

2 3 9 ~ u ,  228Ra, and 228Th; tumors appeared to enlarge exponentially, with an 

average volume doubling time of 12.4 days, which was independent of radionu- 

clide or dose administered, age, sex or tumor location (Thurman, 1971). 

The distribution of radiation-induced bone tumors among various skeletal sites 

in the beagle has received considerable attention (Christensen, 1972; Dagle, 1985; 
Gillett, 19876; Hahn, 1981; Jee, 1972; Miller, S., 1986; Nilsson, 1985, 1987; Park, 
J., 1976; Parks, 1980; Pool, 19723, 1973, 19733; Spiers, 1983; Thurman, 1973; 
Wrenn, 1986b). This distribution is significantly different for man and beagle 

(Thurman, 19731, for spontaneous and radiation-induced bone tumors in dogs 

(Christensen, 1972; Hahn, 1981; Thurman, 1973), for volume-seeking and sur- 

face-seeking radionuclides (Christensen, 1972; Miller, S., 1986; Wrenn, 198631, 
and for dogs exposed to inhaled 90Sr as opposed to chronically ingested 90Sr 

(Gillett, 19876). The pattern of distribution can be related to the radiation dose 

level (Pool, 1973, 19733; Nilsson, 1987), the time pattern of radionuclide admini- 

stration (Spiers, 1983), and, in long bones, to the trabecular surface area (Spiers, 

1983, 1988). The distribution also varies strikingly among different animal spe- 

cies (Christensen, 1972). Comparison of estimates of average dose to bone 

groups and site-specific tumor occurrence revealed a 90-fold variation of 

dose-response among bone groups (Parks, 1980). 



A number of investigations have attempted (with varying degrees of success) to 

correlate the sites of tumor occurrence with microdistribution of plutonium on 

bone surfaces and with rates of skeletal remodeling (Arnold, 1976; Hahn, 1981; 

Kimmel, 1976, 1982; Miller, S., 1986; Wronski, 1980). The degree of initial deposi- 

tion on trabecular bone surfaces and the rate of trabecular bone turnover appear 

to be critical factors in the production of osteosarcomas by 2 3 9 ~ u .  Bone-marrow 

microvasculature has also been implicated as influencing the tumorigenic pro- 

cess (Miller, S., 1980b, 1986). 

Recent evaluation of the relationship between the cortical and trabecular compo- 

sition of bones and the differing incidence of 2 2 6 ~ a - ,  2 3 9 ~ u - ,  and 241Am-induced 

cancers in  those bones shows a positive correlation between the occurrence of 

226Ra-induced bone sarcomas and the percentage of cortical bone, but no cor- 

relation with cortical bone mass or cortical endosteal surface area, and a 

negative correlation with activated trabecular calcium and trabecular surface 

area; the frequency of occurrence of 239~u-induced bone sarcomas (but not 

241Am-induced bone sarcomas) was positively correlated with trabecular sur- 

face-to-volume ratios and trabecular turnover (Jee, 1985, 1986). 

A number of statistical approaches have been employed in efforts to describe the 

effect of radiation in the production of bone tumors. In addition to the straight- 

forward, but sometimes misleading (Rosenblatt, 19711, relationship between 

quantity of radionuclide injected, or radiation dose delivered, and tumor 

incidence, attempts have been made to relate incidence, dose, and time-to- 

appearance of tumor, employing three-dimensional response surfaces. These 
attempts have employed logistic models (Goldman, 1972c, 1973, 1986; Rosenblatt, 

1971,1976; Stover, 1970b), log-normal models (Raabe, 1979,1980,1981,1981b, 1983, 

1984, 1986, 198661, and Weibull models (DuMouchel, 1981; Whitternore, 1982). A 

proportional hazard model has also been employed in relating probability of sur- 

vival with bone tumor, dose, and time following inhalation of 90SrC12 or 238Pu02 

(Mewhinney, 1986); and following injection of 2 3 9 ~ u 0 2  (Peterson, 1982). A more 

extended discussion of these efforts will be found in Section 7.7. 

5.3.3 SINONASAL TUMORS 

An increased incidence of squamous cell carcinoma in the nasal cavity follow- 

ing inhalation of 90Sr, 144Ce, or 9 1 ~  in soluble form, or injection of 137Cs, appears 

to be associated with concentration of the radionuclide in the nasal turbinates 

(Benjamin, 1979; Boecker, 1984, 1986; Gillett, 1987b); lifetime risk estimates 

ranged from 9 tumors per l o 6  rad to turbinates, for 90Sr, to 98 tumors per l o 6  
rad, for 137Cs. Nasal carcinomas have also resulted from the exposure of dogs to 

radon and daughters inhaled with uranium-ore dust (Cross, 1982, 1986). 



The absence of head-sinus carcinomas in life-span beagles injected with 2 2 6 ~ a  or 

2 2 8 ~ a  contrasts with the high incidence of such tumors in the human 226Ra and 

228Ra cases (Jee, 1976b). 

5.3.4 GINGIVAL TUMORS 

Gingival carcinomas have been a prominent finding only in the Davis 90Sr 

chronic feeding study, where they correlate with a high radiation dose due to de- 

position of 90Sr on the forming tooth surface, and to the lack of remodeling of this 

surface (Parks, 1984). They are postulated to arise from epithelial rests, em- 

bryonic tissue trapped in the periodontal membrane. Gingival ulceration was 

observed following single injection of 2 2 6 ~ a ,  2 2 8 ~ a ,  or 2 2 8 ~ h  (Taylor, G., 1964). 

5.3.5 LUNG TUMORS 

Lung tumors occur spontaneously in beagles, but a t  a relatively low incidence. 

Data from the Utah colony indicate an overall incidence of 0.1% per dog-year a t  

risk, which rises to as high as 0.7% at  ages in excess of 13 years (Taylor, G., 
1979). 

Preliminary evaluation of results from the Davis whole-body x-ray experiment 

indicated an increased incidence of lung tumors, with 9 tumors in  irradiated 

animals and none in controls (Andersen, 1966); re-evaluation of these data ind- 

icated only 3 primary lung tumors, 2 of which were considered to be the cause of 

death, and all appearing in irradiated animals (Rosenblatt, 1986). 

Lung tumors were the major radiation-induced cause of delayed death in dogs 

inhaling radionuclides in forms sufficiently insoluble to be retained for long 
periods in the lung. Such insoluble radionuclides include the beta emitters 
144Ce, 90Sr, and when inhaled as FAP (McClellan, 1976, 1979, 1986). 

Hemangiosarcomas were observed in the surviving dogs a t  higher dose levels of 
144Ce and 90Sr, from 2 to 4 years postexposure (Benjamin, 1975b; Hahn, 1973, 

19733, 1977; Jones, R., 1974); hemangiosarcomas were not observed following 
inhalation of the shorter-lived or Later-occurring lung cancers were 

primarily bronchioalveolar carcinomas and were observed with all inhaled beta 

emitters studied (Hahn, 1977, 19836, 1986, in press), including the more soluble 

144CeC13 (Boecker, 1984). 

Hemangiosarcomas are seen much less frequently with repeated inhalation of 

144Ce FAP and are not seen at  all in aged dogs inhaling 144Ce FAP; juvenile dogs 

inhaling 144Ce FAP showed hemangiosarcomas earlier and at  lower cumula- 

tive doses than did adult animals (Boecker, 1980). 



Bronchioalveolar carcinoma is the most common cause of delayed death from 

inhaled 2 3 9 ~ u 0 2 .  These tumors originate in peripheral lung areas in associa- 

tion with plutonium deposits, fibrosis, and bronchioalveolar metaplasia (Clarke, 

1964b, 1966, 1966b; Park, 1964, 1966, 1971, 1972, 1986, in press). Less commonly 

observed types of plutonium-induced lung tumors include adenocarcinoma, 

adenosquamous carcinoma, and epidermoid carcinoma (Dagle, 1976, 1986; 

Howard, 1970). 

Incomplete results from the ITRI life-span experiments comparing the re- 

sponse to inhaled 0.75-, 1.5- and 3.0-pm AMAD 2 3 9 ~ u 0 2  particles indicate no 

effect of particle size on the relative risk of causing lung cancer, thus appearing 

to refute the "hot particle hypothesis" that nonuniform alpha irradiation of the 

lung should be more carcinogenic than more uniform irradiation (Muggenburg, 

in press). 

Preliminary data have been reported on the effect of age a t  exposure on the 

induction of lung tumors by inhaled 2 3 9 ~ u 0 2  (Guilmette, 19886). Dogs exposed at 

8 to 10 years of age exhibit a relatively low incidence of incidental pulmonary 

carcinomas, with radiation-related deaths ascribable to radiation pneumonitis. 

Dogs exposed at 3 months of age exhibit an early incidence of fatal pulmonary 

carcinomas similar to those observed in dogs exposed as young adults. 

Lung tumors were also observed following inhalation of 2 3 8 ~ u 0 2  or 2 3 9 ~ u ( ~ 0 3 ) 4 ,  

but in these dogs bone tumors were the more common causes of death, with lung 
tumors usually present only as incidental findings (Dagle, 1986; Hahn, 1981; 
Muggenburg, 1980; Park, J., 1976, 1986). Bronchioalveolar carcinomas, epider- 

moid carcinomas, and fibrosarcomas have also been produced in the lungs of 

dogs chronically inhaling radon and daughters and uranium-ore dust (Cross, 

1982, 1986). 

Preliminary results from studies of high-molecular-weight DNA from pluto- 

nium-induced lung tumors indicate that  dominant-acting transforming 

oncogene activity is associated with these tumors (Frazier, 1987; Kelly, in press). 

Risk factors for lung tumors, based on average dose to lung, have been estimated 

as about 20 per l o 6  rad for 144Ce and g O ~ r  FAP, and about 50 per l o 6  rad for 

and 9 1 ~  FAP (Hahn, 1983b, 1986, in press b). A risk factor of about 600 per l o 6  
rad to lung was estimated for inhaled 2 3 9 ~ u 0 2  (Fisher, D., 1986). Risk factor 

ratios for 91Y/239~u of 18.15, and 10, for 0.75,1.5, and 3.0 pm 2 3 9 ~ u 0 2  particles, 

respectively, have been estimated from a completed 91Y inhalation experiment 

and 239Pu02 inhalation experiments still in progress (Boecker, 1988). 



5.3.6 PULMONARY LYMPH NODE TUMORS 

An increased incidence of hemangiosarcomas, presumed to originate in pul- 

monary lymph nodes, has been observed following inhalation, as  FAP, of the 

longer-lived beta emitters 144Ce and 90Sr (Hahn, 1980, 1986, in press, in press b). 
These tumors appear a t  relatively long times postexposure and, considering the 

relatively high radiation dose to lymph nodes, exhibit a lower risk factor than 
pulmonary tumors. 

Primary pulmonary lymph node tumors were reported to have been obsewed in 
studies with inhaled plutonium (Howard, 1970; Park, 1962; Thompson, 1968); 

however, later re-evaluation suggested that the lesions were epithelial lung- 
tumor metastases (Dagle, 1976b, 1986). 

5.3.7 LIVER TUMORS 

Liver tumors of a variety of types have been described in  dogs exposed to beta- 

emitting radionuclides, most notably 144Ce (Benjamin, 1975b; Boecker, 1984) and 

137Cs (Muggenburg, 1986), leading to a risk estimate of 90 liver cancers per l o 6  
rad (Muggenburg, 1986). These tumors typically are observed a t  long times 

following exposure and result in little, if any, shortening of life span. 

Liver tumors were also observed in dogs injected with 2 3 9 ~ u  and 241Am (Taylor, 
G., 1969, 19726,1976,1983,1986). The most frequent tumor type was the bile duct 
adenoma, followed in frequency by bile duct carcinomas, and a variety of sarco- 

mas; hepatic cell tumors were relatively uncommon. Liver tumors were usually 

very late effects and, compared to bone tumors, were a less common cause of 

death, except in a few low-dose 241Arn groups. Contrary to earlier belief, and 
supported by epidemiologic study of human Thorotrast patients, the liver ap- 
pears to be a highly radiosensitive tissue (Mays, 1970, 1982; Taylor, G., 1986). 

Hepatic nodular hyperplasia, but no liver tumors, were reported from the PNL 
plutonium inhalation experiments (Dagle, 1986). However, an increasing in- 
cidence of usually nonfatal liver tumors has been reported a t  long periods 
following exposure in the ITRI 238Pu02 inhalation experiments (Gillett, in 

press). 

5.3.8 SPLEEN TUMORS 

The Argonne dogs, continuously gamma-irradiated to a predetermined dose, 

developed 14 spleen tumors, as compared to a single spleen tumor in controls; 10 

were fibrosarcomas, probably of nerve sheath origin, and 4 were angiosarcomas 



(Fritz, 1986). Neurofibrosarcoma in the spleen was the most common radiation- 

induced tumor in the Argonne 137Cs injection experiment (NCRP, 1977). 

5.3.9 HEART TUMORS 

An increased incidence of hemangiosarcomas of the heart has been observed in 

dogs that inhaled intermediate dose levels of FAP (Hahn, i n  press b; 
McClellan, 1979). These tumors are thought to be the result of irradiation from 
radionuclide-laden bronchial lymph nodes located at the base of the heart. 

5.3.1 0 EYE TUMORS 

An increased incidence of intraocular melanomas was observed in beagles in- 

jected with 226Ra, 2 2 8 ~ a ,  or 2 2 8 ~ h  (Taylor, G., 1969, 1972d, 1976). 

5.3.1 1 MAMMARY TUMORS 

In considering the rather limited amount of data on mammary tumors that 
have been reported from the life-span beagle studies, i t  must be recalled that the 

different experiments varied in their handling of mammary tumors. In some 

experiments, to increase life span and maximize information obtainable on 
other tumor types, mammary tumors were surgically removed; in other ex- 
periments mammary glands were surgically removed before the animals were 

placed on experiment (Rosenblatt, 1986). 

Spontaneous mammary tumors were not observed in male beagles, but were the 
most common spontaneous tumor in females; they first appeared at 5 to 7 years 
of age, and their incidence increased with age; there was no evidence of an in- 
creased incidence in dogs injected with 2 2 6 ~ a ,  228Ra, 2 2 8 ~ h ,  239Pu, or 90Sr 

(Taylor, G., 1976b). However, in the Argonne continuous gamma-irradiation- 
to-predetermined-dose experiment, mean time to death with mammary tumor 
was significantly shorter in irradiated dogs than in controls (Fritz, 1986). In the 
Davis fractionated x-ray experiment, mammary tumors occurred somewhat 

earlier in animals exposed to 100 R, but this incidence was not increased a t  

larger doses nor influenced by fractionation of the dose (Rosenblatt, 1986). In the 

Davis repeated 226Ra-injection, and chronic gOSr-ingestion experiments, the 
cumulative incidence rates for both benign and malignant mammary tumors 
were not significantly different from controls (Chrisp, 1980). A comprehensive 

description of mammary tumor incidence in the Davis colony has been recently 

published (Moulton, 1986). 



5.3.1 2 URINARY TRACT TUMORS 

A ureteral transitional cell carcinoma, a type previously unreported in  dogs, 

was observed in a 12-year-old life-span beagle previously injected with 137CsC1 

(Hanika, 1980). 

5.4 OTHER EFFECTS 

5.4.1 LIFE SHORTENING 

Nonspecific life shortening has sometimes been considered an effect of irradia- 

tion, and the life-span beagle studies frequently have been interpreted in terms of 
life shortening (Crump, 1986). In most instances, however, i t  has been possible 
to explain this life shortening in terms of more specific effects. 

In the continuous 60Co gamma-irradiation experiments conducted at  Argonne, 
in the dose-rate range from about 3.5 to 35 radlday, the mean radiation-specific 

death rate for the beagle increased as  the square of dose, indicating a depen- 
dence on dose rate; in this range the dog was about 2.5 times as sensitive as the 

mouse, an appreciably lower ratio than that of their LDS0s (Norris, 1976). An 
earlier experiment a t  Argonne involving 61 dogs given single, graded, whole- 

body doses of 6 0 ~ o  gamma radiation at a rate of 15 Rlmin, led to an LD50 (30 days) 

of 258 rad average absorbed dose (Norris, 1968). Detailed clinical hematological, 

histological, biochemical, and gross and microscopic inspection methods led to 

the conclusion that acute bacteremia secondary to bone marrow damage was the 

primary cause of death. 

In the Davis experiment with fractionated x-ray exposure i t  was difficult to 
discern differences in causes of death between control and irradiated animals, 
the principal effect of radiation appearing to be a dose-dependent shortening of 
the latency period for an essentially "normal" variety of neoplastic diseases; 
protraction of a total dose of 300 R increased survival, but protraction had no 
effect with a total dose of 100 R (Andersen, 1969; Bustad, 19696; Rosenblatt, 1986). 

A "steady state theory of mutation rates" has been applied in the analysis of 

survival data from several of the Utah life-span experiments (Stover, 1970b, 

1972d, 1972e, 1975, 1986). A preliminary analysis, employing linear model 

analysis techniques, has been made of life-shortening effects as a function of age 

at  exposure to 60Co gamma rays, employing data from the ongoing Colorado 

State study (Angleton, 1986; Benjamin, 1986). In the Rochester experiment 

involving life-span daily x-ray doses (5 per week) of 0.06, 0.12, and 0.60 R, no 

significant life shortening was observed (Casarett, 1970). 



Publications detailing survival data in  the life-span experiments involving 

exposure to radionuclides are referenced in Table 5.1. 

The possibility of an increased life span, or suppression of cancer, a t  the lowest 

levels of alpha-particle exposure in the Utah injection experiments was examin- 

ed, with no evidence found for such effects (Mays 1987). 

Table 5.1 REFERENCES TO SURVIVAL DATA AND THEIR INTERPRETATION 

Radio- Mode of 
nuclide Administration Peferences 

9 0 ~ r  chronic ingestion Book, 1980, 1982, 1986; Goldman, 
1972c; Nilsson, 1987; Raabe, 1981b 

9 0 ~  r transplacental or Finkel, 1960, 1972 
S I J ~ C U ~ ~ ~ ~ O U S  

9 0 ~ r  single injection Mewhinney, 1986; Stover, 1972d 

g0SrC~2 inhalation McClellan, 1973, 1983, 1986; 
Mewhinney, 1986 

g O ~ r  FAP inhalation Hahn, 1983, 1983b, 1986 

FAP inhalation Hahn, 1983, 1983b, 1986 

9 1 ~  FAP inhalation Hahn, 1983, 1983b, 1986 

144CeC13 inhalation Benjamin, 1973; McClellan, 1986 

1 4 4 ~ e  FAP inhalation Hahn, 1983, 1983b, 1986, in press 

2 2 6 ~ a  single injection Mays, 1969, 1987; Mewhinney, 1986; 
Stover, 19720' 

2 2 6 ~ a  repeated injection Book, 1980, 1986; Raabe, 1981b 

2 2 8 ~ a  single injection Mays, 1969, 1987; Stover, 1972d 

2 2 8 ~ h  single injection Mays, 1969, 1987; Stover, 1972d 

2 3 9 ~ u  single injection Mays, 1969, 1987; Mewhinney, 1986; 
Stover, 1972d, 1972e 

2 3 9 ~ u 0 2  inhalation Bair, 1970, 1974; Dagle, 1979; Diel, 
1983b; Fisher, D., 1986; Mahaffey, 1981; 
Park, J., 1972, 1975; Thompson, 1972 

2 3 8 ~ u 0 2  inhalation Dagle, 1979; Mewhinney, 1986 

2 3 9 ~ u ( ~ 0 3 ) 4  inhalation Dagle, 1979 

2 4 1 ~ r n  single injection Mays, 1969, 1987 

None (control dogs) Atherton, 1986 



5.4.2 EFFECTS ON REPRODUCTION 

Female beagles exposed to either 100 or 300 R a t  age 1 year were tested for 
reproductive ability by whelping two litters before the age of 4 years. Results 
from 297 litters, including 644 pups, showed no effects of the previous irradiation 

(Andersen, 1961; Bustad, 1969b). Effects of aging on reproductive ability were 
accelerated in  the 300-R group, with fewer estrus periods as senescence ap- 
proached (Andersen, 1963e, 1963f). Effects on reproductive ability were observed 
a t  exposures of 290 R in ancillary studies with dogs exposed a t  9 months, and 3 to 
87 days of age. Exposure a t  9 months of age led to a 9% reduction in litter size 
and to an 18% reduction in number weaned. Exposure a t  3 to 87 days of age led 

to a 17% reduction in  litter size and to a 38% reduction in  number weaned 
(Andersen, 1976). An absence of effects on puppy mortality and litter size was 
noted in the Davis 90Sr chronic-feeding experiment a t  exposure levels l o 5  times 
that received from worldwide 90Sr fallout (Rosenblatt, 1972b), although a reduc- 
tion in sperm motility was reported a t  the highest feeding level (Della Rosa, 
1972). It  was concluded from such observations as noted above, that the genital 
tract of the female beagle was relatively radioresistant as regards effects on re- 
production (Andersen, 1963f). 

Beagles exposed prenatally, throughout gestation, to 60Co gamma radiation at  a 
rate of 5 R per day were subsequently unable to bear young; severe structural 
abnormalities were noted in the ovarian cortex of animals irradiated a t  5 R per 
day but not in those irradiated at  2.5 R per day (Sanderson, 1978; Seed, 19773). 
Prenatal and early neonatal mortality was observed in beagles of the Colorado 
State studies exposed during gestation to single x-ray doses of 83 R or 16 R 
(Angleton, 1988). 

In the University of Rochester experiment involving life-span daily x-ray doses (5 

per week) of 0.06, 0.12, and 0.60 R, seminal sperm counts were reduced after 20 
to 30 weeks of exposure at  the 0.60 Rlday level; from the third to tenth year of 
exposure all dogs a t  this highest exposure level were essentially aspermic; a 
trend toward reduced sperm count a t  the 0.12 Rlday level was not statistically 
significant (Casarett, 1970). 

5.4.3 PSYCHOLOGICAL EVALUATIONS 

Efforts to evaluate effects of x-irradiation on dominance behavior and other 
emotional factors were unsuccessful because of the predominant influence of 
other uncontrolled factors (Solarz, 1964, 19646). 
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The selection of material for this chapter has posed problems . The distinction 

between studies that are "supportive of' the life-span studies. and hence con- 

sidered in previous chapters. and studies that are "ancillary to" the life-span 

studies. and considered in this chapter. is clearly a somewhat arbitrary one . It 

has been difficult. also. to distinguish between studies that are truly ancillary. in 



6. Ancillary Studies 

the sense that they would probably not have been conducted were it  not for the 

larger effort with life-span dogs, and studies whose only relation to the life-span 

studies is the fact that they employed beagle dogs. Such latter studies have not 
been included, although, again, the choice is often a somewhat arbitrary one. 
Thus, the work of Richmond, Furchner, and colleagues a t  Los Alamos, on inter- 

species comparisons of radionuclide metabolism (Richmond, 1970c) has been 
excluded, as  have many other studies that employed beagles, but not as a corol- 
lary to any life-span study. 

6.1 STUDIES RELATING TO THERAPEUTIC REMOVAL OF INTERNALLY 

DEPOSITED RADIONUCLIDES 

A number of ancillary studies have explored methods for speeding the removal 
of radionuclides from the body, as an aid in the development of practical pro- 

cedures for treatment of exposed workers (Bair, 1969, Mays, 1981). 

6.1.1 CHELATION THERAPY 

Most attempts a t  radionuclide decorporation have involved the use of chelating 

agents, in particular diethylenetriamine pentaacetic acid (DTPA). The retention 
and distribution of intravenously injected 14C-labeled DTPA was studied in 2 

beagles; more than 99% was lost from plasma with a half-time of 0.77 hour; 
about 0.1% was present in liver and in kidney after 52 hours (Stevens, W., 1978). 

Dogs previously injected with 2 2 8 ~ h  have a significant steady-state concentration 
of 212Pb in their blood and have been employed as  reusable test animals for 
assaying the effectiveness of various chelating agents and treatment regimens 
for temporary reduction of their 2 1 2 ~ b  level in blood (Stover, 1966). 

Demonstration of the toxicity of repeatedly administered Ca-DTPA, and the 
attribution of this toxicity to the depletion of zinc levels, led to studies of the 
therapeutic effectiveness and toxicity of Zn-DTPA (Mays, 1977). Administration 

of Ca-DTPA at  5-hour intervals proved fatal to beagles as early as 4 days after 
initiation of treatment, with the most serious lesions produced in the epithelial 
lining of the gastrointestinal tract; the same frequency of administration of 
Zn-DTPA produced no significant damage (Taylor, G., 1974). Fetal injury was 

produced by daily Ca-DTPA treatment of pregnant dogs a t  dose levels commonly 
employed in human therapy (30 pmolekg) (Taylor, G., 19786). 

Another comparison of Ca-DTPA and Zn-DTPA therapy regimens for removal of 
2 3 9 ~ ~  demonstrated the superior effectiveness of an initial Ca-DTPA treatment, 

and the lack of improved effectiveness when treatments with Zn-DTPA were 
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given more frequently than once per day; the relative distribution of plutonium 
among different bones of the skeleton was not significantly affected by Zn-DTPA 
treatment (Taylor, G., 1978). 

Fourteen beagles were employed in an experiment comparing the effectiveness 
of Ca-DTPA administered weekly, and Zn-DTPA administered daily, in re- 
moving 239Pu administered in  polymeric form, tagged with 237Pu for in-vivo 
counting. The Zn-DTPA, under these conditions, was substantially more effec- 
tive than Ca-DTPA in removing plutonium from both liver and skeleton (Lloyd, 
R., 1978b). 

In preliminary studies of the comparative effectiveness of Ca-DTPA or Zn-DTPA 
for delayed treatment (2 weeks after intravenous injection of 241~m) ,  the zinc 
chelate was shown to be equally effective and far less toxic (Lloyd, R., 1976~). The 
long-term therapeutic effectiveness of chronically administered Zn-DTPA in re- 
moving 241Am from beagles was studied in 6 dogs, with treatment commencing 
2 weeks after americium injection. Thirteen months of daily treatment resulted 
in  reduction of liver americium to less than 1% of pretreatment levels, and skele- 
tal americium to 27% of pretreatment levels; retention half-time in  liver and 
skeleton of untreated animals was on the order of 10 years (Lloyd, R. 19753). 

Delayed treatment with Zn-DTPA was as effective as treatment with Ca-DTPA, 
and far less toxic (Lloyd, R., 1977). A 10-week daily-treatment study with 
Zn-DTPA showed similar effectiveness in preventing deposition of 241Am inject- 
ed into simulated wound sites; treatment 5 times per day was, in this case, 
somewhat more effective than once-daily treatment (Lloyd, R., 1975~). The ex- 
perience gained in these studies was of inestimable value in determining the 
treatment of a worker seriously overexposed to americium (Thompson, 1983). 

The feasibility of administering Zn-DTPA in the form of a slow-release implant 
was studied in  beagle dogs, where such a procedure proved effective in promot- 
ing the removal of 241Am (Calder, 1978). Continuous Zn-DTPA therapy for 
241Am removal has also been effectively achieved employing subcutaneously 
implanted osmotic pumps (Guilmette, 1988). 

The dependence of chelation efficacy upon time of administration following 
radionuclide deposition was studied in  experiments involving 14  beagles given 
either 241Am(III) citrate or 2 3 7 , 2 3 9 ~ u ( ~ ~ )  citrate; for Ca-DTPA treatments a t  1, 6, 
and 30 minutes following radionuclide injection, retention of 2 4 1 ~ m  was 3%, 
lo%, and 29%, respectively; plutonium removal was less sensitive to the timing 

of treatment (Lloyd, R., 1979). An experiment involving 5 beagles injected with 
both 241Am and 237,239Pu, tested the effect of magnitude of initial Ca-DTPA 

injection, and demonstrated that the largest tolerated doses were the most 
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effective (Lloyd, R., 1979b). It  was deduced from these studies that treatment of 
contaminated humans should begin as  soon as possible, with a large dose of 

Ca-DTPA, to be followed at daily intervals by treatments with Zn-DTPA. 

The efficacy of chelation therapy in decreasing or delaying the incidence of bone 
sarcoma has been demonstrated in preliminary results from experiments in  
which beagles were given protracted therapy with Zn-DTPA or Ca-DTPA (Jones, 
C., 1986). 

Among extensive studies conducted a t  Argonne on the efficacy of various agents 
for therapeutic removal of monomeric and polymeric plutonium, a number were 

conducted in  beagles (Baxter, 1973). They included studies of optimal time-dose 
relationships, employing DTPA for removal of monomeric plutonium 

(Guilmette, 1979). The polysaccharide, glucan, when employed in  conjunction 
with DTPA, improved decorporation of polymeric plutonium (Rosenthal, 1975) 

but was not effective with monomeric plutonium (Baxter, 1973b). Liposome 
encapsulation improved the effectiveness of DTPA in removal of polymeric 
plutonium from liver (Rosenthal, 19756). 

Beagles injected with both 2 4 1 ~ m  and 237,239Pu have been employed in  tests of the 
therapeutic effectiveness and toxicity of tetrameric catechoylamide ligands 
(LICAM). Retention in untreated dogs of 91% and 87%, for plutonium and 

americium, respectively, was reduced to 12% and 70%, respectively, with prompt 
treatment with a CAM ligand, which compares to a reduction to 30% and 20% 
with Ca-DTPA treatment; LICAM(S) showed evidence of toxicity; LICAM(C) did 
not (Lloyd, R., 1984). When treatment was delayed for two weeks, LICAM(C) 
was somewhat more effective than Zn-DTPA in removing plutonium from non- 
liver tissue, but much less effective in  removing plutonium from liver and in  
removing americium from either liver or non-liver tissue (Mays, 1986). 

DTPA was found to be relatively ineffective in influencing the movement of 
either 2 3 9 ~ u 0 2  or 2 3 9 ~ u ( ~ 0 3 ) 4  from simulated puncture wounds to regional 

lymph nodes (Bistline, 1972), but had some effect in enhancing excretion, par- 
ticularly that of the americium contaminant (Bistline, 1976; Johnson, L., 1970). 
Removal of lymph nodes burdened with plutonium absorbed from contaminated 
wound sites was studied as  a potentially useful therapeutic measure but was 
found to result in  more, rather than less, plutonium being ultimately translo- 

cated to liver and spleen (Gomez, 1972, 1974). 

Substantial absorption of radiolabeled DTPA from the respiratory tract of beagle 
dogs was observed, whether the DTPA was instilled in nasopharyngeal, tracheo- 

bronchial or pulmonary regions (Dudley, 1980). The possibly toxic effects of 
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Ca-DTPA administered by inhalation were studied in  24 dogs; effects were 
minor andlor of questionable significance (Smith, V., 1976). 

Chelating agents have also been employed for therapeutic removal of inhaled 
radionuclides. In preliminary studies on a few dogs, repeated treatments with 
DTPA, administered as an  aerosol or by subcutaneous injection, following in- 
halation of 144Ce02, achieved a substantial reduction in retained 144Ce (Bair, 

19636). In other studies, the effectiveness of intravenous DTPA in removing in- 
haled 144CeC13 was shown to be greatly decreased when treatment was delayed 
from 1 hour to 5 days following inhalation (Pfleger, 19723). Treatment with 
DTPA by aerosol inhalation or subcutaneous injection was relatively ineffective 
in removing inhaled 2 3 9 ~ u 0 2 ;  aerosol treatment with "Pluronics," a non-ionic 
wetting agent, showed some promise for plutonium removal (Bair, 19633; 

Tombropoulos, 1963). Repeated intraperitoneal injection of Ca-DTPA was in- 

effective in removing inhaled 2 3 9 ~ u ~ 4  (McDonald, 1979). Early efforts a t  thera- 
peutic removal of inhaled radionuclides, employing beagles, have been reviewed 

(Tombropoulos, 1964). 

Very effective therapy for inhaled 241Am02 was achieved by a single injection of 
Ca-DTPA, one hour postexposure, followed by continuous infusion, for 64 days, 
of Zn-DTPA from subcutaneously implanted osmotic pumps (Guilmette, 1988). 

This treatment blocked translocation of 99.5% of the americium that would 
otherwise have been deposited in liver, and 98.3% of the americium that would 
have been deposited in  bone; removal of americium from the lung was also 
accelerated. 

6.1.2 LAVAGE THERAPY 

Pulmonary lavage has been extensively studied in  beagles as a method for re- 
moving inhaled insoluble radioactive materials, and, based on these studies, 
was employed in the treatment of a worker that inhaled 2 3 9 ~ u  (McClellan, 1972; 
Muggenburg, 1977). Lavage with isotonic saline was shown to be effective in re- 
moving inhaled 1 3 7 ~ s  FAP (Pfleger, 1969) and 95Zr-95Nb-labeled Zr02 (Pfleger, 
19696). Lavage with a DTPA solution or saline was effective in removing inhaled 
144~eC13 (Muggenburg, 1972; Pfleger, 1972). In another study with inhaled 144Ce 
FAP, 8 dogs that received 1 0  saline lavage treatments over a 56-day period 

retained an average 44% less 14*Ce than untreated controls (Boecker, 1974; 

Silbaugh, 1975). In other studies with 144Ce FAP, neither flow-rate nor sequence 
of right- or left-lung lavage was found to be a significant factor i n  removal of 
particles from the lung (Felicetti, 1975). Prompt lavage was most effective, but a 
sizable fraction of particles retained in the lung remained accessible to removal 
by lavage for periods of up to 6 months postexposure (Felicetti, 1975b). The 
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distribution pattern of inhaled 147~m-169Yb-labeled FAP was studied, with and 
without prior lavage treatment, showing that the treatment did not preferential- 

ly remove particles from any particular area of the lung (Snipes, 1979). 

A series of 19 weekly lavage treatments, limited to the right lung, was effective 
in removing about one-fourth of an initial lung deposit of 2 3 9 ~ u 0 2  (McDonald, 

1975). Other studies of 2 3 9 ~ u  and 2 3 8 ~ u  removal by combined lavage and 
chelation therapy explored the effect of particle size and solubility. Lavage was 
generally more effective on less soluble and smaller particles, while chelation 

therapy was more effective with the more soluble materials (Muggenburg, 1976, 

1976b). Similar results were obtained in studies of the removal of inhaled 
241Am02 particles of different sizes; the combined treatments reduced the 64-day 
cumulative absorbed radiation doses to lung, liver and skeleton by about 50%, 
90%, and 85%, respectively (Muggenburg, 1981). Similar studies were also con- 
ducted with industrial mixed oxides of 2 3 9 ~ u 0 2  and U02 (Muggenburg, 1981b). 

The life-prolonging potential of pulmonary lavage and chelation therapy was 
demonstrated in an experiment in  which 12 dogs inhaled marginally acutely 
lethal quantities of 144Ce FAP; 8 were treated with a series of 10 bronchopul- 

monary lavages and 10 intravenous injections of Ca-DTPA (Muggenburg, 1975). 
Only 1 of the treated dogs died; 3 of the 4 untreated dogs died by 550 days post- 
exposure. Later results from this experiment, with additional animals added, 
showed 21 of 24 untreated dogs dying of radiation pneumonitis in less than 750 

days, and 2 of 11 treated dogs dying during the same period; the remainder of the 
treated dogs died from 750 to 1800 days postexposure, from lung tumors or other 
neoplasia (Muggenburg, 1981~).  

Pulmonary lavage has also been considered as a possible bioassay tool. Measure- 
ments on lavage samples from beagles that had inhaled 239Pu02 provided 
estimates of lung burden of precision comparable to those obtained from external 
x-ray counting (Guilmette, 1986). 

Improved procedures for bronchopulmonary lavage have been developed 
(Muggenburg, 19753). Pathologic abnormalities associated with the treatment 
have been studied and found to be limited to a period of 24 hours postlavage; 
histologic alterations were found for only 48 hours (Muggenburg, 19726, 1980b). 

Techniques were developed, and applied, for measuring the temporary detri- 
ment to pulmonary function caused by the lavage treatment (Dubin, 1971; 

Silbaugh, 1977). No alterations in physiologic parameters were found after 24 

hours postlavage (Muggenburg, 1972b), nor in 6 dogs, lavaged 10 or more times, 
followed for 4 years after their last lung lavage (Muggenburg, 1980b). 
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In connection with the investigation of pulmonary lavage as a measure for 
removal of inhaled radionuclides, the normal pulmonary cytology of the beagle 
has been described (Rebar, 1980), and a number of studies have been conducted 

on the alveolar lining cells removed with the lavage fluid. These cells were 
shown to be the site of synthesis of the lipid components of pulmonary surfactant 
(PfZeger, 1971). Dipalmitoyl lecithin and phosphatidyl glycerol were shown to be 
important components of the surfactant material (Henderson, 1972; PfZeger, 
1971b). Surfactant removed by lavage was shown to be rapidly replaced and was 
not a contraindication for the procedure (Henderson, 1974, 1975). Serum pro- 
teins of surfactant were studied electrophoretically, and the presence of a trypsin 
inhibitor was demonstrated (Tuttle, 1974). 

6.2 STUDIES RELATING TO PULMONARY FUNCTION AND CLEARANCE OF 

INHALED PARTICLES 

A number of ancillary studies relating to the respiratory tract were conducted in 
preparation for, or in  efforts to understand the results of, the inhalation ex- 
posure of beagles in life-span experiments. A number of these studies were 
concerned with morphometry of the respiratory airways (Phalen, 1978; 
Schreider, 1980, 1981, 1983). Fiberoptic bronchoscopy was employed in studies of 
regional variations in epithelial permeability to small deposited volumes of 
99m~c-labeled DTPA (Wolff, in press). A technique was described for aerosol 
deposition restricted to the nose in beagles (Whaley, 1988). 

Cardiopulmonary function of awake, sedated, and anesthetized beagles was 
studied, repeatedly, in 4 dogs; results identified problems with the use of chemi- 
cal restraint in  inhalation exposures (Muggenburg, 1974). 

Employing 10 dogs repeatedly exposed to 67Ga-labeled Ga203 (half-life, 78 hours), 
a study was made of the effect of postexposure hyperpnea (induced by a 7% C02 
atmosphere) on clearance and redistribution. Clearance was generally retarded 
by the hyperpnea, but the pattern of retention was not significantly affected 
(Valberg, 1985). Twenty dogs were employed in a study of the deposition of ultra- 
fine 0.1 pm chain aggregate aerosols of 67Ga203 (Wolff, 1981). Comparative data 
on the deposition and retention of the ultrafine aggregate particles were also 

reported for beagles, rats, and mice (Wolff, 1984). 

Methods have been developed for the measurement of tracheal mucus transport 
rates employing 99m~c-labeled macroaggregated albumin (Wolff, 1979, 1982). 
The effect of aging on tracheal mucociliary clearance was studied in  24 beagles; 
mucous velocity was significantly greater in young-adult and middle-aged 
animals than in immature or aged animals (Whaley, 1987). Comparative data 



6. Ancillary Studies 

from rats, guinea pigs, rabbits, dogs, and man showed mucous velocity to be 
proportional to the 0.4 power of body weight, making the dog a much better 
model for humans than the smaller animals (Felicetti, 1981). Other studies 
investigated the influence of particle-size of sulfuric acid aerosols on tracheal 

mucus clearance (Wolff, 19816). 

Experiments with radiolabeled polystyrene microspheres of 3, 7,  and 13 pm 
diameter, instilled into the lung, showed essentially no clearance of the two 
larger-sized particles, either to the gastrointestinal tract or to lymph nodes 
(Snipes, 1984). In other experiments with labeled microspheres, the ability of 
both macrophages (Harmsen, 19856) and neutrophils (Harmsen, 1987) to phago- 
cytize particles and translocate these particles from lung to lymph node was 
demonstrated. Mucociliary clearance and particle retention in the maxillary 

and ethmoid turbinate regions of beagle dogs has also been studied with radio- 
labeled polystyrene microspheres (Whaley, 1986). A recent review compares and 
models the retention patterns of chronically inhaled particles in the lungs of 
beagles, rats, guinea pigs, nonhuman primates and humans; the largest con- 
centrations occur in the lungs of guinea pigs, the smallest in the lungs of rats 
(Snipes, in press). 

Several studies have explored possible effects of cigarette smoking on the reten- 
tion and toxicity of inhaled radionuclides. This was a major factor investigated 
in the dog studies with inhaled radon and other components of uranium mine 
atmospheres, which are not, for the purposes of this report considered to be 
life-span studies; they are appropriately considered, however, later in this chap- 
ter (Section 6.7.11), as important ancillary studies. In an early PNL experiment, 
6 dogs smoked 20 cigarettes per day, 5 days per week, for over a year, without 
showing effects on the periodically tested clearance of 5 9 ~ e 2 0 3  or 51Cr203 (Bair, 
1967). The apparatus employed in simulating human patterns of smoking in 
the dog has been described (Bair, 19693; Cross, 1982; Stuart, 19706,1971). 

The effect of SO2-induced bronchitis on the deposition and retention of inhaled 
134Cs-labeled FAP was studied in 4 beagles; deposition in the pulmonary region 

was markedly reduced by the preexisting pulmonary disease, but early and long- 
term clearance pathways and rates were not affected (Greene, 1987). 

6.3 STUDIES RELATING TO CLEARANCE OF WOUND-DEPOSITED PLUTONIUM 

TO REGIONAL LYMPH NODES 

Experiments a t  Colorado State University, conducted in cooperation with the 
Rocky Flats Plutonium Weapons Plant, investigated the movement of plutonium 
deposited as 2 3 9 ~ u 0 2  or 2 3 9 ~ u ( ~ 0 3 ) 4  in simulated puncture wounds in the paw, 
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to the first major downstream lymph node and to other major body organs. 

Early results of these experiments have been reviewed (Watters, 1972). Excision 

of downstream lymph nodes increased translocation to other body organs; treat- 

ment with DTPA had little effect; detailed kinetic data were obtained using in- 

vivo counting techniques (Bistline, 1972, 1976; Dagle, 1975, 19756; Gomez, 1972, 

1974; Lebel, 1976). Distribution of the translocated ,*lArn contaminant differed 

from that of the 2 3 9 ~ u  and was differentially affected by administration of DTPA 

(Johnson, L., 1970). Uptake and transport mechanisms in afferent and efferent 

lymph were studied using a variety of biochemical methods (Schallberger, 1976). 

Effects in the lymph nodes were studied histologically and autoradiographically 

(Dagle, 1975, 19766; Lebel, 1970). A lymphosarcoma associated with nodal con- 

centration of Pu02 was probably not related to plutonium exposure, since it  

appeared only 4 months postinjection (Lebel, 1970). 

Ten Pu02-implanted animals and 8 P~(NO~)~-implanted animals were sacrificed 

after 8 and 5 years, respectively. Of the initial quantity implanted, the PuO, 

animals retained an average 21% in their paw, 7% in the regional lymph node, 

1% in skeleton, and 5% in liver; the Pu(N03)* animals retained 16% in their 

paw, 0.3% in the regional lymph node, 7% in skeleton, and 7% in liver (Dagle, 

19848). The chemical form of implanted plutonium thus had a major effect on 

ultimate distribution and retention. Pathology included bone and liver tumors, 

probably related to the plutonium exposure, but no serious effects unique to the 

subcutaneous route of exposure. 

6.4 STUDIES RELATING TO THE IMMUNE SYSTEM 

Use of the beagle in studies of the immune system has been considered broadly 
in recent monographs (Shifrine, 1980, 19841, including specific information de- 

rived from radiation effects studies (Colgroue, 1980, 1980b; Holmberg, 1980). 

Cell surface markers on beagle lymphocytes were studied and techniques de- 

scribed for the identification of B and T lymphocytes in peripheral blood (Miller, 

C., 1978, 1980). 

In connection with studies of chronic 60Co gamma-ray exposure a t  dose levels of 

0.07 and 0.33 radlday, measurements were made of cell-mediated immunity, 

using the whole-blood lymphocyte stimulation test (Shifrine, 1978; Thilsted, 

19796). These studies showed a seasonal variation in cell-mediated immunity, 

with a summer peak and a winter trough, that was not dependent on radiation, 

photoperiod, or temperature (Shifrine, 19806, 1980c, 1982). An examination of 

other environmental factors indicated that sunspot activity showed the highest 

correlation (Garsd, 1982). 
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Regression of beagle sarcomas induced by feline sarcoma virus was studied 
morphologically (Slauson, 1975) and immunologically (Slauson, 19753). The role 
of natural killer (NK) activity in immunosurveillance has been studied in  

whole-body chronically irradiated beagles. Radiation increased NK activity a t  
lower doses and depressed it  a t  higher doses, the effect being evident in  both 

clinically normal and leukemic animals (Dyck, 1986). 

The effect of 90Sr, inhaled or intravenously injected, on secondary immune 
response was studied in beagles, employing Leptospira canicola and infectious 

canine hepatitis antigens (Clapper, 1970). A depressed response was observed, 
directly related to initial body burden and cumulative skeletal dose; a t  lower 

radiation doses, recovery occurred after 5 months. Similar studies, employing a 
T-cell-dependent antigen, keyhole limpet hernocyanin, in dogs that had inhaled 
2 3 9 ~ u 0 2 ,  showed a significant decrease in primary antibody response in exposed 

versus unexposed dogs (Dagle, 1979). Earlier studies had shown an impaired 
ability to form antibodies against sheep red blood cells following inhalation of 
2 3 9 ~ u 0 2  and 2 3 8 ~ u 0 2  (Park, J., 1971). 

The preferential retention of many insoluble radionuclide particles in pul- 
monary lymph nodes, and the pronounced lymphopenia associated with this 
deposition, has stimulated studies, in the beagle, of immunologic response in  
the respiratory tract (Bice, 1985b), including effects of localized deposition of anti- 
gen in  the lung (Bice, 1980, 1980b; Brownstein, 1980; Galvin, 1986; Harmsen, 
1985, 1985b, 1987; Schnizlein, 19801, and effects of age (Bice, 1985). 

A technique was developed in beagles for selective irradiation of tissues respon- 
sible for the homograft rejection response, employing injected chelated with 
DTPA. At optimum dosage a severe lymphopenia developed without depression 
of granulocytes, platelets, or reticulocytes (Winchell, 1964). Studies have been 
reported on the antigenicity of several beagle kidney cell lines in tissue culture 
(Levy, 1969). The decline and restoration of antibody-forming capacity was 
studied in aging beagles (Jaroslow, 1974). 

6.5 STUDIES RELATING TO LEUKEMOGENESIS 

The myeloproliferative disorders that developed in beagles continuously exposed 
at  early ages to external irradiation or internally deposited 90Sr (Dungworth, 
1969) have been employed extensively as  a model system for the study of leuke- 

mogenesis (Wilson, 1978, 1980). A myelomonocytic leukemia developing in a 
gOSr-exposed dog was successfully transplanted and carried through multiple 
passages in beagle fetuses (Shifrine, 1971; Wilson, 1972); a cytogenetic marker 

allowed determination of the host-recipient nature of the leukemic cell 



6. Ancillary Studies 

populations (Shifrine, 1973~). Hematological values and lysozyme levels of 
beagles with transplantable leukemias have been characterized (Shifrine, 1973d; 
Wilson, 19721, and the influence of host age and immune responsiveness on 
such transplants have been studied (Shifrine, 1976). 

Extensive research a t  Davis has employed externally irradiated beagles in non- 
life-span studies of effects on blood and bone marrow cells, particularly as these 
relate to leukemogenesis. This research has, in many respects, complemented 
that conducted in life-span studies a t  Argonne. Dogs were exposed chronically 
in an outdoor 60Co-gamma-radiation field (Momeni, 1974) at  rates of 10, 4, or 2 

radlday, beginning a t  50, 150, or 400 days of age, or, for the two higher rates, a t  
21 days of gestation (Stitzel, 1982). Dogs whose exposure began in-utero, live up 
to ten times longer than dogs exposed at  the same rate starting after birth. Dogs 
exposed in-utero almost invariably develop acute nonlymphocytic leukemia or 
preleukemic changes, which is a rare occurrence in  animals exposed after 

birth. This model system offers many opportunities for study of the cellular and 
molecular changes associated with the transformation of normal hematopoietic 
cells to malignant cells. Comprehensive descriptions of the overall Davis experi- 
ment have not appeared in the journal literature, although specific aspects have 
been described. Ancillary studies have also been conducted a t  Argonne, involv- 
ing in-utero exposure to 6 0 ~ o  gamma rays, and the resulting hematopathologic 
effects compared to those obtained with the life-span animals whose exposure 
began as young adults (Seed, 1987). 

A bone marrow culture system was developed and employed to study basic dose- 
response relationships of granulocyte-monocyte colonies and adherent fibroblast 
colonies from 2- to 3-month-old beagles exposed to 60Co whole-body gamma 
radiation (Knox, 1981; Wilson, 1977, 1978c, 1980b, 1981). The effect of 60Co 
gamma-irradiation on the appearance of a substance in  serum that enhances 
the formation of bone-marrow colony-forming units was explored in ancillary 
studies with both acutely and chronically irradiated beagles (Kaspar, 1984). The 
serum colony stimulating activity was higher, a t  similar total dose levels, fol- 
lowing acute than following chronic irradiation. These techniques have been 
employed in the characterization of fetal lymphohematopoiesis in  the beagle 

(Klein, 1983). 

The effect of continuous, whole-body, 60Co gamma-irradiation on lymphohe- 
matopoietic progenitors, and on a possible hematopoietic regulatory population, 
has been reported (Klein, 1985), as have effects on bone marrow fibroblasts 

(Klein, 1984). 



6. Ancillary Studies 

Radiation-induced megakaryoblastic leukemia has been recently observed and 
studied in the chronically exposed beagle (Cain, 1985, 1986b). 

6.6 STUDIES RELATING TO CYTOGENETIC EFFECTS 

Chromosomes of the dog are acrocentric and therefore do not represent the best 
material for cytogenetic studies (Moore, 1970). Studies of peripheral blood lyrn- 

phocytes in whole-body irradiated dogs indicate a dicentric yield not significantly 
different from that observed in humans; the half-time of beagle lymphocytes 
carrying chromosome aberrations was estimated to be less than 30 days 
(Leonard, 1982). 

6.7 MISCELLANEOUS NON-LIFE-SPAN INTERNAL EXPOSURE STUDIES 

Data on the internal distribution, retention, and effects of radionuclides were 
obtained in  many experiments with beagles, unrelated to specific life-span 

studies. These are considered below, by element. 

6.7.1 COBALT 

Three dogs exposed by inhalation to 60C~304, and 3 dogs exposed to 60C00, were 
sacrificed a t  intervals to 128 days to provide short-term retention and distribution 

data. Lung and pulmonary lymph nodes were the predominantly exposed 
organs, with 60C0304 more tenaciously retained in the lung and translocated in 

greater amount to the lymph nodes (Barnes, 1976). These data were pertinent to 
the interpretation of several human exposure cases. 

6.7.2 ZIRCONIUM 

The clearance from the lung of 95Nb-labeled ZrOz was measured in 3 dogs and 
compared to retention in an accidentally exposed human (Waligora, 1971). Re- 
tention half-times in  man and dogs were of the order of one year, suggesting a 
"Class Y classification, rather than the ICRP assumption of "Class W." 

6.7.3 NIOBIUM 

A detailed kinetic model was derived from data on the distribution and retention 
of 9 5 ~ b  inhaled as the oxide or oxalate in studies involving 33 dogs sacrificed a t  
intervals to 128 days postexposure (Cuddihy, 1978). The oxalate cleared more 

rapidly from the lung, but the lung was projected to receive the largest radiation 
dose in either case. For longer-lived niobium isotopes, skeleton and kidney were 

identified as  organs of potential concern. 
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6.7.4 RUTHENIUM 

A detailed kinetic model for the distribution and retention of lo6Ru inhaled as 
lo6Ru04 was derived from an experiment with 26 dogs sacrificed at  intervals to 
512 days postexposure (Snipes, 1981). Ninety-nine percent of the initially de- 
posited l o6Ru04  was lost from the body with a half-time of 1.2 days. The 
nasopharyngeal region received the highest radiation dose. 

6.7.5 ANTIMONY 

Data on the distribution and retention of 124Sb, inhaled as aerosols produced at 
different temperatures and with different AMADs, were obtained in studies with 
9 dogs (Felicetti, 1974). Particles produced a t  higher temperatures were smaller 
and were retained more tenaciously. After lung, highest concentrations were 
retained in the thyroid. 

6.7.6 IODINE 

A detailed study of 1311 distribution and retention was conducted in 30 dogs, in- 
volving inhalation a t  6, 18 and 48 months of age, and ingestion and intravenous 
injection a t  18 months of age (Foreman, 1969). Distribution and retention were 
followed for 8 days by whole-body counting, thyroid monitoring and periodic 
autopsy. Neither age- nor route-related effects were observed. The influence of 
age on thyroidal 1311 uptake in beagle pups was described (Book, 19761, as were 
age-related changes in serum thyroxine and 125~-triiodo-thyronine resin sponge 
uptake in the young dog (Book, 1977). 

6.7.7 BARIUM 

A detailed kinetic model for the distribution and retention of inhaled barium 
compounds was derived from a series of experiments involving inhalation of a 
number of 133Ba- or 140Ba-labeled compounds (Cuddihy, 1972, 1974, 19743). The 
skeleton received the highest radiation dose from inhaled 140BaC12; lung would 
receive a substantially higher dose from inhalation of less soluble barium com- 

pounds. 

6.7.8 LANTHANUM 

A detailed kinetic model for the distribution and retention of inhaled 140LaC13 
was derived from an experiment with 1 4  dogs sacrificed a t  intervals to 8 days 

postexposure; additional animals were exposed by injection and by gavage 
(Cuddihy,  1970). Markedly different distribution patterns were obtained 
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following different routes of administration. The highest radiation dose fol- 
lowing inhalation of 140La was received by the nasal turbinates, followed in  
decreasing order by lung, gastrointestinal tract, liver, skeleton and bronchial 
lymph nodes. 

6.7.9 CERIUM 

Data on the acute and chronic effects of inhaled 144Ce02 were reported from an 
experiment involving 15 animals exposed to aerosols of various particle sizes 
and dose levels and followed for 21 months (Stuart, 1964). Depressed lymphocyte 
levels were the earliest and most sensitive indicator of toxicity. Liver and skele- 
ton were the principal sites of systemic deposition, but highest concentrations of 

144Ce were found in pulmonary lymph nodes. 

6.7.1 0 LEAD 

Studies of 210Pb distribution and retention were conducted in 10 beagles, some of 
whom were observed for as long as  1600 days (Lloyd, R., 1975e). Results of this 
experiment are of interest for what they tell us about the metabolism of lead, and 
also because 2 1 0 ~ b  was a contaminant in the Utah 226Ra and 2 2 8 ~ h  life-span 
studies, and data on 2 1 0 ~ b  distribution, retention, and effects, are necessary to 
the interpretation of these life-span experiments. Of the injected 2 1 0 ~ b ,  40% 
remained in  the blood after 1 day and 3% after 1 month, with more than 99% 
associated with red cells. Skeleton was the principal site of deposition, but con- 
centration in liver was higher during early times following injection. About 70% 
of the injected 210Pb was lost from the body with a half-life of 12 days, 17% with a 
half-life of about 180 days, and 13% with a half-life of about 14  years. Data are 
presented on the distribution of 2 1 0 ~ b  among different bone types (Lloyd R., 
1975e). Additional in-vivo and in-vitro studies with 210Pb in  beagles, and com- 
parative in-vitro studies with human blood, have provided information on the 
association of lead with constituents of erythrocytes (Bruenger, 1973). 

Data from only 3 dogs, on the time of appearance of bone tumors following 
injection of 210~b ,  suggest that its toxicity is similar to that of injected 226Ra 

(Lloyd, R., 1975e). 

6.7.1 1 RADON 

An extensive program of studies a t  PNL, jointly supported by AEC/ERDA/DOE 

and by the National Institute of Environmental Health Sciences (NIEHS), in- 
vestigated the effect of various components of uranium mine atmospheres on 
several animal species (Cross, 1981, 1982, 1986; Filipy, 1974; Palmer, 1975; Park, 
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J., 1971; Stuart 1970b, 1971, 1977). As a part of this program, 69 dogs inhaled, 5 
days per week, for periods of up to 54 months, various combinations of radon and 
radon daughters, uranium-ore dust, and the smoke from individually smoked 

cigarettes. Contrary to reported behavior in uranium miners, thorium isotopes 
from the ore dust were more tenaciously retained in the lungs of these dogs than 

were uranium isotopes (Singh, 1986). 

Survival time was shortened in dogs whose exposures included radon and 

daughters and uranium-ore dust; smoking had no effect on the survival of either 
exposed or control animals. Pulmonary fibrosis was produced in all animals 
inhaling radon and daughters with uranium ore dust. A variety of respiratory 
tract tumors were produced in the exposed animals, but were less prevalent in 
smoking than in nonsmoking animals; this protective effect of cigarette smoke 
was not clarified by histologic studies (Gies, 1987). Additional experiments are 
under way to distinguish between the effects of radon and daughters, and the 
effects of uranium-ore dust (Cross, 1981). 

6.7.12 URANIUM 

Experiments were conducted a t  the University of Rochester on the retention and 
biological effects of natural UO, dust, chronically inhaled over periods of up to 5 
years, by rats, monkeys, and dogs (Leach, 1970). Although the animals were not 
maintained for life-span observation, these experiments were of particular im- 
portance because they provided the experience drawn upon in many later 
life-span experiments a t  other laboratories. With cumulative radiation doses 
after 5 years of about 500 rad to lung and 10,000 rad to tracheobronchial lymph 
nodes, no effects were observed other than occasional fibrotic changes in lymph 
nodes. Doses to skeleton, kidney, liver, and spleen were on the order of 0.1 to 1.0 
rad (Leach, 1970). 

Experiments involving chronic inhalation of uranium ore dust by beagles a t  
PNL have resulted in more dramatic effects than those observed in the Rochester 
experiments, due perhaps to longer periods of exposure. The most notable 
pulmonary lesions observed, in experiments still in progress, include vesicular 

emphysema, peribronchiolitis and focal pneumoconiosis (Cross, 1981). 

Early distribution and effects of inhaled ammonium diuranate and U308 
powders have been described for periods of up to 180 days following exposure of 2 
groups of 10 beagles, and the results have been applied to the interpretation of 

human excretion data (Eidson, in press). 
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The distribution and retention of hexavalent 2 3 3 ~  was studied in 7 beagles, 
injected intravenously, and sacrificed a t  intervals from 1 to 726 days postin- 
jection (Stevens, W. , 1980). Uranium was lost rapidly from blood, where it  was 

present as a transferrin-albumin, or carbonate-bicarbonate complex. About 65% 
was excreted the first day, mostly in urine; less than 5% was retained a t  2 years. 

Kidneys contained 22% at 1 day postinjection. The skeleton contained 7.7% at 1 

day postinjection, where it was retained with a half-time of 883 days. 

Studies involving the inhalation of uranium-ore dust in combination with radon 

are considered in Section 6.7.11; studies involving the inhalation of mixed oxides 
of uranium and plutonium are considered in Section 6.7.13. 

6.7.1 3 PLUTONIUM 

The acute toxicity of inhaled 238Pu02 was studied in an early experiment a t  PNL, 
involving 16 beagles and supported by the Air Force Weapons Laboratory (Park, 
J., 1969). Effects were similar to those observed in the high dose levels of the 
inhaled 2 3 9 ~ u 0 2  life-span experiments, except that lesions in the skeleton were 
more prominent in the 238Pu02-exposed dogs. This study was of particular im- 
portance in first demonstrating the unanticipated dissimilarity in distribution of 

inhaled 2 3 8 ~ u 0 2  and 239~u02 .  

Distribution, retention and excretion of 239Pu, inhaled as 2 3 9 ~ u ~ 4 ,  was studied 
over a period of 85 days, in 6 dogs, half of them treated with repeated injections of 
Ca-DTPA, which was not effective in promoting excretion (McDonald, 1979). 

The distribution of very low-level concentrations of 239Pu in the tissues of a Utah 
control beagle has been reported (Singh, 1987); the source of this plutonium was 
unknown, and its distribution, particularly among different bones of the skele- 
ton, was quite irregular. 

The metabolism and dosimetry of inhaled mixed oxides of plutonium and urani- 
um, of a type used in nuclear fuel, was followed in a 6.5-year study employing 
beagle dogs, rats and cynomolgus monkeys. Substantial differences were ob- 
served in the behavior of uranium and plutonium both within and between 

species. The behavior of plutonium was little influenced by the presence of the 

uranium oxide (Mewhinney, 1984; Stanley, 1982). 

Adult beagle dogs have been employed in experiments studying the absorption 
from the gastrointestinal tract of 2 3 8 ~ u ( ~ 0 3 ) 4 .  The fraction absorbed was on the 
order of 3 x which was similar to results obtained with adult rats and 

guinea pigs (Sullivan, 1980). 
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Beagles have been employed in the development of techniques for the whole-body 
counting of inhaled plutonium and americium in humans (Swinth,  1967, 19681, 

including the use of intraesophageal probes for measuring plutonium in 
tracheobronchial lymph nodes (Swinth, 19723, 1976). They have also been em- 
ployed in the development of pulmonary lavage techniques potentially applicable 
to the bioassay of plutonium in the lung (Guilmette 1986). 

6.7.1 4 AMERICIUM 

The distribution and retention of 241Am has been followed in several experi- 
ments involving inhalation of the oxide, and results have been compared with 
data from other species (Mewhinney, 1981). The first of these experiments in- 
volved 5 animals, sacrificed at  intervals to 1022 days postexposure (Thomas,  
1970, 1972b). Another involved 15 dogs, exposed at  3 dose levels, and sacrificed at 
5 time intervals to 810 days postexposure (Craig, 1979). A third experiment 
involved 52 dogs, exposed to 3 sizes of monodisperse particles and a polydisperse 
aerosol, with sacrifices a t  7 time intervals to 730 days postexposure (Mewhinney, 
1981, 1982). The 3 experiments resulted in somewhat different rates of lung 
clearance, presumably due to differences in the chemical and physical state of 
the oxide inhaled; clearance of smaller particles was more rapid than that of 
larger particles. Although clearance from the lung was, in all studies, more 
rapid than that of plutonium oxide, a long-term retention component resulted in 
greater dose to lung than predicted by the "Class W" designation of the ICRP 
lung model (Mewhinney, 1981, 1982). Systemic deposition and retention were 
similar to those observed following injection of americium, and quite different 
from those of inhaled plutonium. Hematologic and pathologic effects were also 
reported for some of these dogs (Thomas, 1972b), including the production of 
osteosarcomas in 4 out of 15 animals sacrificed a t  times greater than 1000 days 
postexposure (Gillett, 1985). 

Preliminary data from inhalation experiments with juvenile and aged beagles 
indicate an  effect of age on 241Am clearance from the lung and on relative 
quantities excreted and translocated to liver and skeleton (Mewhinney, i n  press). 

6.7.15 CURIUM 

Short-term experiments on the distribution and retention of curium have been 
conducted following inhalation (McClellan, 1972b; Guilmette, i n  press) and 

following injection (Lloyd, R., 1974). 

The curium injection experiment involved 5 dogs studied over a period of 57 
days. Early excretion was mainly via the urine. About 35% of injected 2437244Cm 
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was deposited in liver, and about 53% in nonliver tissues, principally skeleton; 

significant concentration was also noted in the thyroid and kidney (Lloyd, R., 
1974,1975d). 

In an  early inhalation experiment, 24 dogs inhaled aerosols of either 244CmC13 

or 244Cm01,73 and were sacrificed a t  intervals to 256 days postexposure; both 

forms were relatively rapidly cleared from the lung, with about 3%, 30%, and 

45% retained in lung, liver, and skeleton, respectively, a t  256 days postexposure 

(McClellan, 19723). A later inhalation experiment, involving 32 dogs, compared 

the distribution and retention of curium over time intervals to 2 years following 

inhalation of the oxide or the nitrate (Guilmette, i n  press). The nitrate was 
cleared from the lung with a half-time of about 0.6 day, as compared to a half- 

time of about 8 days for the oxide. A detailed biokinetic model has been developed 

for curium in the beagle based on these data and on data from inhalation of 

2 4 1 ~ m  (Guilmette, i n  press b). 

6.8 STUDIES OF NON-RADIATION-RELATED TOXICOLOGICAL AND DISEASE 

PROCESSES 

A number of toxicological studies and investigations of disease processes, un- 

related to radiation exposure, have been undertaken because of their potential 

influence on the life-span radiation effect experiments, or because materials 

from the life-span experiments made such studies possible. 

The pathology and familial incidence of lymphocytic thyroiditis was studied in 

more than 400 dogs of the Argonne beagle colony. The condition, resembling 

Hashimoto's disease in man, occurred spontaneously in nearly 20% of untreated 

animals over 1 year of age; the incidence was clearly genetically related (Fritz, 
1970b). Experiments with 1311 showed lowered and earlier uptake, and shorten- 

ed retention in  dogs with severe thyroiditis (Fritz, 1 9 7 0 ~ ) .  Other experiments 

investigated the effect of dietary iodide on tracer 1311 uptake in irradiated (Fritz, 
1972) and nonirradiated (Norris, 1970) animals. 

Spontaneous lymphocytic orchitis, culminating in infertility, exhibited a high 

incidence in  aging dogs of the Argonne colony and was shown to be correlated 

with thyroiditis and genetic factors (Fritz, 1971, 1976). These and other auto- 

immune diseases that occur in the beagle, make it  a useful animal model for 

study of this little-understood group of diseases (Fritz, 1980). 

A case of hypothyroidism in a stud dog of the ITRI breeding colony led to 

extensive investigation of i ts possible heritability, with negative findings 

(Pickrell, 1970). 
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The distribution of bone calcium between morphologically identifiable cortical 

and trabecular bone in the beagle skeleton has been studied employing tech- 

niques of neutron activation analysis (Parks, 1986), yielding information of 

critical importance to the interpretation of radiation dose-effect relationships in 

bone. Bone turnover rates varying from 20% to 200% per year were measured in 

double-tetracycline-labeling studies of 36 regions of trabecular bone; these rates 

in the young-adult beagles were two to three times those that have been meas- 

ured in  young-adult humans (Kimmel, 1982). 

Studies of joint disease in aging beagles have been reported in several papers 

(Carrig, 1974, 19756; Morgan, J., 1986b). The normal range of motion of the 

cervical spine of beagles was determined in a radiographic study (Morgan, J., 

1986). Mechanical and morphological evaluations of age-related changes in the 

beagle spine may improve understanding of human intervertebral disc disease 

(Gillett, i n  press b). Bone abnormalities associated with hypergravity exposure 

have also been studied (Amtmann, 1976; Morgan, J., 1979). 

The incidence and distribution of spirochetes in the digestive tract of beagles 

were investigated (Pindak, 1965). Human enteric viruses were isolated from 

beagles (Pindak ,  1964); beagles free of the virus (Echo Type 6) were ex- 

perimentally infected and showed symptoms of enteric disease (Pindak, 1966). 

Parvoviral outbreaks a t  Argonne (Binn, 1981; Fritz, 1979) and ITRI (Mason, 
1987; Merickel, 1980) have resulted in clinical, pathological and epidemiological 

studies of canine parvoviral enteritis. Gastric (Miyabayashi, 1984) and small 

intestinal (Miyabayashi, 1986) emptying times have been studied in  normal 

beagles, eniploying a contrast radiographic technique. 

Extensive clinical, histochemical and ultrastructural studies of corneal opaci- 

ties in beagles have been reported (Spangler, 1982; Waring, 1977, 1978, 1979, 

19796). 

Using an  electronmicroscope, the juxtaglomerular apparatus of the beagle 
kidney has been studied in  the normal animal (Spangler, 19791, as has its 

pathophysiologic response in animals with restricted sodium intake (Spangler, 

1979b). Light- and electronmicroscopic studies of gentamicin nephrotoxicity 

have also been reported (Spangler, 1980). 

Studies, have been reported on the pharmacokinetics of 14C-labeled "Paraquat," a 

widely employed nonselective herbicide, including associated biochemical and 

pathological changes following intravenous administration to beagles (Giri, 

1982, 1983). 
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Data have been reported on the effect of disease processes, including neoplasia, 

on the behavior of copper and zinc (Fisher, G., 1977, 197761, and of vanadium 

(Harris, 1984), in the blood of beagles. 

A case of pituitary-dependent hyperadrenocorticism (Cushing's disease), 

complicated with pulmonary embolism, was reported, with extensive clinical 

data, including pulnlonary function studies (King, 1985). 

The incidence of epilepsy in certain colonies has resulted in several neurological 

studies (Bielfelt, 1971; Redman, 1969, 19723). 
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In this chapter attention is directed to the applications that have been made of 

results from the life-span beagle experiments and supporting and ancillary 

studies, as these applications are reflected in the scientific literature. The 

categories employed in considering these applications are necessarily broad and 

somewhat arbitrary. In some cases the applications were of such a general 

nature that attempts at categorization seemed inappropriate. These very gener- 

al applications are considered a t  the beginning of this chapter. 

Results from these experiments have been employed in numerous attempts to 

review and integrate our state of knowledge in critical areas of concern for 
human radiation risks. Very early examples were papers by Langham, who 

drew upon the dog studies in reviewing the physiology and toxicology of pluto- 
nium (Langham, 1959, 1964), including sensitive considerations of the possible 

effects of nonnuclear incidents involving nuclear warheads (Langham, 1969). 
Also notable was the early report of the National Academy of Sciences Effects of 

Inhaled Radioactive Particles (1961), and the paper by Bair, "Inhalation of 
Radionuclides and Carcinogenesis," which enumerated the clear evidence that 

inhaled radionuclides are indeed carcinogenic (Bair 1970). 

An early review by Janet Vaughan on the nonuniformity of radiation dose from 

deposited radionuclides in a number of tissues, and the influence of this non- 

uniformity on radiological protection considerations, employed extensive data 

from the early dog experiments (Vaughan, 1965), as did her later definitive re- 

views on plutonium biology (Vaughan, 1973, 19733). Also notable were reviews 

by Thompson on the metabolism of radionuclides in general (Thompson, 1960) 
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and plutonium in particular (Thompson, 1967). Other early examples include 

the review by Betsy Stover comparing the metabolism of bone-seeking radionu- 

clides (Stover, 19591, papers by David Taylor reviewing the metabolism of the 

transuranic elements (Taylor, D., 1964) and their interactions with components 

of cells and tissues (Taylor D., 1972, 1972b1, and papers by Thomas reviewing the 

influence of aerosol properties on transport from lung to lymph nodes (Thomas, 
19681, and on other aspects of radionuclide distribution and retention (Thomas, 

1964). 

A paper coauthored by representatives from the major laboratories involved in 

life-span dog studies evaluated "long-term effects of exposure to internally de- 

posited radionuclides" a t  the United Nations Conference on Peaceful Uses of 

Atomic Energy (Bustad, 1972). A comprehensive review of the comparative 

metabolism of radionuclides in  a number of animal species derived extensive 

data from life-span dog experiments (Stara, 1971). Dolphin, in 1971, reviewed 

the biological problems involved in the protection of workers exposed to 2 3 9 ~ u ,  

drawing heavily on early results from life-span dog experiments (Dolphin, 1971). 
Volume 36 of the Handbook of Experimental Pharmacology: Uranium, Pluto- 
nium, Transplutonic Elements includes important chapters on "Plutonium in 

Soft Tissues with Emphasis on the Respiratory Tract" (Bair, 1973), and "Metabo- 

lism and Biological Effects of the Transplutonium Elements" (Durbin, 1973), 
both of which derive extensive data from the life-span dog experiments. 

A Science feature article by Bair and Thompson on Plutonium: Biomedical 
Research, appearing at  the height of public concern over plutonium in fallout, 
was based largely upon results of life-span dog experiments (Bair, 1974), as were 
several other contemporary review articles (Bair, 19743: Durbin, 1975; Edsall, 
1976; Thompson, 1975, 1977). An influential publication by the Medical Research 

Council, in England, The Toxicity of Plutonium, featured data from the life- 

span dog experiments (Medical Research Council, 1975). A publication of the 

Commission of the European Communities, Toxicity of Plutonium, Americium 
and Curium, drew heavily on the life-span beagle experiments (Nenot, 1979), as 

did a recent review of health effects from internally deposited radionuclides 

released in nuclear disasters (McClellan, 1982). 

The United Nations Scientific Committee on the Effects of Atomic Radiation has 

made extensive use of the data from life-span beagle experiments in its periodic 

reviews of the biological effects of ionizing radiation (1972, 1977, 19821, as has also 

the National Academy of Science's Committee on the Biological Effects of 

Ionizing Radiations (1988). 
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7.1 EVALUATION OF "FALLOUT" CONSEQUENCES 

The inclusion of 90Sr among the radionuclides employed in  life-span dog 
experiments was due largely to concern for the possible effect on populations of 
the presence of that radionuclide in worldwide fallout from atmospheric testing 
of nuclear weapons. Early beagle data on the gastrointestinal absorption, 
retention, and excretion of 90Sr, and its behavior relative to calcium, particularly 
as influenced by age, were employed in the evaluation of possible fallout conse- 

quences (Andersen, 1963h, Della Rosa, 1961, 1965), and in the assessment of 90Sr 
body burdens based on measurements in hair, teeth, and excreta (Della Rosa, 
1966, 1968). Useful data were also obtained on the effects of gestation and lacta- 
tion on 90Sr kinetics, in the dam and in the offspring (Della Rosa, 1968, 19683, 

19691, and on the behavior of inhaled 90Sr (McClellan, 1 9 7 2 ~ ) .  Data from the 
Davis chronic feeding experiment were reviewed, in  respect to their 
applicability to man, with the conclusion that similar gOSr/Ca ratios in  the diet of 
dog and man would result in about a 4-fold higher dose rate in the dog to critical 
cells a t  risk in the skeleton (Della Rosa, 1972). 

Data on the effects of 90Sr, as observed in life-span dog experiments, were influ- 
ential in allaying unreasonable fears of fallout consequences (Mays, 1959, 1972c, 
1972d). Life-span studies with 137Cs in beagles provided a major input to the 

evaluation of the potential consequences of its presence in fallout (NCRP, 1977). 

The topic of animal studies in relation to fallout has been reviewed (Book, 19833). 

7.2 EVALUATION OF THE "HOT PARTICLE" HYPOTHESIS 

The issue was raised in 1974 that plutonium, when present as critically sized 
insoluble particles, was unusually toxic-the so-called "hot particle" hypothesis 
(Bair, 1977; Gillette, 1974; Gofman, 1975, 19753, 1976; Lovins, 1975; Morgan, K., 
1975; Tamplin, 1974, 19746, 1974~) .  These extreme claims were effectively coun- 
tered by experimental data, much of i t  derived from life-span dog experiments, 
which were presented in U.S. Atomic Energy Commission documents (Bair, 
1974c, 1974e; Healy, 1974), in publications of the National Council on Radiation 
Protection and Measurements (1975), of the National Academy of Sciences (1976), 
of the Medical Research Council in England (1975), of the National Radiological 

Protection Board in England (Dolphin, 1974), of the German Ministry of the 
Interior (Bonn) (1976), and in numerous other publications (Bair, 1974, 19743, 
1974f, 1976; Cuddihy, 1982; Dagle, 1984; Diel, 19833; McClellan, 1986; Richmond, 

1976; Thompson, 1975, 19753, 1977). These analyses demonstrated that particu- 
late exposure was probably less hazardous than a more homogeneous exposure, 
and led to the denial, by the U.S. Nuclear Regulatory Commission, of a Natural 
Resources Defense Council petition for rule making (USNRC, 1976). 
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The "hot particle" controversy also led to the initiation of a series of life-span 

beagle experiments a t  ITRI, employing monodisperse 2 3 8 ~ u 0 2  and 2 3 9 ~ u 0 2  

aerosols, designed to definitively demonstrate the effect of particle size on tumor 

incidence. Preliminary data from the 239Pu02 experiments indicate lung cancer 

risk factors for the larger particles that are no greater than those for the smaller 

particles, thus contradicting the "hot particle" hypothesis. (Boecker, 1988; 
Muggenburg, in press). 

7.3 DEVELOPMENT OF BIOASSAY MODELS 

Distribution, retention, and excretion data from life-span beagle experiments 

have been employed in the development of models useful for estimating the 

radionuclide content of the body, or the radiation doses to organs of exposed 

humans, based on excreta data, or other postexposure measurements. Detailed 
comparison of beagle and human excretion of plutonium a t  long time periods 

following injection was instrumental in detecting errors in the human data, and 

in the development of an improved human excretion model (Moss, in  press). 
Early data from plutonium inhalation studies in beagles were used to test the 

performance of bioassay computer codes designed for application to humans 

(Snyder, 1964); they were also used to demonstrate the inadequacy of bioassay 

models based solely on data from injected plutonium (Robertson, 1964). More 

recently, data from a variety of sources, including life-span dog experiments, 

have been employed in the development of a detailed retention-excretion model 

for systemic plutonium (Leggett, 1984c, 1985, 1987). Data from studies with 

inhaled plutonium in beagles have been employed in evaluating the impact of 
isotopic effects on the interpretation of human bioassay data (Ryan, 1987). 

Early studies with inhaled 241Am02 in a few beagles were conducted as an 
approach to solving some of the practical problems that arise in estimating the 

241Am content of exposed humans (Thomas, 1970). Available data from dogs, 

rats, cynomolgus monkeys, baboons, and human exposure cases, have been 

employed in developing a model relating excretion rates to body burden of 2 4 1 ~ m  

(Griffith, 1983). A similar biokinetic model has been derived from beagle data on 

curium distribution and retention and has been applied to the interpretation of 

human exposure data (Guilmette, in press b) .  

Data on the skeletal distribution and toxicity of 2 3 9 ~ u  in beagles have been em- 

ployed in the selection of appropriate samples for analysis from humans coming 

to autopsy after known plutonium exposures (Jee, 1981). 
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7.4 ESTIMATION OF RELATIVE BIOLOGICAL EFFECTIVENESS 

Data on the comparative toxicity of different radionuclides in animals is vital to 
the extrapolation of the limited human toxicity data, in order to estimate effects 

from radionuclides for which there are no human data. The Utah life-span 
beagle studies with 226Ra and 2 3 9 ~ u  were primarily designed to provide data on 
the relative biological effectiveness (RBE) of these two radionuclides, so that the 

human radium data could be used to estimate effects of plutonium in man. 
Many of the other life-span dog experiments afford similar opportunities for 
evaluation of RBEs for application in the estimation of human hazards. 

The Utah injection experiments have been utilized in many attempts to estimate 
RBEs. An early attempt, based on average dose to bone, and bone cancer data to 
8 years postinjection, led to RBE values (226Ra = 1) of: 2 3 9 ~ u ,  -6; 2 2 8 ~ h ,  -8; 2 2 8 ~ a ,  
-2.5; and 9 0 ~ r ,  0.07 to 0.24 (Dougherty T., 1969; Mays, 1969). Later evalulation of 
the Utah data, with nearly all life-span animals dead, indicated a 9 0 ~ r / 2 2 6 ~ a  
toxicity ratio as low as 0.04 at low dose levels (Mays, 1980b), and values for alpha 
emitters of 16.6 f 4.5 for 2 3 9 ~ u ,  8.5 f 2.3 for 228Th, 2.0 f 0.5 for 228Ra, and 5.4 f 1.6 
for 241Am (Lloyd, R., 1986; Mays, 1987). 

Comparison of the bone tumor response data from the Davis chronic 90Sr feeding 
experiment and from the 226Ra repeated-injection experiment, employing a 
logistic dose-time-effect model, indicated RBE values for 90Sr (226Ra = 1) varying 

from 1.5 a t  average dose rates to bone of 16 radlday, to 0.05 at dose rates of 1.6 
radlday (Raabe, 1981, 1983). A similar computational approach, employing data 
from 9 life-span beagle experiments, resulted in RBEs for bone tumor production 
of 3.0 for 2 2 6 ~ a ;  6.4 for 241Am, 249Cf, and 252Cf; 9.0 for 2 3 9 ~ u ;  10.7 for 228Th; and 
15.5 for 2 3 8 ~ u  (Raabe, 1984, 1986, 1986b; Wrenn, 1986~). 

With bone cancer as the effect of interest, and on an average-dose-to-bone basis, 
Dolphin calculated 2 3 9 ~ u  to be about 8 times as toxic as 226Ra; with appropriate 
assumptions regarding distribution within bone, and calculating dose to os- 
teoprogenitor cells near bone surfaces, the relative toxicity was close to unity 
(Dolphin, 1978). The Medical Research Council, in England, concluded from the 

life-span dog data that a factor of 5 would account for differences in the effec- 
tiveness of 239Pu and 226Ra in humans (Medical Research Council, 1975). Sever- 
al other approaches to a bone cancer RBE, based on the Utah data, have been 
explored (Gridgeman, 1971; Marshall, 1969). Lloyd and Marshall evaluated 

differences in the structure and physiology of bone in humans and beagles, and 

concluded that the relative toxicity of 2 3 9 ~ u  to 2 2 6 ~ a  should be higher in adult 
humans than in young-adult beagles (Lloyd, E., 1972; Marshall, 1973). 
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Applying a proportional hazard model to the average skeletal dose data from the 

Utah single-injection studies, an RBE for bone cancer induction ( 2 2 6 ~ a  = 1) of 8.6 
was calculated for 2 3 9 ~ u ,  and of 0.18 for 9 0 ~ r ;  an identical RBE was calculated for 

inhaled 90Sr (ITRI data), and a value of 5.5 for inhaled 2 3 8 ~ u 0 2  (ITRI data) 

(Mewhinney, 1986). 

Toxicity data from the life-span experiments with 252Cf, half of whose decay 

energy is contained in fission fragments, and with 249Cf, which shows no 
significant spontaneous fission, can be used to estimate an RBE for fission frag- 

ments relative to alpha particles. Incomplete data suggest that this RBE is very 

much smaller than 1, and that fission fragments are, in fact, very inefficient 

carcinogenic agents (Lloyd, R., 1976; Taylor, G., 19836). 

In terms of radiographically detectable skeletal change by 10 years of age in the 

Davis experiments, a 23-fold greater total dose of 9 0 ~ r  than of 2 2 6 ~ a  was required 
to produce a comparable effect (Momeni, 19766). This ratio held only at the low- 
est effective dose levels, however, since the dose-effect relationships for both 

radionuclides were markedly nonlinear (Momeni, 1976d). 

Hematologic effects have been used as an endpoint for estimation of RBEs. Defin- 

ed as the average dose rate to bone from 2 2 6 ~ a  required to produce a 50% depres- 

sion in blood cells, divided by the average dose rate to bone from the radionuclide 
in question required to produce the same 50% depression, values were: for 2 2 8 ~ h ,  

-4; for 2 3 9 ~ ~ ,  -4; for 2 2 8 ~ a ,  -2; and for 90Sr, -0.5 (Dougherty, J., 1970, 1971). 

Early mortality from single inhalations of radionuclides have been analyzed by 

comparison of the lethal cumulative dose to lung tissue. The RBE for such early 
mortality, normalized to a value of 1 for inhaled FAP, was 14 for inhaled 
2 3 9 ~ u 0 2  and 5 for inhaled 238Pu02; the differing RBEs for the two plutonium 

isotopes being attributed to the less uniform irradiation by 2 3 8 ~ u  because of its 
much higher specific activity (Raabe, 1979). Another approach to the evaluation 

of early-mortality RBEs for inhaled radionuclides led to values (90Sr FAP = 1) of: 

7.0 for 2 3 9 ~ u ,  5.0 for FAP, 2.5 for 9 1 ~  FAP, and 1 .I for 144Ce FAP (Scott, 1979). 

The RBE for induction of bronchioloalveolar tumors by inhaled alpha- as com- 

pared to beta-emitting particles appears to fall in the range of 4 to 5, which 

contrasts with the RBE of about 10 for induction of bronchioloalveolar tumors by 
inhaled alpha emitters as compared to the induction of hemangiosarcomas by 

inhaled beta emitters (Hahn, 1977). Overall, the risk of pulmonary tumors from 

high-LET irradiation, for the period from 4 to 6 years postinhalation, is about 1 0  
times that from an equal rad dose from low-LET irradiation, but this reflects 

only data from relatively high exposures (Hahn, 1986). A specific comparison of 
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lung-cancer risk factors for inhaled 91Y (experiment completed) and inhaled 

2 3 9 P ~ 0 2  (experiments in progress) resulted in estimated 9 1 ~ / 2 3 9 ~ u 0 2  risk-factor 

ratios of 18, 15, and 10 for 0.75-, 1.5-, and 3.0-pm 2 3 9 ~ u 0 2  particles, respectively 

(Boecker, 1988). 

7.5 DEVELOPMENT OF EXPOSURE LIMITS 

The RBEs discussed above are important to the derivation of "quality factors" 

employed in  the development of exposure limits. In addition, data on the 

distribution and retention of radionuclides in the beagle have been used to devel- 

op kinetic models for application in estimating dose to humans. Of the models 

employed by the ICRP in their derivation of limits for radionuclide intake (ICRP, 
1979, 19806,1981), those for 12 elements employ critical parameter values obtain- 

ed primarily from studies with beagle dogs; for another 33 elements, values for 

critical parameters were based on experimental animal data and/or human 

data that included comparative studies in dogs. Application of life-span dog data 

to such derivation of protection standards has been specifically considered in a 

number of publications, which are listed in Table 7.1. 

Table 7.1 PUBLICATIONS THAT APPLY DATA FROM LIFE-SPAN DOG STUDIES 

TO THE DERIVATION OF PROTECTION STANDARDS 

Element References 

Strontium 
Barium 
Cesium 
Cerium 
Zirconium 
Niobium 
Ruthenium 
Barium 
Lanthanum 
Radium 
Uranium 
Plutonium 

Americium 
Curium 
Californium 

Blair, 1972; Hems, 1966 
Cuddihy, 1972 
NCRP, 1977 
Boecker, 1974b; Cuddihy, 1976b 
Waligora, 1971 
Cuddihy, 1978 
Snipes, 1981 
Cuddihy, 1972 
Cuddihy, 1972 
Wrenn, 1985 
Wrenn, 1985 
Bair, 1974, 1974c, 1974f, 1976; Dolphin, 1971, 1972; Durbin, 
1976; Gavankar, 1972, 1974; Go fman, 1975, 1976; Guilmette, 
1984; Harley, 1976; Healy, 1974; Hems, 1966; ICRP, 1972; Jee, 
1980; Langham, 1959, 1952; Leggett, 1984, 1984b, 1985; Long, 
1971; Mays, 1976b; Medical Research Council, 1975; Mewhinney, 
1983; Morgan, K., 1975; Norwood, 1959; Park, J., 1981; 
Richmond, 1976; Robertson, 1964; Schofield, 1974; Spiers, 
1976b; Thomas, 1972~; Thompson, 1972, 1974, 1974b, 1975, 
19751, 
Leggett, 1984b; Mewhinney, 1980, 1981, 1982, 1982b, 1983b 
Guilmette, in press; Leggett, 1984b; McClellan, 1972b 
Lloyd, R., 1976 
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Data from dog studies have also been employed in the development or refinement 
of generic organ-system models employed by the ICRP and NCRP. Thus, the 

ICRP in its Review of the Radiosensitivity o f  the Tissues in  Bone (ICRP, 1968) 

drew heavily on early data from life-span dog experiments. The improved dosi- 

metric model for bone employed in the derivation of ICRP's current limits on 

radionuclide intake (ICRP, 1979), which distinguishes between deposition in cor- 

tical and trabecular bone, has received important validation from the life-span 

dosimetric studies on 2 2 6 ~ a  (Parks, 1980) and (Parks, 1985). 

Data from beagles on the deposition, clearance, and observed effects of a number 
of inhaled radionuclides were used extensively in the ICRP's recent review of 

Biological Effects of Inhaled Radionuclides (ICRP, 1980); they have also been 
used in support of suggested modifications to models of the human respiratory 

tract (Cuddihy, 1972, 1979, 1981; Guilmette, 1984, 1987; Hahn, 1986; McClellan, 
1979; Mewhinney, 1980, 1981, 1982, 19826, 1983, 19836; Park, J., 1981; Snipes, 
1983, 19846; Thomas, 1972, 1972c; Watts, 1975). 

Other data from beagle studies point to problems with current dosimetric models 

for bone and liver (Cuddihy, 1981). Computer simulation of bone-cell 239Pu- 

disintegration interactions, based on beagle data, has been employed in one 

approach to the evaluation of exposure limits (Jee, 1980). Data from life-span 
beagle experiments were extensively employed in the ICRP's recent review of 

The Metabolism of Plutonium and Related Elements (ICRP, 1986; Taylor, D., 
19851, as they were in an earlier publication on the same subject (ICRP, 1972). 

Also of importance to the standard-setting activities of such groups as the ICRP 
and NCRP are the indications of previously neglected critical organs or tissues. 
Thus, results of life-span dog experiments have called attention to sinonasal 
tumors arising from radionuclide deposition in nasal turbinates (Benjamin ,  
1979; Boecker, 1984, 1986) and to lymph node tumors arising a t  relatively long 
time periods following inhalation of beta emitters (Hahn, 1986). Extensive data 

on the concentration of plutonium and other actinides in gonads, derived from 
life-span dog studies and from studies with other animal species, have been 

compiled (Richmond, 1975) and used by standard-setting bodies (ICRP, 1979, 

19806, 1981,1986). 

7.6 CLINICAL APPLICATIONS TO MAN 

Experience gained from studies on the therapeutic removal of internally deposit- 

ed radionuclides from beagles (see Section 6.1) has played an  important role in 

the selection of treatment regimens in cases of serious human overexposure to 
radionuclides (Norwood, 19623, 1972). In one of these cases, involving external 
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deposition in excess of 1 Ci of 241Am, and initial systemic deposition of about 1 

mCi, long-continued treatment with Zn-DTPA, based on its demonstrated effec- 

tiveness and lack of toxicity in beagles (Lloyd, R.,1975b, 1975c), was probably a 

life-saving measure (Thompson, 1983). In another case, bronchopulmonary 

lavage was employed, in conjunction with intravenous DTPA, to substantially 

reduce the 239Pu lung burden of an exposed worker (McClellan, 1972). The fac- 

tors involved in a decision to treat an exposed human with bronchopulmonary 

lavage have been discussed (Muggenburg, 1977). 

Experience in the total-body counting of beagles has also been applied to man, 

specifically in the prediction of 90Sr-gOY bremsstrahlung efficiency by extrapola- 

tion of data from a number of animal species (Lloyd, R., 1976f). 

7.7 ESTIMATION OF DOSE AND RISK IN MAN 

Application of the life-span dog data to the estimation of human risks has been a 

specific objective of these studies. Establishing dose-response relationships in 

the beagle is only the first step toward estimating such a relationship for man. 

Methodologies for approaching this task have been the subject of a number of 

publications (Crump, 1986; Cuddihy, i n  press; Evans, 1972; Gilbert, i n  press; 

Goldman, 1973, 1986; Mays, 19866; Rosenblatt, 1971, 1976). 

The widely employed "toxicity ratio" approach is based on the assumption that 

the ratio of toxicities of two different radionuclides in man should be approxi- 

mately the same as the ratio of toxicities of the same two radionuclides in an 

experimental animal (Evans, 1972). Thus, for example, there are human data 

on the toxicity of 226Ra; if data are obtained on the ratio of 2 3 9 ~ u  toxicity to 2 2 6 ~ a  

toxicity in the beagle, that ratio may be used to obtain an estimate of 2 3 9 ~ u  
toxicity in man. The life-span beagle experiments have provided support for this 

approach and also demonstrated some limitations (Mays, 19866). Early Utah 

data on the relative toxicities for bone tumor induction of 226Ra, 90Sr, and 2 3 9 ~ u  

were employed in this manner, and the conclusions were used to support the 

then-current exposure limits for 239Pu and to support a relaxation of the then- 

current exposure limits for 90Sr (Hems, 1966). 

Direct extrapolation of the accumulating beagle data from Utah has been 

employed to estimate human risk of bone and liver tumors from internally 

deposited 2 3 9 ~ u  (Mays, 1970). A similar approach has developed risk estimates 

for exposure to 90Sr, employing data from a variety of animal species, including 

the beagle (Mays, 1972c, 1972d). 
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A risk estimate for 2 3 9 ~ u  of 200 bone sarcomas per lo6  person rad, as derived 

from epidemiologic data from 2 2 4 ~ a  exposure in humans, bears about the same 

relationship to the lower risk of 226Ra exposure in humans as do the correspond- 

ing risks of 2 3 9 ~ u  and 2 2 6 ~ a  in beagles. These comparisons provide support for 

application of the human 224Ra risk factor in the estimation of 2 3 9 ~ u  risks in 

humans. This is also supported by dosimetric considerations, since both 2 2 4 ~ a  

and 2 3 9 ~ u  decay on bone surfaces (Mays, 1976, 19766). 

The "toxicity ratio" approach has been modified by limiting its application to the 

relatively lower dose groups, where the problem of "wasted radiation" is pre- 

sumably not a factor. Employing such an approach, a risk factor of about 1200 

bone cancers per l o6  rad was estimated for injected 239Pu; a similar value was 

estimated from incomplete results for inhaled 238Pu (Muggenburg, 1983). 

An interesting recent approach to the estimation of bone cancer risk from plu- 

tonium in the human has employed a Bayesian methodology to combine human 

epidemiology data for radium, human injection data for plutonium, beagle 

injection data for radium and plutonium, beagle inhalation data for plutonium, 

and rat inhalation data for plutonium, with a resulting risk estimate of about 

300 bone cancer deaths per million person rad, with a 95% confidence interval of 

about 80 to 1100 (National Academy of Sciences, 1988). 

Bone tumor sites in beagles continually fed 90Sr or repeatedly injected with 226Ra 

have been compared with radiation-induced bone tumor sites in man, and spon- 

taneous bone tumor sites in beagle and man, as an approach to scaling risk to 
humans (Pool, 1973). These comparisons have been extended to the spectrum of 

premalignant changes observed in 226~a-exposed  beagles and humans, 

employing radiographic, microradiographic, light- and electronmicroscopic 

procedures (Pool, 1983). A similar comparison of 226Ra-induced lesions in 

beagles and humans, together with their similarity to lesions induced by 2 3 9 ~ u  

in beagles, has been employed in support of the "toxicity ratio" approach to the 

estimation of 2 3 9 ~ u  effects in humans (Taylor, G., 1976). 

Data on 239~u-induced liver tumors in the beagle, together with data on Thoro- 

trast-induced liver tumors in man, were employed to derive a risk factor for 

2 3 9 ~ u  in humans of 100 liver tumors per l o 6  rad (Jee, 1976b; Mays, 19766). More 

recent human data suggest a risk factor of 300 liver tumors per l o 6  rad (Mays, 

1982). Liver cancer risks from beta emitters, derived from the ITRI 144CeC13 

inhalation study and 137CsC1 injection study, came to about 90 liver cancers per 

106 rad of beta radiation; this was extrapolated to an estimated human risk of 

about 30 liver cancers per l o 6  rad of beta radiation, based on a comparison of dog 

data and human Thorotrast risk data (Muggenburg, 1986). 
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Employing data from experiments still in progress a t  Utah and PNL, and 

avoiding the traditional dosimetric approach, a total tumor incidence of "a few 

percent" was estimated to result from an initial "permissible deposition" in the 

lung of 0.04 ~ c i  of 2 3 9 ~ u .  Of more significance than this numerical estimate 

was the conclusion that risks of lung, bone, or liver cancer were approximately 

equivalent (Bair, 1974f; Thompson, 1972). Extensions of this approach have been 

employed in the estimation of plutonium risks from the operation of breeder 

reactors (Gavankar, 1972, 1974), and in a number of environmental impact 

statements (e.g., USAEC, 1974; USERDA, 1975). 

The relationship between the incidence of lung cancer and the average dose to 

lung from inhaled 144Ce in relatively insoluble form has been compared, em- 

ploying data from life-span beagle experiments and similar experiments in 

mice, rats, and Syrian hamsters. The animal data (excluding that from 

hamsters) are in reasonable agreement with the available risk data from 

epidemiologic studies of externally exposed humans, despite differences in the 

morphological type of lung cancer in the different species (Griffith, 1986). 

Cuddihy has compared radiation-induced lung-cancer risk-factor data from a 

number of life-span dog experiments with data from other species, including 

man; all of these risk factors were of a like magnitude (Cuddihy, 1982, in press). 

A similar approach, involving the summation of annual risk factors, has been 

employed to compare human and beagle risk factors from high-LET and low- 

LET irradiation of lungs (Hahn, 1986). The same approach has been employed to 

derive and compare risk factors for lung, bone, liver, and nasal-cavity irradia- 

tion (McClellan, 19866). In a more general vein, data from a variety of species on 

radionuclide injury to the lung have been compared, as these data relate to the 
prediction of human hazards (Dagle, 1984). More specific comparisons have 

been made of pulmonary carcinogenesis data from rats and dogs exposed to 

inhaled plutonium (Dagle, 1980; Mahaffey, 1981). 

Several attempts have been made to include dose, time, and effect parameters in 
a single dose-response relationship. A nonlinear, 3-dimensional surface, relat- 

ing dose, time, and effect has been proposed (Rosenblatt, 1971, 19721, employing 

logistic equations that may bear some relationship to biological and physical 

phenomena (Stover, 1970b). This approach was used to compare data on 226Ra- 

induced osteosarcoma from Utah and Davis beagle experiments with similar 

data from experiments with mice, and the results were employed as a basis for 

extrapolation of animal risk estimates for 2 2 6 ~ a  to man (Goldman, 1973). A 

similar approach, augmented by animal and human "toxicity ratio" data, was 

employed to estimate risks of 239~u-induced bone tumor in man (Rosenblatt, 

1976). A modification of the logistic model has been described and applied to the 
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Utah 226Ra data (Sedlak, 1986). A similar approach, based on the proportional 

hazards model, has also been applied to the bone cancer induction data from 

inhaled 90SrC12, and 2 3 8 ~ u 0 2 ,  and from injected 90Sr, 226Ra, and 2 3 9 ~ u ;  the 

results have been compared to the toxicity data from human 2 2 6 ~ a  and 2 2 4 ~ a  

exposures (Mewhinney, 1986). 

A modification of the above approach employs log-normal rather than logistic 

equations in the construction of time-dose-effect surfaces, assuming that the 

logarithm of average dose rate to the tissue of interest is linearly related to the 

logarithm of time to death (Raabe, 1979,1980,1981, 1981b, 1983,1984,1986, 1986b, 

1987, in press). Application of this model to early mortality data following radio- 

nuclide inhalation provided an approach to the calculation of RBE values for this 

endpoint (Raabe, 1979). Application of the same model to 2 2 6 ~ a  osteosarcoma- 

induction data from life-span beagle studies, from mouse studies, and from 

human epidemiologic studies, showed median cumulative doses (or times) for 

bone-tumor deaths that were 2.9 times larger for dogs than for mice and 3.6 

times larger for humans than for dogs, values that correlate well with normal 

life expectancies for the three species (Raabe, 1980, 1981, 1983). From this model 

i t  was also possible to estimate a "practical threshold" for bone tumor production 

in man of about 80 rad; at lower doses, tumors were predicted to occur at times 

beyond the normal life expectancy. Beagle and other animal data have also been 

employed to question the existence of such a "practical threshold" (Mays, 1988). 

The 3-dimensional log-normal response model was employed in comparisons of 
the carcinogenicity, as derived from life-span beagle experiments, of 226Ra, 

228Ra, 2 2 8 ~ h ,  2 3 8 ~ ~ ,  2 3 9 ~ ~ ,  2 4 1 ~ m ,  249Cf, and 252Cf (Raabe, 1984, 1986, 1986b; 

Wrenn, 1 9 8 6 ~ ) .  These bone-seeking alpha emitters were shown to follow mathe- 
matically similar log-normal dose-rateltime-response relationships, displaced 

by RBE factors (226Ra = 1 )  of 3.0 for 228Ra; 6.4 for 241Am, 249Cf, and 252Cf; 9.0 for 

2 3 9 ~ u ;  10.7 for 2 2 8 ~ h ;  and 15.5 for 228Pu. Dose-rateltime-response relationships 

for people were predicted based on a response ratio of 3.6 for 226Ra-induced bone 

tumors in beagles and man. The 3-dimensional log-normal response model has 

also been employed, together with computer graphics, to illustrate the time- 

related competing risks of death from radiation pneumonitis/fibrosis, lung 

cancer, and natural aging, and applied to the scaling of risks from experimental 

animals to humans (Raabe, 1987, in press). 

Weibull functions have also been employed in modeling dose-time-effect surfaces 

(DuMouchel, 1981; Scott, 1980; Whitternore, 1982). Comparisons of models 

employing logistic, log-normal, and Weibull functions have been made (Raabe, 

1986). 
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Approaches to human radiation-induced-cancer-risk estimation have also been 

based on dosimetric comparisons between beagle and human, without recourse 

to the beagle cancer incidence data. Skeletal 2 1 2 ~ b  retention in the human 

following 224Ra injection has been estimated by extrapolation from beagle and 

rodent data (Schlenker, 1988). Total tumor risk to bone, including estimates for 

leukemia, trabecular and cortical bone sarcoma, and sinus carcinoma, were 

estimated for 2 3 9 ~ u ,  based on human 226Ra toxicity data and a strictly dosimetric 

comparison of the presumed distribution of radium and plutonium in human 

bone, the distribution of plutonium being deduced largely from the life-span dog 

data (Spiers, 1976b, 1988). 

Extrapolation of skeletal effects data from dog to man will benefit from compara- 

tive information on the microscopic structure of bone in the two species (Lloyd, 
E., 1971, 1972; Rowland, 1969). Such data have been reported for man, monkey, 

pig, and beagle, and factors have been calculated relating average bone dose to 

more meaningful doses to marrow and endosteal cells for a variety of beta- and 

alpha-emitting radionuclides (Beddoe, 1979; Harley, 1976; Lloyd, E., 1972; Spiers, 

1969, 1972, 1976, 1978, 1988). In general, these factors are very much larger for 

beagle than for man, supporting the conclusion that, on an average-dose-to-bone 

basis, the beagle is more sensitive to radiation-induced bone tumor than man. 

In another approach to the extrapolation of skeletal effects, the concentration of 

239Pu on endosteal bone surfaces, as related to concentration in the total body, 

was compared for beagle, rat, and rabbit, and the relationship was extrapolated 

to man (James, 1972). Computer modeling of the microscopic distribution and 

redistribution patterns of 239F'u in the beagle skeleton, of the relationship of 

tumor incidence to bone turnover rate, and of comparative bone biology of beagles 
and humans, has also been employed to estimate tumor risk in man (Jee, 1980). 

The incidence of early leukopenia following 239Pu, 2 2 6 ~ a ,  or 90Sr deposition has 

been correlated with the later appearance of osteosarcoma, and the relationship 

has been suggested as a means of predicting the late effect from the early obser- 

vation (Goldman, 1976). 

Problems of interspecies differences in pulmonary anatomy, in sensitivity to the 

induction of functional abnormalities, and in the measurement of these abnor- 

malities are important to the extrapolation of animal data from inhalation 

studies to man; they have been given specific consideration (Mauderly, 1983). 

Life-span dog data have been employed in the interpretation of the data from the 

human plutonium injection cases, particularly in regard to models for the depo- 

sition and retention of plutonium in skeleton and liver (Durbin, 1972, 1976). 
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Knowledge of the comparative metabolism of calcium and radium in beagles, as 

a function of age, has been applied in estimating the age-dependence of radium 

retention in humans (Parks, 1984). Distribution and retention data on 241Am in 

humans and beagles have been reviewed and employed in the estimation of 

human carcinogenic risks (Wrenn, 1981b). 

Data on the retention and distribution of 241Am02 inhaled by dogs have been 

combined with retention and exceretion data from several human exposures to 

develop models that take account of physical and chemical characteristics of the 

inhaled aerosol. These models describe behavior in the human more adequately 

than does the ICRP lung model for Class W particles (Mewhinney, 1980, 1982b, 

19836).  The most recent versions of this model also include revised tissue 

distribution parameters, derived from dog data, which seem to adequately rep- 

resent the observed behavior in the human cases. A modification of this model 

can also be employed for bioassay purposes (Griffith, 1983). 

In addition to the concern for radiation-induced cancer, data on early death 

from radiation pneumonitis has been subjected to extensive dose-response mod- 

eling (Raabe, 1979; Scott, 1979, 1980, 1980b, 1980c, 1982,19861, as have data on the 

hematopoietic syndrome (Scott, in press); both have been applied to the predic- 

tion of potential effects in acutely exposed humans (McClellan, 1982; Scott, 1980c, 

i n  press). Beta emitters with short half-lives and higher initial dose rates were 

more effective, per rad, in producing early death from radiation pneumonitis 

and pulmonary fibrosis than beta emitters producing lower initial dose rates 

(Hahn, 19836). 

7.8 CONTRIBUTIONS TO THEORIES OF CARCINOGENESIS 

Dose-response data from life-span beagle experiments have been employed in 

many attempts to provide a theoretical basis for tumor prediction. These include 

early attempts by Blair, employing data from the Utah studies, in which he as- 

sumed that two processes were involved, one requiring a relatively high dose 

and a short development phase, the other a lower dose, with an intervening 

latency period before the development phase (Blair, 1968, 1972). 

The myeloproliferative disorders that developed in beagles continuously exposed 

at early ages to external irradiation or internally deposited 90Sr have been em- 

ployed extensively as a model system for the understanding of leukemogenesis 

(Fritz, 1985, 1986; Holmberg, 1980; Seed, 1977, 1978, 1984, 1985; Tolle, 19793, 1982; 

Wilson, 1978, 1980). Dogs chronically exposed a t  Davis to whole-body 

6OCo-irradiation at rates of 10  or 4 rad per day, starting in-utero at 21 days of 

gestation, almost invariably developed acute nonlymphocytic leukemia or 
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preleukemic changes; such developments were a rare occurrence in animals 

similarly exposed after birth (Momeni, 1974 Stitzel, 1982). This model system 

offers many opportunities for study of the cellular and molecular changes asso- 

ciated with the transformation of normal hematopoietic cells to malignant cells. 

The patterns of survival and hematologic responses in the Argonne continuous 

gamma-irradiation studies suggest that the hematopoietic recovery and in- 

creased radioresistance of dogs surviving the first 300 days of irradiation is in 

some manner related to the later development of leukemia, perhaps through the 

mechanism of an error-prone enhanced repair of sublethal damage (Fritz, 1985, 

1986; Seed, 1977, 1978, 1984, 1985, 1987; Tolle, 19793, 1982). These studies have 

included the development of advanced techniques, particularly in the area of cell 

culture and observation (Seed, 1979, 197961, the application of scanning electron 

microscopy (Seed, 1982, 1983, 1987b; Tolle, 1983b), the investigation of bone 

marrow architecture and pathology (Seed, 1982, 19831, and studies on the mobili- 

zation and altered radiosensitivity of hemopoietic progenitors (Seed, 1980, 1982b). 

Precise control of the 60Co gamma-ray exposure allows production in the beagle 

of a high incidence of both myelogenous leukemias and erythroleukemias that 

are clinically, hematologically, and histologically similar to the human disease, 

thus providing an  attractive animal model for study of the leukemogenic 

process. The variety of long-term neoplastic responses to the internal deposition 

of 90Sr, as observed following different routes and patterns of administration, at  

different ages, and in different species, has also provided important data for the 

understanding of these processes (McClellan, 1969). 

Data from life-span beagle experiments have been extensively employed in the 

derivation of hypotheses concerning the pathogenesis of radiation-induced lung 
tumors, which seem to involve a progression from pulmonary fibrosis to 

metaplasia to neoplasia, possibly influenced by immunologic factors (Clarke, 
1966, 1966b; Dagle, 1976). Life-span data on lung-tumor incidence following 

inhalation of insoluble forms of beta emitters with widely varying physical half- 

life, and consequent differences in protraction of dose, have elucidated effects of 

radiation dose patterns on the process of tumor induction; protracted irradiation 

from 90Sr or 144Ce produced fewer lung tumors per rad (by a factor of 4 to 8) than 

less-protracted irradiation from or g l ~  (Hahn, 1983, 1983b, 1986). 

Data from life-span beagle studies have also been employed in the development of 

theories relating to the pathogenesis of radiation-induced osteosarcoma (Jee, 

1971; Marshall, 1969; Miller, S., 1986; Nilsson, 1985). These theories usually 

consider the endosteal cells of trabecular bone as the most likely cells at  risk 

(Hashimoto, 1976; Miller, S., 1980; Wronski, 1980), emphasize the importance of 

the proliferative activity a t  the site of tumor induction (Jee, 1972; Kimmel, 1976; 
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Miller, S., 1986), the importance of the marrow microvasculature (Miller, S., 
1980b, 1986), or emphasize the importance (or lack of importance) of pre-existing 

lesions of radiation osteodystrophy (Gillett, 1985, 1987b; Nilsson, 1985; Pool, 
19736, 1983). A careful comparison has been made of the pathogenesis of 9 0 ~ r -  
induced bone tumors in the beagle and the mouse (Nilsson, 1985). Mole was 
impressed by the apparent uniform radiosensitivity of the whole endosteum, 

considered as an organ, in the dog, rabbit, rat, and mouse (Mole, 1969). 

Recent evaluation of the relationship between the cortical and trabecular compo- 

sition of bones and the differing incidence of 2 2 6 ~ a - ,  2 3 9 ~ u - ,  and 241Am-induced 

cancers in those bones raises provocative questions as to the mechanism of 

carcinogenesis (Jee, 1985, 1986). The frequency of occurrence of 226~a-induced 

bone sarcomas was positively correlated with the percentage of cortical bone, but 

not related to cortical bone mass or cortical endosteal surface area, and was 

negatively correlated to activated trabecular calcium and trabecular surface 

area. The frequency of occurrence of 239Pu-induced bone sarcomas (but not 
241Am-indu~ed bone sarcomas) was positively correlated with trabecular sur- 

face-to-volume ratios and trabecular turnover. 

The linear, or nonlinear nature of the dose-response curve for osteosarcoma 

induction has been a matter of basic interest, with data from the life-span beagle 

experiments inconclusive a t  low dose levels, but seeming to support a less- 
than-linear relationship in the case of 2 2 6 ~ a  and 2 2 8 ~ a ,  and a linear relationship 

in the case of 239Pu (Mays, 1972, 1980). In the case of the relationship is 
markedly nonlinear (Mays, 1972~). 

Extensive data on the spontaneous incidence of benign and malignant mam- 
mary tumors in control beagles have been described and employed in efforts to 
model human breast cancer (Chrisp, 1980; Taylor, G., 19766). 

Autopsy material from life-span dog studies has been employed in a number of 

experiments designed to elucidate the molecular-biological basis of observed ef- 

fects. Tumor cell preparations cultured from osteosarcomas present in dogs 

that inhaled 2 3 8 ~ u 0 2  were transplanted, in-utero, into beagle fetuses; this result- 

ed in the appearance, shortly after birth, of extensive nodules characterized as 

fibrosarcomas (Park, J., 1976). Tissues from five beagles with radiation-induced 

osteosarcomas were shown to contain RNA-instructed DNA polymerase (RIDP), 
which was indicative of the presence of retrovirus or oncornavirus infection; 

RIDP was not detected in dogs without tumors, or in dogs with lung tumors 
(Frazier, 1976). Cell cultures from plutonium-induced bone tumors were killed 

without delay by circulating lymphocytes from dogs with bone tumors; similar 
toxicity was exhibited by circulating lymphocytes from dogs with no bone 
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tumors, only in the presence of macrophages, and only after a 3- to 5-day delay 
(Frazier, 19766). 

In preliminary studies of high-molecular-weight DNA from both plutonium- 
induced lung tumors and gamma-ray-induced myeloproliferative disorders, 
dominant-acting, transforming oncogene activity has been observed (Frazier, 

1987; Kelly, in press). 

7.9 CONTRIBUTIONS TO THE BASIC BIOLOGY OF BONE 

Data from life-span experiments in dogs, employing bone-seeking radionuclides, 
have provided important new understanding of the basic nature and functioning 

of bone as a tissue. This includes significant advances in the understanding of 
the role of the vasculature in bone (Jee, 1960b, 1960c, 1961, 19623, 1964c, 1969,1971) 

and marrow (Miller, S., 1980b, 1986), of bone remodeling rates (Jee, 19646; 
Kimmel, 1976, 1982; Polig, 1987), and of the significance of various cell types in 
bone and marrow (Hashimoto, 1976; Jee, 1963, 1971, 1977; Miller, S., 1980; 
Momeni, 1975c; Wilson, 1976). Advanced morphometric (Kimmel, 1976, 1977), 

autoradiographic (Fellows, 1975; Wronski, 1980), and bone-marrow culture 
techniques (Kaspar, 1984; Wilson, 1976, 1978b, 1 9 7 8 ~ )  have been developed and 

employed in these studies. 

The dog skeleton has been recommended for its utility in modeling problems of 
the human elderly, including gingivitis and periodontitis, degenerative joint dis- 
ease and osteoporosis (Jee, 1981b). Mechanical and morphological evaluations of 
age-related changes in  the aging beagle may prove useful in extending our 
understanding of intervertebral disc disease in humans (Gillett, in press). 

7.10 APPLICATIONS TO BE EXPECTED IN THE FUTURE 

It would be inappropriate to speculate a t  length, in this report, on possible future 
applications of the results from these life-span studies of radiation effects in the 
beagle. I t  is important to emphasize, however, that applications made to date, 
as reviewed in  this chapter, represent only a fraction of the benefits to be ex- 

pected from these studies. Many of the experiments are still incomplete, in the 
sense that animals remain alive, on experiment. Other experiments, in which 

animals are all dead, are still incomplete in the sense that many samples and 
much data remain to be processed and interpreted. Most of the conclusions thus 
far drawn, as considered in the previous chapters of this report, must be thought 

of as provisional findings subject to reinterpretation in  the light of final results. 
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The data still to be obtained from animals still alive is, in many respects, the 

most interesting data of all, since it  is usually data from the longest-lived ani- 

mals-those exposed to the lowest radiation doses, and therefore of greatest 

importance for establishing the incidence of long-delayed effects of low-level ex- 

posure. Because the most interesting results are the last to be obtained from an 

experiment, there has been an understandable tendency to delay interpretation 

until all the results are in. And, of course, definitive comparisons between 

experiments must await completion and interpretation of the individual experi- 

ments. 

Aside from the tumor incidence data, which have been of primary initial in- 

terest, there is a wealth of additional observations, recorded in nearly all of the 

experiments, to which little or no attention has yet been given. In fact, there are 

undoubtedly more data than it  will ever be practically possible to totally compre- 

hend. This being the case, a critical future task will be to set priorities to explore 

these data. As a first step, i t  is to be hoped that a thorough and comprehensive 

description of the design, conduct, and findings, of each experiment will be 

published in some reasonably uniform format that will facilitate future study 

and comparison. Such complete descriptions cannot, as yet, be said to exist for 

any of the experiments. 

In addition to the data recorded and awaiting interpretation, there also exist col- 

lections of biological material from which may be extracted data unanticipated 

in the original design of the experiments. These materials include a variety of 
biological specimens, ranging from gross organ and tissue samples to histo- 

logical slides to frozen viable cell cultures. These materials represent an invalu- 

able resource for future study, employing modern biological and measurement 
techniques undreamed of when the material was collected. The preservation 

and storage of this material in readily retrievable form are among the more 

urgent challenges of the immediate future. 
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....................................... 1970 g O ~ r  (insoluble) 199 

....................................... 1972 1 4 4 ~ e  (juvenile) 201 

.......................................... 1972 144Ce (aged) 203 

........................ 1972 1 4 4 ~ e  (multiple exposures) 205 

........................... 1973 2 3 8 ~ u  (3.0-pm particles) 206 

......................... 1974 2 3 8 ~ ~  (1.5-pm particles) 208 

........................... 1977 2 3 9 ~ u  (0.75-pm particles) 21 1 

........................... 1977 2 3 9 ~ u  (1.5-pm particles) 21 3 

........................... 1977 2 3 9 ~ u  (3.0-pm particles) 21 5 

........................ 1977 2 3 9 ~ u  (multiple exposures) 21 7 
....................................... 1 979 2 3 9 ~ u  (juvenile) 21 8 

.......................................... 1979 2 3 9 ~ u  (aged) 220 

Summaries of the major life-span beagle experiments are collected here in a 

uniform format. Experiments are ordered by laboratory, by date of initiation, 

and by radiation source or radionuclide employed. The identification of each ex- 

periment also includes information on the physical and/or chemical nature of 

the radiation source or radionuclide employed, on the nature of the exposure, on 

the age and sex of dogs exposed, and on the range of years over which dogs were 
exposed. A principal reference is given for the tabulated data. 

The tabulated data relate only to the life-span animals; they do not include ani- 

mals sacrificed as pathology controls or for dosimetric purposes, nor do they 

include animals maintained as a breeding colony or employed for ancillary re- 

search projects not involving life-span observation. 

The tables list information on experimental design, including the defining char- 

acteristics of the exposure groups and the number of animals in each group. 

Numbers given for "quantity injected" are mean values for the exposure group. 

For inhalation exposures, the "initial burden" tabulated is the burden measured 

after completion of initial rapid clearance from the upper respiratory tract; a 

quantity sometimes referred to as the "deep-lung burden" or "alveolar burden." 

Because inhalation exposures cannot be precisely controlled, these burdens may 

vary widely within exposure groups; the values listed are medians for the group. 

In the case of ITRI experiments, the exposure groups were redefined, following 

exposure, to avoid burden overlap between adjacent groups. This adjustment 

was not made for PNL experiments, where such overlap was minimal. 



Tabulated results are a necessarily abbreviated selection, varying in nature from 

experiment to experiment, depending on the objective of the experiment and the 

present status of available results. In all cases the results include the number of 

dogs that are dead in each group and some group measure of the time interval of 

postexposure survival. The number of dogs dead with the principal radiation- 

related effect(s) is listed, together with the percentage incidence (number with 

effectlnumber dead). In a few cases, specifically noted, the number of primary 

tumors rather than the number of animals with tumors is listed. Not included 

in these tables are data related to radionuclide retention, to physiologic or patho- 

logic observations other than gross incidence of major effects, or data on the time 

of appearance of effects other than death. 

Derived data, such as estimates of radiation dose to organs or tissues, and 

inferred conclusions, such as estimates of carcinogenic risk, are intentionally 

excluded from the tables. Such derived data are often of a provisional nature 

and should be considered only in the full context of the methods employed in 

their derivation; they are, in any case, not essential to the purpose of these 

tables, i.e., to facilitate gross comparison of current status and principal find- 

ings. 

c 
be em~loved as a basis for further analvsis. For anv such puraose. referenced 

sources should be consulted for a more detailed and fullv aualified presentation 

of the data. 

Following the tabulated data is a brief narrative description of the experiment 

and supporting studies, with references to principal published papers. At the 
conclusion of these remarks there is a listing of reports in the document litera- 

ture, which may contain details of the experiment that have not found their way 

into more widely available sources. 



8. Appendix-Utah 

8.1 UTAH EXPERIMENTS 

Single intravenous injection o f  plutonium citrate solution; dogs 13 
to 25  months old, of  both sexes, placed on experiment in 3 series: 
'A", from 1952 to 1958; "B", from 1964 to 1970; and "C': from 1973 
to 1974. Results as of  September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL 
DESIGN 
Quantity Series, 
Injected and No. 
C i a  lniected 

None A 12 
(Control) B 31 

C 7 

DPERIMENTAL RESl II TS 
Median 

No. of Postexp. No. (% lncldence, 
Animals Survival Bone Liver 
Dead (vears) Tumr Tumor 

Series A and B animals are all dead, as are most of series C. Several papers 

provide general descriptions of the experiment (Dougherty, T., 1962; Jee, 19763; 
Mays, 1969, 19863; Stover, 1972f, 1975; Taylor, G., 1972~;  Wrenn, 1986). These and 

other publications often present comparative data from the Utah 2 3 9 ~ u ,  2 2 6 ~ a ,  

2 2 8 ~ a ,  2 2 8 ~ h ,  and 90Sr experiments. Control dogs from these other contempo- 

rary Utah experiments are sometimes combined in analyses of results from the 

plutonium experiment (Atherton, 1986). 



8. Appendix-Utah 

The carefully standardized injection solutions were shown to be minimally col- 

loidal and at least 98% Pu(1V) (Stover, 19623). Supporting studies with 2 3 7 ~ u  

showed that plutonium distribution was not a sensitive function of mass injected 

(Lloyd, R., 1976b); injection of particulate plutonium, however, resulted in a very 

different pattern of distribution and retention (Bruenger, 1981). 

Data on the gross distribution and retention of plutonium, from excreta and 

tissue measurements, were reported in a series of papers, which also derived 

dosimetric parameters for the experiment (Dougherty, T.,1962; Lloyd, R., 19766; 
Stouer, 1959, 19593, 1962, 19623, 1968, 1969, 1971, 1972c, 1974, 1976, 1977). 

Estimated median-survival average radiation dose to bone ranged from about 2 

rad in the lowest injection group to about 4000 rad in the highest (Doc. COO- 
119-262). A detailed biokinetic model of plutonium distribution between blood, 

liver, and trabecular and cortical bone compartments has been recently describ- 

ed (Polig, in press) 

A number of papers have dealt with local distribution and dosimetry of pluto- 

nium within bone (Arnold, 1959, 1962; Jee, 1964, 1971, 1 9 7 2 ~ ;  Kimmel, 1976; 

Smith,  J., 1984; Spiers, 1976; Wronski, 19801, teeth (Jee, 1960), and liver 

(Cochran, 1962, Taylor, G., 19726, 19861, as well as its subcellular distribution 

and binding in liver (Bruenger, 1971, 1976, 19766) and blood (Stevens, W., 1968). 

Hematologic effects were described and analyzed in a series of papers 

(Dougherty, J., 1955, 1962, 1969, 1970, 1971, 1972; Goldman, 1976). A variety of 

biochemical effects measured in blood have been reported (Berliner, 1969; 

Nabors, 1972; Ruhmann, 1965; Stevens, W., 1964, 1967). Nonneoplastic effects 

described in bone have included fractures (Jee, 1961; Rehfeld, 1962; Taylor, G., 
1962, 1966, 1976), radiographic changes (Christensen, 19621, chemical changes 

(Stouer, 1963), histopathologic changes (Jee, 1961, 1962, 19623, 19711, and effects 
on blood vessals (Jee, 19603, 1962c, 1969, 1971; Park, H., 1972). Nonneoplastic 

effects have also been reported in teeth (Jee, 1960; Taylor, G., 19693, 1971, 19761, 
in the liver (Cochran, 1962; Stover, 1968; Taylor, G., 1971, 19723, 19861, and in the 

eye (Taylor, G., 19623). 

The greatly increased incidence of bone tumors is described in a number of early 
papers (Dougherty, T., 1962, 1 9 6 2 ~ ;  Jee, 1962). Later papers on this subject 

usually include mathematical analysis in terms of dose-response relationships 

(Blair, 1968, 1972; Gridgeman, 1971; Mays, 1969, 1972; Peterson, 1982; Raabe, 

1984, 1986, 19863; Stouer, 19703, 1986; Whittemore, 1982; Wrenn, 1986c), and 

discuss possible carcinogenic mechanisms in relation to bone structure and 

turnover rates (Arnold, 1962; Kimmel, 1976, 1982; Marshall, 1973; Miller, S., 
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1986; Wronski, 1980), the distribution of spontaneous and radiation-induced 

tumors (Christensen, 1972; Miller, S., 1986; Spiers, 19831, and the dynamics of 

tumor growth (Thurman, 1971). Supporting studies with St. Bernard dogs have 

explored the influence of spontaneous osteosarcoma sensitivity on the induction 

of osteosarcomas by plutonium (Lloyd, R., 1984b; Taylor, G., 1981). The in- 

creased incidence of liver tumors is described (Mays, 1970; Taylor, G., 1969, 

1972b, 1986), as  is the lack of effect of plutonium on the incidence of mammary 

tumors (Taylor, G., 19766). 

A number of papers have dealt with estimation of the relative biological effec- 

tiveness of the various radionuclides involved in the Utah life-span experiments 

(Dougherty, J., 1970; Gridgeman, 1971; Marshall, 1973; Mays, 1969, 198661, and 

with the extension of these data to the estimation of risk factors for man (Mays, 

1970, 1976, 19766; Muggenburg, 1983; Rosenblatt, 1976; Spiers, 1976, 1988; Taylor, 

G., 1976). 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs, Date Doc. No. Paae Refs. 

1955 (Mar) 

1955 (Sep) 

1956 (Mar) 

1956 (Sep) 

1957 (Mar) 

1957 (Sep) 

1958 (Mar) 

1958 (Sep) 

1959 (Mar) 

1959 (Sep) 

1960 (Mar) 

1960 (Sep) 

1961 (Sep) 

1962 (Mar) 

1962 (Sep) 

1963 (Sep) 

1964 (Mar) 

1964 (Sep) 

1965 (Mar) 

1966 (Mar) 

1966 (Sep) 

1967 (Mar) 



Issue Date Doc. No. Paae Refs. 

1969 (Mar) 

1970 (Mar) 

1971 (Mar) 

1972 (Mar) 

1973 (Mar) 

1974 (Mar) 

1975 (Mar) 

1976 (Mar) 

1977 (Mar) 

1978 (Mar) 

1979 (Mar) 

Issue Date Doc. No. Paae Refs. 

1980 (Mar) COO-1 19-256 33-41 

91-101 

1982 (Mar) COO-1 19-257 12-22 

52-88 

1983 (Mar) COO-1 19-258 14-21 

26-34 

46-90 

1984 (Dec) COO-1 19-259 1-1 2 

25-50 

73-76 

113-127 

1985 (Dec) COO-1 19-261 1-14 

27-40 

1986 (Dec) COO-1 19-262 1-14 

20-25 

58-66 

97-1 02 



Single intravenous injection of radium citrate solution; dogs 12 to 

28 months old, of both sexes, placed on experiment in  2 series: 
'AA': from 1953 to 1963; and "B", from 1964 to 1970. Results as of 

September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity Series, No. of Postexp. No. (Oh lnddence) 
Injected and No. Animals Survival Bone Liver Eye 
fuCi/ka) h@&d- Dead bears) Tumor Tumor Melanoma 

None A 12 12 9.6 0 (0) 
(Control) B 32 32 

0 (0) 
12.8 

0 (0) 
0 (0) 0 (0) 0 ('4 

This experiment was designed to provide a link between epidemiologic studies of 

radium effects in humans, and studies in the dog with various radionuclides 

(but particularly plutonium) for which no effects have been observed in humans 

(Stouer, 1972d). All dogs are dead. A brief summary of the experiment has 

recently appeared (Wrenn, 1986b); greater detail appeared in an earlier general 

status report (Dougherty, T., 1962). These and other publications often present 

comparative data from the Utah 2 3 9 ~ u ,  2 2 6 ~ a ,  2 2 8 ~ a ,  2 2 8 ~ h ,  and 90Sr experi- 

ments. Control dogs from these other contemporary Utah experiments are 

sometimes combined in analyses of results from the radium experiment 

(Atherton, 1986). 

Gross retention of 226Ra was followed by total-body counting (Lloyd, R., 1976g); 

interpretation of these data involved detailed study of the retention of 226Ra decay 

products (Lloyd, R., 1976h, 1983d, 1986b; Mays, 1958, 1975; Van Dilla, 1958). The 

general problem of radium distribution and retention was considered in a series 

of papers, which also derived dosimetric parameters for the study (Atherton, 
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1965; Lloyd, R., 1976e, 1976h, 19866; Stover, 1958, 1959, 1962). The most recent 
description of average skeletal dosimetry, including dose from daughters inject- 

ed or grown in, was published in  1986 (Lloyd, R., 19866). Estimated median- 

survival average radiation dose to bone ranged from about 30 rad at  the lowest 

injection level to about 16,000 rad at  the highest (Doc. COO-119-262). 

A number of papers have dealt with the distribution of radium among bones 

(Lloyd, R., 1976e), and local distribution and dosimetry of radium within bone 

(Arnold, 1959; Jee, 19606, 1962c, 1964), teeth (Jee, 1960), in the eye (Fisher, G., 
1976; Stover, 1962; Taylor, G., 19626, 19646, 1972d) and in blood cells and plasma 

(Stover, 1965). 

Hematologic effects were described and analyzed in  a series of papers 

(Dougherty, J., 1955, 1962, 1969, 1970, 1971, Goldrnan, 1976). A variety of bio- 

chemical effects measured in blood have been reported (Berliner, 1969; Ruhrnan, 

1965; Stevens, W., 1967). Nonneoplastic effects described in bone have included 

fractures (Rehfeld, 1962; Taylor, G., 19661, radiographic changes (Christensen, 

1962), histopathologic changes (Jee, 19626, 19711, and effects on blood vessals 

(Jee, 19606, 1962c, 1969; Park, H., 1972). Nonneoplastic effects have also been 

reported in the eye (Taylor, G., 19628, 19646). 

The increased incidence of bone tumors is described in early papers (Dougherty, 

T., 1962, 1 9 6 2 ~ ) .  Later papers on this subject usually include mathematical 

analysis in terms of dose-response relationships (Blair, 1968, 1972; Dougherty, 
T., 1969; Gridgeman, 1971; Mays, 1969, 1972; Raabe, 1984, 1986, 19866; Stover, 

19706, 1986; Wrenn, 1986c), and discuss possible carcinogenic mechanisms in 

relation to bone structure and turnover rates (Marshall, 1973; Spiers, 1983, 19881, 
the distribution of spontaneous and radiation-induced tumors (Christensen, 

1972; Spiers, 1983), and the dynamics of tumor growth (Thurrnan, 1971). 
Supporting studies with St. Bernard dogs have explored the influence of spon- 

taneous osteosarcoma sensitivity on the induction of osteosarcomas by 2 2 6 ~ a  

(Lloyd, R., 1983b, 1983d; Wrenn, 1986). The increased incidence of intraocular 

melanomas is described (Taylor, G., 1969, 1972d, 1976), as is the lack of effect of 

226Ra on the incidence of mammary tumors (Taylor, G., 19763). 

A number of papers have employed the 2 2 6 ~ a  data in estimating the relative 

biological effectiveness of other radionuclides involved in the Utah studies 

(Dougherty, J., 1970; Gridgeman, 1971; Marshall, 1973; Mays, 1969, 198661, and 

in the extension of these data to the estimation of risk factors for man (Goldrnan, 

1973; Mays, 1976, 19766; Mewhinney, 1986; Muggenburg, 1983; Rosenblatt, 1976; 

Spiers, 1976, 1988; Taylor, G., 1976). 
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Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs, Issue Date Doc. No. Paae Refs. 

1955 (Mar) 1964 (Mar) 

1965 (Mar) 

1965 (Sep) 

1966 (Mar) 

1967 (Mar) 

1969 (Mar) 

1955 (Sep) 

1956 (Mar) 

1956 (Sep) 

1957 (Mar) 

1957 (Sep) 

1970 (Mar) 

1973 (Mar) 

1975 (Mar) 

1977 (Mar) 1958 (Mar) 

:958 (Sep) 1978 (Mar) 

1959 (Mar) 1979 (Mar) 

1982 (Mar) 

1983 (Mar) 1959 (Sep) 

1960 (Mar) 

1984 (Dec) 

1960 (Sep) 

1961 (Sep) 

1962 (Mar) 

1985 (Dec) 

1962 (Sep) 

1963 (Mar) 1986 (Dec) 

1963 (Sep) 
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Single intravenous injection of radium citrate solution; dogs 13 to 

24 months old, of both sexes, placed on experiment from 1954 to 

1963. Results as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL 
DESIGN 
Quantity No. of 
Injected Animals 
(uCllka) lniected 

None 13 
(Control) 

0.02 12 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. No. f% Incidence) 
Animals Survival Bone Liver EY e 
Dead Ivears) Tumor Tumor Melanoma 

This experiment supplements the 226Ra experiment in providing a link between 

epidemiologic studies of radium effects in humans, and studies in the dog with 

various radionuclides (but particularly plutonium) for which no effects have 

been observed in humans (Euans, 1972). All dogs are dead. Brief recent sum- 

maries of results have been published (Lloyd, R., 1986; Mays, 1987). An early 

publication gave a detailed account of experimental design and early results 

(Dougherty, T., 1962); i t  and other publications on specific aspects of the experi- 

ment usually present comparative data from the Utah 2 3 9 ~ u ,  2 2 6 ~ a ,  228Ra, 2 2 8 ~ h ,  

and 90Sr experiments. Control dogs from these other contemporary Utah 

experiments are sometimes combined in analyses of results (Atherton, 1986). 

Gross retention of 2 2 8 ~ a  was followed by total-body counting (Lloyd, R., 1976g); 

interpretation of these data involved detailed study of the retention of 2 2 8 ~ a  decay 

products (Mays, 19586; Stouer, 1959~) .  The general problem of 2 2 8 ~ a  distribution 

and retention was considered in several papers, which also derived dosimetric 

parameters for the study (Dougherty, T., 1962; Lloyd, R., 1976h, 1986; Stouer, 

1962). Estimated median-survival average radiation dose to bone ranged from 

about 100 rad in the lowest injection group to nearly 10,000 rad in the highest 

(DOC. COO-119-262). 
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Hematologic effects were described and analyzed in  a series of papers 

(Dougherty, J., 1962, 1970, 1971). A variety of biochemical effects measured in 

blood have been reported (Berliner, 1969; Ruhmann, 1965; Stevens, W., 1967). 

Nonneoplastic effects described in bone have included fractures (Taylor, G., 
1966), radiographic changes (Christensen, 19621, histopathologic changes (Jee, 

19626, 1971), and effects on blood vessals (Jee, 1969; Park, H., 1972). Nonneo- 

plastic effects have also been reported in the eye (Taylor, 19626). 

The increased incidence of bone tumors is described in early papers (Dougherty, 

T., 1962, 1 9 6 2 ~ ) .  Later papers on this subject usually include mathematical 

analysis in  terms of dose-response relationships (Blair, 1968; Dougherty, T., 

1969; Gridgeman, 1971; Mays, 1969, 1972; Raabe, 1984, 1986, 19866; Wrenn, 1 9 8 6 ~ )  

and discuss possible carcinogenic mechanisms in relation to bone structure and 

turnover rates (Spiers, 1983), the distribution of spontaneous and radiation- 

induced tumors (Spiers, 19831, and the dynamics of tumor growth (Thurman,  

1971). The increased incidence of intraocular melanomas is described (Taylor, 

G., 1969, 1972d, 1976), as  is the lack of effect of 2 2 8 ~ a  on the  incidence of 

mammary tumors (Taylor, G., 19766). 

Several papers have dealt with estimation of the biological effectiveness of 228Ra 

relative to 2 2 6 ~ a  (Dougherty, J., 1970; Gridgeman, 1971; Lloyd, R., 1986; Mays, 

1969, 1987). 

Information relevant to this experiment will be found in the following University 
of Utah Radiobiology Laboratory periodic reports: 

Issue Date Doc. No. paae Refs.. issue Date.No. Paae Ref% 

1958 (Sep) 

1959 (Mar) 

1959 (Sep) 

1960 (Mar) 

1960 (Sep) 

1961 (Sep) 

1962 (Mar) 

1962 (Sep) 

1963 (Sep) 
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Issue Date Doc. No. paae Refs. Issue Date Doc. No. Paae Refs. 

1966 (Mar) COO-1 19-234 94-1 19 1973 (Mar) COO-1 19-248 370-377 

1969 (Mar) COO-1 19-240 86-96 1979 (Mar) COO-1 19-254 9-1 4 

224-261 1985 (Dec) COO-1 19-261 61 -66 

1970 (Mar) COO-1 19-242 21 1-257 

385-401 
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Single intravenous injection o f  thorium citrate solution; dogs 10 to 
24 months old, of both sexes, placed on experiment from 1954 to 
1963. Results as of September, 1987 (Doc. COO-119-2631. 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No. of Postexp. No. (% Incdence) 
lnjected Animals Animals Survival Bone Liver 
[uCi/ka) lniected Dead bears) Tumor Tumor 

None 13 13 12.5 0 (0) 0 (0) 
(Control) 

0.002 13 13 12.5 0 (0) 2 (15) 

This experiment was designed to supplement the 226Ra experiment in providing 
a link between epidemiologic studies of radium effects in humans, and studies 

in the dog with various radionuclides (but particularly plutonium) for which no 

effects have been observed in humans (Evans, 1972). Perhaps more importantly, 

the experiment is one of the few sources of information on the toxicology of radio- 
nuclides of concern in any future implementation of a thorium fuel cycle (Stover, 
1981). 

All dogs are dead. The experiment has been briefly summarized (Lloyd, R., 
1986; Stover, 1981), and detailed retention and dosimetry data have been pub- 

lished (Lloyd, 1984d). An earlier publication gave greater detail on experimental 

design and early results (Dougherty, T., 1962); i t  and other publications on 

specific aspect of the experiment usually present comparative data from the 

Utah 239Pu,226~a, 2 2 8 ~ a ,  228Th, and 90Sr experiments. Control dogs from these 

other contemporary Utah experiments are sometimes combined in analyses of 

results (Atherton, 1986). 
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Gross retention of 2 2 8 ~ h  was followed by total-body counting (Lloyd, R., 1976g). 
Interpretation of these data involved extensive study of the retention of 2 2 8 ~ h  

decay products (Lloyd, 1984d; Mays, 19586; Stover, 1959c, 1960, 19653, 1965c, 

1968c, 1981; Van Dilla, 1956, 1957). A supporting 20-dog sacrifice study provided 

detailed data for the period to 18 months postinjection (Lloyd, R., 1984d). The 

general problem of 2 2 8 ~ h  distribution and retention was considered in several 

papers, which also derived dosimetric parameters for the study (Dougherty, T., 

1962; Lloyd, R., 1984d; Stover 1960, 1962, 19653, 1965c, 1981). Estimated median- 

survival average radiation dose to bone ranged from about 15 rad in the lowest 

injection group to about 4,000 rad in the highest (Doc. COO-119-262). A number 

of papers have dealt with local and microscopic distribution and dosimetry in 

bone (Jee, 1964, 1971; Lloyd, R., 1984d) and teeth (Jee, 1960). 

Hematologic effects were described and analyzed in  a series of papers 

(Dougherty, J., 1962, 1970, 1971). A variety of biochemical effects measured in 

blood have been reported (Berliner, 1969; Ruhmann, 1965; Stevens, W., 1967). 
Nonneoplastic effects described in bone have included fractures (Taylor, G., 

19663), radiographic changes (Christensen, 1962), histopathologic changes (Jee, 

19623, 1971), and effects on blood vessals (Jee, 19603, 1969; Park, H., 1972). Non- 

neoplastic effects have also been reported in the eye (Taylor, G., 19623). 

The increased incidence of bone tumors is described in early papers (Dougherty, 

T.,1962, 1 9 6 2 ~ ) .  Later papers on this subject usually include mathematical 

analysis in  terms of dose-response relationships (Blair, 1968; Dougherty, T., 
1969; Gridgeman, 1971; Lloyd, R., 1986; Mays, 1969,1972,1987; Raabe, 1984,1986, 
19863; Wrenn, 19866) and discuss possible carcinogenic mechanisms in relation 

to bone structure and turnover rates (Spiers, 1983), the distribution of sponta- 
neous and radiation-induced tumors (Spiers, 19831, and the dynamics of tumor 

growth (Thurman, 1971). The increased incidence of intraocular melanomas is 
described (Taylor, G., 1972d, 1976), as is the lack of effect of 2 2 8 ~ h  on the inci- 

dence of mammary tumors (Taylor, G., 19768). 

Several papers have dealt with estimation of the biological effectiveness of 228Th 

relative to 2 2 6 ~ a  (Dougherty, J., 1970; Gridgeman, 1971; Lloyd, R., 1986; Mays, 

1969, 1987). 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 
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Issue Date Doc. No. 

1955 (Mar) AECU-3418 

1955 (Sep) AECU-3109 

1956 (Mar) TI D-16458 

1956 (Sep) TID-16459 

1957 (Mar) AECU-3522 

1957 (Sep) AECU-3583 

1958 (Mar) COO-215 

1958 (Sep) COO-217 

1959 (Mar) COO-218 

1959 (Sep) COO-219 

1960 (Mar) COO-220 

1960 (Sep) COO-222 

1961 (Sep) COO-224 

Paae Refs. Issue Date Doc. No. Paae Refs. 

1962 (Mar) 

1962 (Sep) 

1963 (Sep) 

1964 (Mar) 

1964 (Sep) 

1965 (Mar) 

1966 (Mar) 

1968 (Mar) 

1969 (Mar) 

1970 (Mar) 

1973 (Mar) 

1985 (Dec) 
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Single intravenous injection of strontium citrate solution; dogs 

14 to 21 months old, of both sexes, placed on experiment from 
1955 to 1966. Results as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No. of Postexp. No. f0/~ Incidence) 
Injected Animals Animals Survival Bone Liver 
@Ci/ka) lniected Dead (vears) Tumor Tumr 

None 
(Control) 

0.6 

1.8 

3.6 

11. 

32. 

64. 

100. 

All animals are dead, but no comprehensive report on the experiment has been 

published. Progress reports on various aspects of the experiment typically 

present comparative data from the Utah 2 3 9 ~ u ,  2 2 6 ~ a ,  2 2 8 ~ a ,  2 2 8 ~ h ,  and 90Sr 

studies. Control dogs from these other contemporary Utah experiments are 
sometimes combined in analyses of results (Atherton, 1986). 

Gross retention of 90Sr was followed by total-body bremsstrahlung counting 

(Lloyd, R., 1963, 1976g, 1976h; Mays, 1 9 5 8 ~ ) .  Distribution and retention of 90Sr 
was described in a series of papers, which also derived dosimetric parameters 

for the study (Stover, 1958, 1962). Estimated median-survival average radiation 

dose to bone ranged from about 100 rad in the lowest injection group to nearly 

10,000 rad in the highest (Doc. COO-119-262). The internal dosimetry of injected 

90Sr, as derived from this experiment, has been compared with that of inhaled 

(McClellan, 1972c), and ingested (Momeni, 1976) 90Sr. Other papers have con- 

sidered the effect of age at injection, confinement, and level of radiation exposure 

on 90Sr retention (Decker, 1964; Glad, 1960), the distribution of 90Sr among bones 

(Lloyd, R., 1976e), and local distribution and dosimetry within bone (Jee, 1971; 
Spiers, 1969, 1988 ) and teeth (Jee, 1960). 
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Hematologic effects were described and analyzed in a series of papers 

(Dougherty, J., 1962, 1970, 1971, 19726; Goldman, 1976). Early hematopoietic 

deaths a t  high dose levels have been described (Dougherty, J., 19726). A variety 

of biochemical effects have been measured in blood (Berliner, 1969; Ruhmann, 

1965). Histopathologic effects have been studied in bone at  the electronmicro- 

scopic level (Park, H., 1972). 

The increased incidence of bone tumors has been described and analyzed in 

terms of dose-response relationships (Blair, 1972; Dougherty, T. ,  1969; 

Gridgeman, 1971; Mays, 1969, 1 9 7 2 ~ ) .  Other papers discuss possible carcino- 

genic mechanisms in relation to bone structure and turnover rates (Spiers, 1983, 

19881, the distribution of spontaneous and radiation-induced tumors (Spiers, 

1983), and the dynamics of tumor growth (Thurman, 1971). There was no effect 

of 90Sr on the incidence of mammary tumors (Taylor G., 19763). 

Several papers have dealt with the estimation of biological effectiveness of 90Sr 

relative to 226Ra (Dougherty, J., 1970; Gridgeman, 1971; Mays, 1969, 19806) and 

with the estimation of risk factors for man (Blair, 1972; Mays, 1 9 7 2 ~ ) .  

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae  ref^ 

1955 (Mar) 

1955 (Sep) 

1956 (Mar) 

1956 (Sep) 

1957 (Mar) 

1957 (Sep) 

1958 (Mar) 

1958 (Sep) 

1959 (Mar) 

1959 (Sep) 

1960 (Mar) 

1961 (Sep) 

1963 (Sep) 

1965 (Mar) 

1966 (Mar) 

1968 (Mar) 

1969 (Mar) 

1970 (Mar) 

1985 (Dec) 
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Single intravenous injection of americium citrate solution; dogs 

15 to 19 months old, of both sexes, placed on experiment i n  2 
series: "A': from 1966 to 1970; and "B'; from 1974 to 1975. Results 

as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL 
DESIGN 
Quantity Series, 
Injected and No. 
(uCilkai lniected 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. No. i% Incidence) 
Animals Survival Bone Liver 
Dead bears) Tumor Tumor 

All series A dogs are dead. No comprehensive description of the total experi- 

ment has been published, but detailed retention and dosimetry data have been 

reported (Lloyd R., 1 9 8 4 ~ ) .  Retention of 241Am was measured by whole-body 

counting (Lloyd, R., 1970, 1976g), with liver content estimated from counts with 

and without shielding in the liver region (Lloyd, R., 1970, 1975d). Papers have 

described the early retention of americium in the blood (Bruenger, 19691, and its 

gross distribution and retention in bone and liver (Lloyd, R., 1970, 1984~;  Stevens, 
W., 1969). Estimated median-survival average radiation dose to bone ranged 

from about 10 rad in the lowest injection group to about 1500 rad in the highest 

(DOC. COO-119-262). 

The distribution of americium among different bones (Lloyd, R., 19726, 1 9 8 4 ~ )  

and its microscopic distribution and dosimetry within bone (Lloyd, R., 19726; 

Polig, 1984, 1984b) have been reported. Microscopic (Taylor, G., 1972b) and sub- 

cellular (Bruenger, 19763) distribution in liver was investigated. Retention in 

liver was shown to be a function of deposition level (Lloyd, R., 19726, 1 9 8 4 ~ ) .  

Americium concentrates in the thyroid (Stevens, W., 1969; Lloyd, R., 19701, 



where its microscopic (Taylor, G., 1 9 6 9 ~ )  and subcellular (Steuens, W., 1969) 

distribution and damaging effects (Lloyd, R., 1972b) have been studied. A 
supporting experiment studied the retention and distribution of americium 

administered to neonatal beagles (Steuens, W., 1977). 

Early histopathologic effects have been described for liver (Lloyd, R., 19723; 

Taylor, G., 1972b), kidney (Lloyd, R., 197261, and bone (Park, H., 1972). Serum 

biochemical effects have been compared with those observed in  plutonium- 

injected animals (Nabors, 1972). Cortisol metabolism in the skin was shown to 

be elevated in dogs bearing 2 4 1 ~ m  (Nabors, 1975). 

The increased incidence of liver tumors (Taylor, G., 1972b, 1986) and bone 

tumors (Mays, 1987; Raabe, 1984, 1986, 19866; Wrenn, 1986, 1 9 8 6 ~ )  has been 

subjected to preliminary analysis. 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

Issue Date pot. No. Paae  ref^, Issue Date Doc. No. Paae Refs, 

1967 (Mar) COO-1 19-236 196-21 7 1974 (Mar) COO-1 19-249 31 1 

1968 (Mar) COO-1 19-237 11 7-152 326 

1969 (Mar) COO-1 19-240 97-161 1976 (Mar) COO-1 19-251 144-1 71 

1970 (Mar) COO-119-242 202 1977 (Mar) COO-1 19-252 223-227 

354-362 1978 (Mar) COO-1 19-253 277-282 

1971 (Mar) COO-1 19-244 151 -174 1982 (Mar) COO-1 19-257 11 2-1 20 

1972 (Mar) COO-1 19-246 249-281 1983 (Mar) COO-1 19-258 72-90 

1973 (Mar) COO-1 19-248 201 -228 
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Single intravenous injection of californium citrate solution; dogs 
15 to 19 months old, of both sexes, placed on experiment from 1971 
to 1974. Results as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No.  of Postexp. No. f"4 lncldence) 
Injected Animals Animals Survival Bone Liver 
(uCi/ka) lniected Dead bears) Tumor Tumor 

None 6 4 ~ 1 2 . 8  0 (0) 0 (0) 
(Control) 
0.0006 6 4 >13.1 0 (0) 0 (0) 

Descriptions of this experiment and the rationale for comparative 249Cf and 252Cf 

studies appear in several progress reports (Lloyd, R., 1976; Mays, 19726; Wrenn, 
1986). Retention of 249Cf was measured by whole-body counting (Lloyd, R., 1972), 
with liver content estimated from counts with and without shielding in the liver 

region (Lloyd, R., 1975d). Estimated median-survival average radiation dose to 

bone ranged from about 4 rad in the lowest injection group to about 800 rad in the 

highest (Doc. COO-119-262). 

The retention and protein-binding of 249Cf in the blood during the first 48 hours 

postinjection have been described (Stevens, W., 1972). Its gross distribution 

among soft tissues (Atherton, 19721, its microscopic distribution in soft tissues 
(Taylor G., 1972), and its subcellular distribution in liver (Bruenger, 1972, 1976b) 
were studied at 1 and 3 weeks postinjection. Its longer-term distribution and 

retention is reported to 160 days (Lloyd, R., 1972) and to about 4 years (Lloyd, R., 
1976) postinjection. 

The increased incidence of bone tumors has been subjected to preliminary 

analysis (Raabe, 1984, 1986, 1986b; Wrenn, 1986, 1986~) .  

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 
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Issue Date Doc. No. Paae Refs. h u e  Date Doc. No. Paae Refs. 

1971 (Mar) COO-1 19-244 126-1 50 1975 (Mar) COO-1 19-250 231-237 

1972 (Mar) COO-1 19-246 287-330 1978 (Mar) COO-1 19-253 283-286 

1973 (Mar) COO-1 19-248 156-162 1982 (Mar) COO-1 19-257 11 2-1 15 

201-212 
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Single intravenous injection of  californium citrate solution; dogs 

15 to 19 months old, of both sexes, placed on experiment from 1971 

to 1973. Results as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No. of Postexp. No. K Incidence) 
Injected Animals Animals Survival Bone Liver 
bCi1ka) lniected Dead Tumor Tumor 

None 6 5 10.4 0 (0) 1 (20) 
(Control) 
0.0006 5 4 11.8 0 (0) 0 (0) 

Descriptions of this experiment and the rationale for comparative 2 4 9 ~ f  and 2 5 2 ~ f  

studies appear in several progress reports (Lloyd, R., 1976; Mays, 19723; Wrenn, 
1986). Retention of 252Cf was measured by whole-body counting (Lloyd, R., 1972), 
with liver content estimated from counts with and without shielding in the liver 

region (Lloyd, R., 1975d). Estimated median-survival average radiation dose to 

bone ranged from about 2 rad in the lowest injection group to nearly 1000 rad in 

the highest (Doc. COO-119-262). 

The retention and protein-binding of 252Cf in the blood during the first 48 hours 

postinjection have been described (Stevens, W., 1972), as has its early subcellular 

distribution in liver (Bruenger, 1976b). Its longer-term distribution and reten- 

tion is reported to 160 days (Lloyd, R., 1972) and to about 4 years (Lloyd, R., 1976) 
postinjection. 

The increased incidence of bone tumors has been subjected to preliminary 

analysis (Raabe, 1984, 1986, 1986b; Wrenn, 1986, 1986~) .  From early observations, 

the carcinogenicity of fission fragments from 252Cf appears to be much lower 

than that of alpha particles (Lloyd, R., 1976; Taylor, G., 1983b; Wrenn, 1986). 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 



h u e  Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1971 (Mar) COO-1 19-244 147-148 1975 (Mar) COO-1 19-250 231 -237 

1972 (Mar) COO-1 19-246 287-330 1978 (Mar) COO-1 19-253 283-286 

1973 (Mar) COO-1 19-248 156-1 62 1982 (Mar) COO-1 19-257 112-1 15 

201-212 
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Single intravenous injection of plutonium citrate solution; dogs 
2.9 to 3.5 months old, of both sexes, placed on experiment from 
1972 to 1978. Results as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No. of Postexp. No. (%Incidence) 
Injected Animals Animals Survival Bone Liver 
(uClika) lniected Dead &ears) Tumr Tumor 

None 8 7 12.6 0 (0) 0 (0) 
(Control) 
0.005 11 4 >I 1.5 0 (0) 0 (0) 

Published details of this experiment are limited to descriptions of experimental 

design (Jee, 19766; Wrenn, 1986) and an account of results from the highest 

injection level (Bruenger, 19801, where the 12 dogs exhibited 17 bone tumors and 

33 healed fractures. Estimated median-survival average dose to bone in the 

highest injection level was about 2500 rad (Doc. COO-119-262). 

From supporting sacrifice studies, the early distribution and retention of pluto- 

nium has been described (Lloyd, R., 1978c; Bruenger, 1980, 1983, 1984), including 

data from dogs injected a t  2 days of age (Bruenger, 1978). As compared to young 

adults, the juvenile dogs deposited and retained less plutonium in liver and 

more plutonium in bone. Plutonium deposited on bone surfaces was rapidly 

buried, however, and may be less hazardous than plutonium deposited in older 
animals (Wrenn, 1986). 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 
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k u e  Date Doc. No. Paae Refs. 

1973 (Mar) COO-1 19-248 31 7-335 

1976 (Mar) COO-1 19-251 172-180 

1977 (Mar) COO-1 19-252 188-190 

21 0-222 

1978 (Mar) COO-1 19-253 165-185 

1979 (Mar) COO-1 19-254 65-73 

1982 (Mar) COO-1 19-257 12-22 

Issue Date Doc. No. Paae  ref^, 

1983 (Mar) COO-1 19-258 16-1 9 

46 

1984 (Dec) COO-119-259 3-8 

63-64 

113-127 

1985 (Dec) COO-1 19-261 5-1 0 

1986 (Dec) COO-1 19-262 4-8 
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Single intravenous injection of einsteinium citrate solution; dogs 
16 months old, of both sexes, placed on experiment in 1973. Re- 
sults as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No. of Postexp. No. (O/O Incidence) 
lr~jected Animals Animals Survival Bone Liver 
UCitka) lniected Dead (vears) Tumor Tumr 

Papers have appeared on retention and distribution of einsteinium to 55 days 

postinjection as determined from 3 sacrifice dogs (Lloyd, R., 19751, and on its 

subcellular distribution in liver (Bruenger, 19763). 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. 

1974 (Mar) COO-1 19-249 234-280 

1984 (Dec) COO-1 19-259 11 3-127 
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Single intravenous injection of plutonium citrate solution; dogs 

4.1 to 5.2 Years old, of  both sexes, placed on experiment from 1975 

to 1978. Results as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No. of Postexp. No. ("/o Incidence) 
Injected Animals Animals Survival Bone Liver 
(uCiIka) lniected Dead &ears) Tumr Tu mr 

Published details of this experiment are limited to descriptions of experimental 

design and tabulation of early effects (Jee, 19766; Wrenn, 1986). Supporting sac- 

rifice studies showed few differences between aged dogs and young adults in 

early distribution and retention of plutonium (Lloyd, R., 1978); local distribution 

and retention within bone has been compared between aged, young-adult and 

juvenile animals (Bruenger, 1983). As compared to young adults, the aged dogs 

retain more plutonium on bone surfaces and thus may be more sensitive to bone- 

tumor production despite their restricted life expectancy (Wrenn, 1986). Esti- 
mated median-survival average radiation dose to bone was about 400 rad in the 

highest injection group (Doc. COO-1 19-262). 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs, bsue Date Doc. No. Paae Refs, 

1976 (Mar) COO-1 19-251 172-180 1984 (Dec) COO-119-259 3-8 

1977 (Mar) COO-1 19-252 188-1 90 113-127 

1982 (Mar) COO-I 19-257 12-15 1985 (Dec) COO-1 19-261 5-1 0 

1983 (Mar) COO-1 19-258 16-19 1986 (Dec) COO-1 19-262 4-8 

46 
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Single intravenous injection of  radium citrate solution; dogs W 
months old, of  both sexes, placed on experiment from 1975 to 1978. 
Results as of September, 1987 (Doc. COO-119-263). 

EXPERlM ENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quaniity No. of No. of Postexp. No. lncdence) 
Injected Animals Animals Survival Bone Liver EY e 

lniected Dead Tumor Tumor Melanoma 

None 3 0 >10.6 0 (0) 0 (0) 0 (0) 
(Control) 

0.02 10 2 >12.4 0 (0) 0 (0) 0 (0) 

Brief descriptions of the experiment and status reports have been published 

(Lloyd, R., 1983; Wrenn, 1986). Retention of 2 2 6 ~ a  by the juvenile beagle has been 

described in detail, based on sacrificed animals and life-span animals dying to 

about 6 years postexposure (Lloyd, R., 1983). Estimated median-survival average 

radiation dose to bone was about 3000 rad in the highest injection group (Doc. 
COO-1 19-262). 

Data on skeletal retention and distribution of 2 2 6 ~ a  (Bruenger, 19831, on skeletal 

radon to radium ratios (Lloyd, R., 1983d), and on microanatomical distribution 

within bone (Bruenger, 1983) have been compared for neonatal, juvenile, and 

older beagles. Retention of 2 2 6 ~ a  was substantially greater in juveniles than in 

young adults, but the 2 2 2 ~ n / 2 2 6 ~ a  ratio in  bone is lower for about the first 600 

days postinjection, and average radiation dose to bone per yCi injected is lower 

for juveniles than for young adults (Lloyd, R., 1983). 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 
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Issue Date Doc. No. Paae Refs  h e  Date !xc. No. Paae Refs. 

1977 (Mar) COO-1 19-252 188-1 90 1984 (Dec) COO-1 19-259 3-8 

1982 (Mar) COO-1 19-257 12-30 63-64 

38-44 1985 (Dec) COO-1 19-261 5-1 0 

1983 (Mar) COO-1 19-258 16-19 1986 (Dec) COO-119-262 4-8 

46 
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Single intravenous injection of radium citrate solution; dogs 

6.2 years old, o f  both sexes, placed on experiment from 1975 to 
1980. Results as of September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Quantity No. of No. of Postexp. No. I% Incidence) 
Injected Animals Animals Survival Bone Kidney 
(uCi/ka) lniected Dead bears) Tumor Deaeneration 

Brief descriptions of the study and status reports have been published (Lloyd, R., 
1983c; Wrenn, 1986). Retention of 2 2 6 ~ a  by the aged beagle has been described in 

some detail to about 5 years postexposure (Lloyd, R., 1 9 8 3 ~ ) .  Estimated median- 

survival average radiation dose to bone was about 1600 rad in the lowest injection 

group, about 4000 rad in the middle injection group, and somewhat lower due to 

shortened life-span in the highest injection group (Doc. COO- 119-262). 

Data on skeletal retention and distribution of 2 2 6 ~ a  (Bruenger, 1983) and on 

skeletal radon-to-radium ratios (Lloyd, R., 1983d) have been compared for aged, 

and younger beagles. Retention of 2 2 6 ~ a  in aged dogs was somewhat lower than 

that observed in young adults; distribution was essentially similar (Lloyd, R., 

1 9 8 3 ~ ) .  The high mortality a t  higher dose levels, attributed largely to kidney de- 

generation, differs from observations in animals exposed at  younger ages, but no 

detailed analysis of effects in aged animals has been published. 

Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

hue  Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Ref& 

1977 (Mar) COO-1 19-252 188-190 1984 (Dec) COO-1 19-259 3-8 

1982 (Mar) COO-1 19-257 12-1 5 63-64 

31-44 1985 (Dec) COO-1 19-261 5-1 0 

1983 (Mar) COO-1 19-258 16-19 53-60 

46 1986 (Dec) COO-1 19-262 4-8 
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Intravenous injection of  radium citrate solution; dogs 15 to 24 

months old, of both sexes, placed on experiment from 1977 to 1979. 

Series "A" received a single injection; series "B': 10 injections at 

1-week intervals; and series "C", 50 injections at  1-week intervals. 

Results as of  September, 1987 (Doc. COO-119-263). 

EXPERIMENTAL 
DESIGN 
Total Series, 
Injected and No. 
bCi/ka\ 

None A 6 
(Control) B 6 

C 6 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. No. (% Incidence) 
Animals Survival Bone 
Dead 0 Tumr 

This experiment was designed to provide a link between epidemiologic studies of 
2 2 4 ~ a  effects in humans, and studies in the dog with various radionuclides (but 
particularly plutonium) for which no effects had been observed in humans 

(Wrenn, 1986). Because of the 3.6-day half-life of 2 2 4 ~ a ,  virtually all of the radia- 

tion dose is received within the first month following injection. Estimated 

average radiation dose to bone was about 30 rad per ~ C i / k g  injected (Doc. 

COO-119-262). 

The distribution, retention, and complex internal dosimetry of 2 2 4 ~ a  and its 

decay products have been reported from experiments on 6 dogs sacrificed a t  in- 
tervals to 7 days postinjection (Lloyd, R., 1982). Another supporting study of 

2 2 4 ~ a  daughter-product equilibrium a t  bone surfaces indicates an  endosteal 

tissue dose of one-third to one-half that which would be calculated assuming 

complete equilibrium (Schlenker, 1986). 



Information relevant to this experiment will be found in the following University 

of Utah Radiobiology Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1977 (Mar) COO-1 19-252 272-287 1984 (Dec) COO-1 19-259 19-24 

1978 (Mar) COO-1 19-253 260-276 113-127 

1979 (Mar) COO-119-254 81 1985 (Dec) COO-1 19-261 21 -26 

1983 (Mar) COO-1 19-258 25 1986 (Dec) COO-1 19-262 15-19 
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8.2 DAVIS EXPERIMENTS 

8.2.1 1952 X Ray 

Bilateral, 250 IzVp x-ray exposures, delivered in different num-  

bers of fractions and different fractionation intervals. Female 

dogs received first e.xposures at 8 to 15 nzontlzs of age, from 1952 to 

1958. Sonze dogs were bred subsequent to esposure, distinguished 

below as parous (Par.) us nulliparous (Nul.). Survival data from 

Andersen, 1969; effects data fronz Rosenblatt, 1986. 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median Post- Percentaae Incidence Amona Parous. Nullilsarous. and All DOG 
Exposure (R) exposure Nonneoplastic Mammary Nonrnarnmary 
x Fractions No. of Survival Tumors Tumors 
/Interval) Animals &ears) Par. Nul. All Par. Nul. All Par. Nul. All 

None 57 11.6 38 48 44 27 16 21 35 35 35 
(Control) 

T h e  n u m b e r  o f  dogs  l i s t e d  f o r  e a c h  g r o u p  a r e  t hose  s u r v i v i n g  a t  l e a s t  90 d a y s  

p o s t i r r a d i a t i o n .  Doses  a r e  m i d l i n e  a i r  doses. T w o  g e n e r a l  s u m m a r i e s  h a v e  

b e e n  p u b l i s h e d ,  one  be fo re  a l l  a n i m a l s  w e r e  d e a d  (Andersen, 19691, t h e  o t h e r  

e m p h a s i z i n g  ef fects o n  l i f e  s p a n  a n d  t u m o r  i n d u c t i o n  (Rosenblatt, 1986). O t h e r  
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publications described exposure techniques and early acute lethality a t  300R 
(Andersen, 1957); summarized effects on fertility, which were minimal 

(Andersen, 1961, 1963e, 1963f, 1976); summarized progressive effects in the kid- 

ney, which increased in all treated groups except the 4 x 25 R group (Guttman, 

1968); and noted the absence of radiation effects on emotional display (Solarz, 

1964) or dominance behavior (Solarz, 19643). 

All irradiated beagles exhibited life shortening relative to controls, averaging, on 

a linear scale, 6.7% per 100 R. An effect of fractionation was seen only at total 

doses of 300 R, attributable solely to amelioration of nonmammary neoplasia. 

Major causes of death were similar in irradiated and control dogs. The develop- 

ment of malignant neoplasms at an earlier age in irradiated dogs explains, in 

large part, the observed life-span shortening. A number of identified variables 

not considered in this brief tabulation may have significantly affected results 

(Andersen, 1969; Rosenblatt, 1986). 

Information relevant to this experiment and to ancillary external irradiation 

studies in beagles will be found in the following University of California, Davis 

(Radiobiology Laboratory or Laboratory for Energy-Related Health Research) 

periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Paae Refs. 

1956 

1957 ( Jun)  

1958 (Jun) 

1959 (J1.m) 

1960 ( Jun)  

1961 (Jul) 

1961 

1961 

1962 ( Jun)  

1963 ( Jun)  

1964 ( Jun)  

1965 (Apr) 

1967 (Jun) 

1968 (Jun) 

1969 (Jun) 

Project 4 Report 

Project 4 Report 

Project 4 Report 

Project 4 Report 
Project 4 Report 

UCD 101 

UCD 102 

UCD 103 

UCD 105 

UCD 107 

UCD 472-1 09 

UCD 472-1 11 

UCD 472-113 

UCD 472-1 14 

UCD 472-1 15 

all 

all 

all 

all 
all 

all 

all 

all 

all 

all 

all 

all 

1-16 

1-20 

1-14 

1970 (Jun) 

1971 (Jun) 

1972 (Jun) 

1973 (Jun) 

1974 (Jun) 

1975 (Jun) 

1976 (Jun) 

1977 (Oct) 

1984 (Jul) 

UCD 472-1 16 

UCD 472-1 17 

UCD 472-1 18 

UCD 472-1 19 

UCD 472-120 

UCD 472-121 

UCD 472-1 22 

UCD 472-1 23 

UCD 472-1 29 
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Ingested with food, in-utero to 540 days, except "*" fed for life 

span; both sexes placed on experiment from 1961 to 1967. Results 
as o f  January, 1988 (Doc. UCD 472-131, modified by Rosenblatt, 
private communication). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median No."' t% lncidetxe) 
Total No. of No. of Age at Myelopro- 
Ingested" Animals Animals Death Bone Oral Nasal liferative 
UCiika) Exwosed Dead (vears) Tumr Tumor T~~mor Disorder 

None 80 80 14.4 4 (5) 7 (9) 1 (1) 1 (1) 
(Control) 

I 77 77 14.2 0 (0) 5 (6) 1 (1) 0 (0) 

*' Quantity ingested to 540 days of age in case of life-span-fed animals 
"' Numbers listed are numbers of primary tumors, not numbers of animals with tLlmors 

This experiment, initiated in response to the concern for possible effects from 

9 0 ~ r  in the fallout from tests of nuclear weapons, is the largest, and probably the 

most extensively described and interpreted, of the life-span dog studies. General 

summaries of the partially completed study are contained in several recent pub- 

lications (Book, 1980, 1986; Raabe, 1981, 19816). Feeding of g 0 S r ~ 1 2  to pregnant 

dogs began a t  21 days after conception and was continued until their offspring 

were weaned; a t  weaning and until 18 months of age the offspring received the 

same diet, i n  which a constant ratio of 90Sr was maintained relative to well- 

controlled dietary calcium levels. 

Several early papers were concerned with supporting sacrifice studies per- 

formed to explore the  complex dosimetry of 9 0 ~ r  when administered under 

circumstances involving cross placental transport, lactation, and deposition in a 



rapidly growing skeletal system (Andersen, 1962; Della Rosa, 1965, 1966, 19686, 
1969; Goldman, 1967; Stover, 1961). Relatively low dose rates observed during 

fetal development and lactation increased sharply upon weaning, as maternal 

discrimination was removed and skeletal mineralization increased. 

Early effects described included hematological observations (Bustad, 1969; Della 

Rosa, 1969; Dungworth, 1969; Goldman, 1972~1,  serum chemistry changes 

(McKelvie, 1968), the occurrence of myeloproliferative disorders at the higher 

dose levels (Bustad, 1969; Dungworth, 1968, 1969; Goldman, 1969b, 1972c; Wilson, 

1972),  and the occurrence of neoplastic (Goldman, 1 9 7 2 ~ )  and nonneoplastic 

effects in bone (Andersen, 1962; Della Rosa, 1969; Goldman, 1969). A 1972 mono- 

graph (Goldman, 1972), which summarized the then-current status of the study, 

included papers on metabolic data and dosimetry, with comparison to man 

(Della Rosa, 1972); on theoretical and experimental aspects of local dosimetry 

within bone (Goldman, 19726; Spiers, 1972); on the absence of effects on puppy 

mortality and litter size, a t  9 0 ~ r  exposure levels lo5  times that from worldwide 

fallout (Rosenblatt, 1972b); and on the occurrence of bone tumors, which appear- 

ed in similar exposure groups but much later than myeloproliferative disorders 

(Pool, 19726). 

The dosimetric aspects of this study were comprehensively considered in a 1976 

paper (Momeni, 1976). Other papers of this period considered specific aspects of 

local dosimetry in bone (Momeni, 19756, 19766, 1976d; Zanelli, 1971) and corre- 

lated this dosimetry with the nature and distribution of observed effects in bone 

(Goldman, 1972c; Momeni, 19766, 1976d; Pool, 1973, 19736; Spiers, 1983, 1988). 

Supporting studies have investigated the redistribution of 9 0 ~ r  among different 

bones following cessation of intake, and as a function of the proportion of com- 
pact and cancellous bone present (Parks, 1985). A single paper has focused on 

the 15 dogs that ingested 9 0 ~ r  until death; dosimetry and effects in these dogs 

were little different from those in animals removed from feeding a t  18 months of 

age, reflecting the low rate of calcium turnover in mature dogs (Book, 1982). 

Two recent papers give detailed consideration to the occurrence and distribution 

of bone tumors (Nilsson, 19871, and to the pathogenesis of these tumors (Nilsson, 

1985)  in the completed experiment. Another paper has concentrated on the 

greatly enhanced incidence of squamous-cell carcinoma of the gingiva, as re- 

lated to the concentration and retention of 90Sr in teeth (Parks, 1984). A high 

incidence of benign and malignant mammary tumors appears to be unrelated to 

radionuclide exposure (Chrisp, 1980). 

The representation of dose-effect-time relationships as three-dimensional sur- 

faces has been the subject of several papers (Goldman, 1972c; Raabe, 1981, 19831, 



as have the prediction of late effects from early observations (Goldman, 1976), 

and the extrapolation of conclusions from the dog study to humans (Della Rosa, 
1972; Pool, 1973; Raabe, 1981, 1983; Spiers, 1983, 1988). Many of the recent reports 

compare the results of this study with those from the companion, chronic 2 2 6 ~ a -  

exposure study. 

Information relevant to this experiment will be found in the following University 

of California, Davis (Radiobiology Laboratory or Laboratory for Energy-Related 

Health Research) periodic reports: 

Issue Date px. No. Paae  ref^. lswXf~ Date Paae Refs. 

1958 

1959-60 

1961 (Sep) 

1962 (Jun) 

1963 (Aug) 

1964 (Jul) 

1965 (Jun) 

1967 (Jun) 

1968 (Jun) 

1969 (Jun) 

1970 (Jun) 

1971 (Jun) 

1972 (Jun) 

1973 (Jun) 

Project 6 Report 

Project 6 Report 

UCD 104 

UCD 106 

UCD 108 

UCD 472-1 10 

UCD 472-1 12 

UCD 472-1 13 

UCD 472-1 14 

UCD 472-1 15 

UCD 472-1 16 

UCD 472-1 17 

UCD 472-1 18 

UCD 472-1 19 

all 

all 

all 

all 

all 

all 

all 

17-47 

21 -39 

42-67 

15-30 

39-47 

50-70 

72-74 

31 -38 

41-113 

39-86 

36-46 

66-99 

109-114 

121-136 

52-55 

58-127 

1974 (Jun) 

1975 (Jun) 

1976 (Jun) 

1977 (Oct) 

1978 (Oct) 

1979 (Oct) 

1981 

1982 (Sep) 

1983 (Aug) 

1984 (Jul) 

1985 (Nov) 

1987 (Jun) 

UCD 472-120 

UCD 472-121 

UCD 472-122 

UCD 472-1 23 

UCD 472-124 

UCD 472-125 

UCD 472-126 

UCD 472-1 27 

UCD 472-1 28 

UCD 472-129 

UCD 472-130 

UCD 472-131 
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Single intravenous injection of strontium solution; dogs 540 days 
of age, of both sexes, placed on experiment from 1963 to 1967. Re- 
sults a s  o f  January, 1988 (Doc. UCD 472-131, modified by 
Rosenblatt, private communication). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median No.' (% lncdence) 
Quantity No. of No. of Age at Myelopro- 
Injected Animals Animals Death Bone Oral Nasal liferative 

Exwosed Dead Tumor Tumor Tumor Disorder 

Numbers listed are numbers of primary tumors, not numbers of animals with tumors 

This study supplemented the Davis 90Sr chronic feeding study, providing a com- 

parison of single and repeated administration, and also serving as a link to the 

more extensive single injection study at  the University of Utah (Goldman, 1969, 

19693). A single paper has compared, in some detail, the dosimetry of the chron- 

ically fed and singly injected dogs, in terms of both gross retention and dose to 

local regions of bone (Momeni, 1976). No difference was seen in retention of a 

single injection of 9 0 ~ r  and a single inhalation, as  studied at  the Inhalation 

Toxicology Research Institute (Momeni, 1976). No detailed consideration of ef- 

fects has been published; the incidence of myeloproliferative disorders in the 

high dose group is lower than that observed at  similar dose levels from chronic 

feeding. 

Information relevant to this experiment will be found in many of the University 

of California, Davis (Radiobiology Laboratory or Laboratory for Energy-Related 

Health Research) periodic reports, as referenced for the Davis 9 0 ~ r  ingestion ex- 

periment. 
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Eight semimonthly intravenous injections, started at  435 days of 
age, except "*" started at 60 or 120 days. Dogs of both sexes placed 

on experiment from 1963 to 1967. Results as of January, 1988 

(Doc. UCD 472-131, modified by Rosenblatt, private communica- 
tion). 

EXPERIMENTAL FXPERIMENTPL RESULTS 
DESIGN Median No.' (% Incidence) 
Total No. of No. of Age at Myelopro- 
Injected Animals Animals Death Bone Oral Nasal liferative 
huA!!ia ~ S Q S ~ S !  DMSL ~LEEA Tumor Tumor T u m r  Disorder 

None 85 85 14.6 1 (1) 8 (9) 1 (1) 0 (0) 
(Control) 

0.024 46 46 14.5 0 (0) 5 (11) 1 (2) 0 (0) 

10.0' 6 6' 2.3' 4 (67) 0 (0) 0 (0) 0 (0) 

Numbers listed are numbers of primary tumors, not numbers of animals with tumors 

This study was designed to simulate the exposure pattern of the human dial 

painters and thus to provide a link between 2 2 6 ~ a  effects in humans and the dog. 
The extended period of exposure also allows direct comparison with the Davis 

chronic 90Sr ingestion study and complements the University of Utah single in- 

jection 2 2 6 ~ a  study. General summaries of the partially completed study are 

contained in  several recent publications (Book, 1980, 1986; Raabe, 1981, 1981b). 
Most published reports compare the results of this study and the companion 

chronic 9 0 ~ r  ingestion study, and many include a comparison with data on 

human 2 2 6 ~ a  exposure. 

Dosimetric aspects of the study have been considered in some detail, including 

both gross distribution and retention as a function of age and dose level 

(Goldman, 1973; Momeni, 1976c, 1976d; Parks, 1978, 19786; Pool, 1973), localized 

dosimetry within bone (Momeni, 19763, 1976~1, concentration of radium in the 

tapetum lucidum of the eye (Fisher, G., 1976), and radon retention as a function 

of age and dose level (Parks, 1978). Supporting studies have investigated the 

redistribution of 2 2 6 ~ a  among different bones as a function of time, and of the 
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relative proportions of compact and cancellous bone present (Park, 1980). The 
rate of loss of 2 2 6 ~ a  from the human skeleton appears to be about ten times as 

rapid as its loss from the beagle skeleton (Goldman, 1973). 

The earliest noted effect was a leukocyte depression (Goldman, 19693; 

Rosenblatt, 1967), which could be correlated with later appearance of osteosarco- 

ma (Goldman, 1976). A variety of bone defects, including pathologic fractures 

and radiation osteodystrophy, caused early deaths a t  high dose levels and were 
detected radiologically a t  lower dose levels (Goldman, 19696; Momeni, 19763, 

1976e); these effects were more evident in dogs injected a t  2 or 4 months of age, 

and were much more prominent than in the chronic 9 0 S r  ingestion study 
(Momeni, 19766). Radiation effects on the mucopolysaccharides of cartilage 

were also described (Tsai, 1970). 

Bone tumors appeared earlier than in the 90Sr ingestion study (Goldman, 19693; 

Rosenblatt, 1971, 1972); myeloproliferative disorders were notably absent. The 
preferred sites of osteosarcoma incidence have been studied in relation to 2 2 6 ~ a  

localization and the structure and function of the bone (Parks, 1980; Spiers, 1983, 

1988; Wilson, 1976). A high incidence of benign and malignant mammary 

tumors appears to be unrelated to radionuclide exposure (Chrisp, 1980). 

There has been a continuing effort to develop dose-effect-time relationships, 
which can be used in comparing the bone tumor data from dogs to similar data 
from human epidemiological studies and from studies in other animal species, 

and with other radionuclides (DuMouchel, 1981; Goldman, 1973; Pool, 1973; 

Raabe, 1980, 1983, 1984, 1986, 19866; Rosenblatt, 1976; Wrenn, 1986~).  Detailed 

comparisons of noncarcinogenic effects in the skeletons of dog and humans have 
also been reported (Morgan, J., 1982, 1983: Pool, 1983). 

Information relevant to this experiment will be found in the following University 
of California, Davis (Radiobiology Laboratory or Laboratory for Energy-Related 

Health Research) periodic reports: 

Issue Date Doc. No. paae Refs. b e  Date pot. No. &.~f&& 

1965 (Jun) UCD 472-112 97-108 1970 (Jun) UCD 472-116 102-1 16 

1967 (Jun) UCD 472-1 13 18-25 1971 (Jun) UCD472-117 51 

1968 (Jun) UCD 472-1 14 30-48 82-86 

60-62 1972 (Jun) UCD 472-1 18 86-89 

1969 (Jun) UCD 472-1 15 21-71 100-1 12 

1970 (Jun) UCD 472-1 16 39-67 115-117 

78-84 1973 (Jun) UCD 472-1 19 66-70 
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Issue Date Doc. No. Paae Refs. 

1973 (Jun) UCD 472-119 79-1 19 

1974 (Jun) UCD472-120 56-77 

96-1 14 

1975 (Jun) UCD 472-121 24-69 

71 -99 

1976 (Jun) UCD 472-122 40-101 

112-131 

1977 (Oct) UCD 472-123 90-1 10 

1978 (Oct) UCD 472-1 24 144-1 53 

157-1 62 

182-1 84 

Issue Date Doc. No. 

1979 (Oct) UCD 472-1 25 

1981 UCD 472-1 26 

1982 (Sep) UCD 472-127 

1983 (Aug) UCD 472-128 

1984 (Jul) UCD 472-129 

1985 (Nov) UCD 472-130 

1987 (Jun) UCD 472-131 

Paae Refs. 
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8.3 ARGONNE EXPERIMENTS 

Transplacental exposure from dams injected with 90Sr at 1 to 9 

days prepartum. Results as of January 10, 1971 (Finkel, 1972). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Burden No. of Age at Bone Tumor 
at Birth No. of Animals Death % Inci- 
bCi/ka) Animals D e a d k L e X s L k d e n c e  

None 29 9 >8 0 (0) 
(Control) 
7 to 41 15 5 > I  1 0 (0) 

A single report describes early results of this study (Finkel, 1972). Initial bur- 

dens were determined by whole-body bremsstrahlung measurement a t  birth. 

High-level litters were from dams injected with 100 pCi/kg 90Sr (in equilibrium 

with 8 days before delivery. Low-level litters were from dams injected with 

10 to 15 pCi/kg 1 to 9 days before delivery. Controls are general colony controls. 

Final results have not been published. 

Information relevant to this experiment will be found in the following Argonne 

National Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. 

1959 (Dec) ANL-6093 15-19 

1961 (Nov) ANL-6464 38-49 
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Multiple subcutaneous injections with 9 0 ~ r  (5 injections per week) 

starting at various ages in dogs of both sexes. Results as of Janu- 

ary 10, 1971 (Finlzel, 1972). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Total In- No. of Age at No. of No. of Age at No. (% lncidencel 
jected Injec- Injection An~rnals Animals Death Bone Myeloid 
(uCI) Iniected Dead bears) Tumor Leukemia 

None 29 9 >8 0 (0) 0 (0) 
(Control) 
1490 257 0 5 5 2.1 4 (80) 0 (0) 

Only early results from this study have been reported (Finkel, 1960, 1972). Injec- 

tions started a t  4 to 8 days of age in the 0 year groups. The high- and low-dose 
groups received daily injections (except weekends and holidays) of 5.8 and 0.58 

pCi 90Sr (in equilibrium with respectively. The injections of two litters a t  
the high dose level were terminated before completion of the planned 257 doses 

because of excessive mortality. Seven animals dying of distemper during the 

second year are excluded from the newborn, 150-pCi group. Controls are gen- 

eral colony controls. 

"The purpose of this dog experiment [including the preceding experiment] was 

not to establish dose-response relationships but to obtain data on certain param- 

eters of 9 0 ~ r  dosage in dogs that  would be useful in  extrapolating mouse data, 

through dog data, to man." (Finkel, 1972). 

Information relevant to this experiment will be found in the following Argonne 

National Laboratory periodic report: 

Issue Date Doc. No. Paae Refs. 
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Single intravenous injection of cerium citrate solution; dogs "ap- 
proximately 13 months" of age, of  both sexes, placed on experi- 
ment from 1960 to 1964. Results as of 1970 (Fritz, 1970). 

EXPERIMENTAL F F  
DESIGN Total *nit Pathoh 
Quantity No. of No. of Time of Death Range of Injec- 
Injected Animals Animals Cause (days post- ted Radionu- No. of Incidence 
f~Ci/ka) lniected Dead of Death iniection) ~lide (uCi/ka) PIo) 

23 to 253 49 39 acute anemia <I00 47 to 253 17 44 
chronic anemia >I000 28 to 73 5 13 
bone tumors >900 23 to 80 16 41 

A single report describes early results of this study (Fritz, 1970). Of the 16 dogs 

dying with bone tumors, 7 also showed mild to severe anemia. Atypical myelo- 

proliferation was observed in bone specimens from 5 dogs with anemia at  times 

later than 100 days postinjection. Liver lesions consisting of alternating areas of 

degeneration, atrophy, and regeneration were also seen in  these five dogs. One 

of these dogs was considered to exhibit a clear case of myelogenous leukemia, 

with the diagnosis questionable for the other four. Final results have not been 

published. 

Information relevant to this experiment will be found in  the following Argonne 

National Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. 

1962 (Apr) ANL-6535 40-45 

1963 (May) ANL-6723 11 7-1 20 

1964 (Jan) ANL-6823 73-74 

1964 (Jun) ANL-6906 41 -42 

1964 (Dec) ANL-6971 138-142 

Issue Date Doc. No. Paae  ref^, 

1966 (Dec) ANL-7278 112-1 14 

1967 (Dec) ANL-7409 260-265 

1968 (Dec) ANL-7535 162-1 63 

1970 (Dec) ANL-7770 143-1 44 

1971 (Dec) ANL-7870 145-146 
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Single intravenous injection of cesium solution; dogs of various 

ages, of  both sexes, placed on experiment from 1961 to 1963. Re- 
sults are as published in NCRP Report No. 52 (NCRP, 1977). 

EXPERIMENTAL EXPERIM ENTAL RESULTS 
DESIGN Median Whole-Body 
Age at Quantity No. of No. of Postexp. Dose to Med- Notable Patholoaic Findinas 
Injection Injected Animals Animals Survival ian Survival Incidence 
lmonthd bCi/ka\ lniected Dead bears1 (md) No and Nature c 

5 3.2 to 3.8 15 15 7.5 770 3 acute marrow deaths 20 
3 liver degeneration 20 
1 neurofibrosarcorna 7 
4 miscellaneous tumors 

19 8.4 89 0 1 acute marrow death 5 
3 liver degeneration 16 
3 neurolibrosarcoma 16 
7 miscellaneous tumors 

19 6.3 1260 9 acute marrow deaths 47 
2 liver degeneration 11 
2 neurof~brosarcoma 11 
5 miscellaneous tumors 

12 0.07 <I000 12 acute marrow deaths 100 

A detailed description of t h e  design a n d  resul ts  of this  experiment h a s  not been 

published; limited information i s  available only from a n  NCRP report  (NCRP, 
1977). Higher  acute  toxicity i n  older dogs was  at t r ibuted to higher  radiat ion 

doses occasioned by increased biological retention of cesium with age. Relative 

to nonirradiated controls (not described) a shortening i n  average life occurred i n  
dogs surviving t h e  acu te  effects of 1 3 7 ~ s  irradiat ion.  Nearly a l l  long-term 

survivors showed significant liver degeneration. The  most  frequently observed 

cancer w a s  t h e  neurofibrosarcoma, a nerve-sheath tumor t h a t  is "quite rare"  i n  

controls (NCRP, 1977). 

Information relevant to th i s  experiment will be found i n  t h e  following Argonne 

National Laboratory periodic reports: 

Issue Date Doc. No. Paae Ref% Issue Date Doc. No. Paae Refs. 

1962 (Apr) ANL-6535 45-48 1964 (Jan) ANL-6823 44-62 

1963 (May) ANL-6723 107-1 16 1964 (Jun) ANL-6906 42-46 

1963 (Oct) ANL-6790 31 -39 1964 (Dec) ANL-6971 133-1 37 
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Issue Date Doc. No. Paae Refs. 

1965 (Dec) ANL-7136 110-113 

1966 (Dec) ANL-7278 95-102 

1967 (Dec) ANL-7409 254-256 

1968 (Dec) ANL-7535 163-1 65 

1969 (Dec) ANL-7635 102-1 03 

Issue Date Doc. No. Paae Refs. 

1970 (Dec) ANL-7770 139-1 41 

143 

1971 (Dec) ANL-7870 146-1 49 

1972 (Dec) ANL-7970 206-208 

1974 (Dec) ANL-75-30 17-20 

1975 (Dec) ANL-76-99 19-21 
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8.3.5 1968 Gamma Ray 

External 6 0 ~ o  gamma-ray exposure, continued until dea th  dogs 
13 months old, of both sexes, placed on experiment in  two series: 

"A" from 1968 to 1970, and "B" from 1976 to 1978. Results are as of 
October, 1987 (Fritz, private communication). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Cause of Death INo. f% incklence)l 

Series No. of Mean Survival (vl Myelopro- 
Dose Rate and No. Animals of Dead of Living liferative 
(rad/dav) Exwosed Dead Animals Animals W e m i a  Anemia D~sorder 

Controls B 46 12 8.4 10.0 0 (0) 0 (0) 0 (0) 

Dogs were irradiated 22 hours per day, 7 days per week, in a specially con- 

structed facility (Grahn, 1986; Norris, 1976). Particular attention was given to 

dosimetry; all factors contributing to the dose rate and total dose were nor- 

malized in the irradiation field by migrating dogs through all positions and 

orientations with respect to the irradiation source. Dose rates shown above are 

average absorbed dose; doses in air were quoted in early publications. 

Several recent papers have summarized the status of the total experiment (Fritz, 
1985, 1986; Grahn, 1986; Seed, 1985); earlier papers reported results from the 

higher-dose, Series A, animals (Norris, 1972, 1976; Seed, 1984). Published 

papers on specialized aspects of this study include those dealing with hema- 

tological effects (Fritz, 1973, 1982; Seed, 1978, 1980, 1987; Tolle, 1982, 1983), 
myelogenous leukemia (Fritz, 1973; Seed, 1977), erythroleukemia (Seed, 1977; 

Tolle, 1977), electron microscopic studies of bone marrow (Seed, 1982, 1983, 1987b; 
Tolle, 1983b), and leukemogenesis modeling (Seed, 1978, 19823, 1985, 1987; Tolle, 

19796). 
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Results a t  higher dose rates defined three distinct radiation-induced causes of 

death; all involve the hematopoietic system and seem to be related more directly 

to dose rate than to total dose. At the highest dose rates, early death resulted 

from septicemia associated with granulocytopenia. At somewhat lower dose 

rates, anemia was the predominant cause of death, with survival times of a few 

hundred days. At still lower dose rates, myeloproliferative disorders (the 

majority of which were myelogenous leukemias) occurred between 400 and 2000 

days after onset of exposure. Myeloproliferative disorders did not occur beyond 

2000 days, regardless of dose rate or total dose. After 7 years of continuous 

irradiation there is no difference in survival rate between controls and the 0.3 

rad/day group. Among all dogs still alive, except for testicular atrophy and 

aspermia, the only clinically detectable effect of irradiation is a depression of 

circulating blood cell levels. 

Information relevant to this experiment will be found in the following Argonne 

National Laboratory periodic reports: 

bsue Date Doc. No. Paae Refs. 

1964 (Dec) 

1965 (Dec) 

1966 (Dec) 

1967 (Dec) 

1968 (Dec) 

1969 (Dec) 

1970 (Dec) 

1971 (Dec) 
1972 (Dec) 

1973 (Dec) 

1974 (Dec) 

Issue Date 

1975 (Dec) 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1980 (Dec) 

1981 (Aug) 

1982 (Jun)  

1983 (May) 
1984 (Aug) 

1985 (Aug) 

DOC. NO. Paae Refs, 
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8.3.6 1968 Gamma Ray 

Continuous external 6 0 ~ o  gamma-ray exposure, at various dose 

rates, terminated at various total doses; dogs of  mean age 463 

days, of both sexes, placed on experiment from 1968 to 1977. Re- 

sults as of  October, 1987 (Fritz, private communication). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN No. of Mean Survival iv) No. f% Incidence) 
Dose Rate Total Dose No. of Animals of Dead of Living Fatal Myeloproliferative 
(radldav) frad) Animals Animals Animals Tumors' Disorders 

None 0 
(Control) 

3.8 450 
1050 
1500 

Including myeloproliferative disorders 

This experiment complements the preceding continuous lifetime-irradiation ex- 

periment. Dogs were irradiated 22 hours per day, 7 days per week, in a specially 

constructed facility (Grahn, 1986; Norris, 1976). Particular attention was given 
to dosimetry; all factors contributing to the dose rate and total dose were nor- 

malized in  the  irradiation field by migrating dogs through all positions and 

orientations with respect to the irradiation source. Dose rates shown above are 

average absorbed dose; doses in air were quoted in  early publications. Dogs 

listed above include only those surviving 100 days following termination of ex- 

posure. 

Several papers have been published describing the then-current status of this 

study (Fritz, 1978, 1986; Grahn, 1986; Seed, 1985). The partial results have been 

employed in modeling the leukemogenic process (Seed, 1985, 1987, 1987b; Tolle, 
1979b). A detailed account has appeared of a n  acute monocytic leukemia in  a 

dog from this study (Tolle, 1979). 
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Interim conclusions drawn from this experiment include the following: l j  

There is a positive trend in the proportions of dogs dying of tumors as total dose 

is increased at all dose rates; there is no indication of a dose-rate effect except at 

a total dose of 3000 rad, where the trend is negative. 2) The timing of deaths in 

all irradiated groups differs from the control group, except for the 450 rad total 

dose group where meaningful analysis is not yet possible. 3) Only total dose 

influences the timing of fatal tumors, but neither total dose nor dose rate in- 

fluences the timing of nontumor deaths. 4) Although a significant increase in 

myeloproliferative disorders is observed, i t  is smaller than observed in dogs ir- 

radiated continuously; dogs appear to recover from hematopoietic damage after 

irradiation is terminated, and die a t  later times of soft tissue malignancies 

(Fritz, 1986; Seed, 1985). 

Information relevant to this experiment will be found in the following Argonne 

National Laboratory periodic reports: 

Issue Date Doc. No. Paae Flefs. Issue Date Doc. No. Paae Refs. 

1971 (Dec) ANL-7870 138-1 45 1978 (Dec) ANL-79-90 6-12 

1972 (Dec) ANL-7970 192-203 1980 (Dec) ANL-80-90 8-13 

1973 (Dec) ANL-8070 31-54 1981 (Aug) ANL-81-50 8-13 

1974 (Dec) ANL-75-30 9-14 1982 (Jun) ANL-82-35 11-19 

1975 (Dec) ANL-76-99 10-19 1983 (May) ANL-83-40 27-36 

1976 (Dec) ANL-77-55 34-40 1984 (Aug) ANL-84-30 37-46 

1977 (Dec) ANL-78-90 78-86 1985 (Aug) ANL-85-30 63-72 



8.4 PNL EXPERIMENTS 

Single inhalation of plutonium oxide aerosol, CMD 0.1 to 0.5 pm; 
dogs 12 to 43 months old, of both sexes, placed on experiment be- 

tween 1959 and 1962 (Park, J., 1964, 1972; ICRP, 1980) 

EXPERIMENTAL FXPERIMENTN RESUI TS 
DESIGN Median 
Initial No.  of No. of Postexp. No. f% incidence) 
Burden Animals Animals Survival Lung Radiation Pneu- 
kCilka) Exeosed Dead Ivears) Tumor monitis Death 

All dogs are dead. A brief summary of results has been published (ICRP, 1980); 

more detailed general accounts appear in earlier progress reports (Bair, 1970b; 

Park, 1964, 1972). 

Animals in the above tabulation include only those surviving for as long as 855 

days. Acute effects have been described for an additional 31 dogs that died with- 

in a year of exposure (Bair, 1962; Clarke, 1964; Dagle, 1976; Park, J., 19621, and 
for another 8 dogs employed in an ancillary study to define the early radiation 

syndrome following plutonium inhalation (West, 1964). These data have been 

employed in several attempts to model acute effects of inhaled plutonium (Bair, 

1980; Raabe, 1979; Scott, 1980, 1980b). Other early ancillary studies investigated 

the effect of physical and chemical properties of the exposure aerosol on early 

deposition and retention (Bair, 1961b, 19626, 1963,19636,1964, 1968; Stuart, 1968). 

The oxide employed in the long-term experiment was produced by calcining the 

oxalate a t  300 to 350° C; the aerosol was produced by atomization and adminis- 

tered via a mask (Bair, 1963). Plutonium distribution and retention were deter- 

mined from excreta and postmortem tissue analyses (Bair, 1970b, 1973; Park, J., 
1964, 1972); these data have been employed in the development of several models 

of the biokinetics of inhaled plutonium (Cuddihy, 1976; Mahaffey, 1981; Stuart, 

1970). Percent of terminal body burden present in lungs decreased from 71% in 

dogs surviving less than 3 years, to 17% in dogs surviving more than 10 years; 

comparable <3- and >lo-year-survival percentages for pulmonary lymph nodes 



were 18% and 33%; for liver, 7% and 33%; and for skeleton, 2% and 7% (ICRP, 
1980). Local and microscopic distribution of plutonium within the lung and pul- 
monary lymph nodes has been studied autoradiographically (Clarke, 1964, 1966; 

Dagle, 1976b; McShane, 1980; Park, J., 1964). Estimated average dose to lung 
ranged from about 1200 to 4000 rad over the four exposure groups (ZCRP, 1980). 

Effects in the long-term experiment were described in a series of general prog- 
ress reports (Bair, 1970b, 1973, 1974, 19746; Park, J., 1964, 1966, 1972) and in 
papers emphasizing histopathology (Clarke, 1966; Dagle, 1976; Howard, 1970), 

biochemical effects (Dilley, 19721, effects in pulmonary lymph nodes (Dagle, 
197661, and carcinogenesis (Clarke, 1964b, 1966b; Dagle, 1976, 1980). All tumor- 
bearing dogs had pulmonary adenocarcinomas (bronchioloalveolar carcino- 
mas), often with multiple metastases; five dogs also had peripherally located 
epidermoid carcinomas of the lungs, two had lymphangiosarcomas, and one a 

capillary hemangioma of the lungs (ICRP, 1980). 

Results of this experiment have been used to estimate cancer risk factors for 
inhalation of plutonium (Bair, 1974f; Cuddihy, 1976, 1982; Mahaffey, 1981), in- 
cluding particular emphasis on the risk from so-called "hot particles" (Bair, 
1974~) .  The data have also been employed, using 3-dimensional dose-response 
models, to illustrate the time-related contributions of the competing risks of 
death from radiation pneumonitis/fibrosis, lung cancer, and natural aging 

(Raabe, 1987). 

Information relevant to this experiment will be found in the following Hanford 

Laboratory or Pacific Northwest Laboratory periodic reports: 

n u  Paae Refs. Issue Date !2QLbkL Paae  ref^. 

1960 (Jan) HW-65500 11 6-128 1967 (Jul) BNWL-480 57-65 

1961 (Jan) HW-69500 67-76 1968 (May) BNWL-714 3.3-3.10 

1962 (Jan) HW-72500 61-66 1970 (Jan) BNWL-1050 3.3-3.5 

1963 (Jan) HW-76000 11 8-135 3.14-3.18 

1964 (Jan) HW-80500 30-43 1970 (Aug) BNWL-1306 44-47 

1965 (Jan) BNWL-122 1-15 1971 (Oct) BNWL-1550 66-74 

1966 (Jan) BNWL-280 45-49 



Single inhalation of plutonium oxide aerosol, CMD O.lpm; dogs 8 

to 42 months old, of  both sexes, placed on experiment i n  1967 

(Park, J., 1976; ICRP, 1980). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Terminal No. of No. of Postexp. No. (% lncideml 
Burden Animals Animals Survival Bone Lung 
UCiIka) Ex~osed Dead &ears) Tumr Tumr 

All dogs are dead. No summary of results has been published but rather 

detailed progress reports appeared when 6 dogs remained alive (Park, J., 1975, 

1976). In an earlier acute toxicity study, 10 dogs died within 6 months of expo- 

sures with terminal body burdens in excess of 2 pCi/kg; effects were similar to 

those observed with 2 3 9 ~ u 0 2  (Park, J., 1969, 1976). 

The first group of 10 dogs listed above was exposed to an oxide produced by cal- 

cining the oxalate at 350° C; the second group of 12  dogs was exposed to crushed 

oxide microspheres of a type developed for application in thermoelectric power 
generators (Park, J., 1976). The aerosol was produced by atomization and ad- 
ministered via a mask (Bair, 1963). Distribution and retention, as determined 

from excreta and postmortem tissue analyses, were very different for inhaled 

2 3 8 ~ u ~ 2  than for 2 3 9 ~ u 0 2 ,  with 2 3 8 ~ u  being more rapidly translocated from the 
lung and depositing in much higher concentrations in bone (Bair, 1973; Park, J., 

1972). This apparent greater solubility of 2 3 8 ~ u 0 2  is attributed to radiolytic 
effects caused by the higher specific activity of 2 3 8 ~ u  (Park, J., 1974; Vaughan, 

1973). An average 19% of terminal body burden was present in lungs, 12% in 

pulmonary lymph nodes, 22% in liver, and 41% in skeleton (Park, J., 1976). 

Hematologic and carcinogenic effects have been compared with those from in- 

haled 2 3 9 ~ u 0 2  (Park, J., 1975, 1976); this comparison has been of particular 

interest in assessing the effect of spatial distribution of radiation dose from 

inhaled plutonium (Bair, 1974~) .  The high incidence of bone, rather than lung, 

tumors in the 2 3 8 ~ u 0 2  dogs correlates with the greater and more rapid 

translocation of 2 3 8 ~ u  from lung to bone. 



Information relevant to this experiment will be found in the following Hanford 

Laboratory or Pacific Northwest Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1968 (May) BNWL-714 4.9-4.1 0 1974 (Aug) BNWL-1850 Pt 1 41-44 

1970 (Jan) BNWL-1050 3.6-3.16 1975 (Mar) BNWL-1950 Pt 1 10-16 

1970 (Aug) BNWL-1306 66-67 1976 (Jan) BNWL-2000 Pt 1 18-22 

1973 (Apr) BNWL-1750 Pt 1 37-38 



Single inhalation of plutonium oxide aerosol, mean AMAD 2.3 

pm, mean GSD 1.9; dogs 14 to 22 months old, of  both sexes, 

placed on experiment from 1970 to 1972. Results as  o f  30 
September 1987 (Doc. PNL-6500 Pt I). 

EXPERIMENTAL EXPERIMENTAL RESUl TS 
DESIGN Median No. f% lncdence) 
-Initial No. of No. of Postexp. Radiation 
Burden Animals Animals Survival Bone Lung Pneumonitis 
bCi/ko\ Fx~osed Dead vears) Tumr Jumr Death 

None 20 20 12.7 0 (0) 4 (20) 0 (0) 
(Control) 
0.0003 24 24 12.8 1 (4) 1 (4) 0 (0) 

This experiment was initiated when it  became apparent that dogs in the lowest 

exposure levels of the earlier 2 3 9 ~ ~ 0 2  experiment were nearly all developing lung 
tumors. The design and current status of the experiment has been described in 
several progress reports (Dagle, 1979; Park, J., 1975, 1981, 1986, i n  press). 

The oxide was produced by calcining the oxalate at 750' C for 2 hours; improved 

exposure procedures and deposition results have been described in some detail 
(Craig, 1972, 1973). Data on the translocation and retention of the deposited 

plutonium have been described (Dagle, 1979; Park, J., 1981, 1986, in press) and 

subjected to preliminary dosimetric analysis (Fisher, D., 1986; Park, i n  press). 

Hematologic effects have been described in some detail (Ragan, 1976, 1986); 

lymphopenia developed soon after exposure in all but the two lowest exposure 

groups, with a trend toward recovery after about 3 years in all but the highest 

exposure group. Radioimmunoassay techniques revealed a significant decrease 

in primary antibody response in exposed versus unexposed dogs (Dagle, 1979). 
Later effects have been described briefly (Dagle, 1986; Park, J., 1986, in press); 
the predominant lung tumor was bronchiolar-alveolar carcinoma, with a lesser 

number of adenosquamous carcinoma, adenocarcinoma, and epidermoid car- 

cinoma. Preliminary studies have shown that dominant-acting transforming 



oncogene activity is associated with the plutonium-induced tumors (Frazier, 
1987). 

Preliminary dose-response relationships have been derived (Fisher, D., 1986). 

Three-dimensional dose-response models have been employed to illustrate the 
time-related contributions of the competing risks of death from radiation pneu- 

monitis/fibrosis, lung cancer, and natural aging (Raabe, 1987). 

Information relevant to this experiment will be found in the following Hanford 
Laboratory or Pacific Northwest Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1970 (Aug) 

1972 (Sep) 

1973 (Apr) 

1974 (Aug) 

1975 (Mar) 

1976 (Jan) 

1977 (May) 

1978 (Feb) 

1979 (Feb) 

1980 (Feb) 

1981 (Feb) 

1982 (Feb) 

1983 (Feb) 

1984 (Feb) 

1985 (Feb) 

1986 (Feb) 

1987 (Feb) 

1988 (Feb) 



Single inhalation o f  plutonium oxide aerosol, mean AMAD 1.8 

pm, mean GSD 1.9; dogs 15 to 20 months old, of both sexes, 
placed on experiment from 1972 to  1975. Results as of 30 

September 1987 (Doc. PNL-6500 Pt I) 

EXPERIMENTAL 
DESIGN 
-Initial No. of 
Burden Animals 
(uCiIka) Exeosed 

None 20 
(Control) 
0.0002 20 

EXPERIMENTAL RESULTS 
Median J%. 1% lncdence) 

No. of Postexp Radiation 
Animals Survival Bone Lung Pneumonitis 
Dead Ivears) Tumr Tumr  b a t h  

This experiment was designed to compare the behavior and effects of inhaled 

2 3 8 ~ u 0 ,  with those of inhaled 2 3 9 ~ u 0 2  and 2 3 9 ~ u ( ~ 0 3 ) 4  in concurrent experi- 

ments. The design and current status of the experiment has been described in 

several progress reports (Dagle, 1979; Park, J., 1975, 1981, 1986). 

The oxide was produced by calcining the oxalate a t  700° C for 2 hours; exposure 

procedures have been described in some detail (Craig, 1972, 1973). Data on the 

translocation and retention of the deposited plutonium have been described 
(Dagle, 1979; Park, J., 1981, 1986); methods for estimation of the initial lung 

deposit from subsequent retention and excretion data were studied in detail for 

one group of animals (Steuens, D., 19866). 

Hematologic effects have been described in some detail (Ragan, 1986); lympho- 

penia developed sooner and was more pronounced than was the case with 

2 3 9 ~ u 0 2 ;  i t  occurred in all but the two lowest exposure groups, with a trend 

toward recovery after 2 or 3 years in all groups. Later effects have been described 

briefly (Dagle, 1986; Park, J., 1986) and include, in addition to bone and lung 

tumors, sclerotic lymph nodes, osteodystrophy, hepatic nodular hyperplasia, 
and elevated serum glutamic pyruvic transaminase levels. The predominant 

bone tumor was osteosarcoma; the predominant lung tumor was bronchiolar- 



alveolar carcinoma, with lesser numbers of adenosquamous carcinoma, adeno- 
carcinoma, bronchiolar-alveolar adenoma, and fibrosarcoma. 

Information relevant to this experiment will be found in the following Hanford 

Laboratory or Pacific Northwest Laboratory periodic reports: 

Issue Date Doc. No. Paae Ref& k u e  Date Doc. No. Paae Refs. 

1970 (Aug) 

1973 (Aug) 

1974 (Aug) 

1975 (Mar) 

1976 (Jan) 

1977 (May) 

1978 (Feb) 

1979 (Feb) 

1980 (Feb) 

1981 (Feb) 

1982 (Feb) 

1983 (Feb) 

1984 (Feb) 

1985 (Feb) 

1986 (Feb) 

1987 (Feb) 

1988 (Feb) 



Single inhalation of plutonium nitrate aerosol, mean AMAD 0.81 

pm, mean GSD 1.7; dogs 17 to 23 months old, of both sexes, 

placed on experiment from 1975 to 1977. Results as of 30 Septem- 

ber 1987 (Doc. PNL-6500 Pt I). 

EXPERIMENTAL 
DESIGN 
-Initial No.  of 
Burden Animals 
W E x D o s e d  

None 23 
(Control) 
None 20 
(Vehicle 
control) 
0.0002 20 

EXPERIMENTAL RESULTS 
Median No. fO/~ Incidence) 

No. of Postexp. Radiation 
Animals Survival Bone Lung Pneumonitis 
Dead &EKS.L Tumor Tumor Death 

This experiment was designed to compare the behavior and effects of inhaled 
2 3 9 ~ u ( ~ ~ 3 ) 4  with those of inhaled 2 3 9 ~ u 0 2  and 2 3 8 ~ u 0 2  in concurrent experi- 
ments. The design and current status of the experiment have been described in 
several progress reports (Dagle, 1979; Park, J., 1981, 1986). Earlier short-term 
studies with inhaled P u ( N O ~ ) ~  provided background data for this experiment 
(Bair, 1964, 19706, 19746; Park, J., 1972; Stuart, 1968). 

The exposure aerosol was produced by nebulizing a 0.27 N nitric acid solution 

(Dagle, 1979). Data on the translocation and retention of the deposited pluto- 

nium have been described (Park, J., 1981, 1986). A supporting 1-year sacrifice 

study compared the early distribution and retention of inhaled 2 3 8 ~ u ( ~ 0 3 ) 4  and 

2 3 9 ~ u ( ~ 0 3 ) 4  (Dagle, 1983); although 2 3 8 ~ u  was initially translocated more rapid- 
ly from the lung, the rate of translocation was similar at 1 year postexposure. In 

another periodic sacrifice study extending to 5 years postexposure, estimates 

were made of radiation doses to various tissues following 2 3 9 ~ u ( ~ 0 3 ) 4  inhala- 

tion (Stevens, D, 1986). 



Hematologic effects have been described in some detail (Ragan, 1986); lym- 
phopenia was less pronounced than was the case following exposure to either 

2 3 9 ~ ~ 0 2  or 2 3 8 ~ u 0 2 ;  it  occurred only in the two highest exposure groups. Later 

effects have been described briefly (Dagle, 1986; Park, J., 1986) and include, in 

addition to bone and lung tumors , sclerotic lymph nodes, osteodystrophy, hepat- 

ic nodular hyperplasia, and elevated serum glutamic pyruvic transaminase 

levels. All bone tumors were osteosarcomas. Lung tumors were usually inci- 

dental findings a t  death and included bronchiolar-alveolar carcinoma, papillary 

adenocarcinoma, and epidermoid carcinoma. Preliminary studies have shown 

that dominant-acting transforming oncogene activity is associated with the plu- 

tonium-induced lung tumors (Frazier, 1987). 

Information relevant to this experiment will be found in the following Hanford 

Laboratory or Pacific Northwest Laboratory periodic reports: 

Issue Date Doc. No. Paae Refs. lssue Date pcx. No. Paae Refs. 

1976 (Jan) BNWL-2000 Pt 1 27 1982 (Feb) PNL-4100 Pt 1 73-76 

1977 (May) BNWL-2100 Pt 1 25-27 1983 (Feb) PNL-4600 Pt 1 61-64 

1978 (Feb) PNL-2500 Pt 1 3.4-3.5 1984 (Feb) PNL-5000 Pt 1 23-26 

3.27-3.29 1985 (Feb) PNL-5500 Pt 1 23-27 

1979 (Feb) PNL-2850 Pt 1 3.19-3.26 1986 (Feb) PNL-5750 Pt 1 19-23 

1980 (Feb) PNL-3300 Pt 1 99-104 1987 (Feb) PNL-6100 Pt 1 21-25 

1981 (Feb) PNL-3700 Pt 1 81-85 1988 (Feb) PNL-6500 Pt 1 25-29 



8.5 ITRl EXPERIMENTS 

Single inhalation of strontium chloride in a cesium chloride vector 

aerosol; dogs 12 to 15 months old, of both sexes, placed on experi- 

ment from 1965 to 1967. Results as  of 30 September 1987 (Doc. 
LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 
&Ci/ka) Exwosed 

None 15 
(Control) 

2 12 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. pb.  (% lmdence) 
Animals Survival Bone Lung 
Dead 0 Tumr Tumr 

All dogs are dead, and several summaries of results have been published 

(Gillett, 1987, 19876; McClellan, 1983; Mewhinney, 1986). Exposure aerosols had 

an AMAD of 1.4 to 2.7 pm, with a GSD of about 2.0. Quantity of 90Sr deposited 
and retained was determined by whole-body counting. About 60% of the initial 

deposit was lost with a half-time of 0.3 day, reflecting rapid clearance from the 

respiratory and gastrointestinal tract. The initial burdens, as tabulated above, 

do not include this rapidly lost component, whose estimation was relatively 

uncertain. The retention of the remainder was described by 3 approximately 

equal components with half-times of about 6 days, 130 days, and 8 years, all 

reflecting loss from the skeleton (McClellan, 1983). Estimated median-survival 

average radiation dose to bone ranged from about 500 rad in the lowest exposure 

group to about 18,000 rad in the highest (Doc. LMF-120). A supporting study 

with intravenously injected dogs showed a systemic distribution pattern almost 

identical to that seen following inhalation (McClellan, 1 9 7 2 ~ ) .  

In addition to the 48 life-span dogs tabulated above, 25 "sacrifice" dogs, including 

7 controls, were, in fact, not sacrificed, but retained for life-span observation. 

Including these dogs, a total of 6 died acutely, 2 died with leukemia, 30 died with 

bone tumors, and 4 died with sinonasal carcinomas (Gillett, 1987b). The median 



survival time of dogs with long-retained burdens of less than 10  pCi/kg was 
similar to that of controls (McClellan, 1983). 

Early publications give details of partial results (McClellan, 1972c, 1973), in- 

cluding reports emphasizing the production of hemangiosarcomas (Benjamin,  
19753) and sinonasal carcinomas (Benjamin, 1979; Boecker, 1986); a study of the 

excretion of urinary steroids was also reported (Mitchell, 1970). Several publica- 

tions have compared the preliminary results from this experiment with those 

from experiments with beta emitters of different retention and distribution char- 

acteristics (Boecker, 1986; McClellan, 1976, 1979, 1982, 1986). Detailed data have 

been recently reported, for individual animals, relating particularly to the early 

hematopoietic deaths and hematological effects (Gillett, 1987), and to the late 

neoplastic and preneoplastic effects in bone (Gillett, 1987b). Preliminary con- 

sideration was given to dose-response relationships for late-occurring neoplastic 

(McClellan, 1973) and early hematopoietic effects (Scott, 1980). It was noted that 

late effects in this experiment closely resemble those seen in the Utah experi- 

ment with intravenously injected 90Sr; in neither experiment was there observed 

the high incidence of myeloproliferative disorders seen in the Davis 90Sr chronic 

ingestion experiment (McClellan, 1973). Bone cancer data from this experiment 

have been compared with those from studies with other inhaled and injected 

bone seekers, and efforts have been made to extrapolate findings to humans, em- 

ploying a proportional hazard analysis (Mewhinney, 1986). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae Refs, Issue Date Doc. No. Paae Refs. 

1966 (Nov) 

1967 (Nov) 

1968 (Nov) 

1969 (Nov) 

1970 (Nov) 

1971 (Nov) 

1972 (Nov) 

1973 (Dec) 

1974 (Dec) 

1975 (Dec) 

1976 (Dec) 

1977 (Dec) 
1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 

1985 (Dec) 

1986 (Dec) 



Single inhalation of  cerium chloride in a cesium chloride vector 

aerosol; dogs 12 to 15 months old, of both sexes, placed on experi- 
ment from 1966 to 1967. Results as  of 30 September 1987 (Doc. 
LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 
!&QAg) Exoosd 

None 15 
(Control) 

4.8 12 

EXPERIMENTAL RESUI TS 
Median 

No. of Postexp. M. L% lncklence) 
Animals Survival Liver Lung Nasal Cavity 
Dead (vears) Tumor Tumor Tumor 

All dogs are dead. A brief summary of results has been published (Boecker, 
1984). 

Exposure aerosols had an AMAD of 1.5 to 2.4 pm, with a GSD of 1.6 to 2.1. Quan- 
tity of 144Ce deposited and retained was determined by whole-body counting. In 

addition to the life-span dogs detailed above, 27 dogs were exposed for dosimetric 

purposes and sacrificed a t  intervals to 512 days postexposure. Estimated me- 

dian-survival average radiation dose to liver ranged from about 8900 rad in the 

lowest dose group to about 19,000 rad in the next to highest dose group (Doc. 
LMF-120). For long-survival dogs, cumulative lung dose was about one-half the 

liver dose; skeleton dose, about one-third the liver dose (Boecker, 19746; Cuddihy, 
1975, 1979). High local concentrations of 144Ce were noted in the nasal turbinates 

(Cuddihy, 19766). 

Early deaths, a t  high exposure levels, were due to bone marrow aplasia, pul- 

monary, andlor hepatic injury (Benjamin, 1973; Boecker, 1984; McClellan, 1976). 
Data on the early hematopoietic deaths have been modeled (Scott, 1980) and 

applied in  the prediction of health effects resulting from nuclear disasters 

(McClellan, 1982). 



Late effects probably related to 144Ce exposure include neoplasia in all tissues 
receiving high radiation doses (Benjamin, 1973; Boecker, 1984). The highest 

cancer incidence was in the liver, mostly hemangiosarcomas (Benjamin, 1975); 

a liver-cancer risk factor of about 90 cancers per lo6 rad has been estimated 

(Muggenburg, 1986). Also notable was the substantial incidence of nasal car- 

cinomas (Benjamin, 1979); a risk factor for nasal cavity cancer of about 30 per l o 6  
rad has been estimated (Boecker, 1986). Several publications have compared the 

preliminary results from this experiment with those from experiments with 

beta emitters of different retention and distribution characteristics (Boecker, 
1986; McClellan, 1976, 1979, 1982, 1986). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae  ref^. Issue Date DOC. NO. Paae Refs. 

1966 (Nov) 

1967 (Nov) 

1968 (Nov) 

1969 (Nov) 

1970 (Nov) 
1971 (Nov) 

1972 (Nov) 

1973 (Dec) 

1974 (Dec) 
1975 (Dec) 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 
1986 (Dec) 



Single inhalation of yt tr ium chloride i n  a cesium chloride vector 
aerosol; dogs 12 to 15 months old, of both sexes, placed on experi- 
ment  from 1966 to 1967. Results as  of  30 September 1987 (Doc. 
LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 
IuClika)- 

None 12 
(Control) 

44 12 

EXPERIMENTAL RESULTS 
Med~an 

No. of Postexp. No. (%Incidence) 
Animals Survival Liver Lung Nasal Cavity 
Dead (vears) Tumor Tumor Tumr 

All dogs are dead. No comprehensive summary of the total experiment has been 

published. In addition to the 54 life-span dogs tabulated above, 4 "sacrifice dogs" 

exposed a t  the nominal 180 pCi/kg level were retained for life-span observation; 

one of these developed a lung tumor. 

Estimated median-survival average radiation dose to lung ranged from about 

600 rad in the lowest dose group to about 2600 rad in the highest (Doc. LMF-120). 

For long-survival dogs, skeletal dose was about 85% of the lung dose; liver dose, 

about 30% of the lung dose; dose to nasal turbinates was about 5 times the 

average skeletal dose (Boecker, 1986). 

Several publications have compared the preliminary results from this experi- 

ment with those from experiments with beta emitters of different retention and 

distribution characteristics (McClellan, 1976, 1979); special attention has been 

given to modeling the early-occurring hematopoietic deaths (McClellan, 1982; 

Scott, 1980). Late deaths appear to be not markedly influenced by radiation 

exposure; interest has centered particularly on the incidence of nasal cavity 

tumors (Benjamin, 1979; Boecker, 1986). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 



Issue Date 

1967 (Nov) 

1968 (Nov) 

1969 (Nov) 

1970 (Nov) 

1971 (Nov) 

1972 (Nov) 

1973 (Dec) 

1974 (Dec) 

1975 (Dec) 

Doc. No. Paae Refs. Issue Date 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 

LF-58 

LF-60 

LF-69 

LMF-84 

LMF-91 

LMF-102 

LMF-107 

LMF-I 13 

Paae Refs. 



Single inhalation of cerium adsorbed to an  insoluble fused alumi- 
nosilicate vector aerosol (FAP); dogs 12 to 14 months old, of both 
sexes, placed on experiment from 1967 to 1968 (Series A), and from 
1969 to 1971 (Series B). Results as of  30 September 1987 (Doc. 
LMF-120). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median No. (%Incidence) 
Initial Series No. of Postexp. Tracheobron- 
Burden and No. Animals Survival Lung chial Lymph Bone 
~uCi/kcj ExDosed Dead Tumor Node Tumor Tumr 

None A 3 3 13.0 0 (0) 0 (0) 0 (0) 
(Control) B 12 12 12.7 1 (8) 0 (0) 0 (0) 

Series A differs experimentally from Series B only in that  aluminosilicate parti- 

cles were fused prior to, rather than during, exposure. Only one dog survives. 

In addition to the life-span dogs detailed above, 77 sacrifice dogs were exposed, 

many of which were retained for substantial time periods, and may provide in- 

put to the final analysis of effects. 

Life-span dogs were exposed to polydisperse aerosols of FAP (Raabe, 1971) with 

AMADs of 1.5 to 2.7 pm (Cuddihy, 1973b) and GSDs of about 2. The quantity of 

144Ce deposited and retained was determined by whole-body counting and by 

analyses on 24 dogs sacrificed a t  intervals to 2 years postexposure; a n  effective 



half-life of about 200 days was observed for 144Ce in lung, with less than 2% of the 
initial lung burden translocating to tracheobronchial lymph nodes, less than 5% 
to liver, and less than 3% to skeleton (Hahn, 1973b). Distribution data from the 

sacrifice dogs have been compared with similar data from immature and aged 

dogs (Guilmette, 19876). Lung and tracheobronchial lymph nodes received the 

highest cumulative radiation doses (Hahn, 19761, the estimated median-survi- 

val average radiation dose to lung ranging from about 25 rad in the lowest dose 

group to more than 100,000 rad in the highest (Doc. LMF-120). The cumulative 

radiation dose to tracheobronchial lymph nodes was about 3 times that to lung 

(Hahn, in press b). 

At the higher exposure levels dogs showed an early, dose-related lymphopenia 

(Jones, R., 1976), and at the highest levels died from radiation pneumonitis, with 

severe damage also evident in the heart and in tracheobronchial lymph nodes 

(McClellan, 1970). Acute and subacute nonneoplastic effects were studied in a 

number of supporting sacrifice experiments exploring effects on pulmonary 

lipid composition, physiology and pathology (Pfleger, 19751, on connective tissue 

alteration (Pickrell, 1975, 1978), on cardiopulmonary function and histopathology 

(Mauderly, 1980, 1980b), on lymphocyte function (Benjamin, 1975, 1976, 19781, 

and on dosimetry and morphologic effects in tracheobronchial lymph nodes 

(Hahn, 1976). In an ancillary study, early mortality from radiation pneumonitis 
was substantially reduced by pulmonary lavage, but most of the dogs subse- 

quently died of pulmonary neoplasia (Muggenburg, 1 9 8 1 ~ ) .  A considerable effort 

has been made on dose-response modeling of early effects (Raabe, 1979; Scott, 
1979, 1980, 1980b, 1 9 8 0 ~ )  and on the application of these data to the prediction of 

the potential effects in humans of radionuclide releases from nuclear disasters 

(McClellan, 1982). 

Hemangiosarcomas of the lung were observed in surviving dogs at the higher 

dose levels from 2 to 4 years postexposure (Benjamin, 19756; Hahn, 19736, i n  
press; Jones, R., 1974); later-occurring lung cancers were carcinomas, primari- 

ly bronchioalveolar (Hahn, 1977, 1986, in press). Cancers presumed to arise in 

tracheobronchial lymph nodes were hemangiosarcomas, mostly observed at 6 

years or more postexposure (Hahn, 1980, i n  press, in press b). Risk factors based 

on average dose to lung have been estimated as 20 per lo6  rad for lung tumors 

and 27 per l o 6  rad for lung and lymph node tumors combined (Hahn, 1986). The 

cancer risk factor based on radiation dose to tracheobronchial lymph nodes was 

about 40% of that for lung cancer (Hahn, in press b). The pattern of pulmonary 

neoplasia in these dogs has been compared with that observed in other species, 

including humans (Griffith, 1986). 



Several publications have compared the preliminary results from this experi- 
ment with those from experiments with beta emitters of different retention and 

distribution characteristics (Boecker, 1986; McClellan, 1976, 1979, 1982, 1986). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1967 (Nov) 

1968 (Nov) 

1969 (Nov) 

1970 (Nov) 

1971 (Nov) 

1972 (Nov) 

1973 (Dec) 

1974 (Dec) 

1975 (Dec) 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 

1985 (Dec) 

1986 (Dec) 

1987 (Dec) 



8. Appendix lTRl 

Single intravenous injection of cesium clzloride solution; dogs 12 to 

14 months old, of both sexes, placed on experiment from 1968 to 

1969. Results as of 30 September 1987 (Doc. LMF-120). 

EXPERIMENTAL 
DESIGN 
Quantity No. of 
Injected Animals 
m l n l e c t e d  

None 12 
(Control) 

970 12 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. No. f% lncdence) 
Animals Survival Liver Lung Nasal Cavity 
Dead (vears) Tumor Tumor Tumr 

All dogs are dead. No comprehensive summary of the total experiment has been 

published. Injection rather than inhalation (the usual exposure mode for ITRI 

studies) was employed because of the greater precision attainable, the smaller 

risk to laboratory personnel, and because preliminary studies showed that route 

of administration had little effect on distribution, retention, or cumulative radia- 

tion dose (Boecher, 1969). 

Retention was measured by whole-body counting. About 15% of the injected dose 

was lost with a half-time of less than one day, the balance with a half-time of 32 

days. No dose-related effects on retention were noted. Estimated median-sur- 
viva1 whole-body radiation dose ranged from about 600 rad in the lowest dose 

group to about 1900 rad in the next to highest dose group (Doc. LMF-120). Data 

on tissue distribution from 11 dogs that died 19 to 81 days after injection indicated 

absorbed tissue doses that were 0.6 to 1.5 times that calculated as an average 

whole-body dose (Boecker, 1972). 

A detailed account has been published of biological effects occurring during the 

first year after injection (Redman, 1972). A dose-related depression in lympho- 

cytes, granulocytes and platelets was observed in all groups. Nine deaths occur- 

red between 19 and 33 days after injection, 2 at  77 and 81 days, all attributable to 

severe bone marrow damage. Data on the early hematopoietic deaths have been 

modeled (Scott, 1980) and applied in the prediction of health effects that might 



result from a nuclear disaster (McClellan, 1982). Although no comprehensive 

analysis of late effects has been published, an increased cancer incidence in 

irradiated animals is apparent, notably in the nasal cavity (Boecker, 1986) and 

liver (Muggenburg, 1986). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date DOC. NQ Paae  ref^, lssue Date Doc. No. Paae Refs. 

1965 (Sep) 

1968 (Nov) 

1969 (Nov) 

1970 (Nov) 

1971 (Nov) 

1972 (Nov) 

1973 (Dec) 

1974 (Dec) 

1975 (Dec) 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 

1985 (Dec) 



Single inhalation of yttrium adsorbed to an insoluble fused alumi- 
nosilicate vector aerosol (FAP); dogs 12 to 14 months old, of both 

sexes, placed on experiment from 1969 to 1971. Results as of 30 
September 1987 (Doc. LMF-120). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Initial No. of No. of Postexp. No. f% Incidence) 
Burden Animals Animals Survival L~lng Radiation 

EXDO& Dead &ears\ Tumr Pneumonitis Death 

None 12 12 13.0 4 (33) 0 (0) 
(Control) 

105 12 12 12.5 1 (8) 0 (0) 

All dogs are dead. In addition to the life-span animals detailed above, five dogs 

were exposed for autoradiographic study of initial deposition in the respiratory 

tract (Barnes, 1971); 12 dogs were sacrificed in pairs, at  intervals to 12 days post- 

exposure, for dosimetry purposes (Barnes, 1972b); nine dogs were employed in 
pulmonary function, clinical, and radiographic evaluations of early pulmonary 

damage (Mauderly, 1973); 10 dogs were sacrificed at intervals to 29 days post- 

exposure to study dose and effects in the gastrointestinal tract (Hahn, 1975). 

Life-span dogs were exposed to polydisperse aerosols of FAP (Raabe, 1971) with 

AMADs of 0.8 to 1.4 pm (Cuddihy, 1973b) and GSDs of about 2. Because of the 

short physical half-life of 9 0 ~ ,  only lung, tracheobronchial lymph nodes, and 

gastrointestinal tract received appreciable radiation exposure. Estimated ra- 

diation dose to lung ranged from about 1500 rad in the lowest exposure group to 

30,000 rad, or more, in the 3 highest exposure groups (Doc. LMF-120). 



Early deaths due to radiation pneumonitis and pulmonary fibrosis have been de- 

scribed (Ilobbs, 1972; Slauson, 1976, 1977); a special effort has been made on 

dose-response modeling for this period (Scott, 1979, 1980, 19806, 1 9 8 0 ~ )  and on the 

application of these data to the prediction of the potential effects in  humans of 

radionuclide releases from nuclear disasters (McClellan, 1982). Other noted ef- 

fects include changes in collagen constituents in the lung (Pickrell, 1978), effects 

on peripheral lymphocytes (Jones, R., 19761, and effecsts on lymphocyte function 

(Benjamin, 1976). 

Several publications have compared the preliminary results from this experi- 

ment with those from experiments with beta emitters of different retention and 

distribution characteristics (Nalzn, 19836, i n  press; McClellan, 1976, 1979, 1986). 

A preliminary estimate of the risk factor for development of primary lung tumor 

of about 50 per l o 6  rad, is similar to that  estimated for 9 1 ~ ,  but substantially 

higher than that  for the longer-lived beta emitters 1 4 4 ~ e  and 9 0 ~ r  (IIalzn, 1983b). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date DOC. NO. Paae Refs. Issue Date Doc. No. Paae Refs. 

1969 (Nov) LF-41 46-58 

1970 (Nov) LF-43 146-162 

197-204 

1971 (Nov) LF-44 145-150 

193-195 

227-236 

1972 (Nov) LF-45 147-1 50 

21 6-221 

1973 (Dec) LF-46 103-1 07 

169-1 72 

1974 (Dec) LF-49 104-107 

160-164 

192-196 

1975 (Dec) LF-52 150-1 53 

187-190 

295-301 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 

1985 (Dec) 

1986 (Dec) 

1987 (Dec) 



Single inhalation of yttrium adsorbed to an  insoluble fused alumi- 

nosilicate vector aerosol (FAP); dogs 12 to 14 months old, of both 

sexes, placed on experiment from 1970 to 1971. Results as of 30 

September I987 (Doc. LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 
(uCi1ka) Exwosed 

None 12 
(Control) 

16 12 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. No. (% lncldence) 
Animals S~lrvival Lung Radiation 
Dead 0 Tumr PneumoniZis Dealh 

All dogs are dead. No comprehensive summary of the total experiment has been 

published. Dogs were exposed to polydisperse aerosols of FAP (Raabe, 1971) with 
AMADs of 1 .2  to 2.4 pm (Cuddihy, 197313) and GSDs of about 2. Quantity of 

radionuclide deposited and retained was determined by whole-body counting. 

The effective half-time for retention of 9 1 ~  in the lung was 50 days. There was 

substantial translocation of 9 1 ~  to tracheobronchial lymph nodes, with a much 

smaller distribution to bone and liver (McClellan, 1974). Estimated radiation 

dose to lung ranged from 4000 rad in the lowest exposure group to more than 

20,000 rad in  groups with initial depositions of 100 pCi/kg or more (Doc. 

LMF-120). 

Radiation pneumonitis and pulmonary fibrosis were responsible for deaths 

occurring during the early period following exposure; a special effort has been 

made on dose-response modeling for this period (Scott, 1979, 1980, 1980b, 1 9 8 0 ~ )  

and on the application of these data to the prediction of the potential effects in 



humans of radionuclide releases from nuclear disasters (McClellan, 1982). 

Specific effects considered in  other publications include changes in collagen 
constituents in  the lung (Pickrell, 1978) and effects on peripheral lymphocytes 
(Jones, R., 1976). 

Several publications have compared the carcinogenic effects of 9 1 ~  with those 
from beta emitters of different retention and distribution characteristics (Hahn,  
1977, 1986, i n  press; McClellan, 1976, 1979). No hemangiosarcomas, only pul- 
monary carcinomas, were seen in g l~-exposed dogs. At 10 years postexposure, 
the risk factor for development of primary lung tumor was on the order of 50 per 
l o 6  rad to lung, which was similar to the risk factor for but substantially 
higher than that  for the longer-lived beta emitters 144Ce and gOSr (Hahn,  19836, 

1986). With all animals dead, the lung cancer risk factor calculated from this 
experiment was compared to risk factors based on incomplete returns from the 
239~u02 inhalation experiments; the 2 3 9 ~ u / 9 1 ~  ratios for linear risk coefficients 
were 18, 15,  and 1 0  when compared to 0.75, 1.5, and 3.0 km 239~u02 particles, 
respectively (Boecker, 1988). 

Information relevant to this experiment will be found in the following Inhala- 
tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. paoe  ref^. Issue Date Doc. No, Paoe Refs. 

1967 (Nov) LF-38 92-100 

1970 (Nov) LF-43 163-1 82 

197-204 

1971 (Nov) LF-44 40-50 

76-80 

151-163 

193-195 

1972 (Nov) LF-45 151-156 

21 6-221 

1973 (Dec) LF-46 108-1 11 

1974 (Dec) LF-49 108-1 12 

1975 (Dec) LF-52 154-159 

187-190 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 

1985 (Dec) 

1986 (Dec) 

1987 (Dec) 



Single inlzalation of strontium adsorbed to an  insoluble fused alu- 

minosilicate vector aerosol (FAP); dogs 11 to 15 months old, of both 

sexes, placed on experiment from 1970 to 1974. Results as  of 30 

September 1987 (Doc. LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 

Ex~osed 

None 18 
(Control) 

0.24 12 

EXPERIMENTAL RESULTS 
Median No. (Oh Incident-\ 

No. of Postexp. Tracheobron- 
Animals Survival Lung chial Lymph Heart 
Dead (vears) Tumr Node Tumor Tumr 

A few dogs remain alive in the control and lowest dose groups. Dogs were expos- 

ed to polydisperse aerosols of FAP (Raabe, 1971) with AMADs of 1.5 to 2.8 pm 

(Cuddihy,  1973b) and GSDs of about 2. Quantity of radionuclide deposited and 
retained was determined by whole-body counting. The effective half-time for 

retention of in the lung was 400 days; there was substantial transfer to 

tracheobronchial lymph nodes and some transfer to bone (McClellan, 1974). 

Uniformity of distribution within the lung was examined in a supporting study 

(Snipes, 1975). Estimated median-survival radiation dose to lung ranged from 

about 1300 rad in the lowest exposure group to 50,000 rad or more in groups with 
initial burdens of 19 pCi/kg or more (Doc. LMF-120). 

Radiation pneumonitis and pulmonary fibrosis were responsible for deaths oc- 

curring during the early period following exposure (McClellan, 1974). Specific 

effects considered in ancillary studies include changes in collagen constituents 

in the lung (Pickrell, 1978) and effects on peripheral lymphocytes (Jones, R., 

1976) and lymphocyte function (Benjamin, 1976). A special effort has been made 

on dose-response modeling for acute effects (Raabe, 1979; Scott, 1979, 1980, 19806, 



1980c), and on the application of these data to the prediction of the potential 

effects in humans of radionuclide releases from nuclear disasters (McClellan, 

1982; Scott, 1986). 

Several publications have compared the carcinogenic effects of 90Sr  with those 

from beta emitters of different retention and distribution characteristics (Hahn, 

1977, 1986; McClellan, 1976, 1979). Hemangiosarcomas of the lung were observ- 

ed in surviving dogs at the higher dose levels from 2 to 4 years postexposure 

(Benjamin, 19756; Jones, R., 1974); later-occurring lung cancers were carcino- 

mas, primarily bronchioalveolar (Hahn, 1977, 19836, 1986, i n  press). Cancers 

presumed to arise in tracheobronchial lymph nodes were hemangiosarcomas 

(Hahn, 1986, i n  press). The high incidence of heart tumors has been attributed 

to radiation from external sources, primarily from tracheobronchial lymph 

nodes (Hahn, i n  press). Risk factors based on average dose to lung have been 

estimated as 19 per l o 6  rad for lung tumors, and 22 per l o 6  rad for lung and 

lymph node tumors combined, which are similar to those estimated for 1 4 4 ~ e  but 

substantially lower than those estimated for the shorter-lived and 9 1 ~  

(Hahn, 1986). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc Paae  ref^ 

1970 (Nov) LF-43 188-196 

1971 (Nov) LF-44 181-195 

1972 (Nov) LF-45 177-188 

21 6-221 

1973 (Dec) LF-46 43-49 

128-1 36 

169-1 72 

1974 (Dec) LF-49 126-129 

192-196 

1975 (Dec) LF-52 88-90 

173-1 77 

1976 (Dec) LF-56 195-199 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 
1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1984 (Dec) 

1985 (Dec) 

1986 (Dec) 

1987 (Dec) 

LF-69 

LM F-84 

LMF-91 

LMF-102 

LMF-107 

LMF-113 

LMF-I 14 

LMF-115 

LMF-120 



Single inhalation o f  cerium adsorbed to a n  insoluble fused alu-  
minosilicate vector aerosol (FAP); dogs 3 months old, of  both sexes, 
placed on  experiment from 1972 to 1976. Results as  of  30  Septem- 
ber 1987 (Doc. LMF-120). 

EXPERlM ENTAL EXPERIMENTAL RESULTS 
DESIGN Median No. f% Incidence) 
Initial No, of No. of Postexp. Tracheobron- Radiation 
Burden Animals Animals Survival Lung chial Lymph Pneunionitis 
f,g.Q&) Exoosed Dead @arsl T u m r  Node Tumor Death 

None 5 5 11.5 0 (0) 0 (0) 0 (0) 
(Control) 

0.009 5 3 s13.1 0 (0) 0 (0) 0 (0) 

Detailed descriptions of this experiment appear only in  the report literature 

(Doc. LMF-114).  Protocols employed were similar to those of the young-adult 

experiment. Early distribution data from sacrifice dogs have been compared 

with similar data from young-adult and aged dogs, the  immature animals 

showing a more rapid early clearance from the lung and a larger fraction 

deposited in the skeleton (Guilmette, 19876). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date DOC. NQ; Paae Refs. Issue Date DOC. NoA Paae Refs. 

1972 (Nov) LF-45 167-171 1973 (Dec) LF-46 11 6-1 21 

195-205 1974 (Dec) LF-49 118-121 



lssue Date 

1975 (Dec) 

1976 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1982 (Dec) LMF-102 306-309 

1983 (Dec) LMF-107 220-223 

1984 (Dec) LMF-113 188-192 

1985 (Dec) LMF-114 202-206 

1986 (Dec) LMF-115 193-197 

1987 (Dec) LMF-120 154-1 61 

21 7-221 



Single inhalation of cerium adsorbed to a n  insoluble fused alu- 
minosilicate vector aerosol (FAP); dogs 8 to 10 years old, of  both 
sexes, placed on experiment from 1972 to 1975. Results as of 30 
September 1987 (Doc. LMF-120). 

EXPERIMENTAL -EXPERIMENTAL RESULTS 
DESIGN Median No. (% lncidencel 
Initial No. of No. of Postexp. Tracheobron- Radiation 
Burden Animals Animals Survival Lung chial Lymph Pneurnor~itis 

E X D O S ~ ~  Dead (vears) Tumor Node Tumor Death 

None 12 12 3.7 2 (17) 0 (0) 0 (0) 
(Control) 

7.9 12 12 4.5 3 (25) 0 (0) 1 (8) 

All dogs are dead. A brief summary of the experiment appears only in the 

report literature (Doc. LMF-113). Protocols employed were similar to those of the 

young-adult study. Distribution data from life-span dogs have been compared 

with similar data from sacrifice studies with young-adult and immature dogs; 

the aged dogs show a smaller fraction deposited in the skeleton (Guilmette, 
1987b). Estimated median-survival radiation dose to lung ranged from about 

12,000 rad at the lowest exposure level to nearly 50,000 rad at the highest (Doc. 
LMF-120). 

Effects in aged dogs differ from those in young adults in that no pulmonary he- 

mangiosarcomas, but only carcinomas, are seen in the aged animals. Changes 
in collagen constituents of dogs dying of pulmonary fibrosis in this experiment 

have been compared with similar effects in young-adult dogs (Pickrell, 1978). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1972 (Nov) LF-45 172-1 76 1974 (Dec) LF-49 122-1 25 

195-205 1975 (Dec) LF-52 169-1 72 

1973 (Dec) LF-46 122-1 27 1976 (Dec) LF-56 190-194 



lssue Date Doc. No. Paae Refs. 

1977 (Dec) LF-58 97-1 01 

1978 (Dec) LF-60 103-1 07 

1979 (Dec) LF-69 96-1 00 

1980 (Dec) LMF-84 86-89 

1981 (Dec) LMF-91 113-116 

h u e  Date Doc. No. Paae Refs. 

1982 (Dec) LMF-102 31 0-313 

1983 (Dec) LMF-107 224-227 

1984 (Dec) LMF-113 154-1 61 

193-195 



Thirteen inhalations, at 56-day interuals, o f  cerium adsorbed to 
a n  insoluble fused aluminosilicate vector aerosol (FAP); dogs of  
both sexes, 14 to 17 months old at initial exposure, placed on 
experiment from 1972 to 1975. Results as of 30 September 1987 
(DOC. LMF-120). 

EXPERIMENTAL 
DESIGN Median No. i% lncidencel 
Initial No. of No. of Postexp. Tracheobron- Radiation 
Burden Animals Animals Survival Lung chial Lymph Pneumonitis 

Ex~osed Dead &ears) Tumor Node Tumor Death 

None 9 7 11.8 0 (0) 0 (0) 0 (0) 
(Control) 

2.5' 9 9 6.3 3 (33) 0 (0) 2 (22) 

* quantity added at each inhalation exposure 
" burden re-established at each inhalation exposure 

All 144~e-exposed dogs are dead, the last dying in 1985; 2 control dogs survive. 

Only a brief description of the experiment, with early results, has been published 

(Boecker, 1980). The 1 3  exposures a t  the 2.5-yCi/kg level were designed to pro- 

duce a 2-year cumulative dose to lung of 35,000 rad; the same 2-year cumulative 

dose was projected for the regimen re-establishing a lung burden of 9.0 pCi/kg. 

An approximately 3-fold range of cumulative dose was observed in each expo- 

sure group, a s  evaluated by total-body counting. Only 1 hemangiosarcoma of the 

lung was observed, in sharp contrast to observations in  single-exposure studies. 
The other 10 lung carcinon~as appeared later than the carcinomas observed in 

single-exposure studies. Lymph node tumors were hemangiosarcomas. 

Information relevant to this experiment will be found in  the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae  ref^, 

1974 (Dec) LF-49 314-317 1980 (Dec) LMF-84 99-1 03 

1975 (Dec) LF-52 226-229 1981 (Dec) LMF-91 134-137 

1976 (Dec) LF-56 278-282 1983 (Dec) LMF-107 232-236 

1977 (Dec) LF-58 186-1 88 1984 (Dec) LMF-I 13 201-204 

1978 (Dec) LF-60 180-183 1985 (Dec) LMF-114 212-215 

1979 (Dec) LF-69 182-1 86 1986 (Dec) LMF-I 15 204-207 



Single inhalation of monodisperse plutonium oxide aerosol, 

AMAD 3.0 pm; dogs 12 to 14 months old, of both sexes, placed on 

experiment from 1973 to 1976. Results as of 30 September 1987 

(DOC. LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 

None 12 
(Control) 
0.02 12 

.€XPERIMENTA RESULTS 
Median 

No. of Postexp. No. l% Incidence) 
Animals Survival Bone L~lng Liver 
Dead (vear;) Tumor Tumor Tumor 

The 5 single-inhalation young-adult experiments with inhaled monodisperse 

plutonium oxide aerosols were designed, as  a group, to explore the influence of 
alpha-particle dose distribution within the lung (McClellan, 1972, 1986). New 
techniques were developed to produce the monodisperse particles (Raabe, 1975; 
Talley, 1979). The 3.0-pm-AMAD particles had an actual diameter of about 1 ym 

(Muggenburg, 1980). 

Initial deposition was estimated from whole-body counting of gamma emissions 

from 169Yb incorporated into the PuOe particles as a short-lived tracer; retention 

and translocation were studied in supporting experiments involving the sacri- 

fice of animals a t  intervals to 4 years postexposure (Hahn, 1981; Mewhinney, 

1983). Translocation from the lung was much more rapid than that of 2 3 9 ~ u 0 2  

and was a complex function of time, influenced by radiolytic fragmentation of 

the high-specific-activity 2 3 8 ~ u 0 2  particles (Diel, 1983). Estimated cumulative 

radiation doses from inhaled 3.0-ym 2 3 8 ~ u 0 2 ,  at  4 years postexposure, to skele- 

ton, liver, lung, and tracheobronchial lymph nodes, were in the ratio of 1:2:5:50 

(Mewhinney, 1983). Estimated median-survival average radiation dose to bone 

ranged from about 100 rad in the lowest exposure group to about 900 rad in the 

highest (Doc. LMF-120). 



Particle size in the two 2 3 8 ~ u 0 2  experiments (3.0 or 1.5 ~ m )  has not significantly 
influenced retention, translocation or biological effects (Hahn, 1981). The earli- 

est observed biological effect was a lymphopenia, which occurred at the higher 

dose levels within 180 days; a 60% incidence of leukopenia was also noted at 

higher dose levels (Muggenburg, 1980). In addition to early deaths from 

radiation pneumonitis, other observed nonneoplastic effects included atrophy of 

the tracheobronchial lymph nodes and maxilloturbinates and hepatic degenera- 

tion (Hahn, 1981). 

Lung and bone tumors have been observed and described in some detail (Hahn, 

1981; Wolff, 1980), and risk factors have been estimated in several interpretations 

of partial results (Hahn, 1986; Mewhinney, 1986; Muggenburg, 1983; Raabe, 

1984, 1986). Liver tumors have been described as incidental findings a t  death 

(Gillett, i n  press). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae  ref^ Date [20c. Paae  ref^ 

1971 (Nov) LF-44 7-1 9 

1973 (Dec) LF-46 1-30 

78-80 

1974 (Dec) LF-49 37-42 

140-144 

1975 (Dec) LF-52 21 -23 

193-203 

1976 (Dec) LF-56 96-98 

223-237 

1977 (Dec) LF-58 40-43 

11 7-134 

139-143 

1978 (Dec) LF-60 16-20 

28-37 

127-144 

151-155 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 
1983 (Dec) 
1984 (Dec) 
1985 (Dec) 

1986 (Dec) 
1987 (Dec) 



Single inhalation of  monodisperse plutonium oxide aerosol, 

AMAD 1.5 pm; dogs 12 to 15 months old, of both sexes, placed on 

experiment from 1974 to 1976. Results as of 30 September 1987 

(DOC. LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 

Exwosed 

None 12 
(Control) 
0.01 12 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. NO (% lncdence) 
Animals Suwival Bone Lung Liver 
Dead (vears) Tumor Tumor Tumor 

The 5 single-inhalation young-adult experiments with inhaled monodisperse 

plutonium oxide aerosols were designed, as a group, to explore the influence of 

alpha-particle dose distribution within the lung (McClellan, 1972, 1986). New 
techniques were developed to produce the monodisperse particles (Raabe, 1975; 
Talley, 1979). The 1.5-~m-AhfAD particles had an actual diameter of 0.44 pm 

(Muggenburg, 1980). 

Initial deposition was estimated from whole-body counting of gamma emissions 

from 169Yb incorporated into the Pu02 particles as a short-lived tracer; retention 

and translocation were studied in supporting experiments involving the sac- 

rifice of exposed animals at intervals to 4 years postexposure (Hahn, 1981; 

Mewhinney, 1983). Translocation from the lung was much more rapid than 

that of 2 3 9 ~ u 0 2 ,  and was a complex function of time, influenced by radiolytic 

fragmentation of the high-specific-activity 2 3 8 ~ u 0 2  particles (Diel, 1983). Es- 

timated cumulative radiation doses from inhaled 1.5-pm 2 3 8 ~ u 0 2 ,  at 4 years 

postexposure, to skeleton, liver, lung, and tracheobronchial lymph nodes, were 

in the ratio of l:2:6:200 (Mewhinney, 1983). Estimated median-survival average 

radiation dose to bone ranged from about 50 rad in the lowest exposure group to 

nearly 600 rad in the highest (Doc. LMF-120). 



The microdistribution of inhaled 1.5-pm 2 3 8 ~ u 0 2  translocated to liver was 

studied in  supporting experiments, with comparisons to intravenously injected 

2 3 8 ~ u  and 2 3 9 ~ u  (Gearhart, 1980). This distribution was a function of exposure 

level and time postexposure; for high initial lung burdens there was evidence of 

particle transfer to liver. Particle size in the two 2 3 8 ~ u 0 2  experiments (3.0 or 1.5 

pm) has not appeared to significantly influence retention, translocation or bio- 

logical effects (Hahn, 1981). 

The earliest observed biological effect was a lymphopenia, which occurred at  the 

higher dose levels within 180 days; a 60% incidence of leukopenia was also noted 

at  higher dose levels (Muggenburg, 1980). Data on pulmonary function were ob- 

tained from dogs exposed to 1.5-pm 2 3 8 ~ u 0 2  who died with radiation pneumo- 

nitis. These data were compared with similar data from dogs exposed to 144Ce 

(Mauderly, 1980). In addition to early deaths from radiation pneumonitis, other 

observed nonneoplastic effects included atrophy of the tracheobronchial lymph 

nodes and maxilloturbinates, and hepatic degeneration (Hahn, 1981). 

Lung and bone tumors have been observed and described in some detail (Hahn,  
1981; Wolff, 1980); risk factors have been estimated in several interpretations of 

partial results (Hahn, 1986; Mewhinney, 1986; Muggenburg, 1983; Raabe, 1984, 

1986). Liver tumors have been described, usually as incidental findings at  death 

(Gillett, i n  press). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

bsue Date DOC. NO. paae Refs. Issue Date Doc. No. Paae Refs. 

1971 (Nov) LF-44 7-1 9 

1973 (Dec) LF-46 1-30 

78-80 

1974 (Dec) LF-49 37-42 

140-144 

1975 (Dec) LF-52 21 -23 

193-203 

1976 (Dec) LF-56 96-98 

223-237 

1977 (Dec) LF-58 40-43 

117-134 

139-143 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) 

1983 (Dec) 

1978 (Dec) LF-60 16-20 

28-37 

127-1 44 

151 -1 55 

LF-69 9-1 3 

117-133 

LMF-84 17-24 

113-131 

LMF-91 40-45 

145-158 

LMF-102 322-335 

LMF-107 237-251 



b e  Date Doc. No. Paae Refs. lssue Date Doc. No. Paae Refs. 

1984 (Dec) LMF-113 21 0-224 1987 (Dec) LMF-120 228-247 

1985 (Dec) LMF-114 220-235 284-290 

1986 (Dec) LMF-115 208-225 



Single inhalation of  monodisperse plutonium oxide aerosol, 

AMALI 0.75 pm; dogs 12 to 15 months old, of  both sexes, placed 
on experiment from 1977 to 1979. Results as of  30 September 1987 

(DOC. LMF-120). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Initial No. of No. of Postexp. No. fohIMence) 
Burden Animals Animals Survival Bone Lung Liver 

Dead (vears, Tumor Tumor Tumr 

None 12 2 >9.3 0 (0) 0 (0) 
(Control) 

0 (0) 

0.014 12 3 >10.1 0 (0) 2 (67) 0 (0) 

The 5 single-inhalation young-adult experiments with inhaled monodisperse 

plutonium oxide aerosols were designed, as a group, to explore the influence of 

alpha-particle dose distribution within the lung (McClellan, 1972, 1986). New 

techniques were developed to produce the monodisperse particles (Raabe, 1975, 
Talley, 1979). The 0.75-pm-AMAD particles had an actual diameter of about 0.18 

pm (Guilmette, 19846). 

Initial deposition was estimated from whole-body counting of gamma emissions 
from 169Yb incorporated into the Pu02 particles as a short-lived tracer; retention 

and translocation were studied in supporting experiments involving the sacri- 
fice of animals a t  intervals to 2 years postexposure (Guilmette, 1984). In these 

studies a half-time of 680 days was measured for retention of 90% of 0.72-pm 

2 3 9 ~ u 0 2  particles deposited in the lung; a value much longer than that observed 

for 2 3 8 ~ u 0 2 ,  about one-half that observed for 1.4-pm 2 3 9 ~ u 0 2  particles, and about 

one-third that observed for 2.8-pm 2 3 9 ~ u 0 2  particles. For all particle sizes of 

2 3 9 ~ u 0 2 ,  the major route of elimination was via feces, with about 15% of the 

initial lung burden translocated to pulmonary lymph nodes, about 0.2% to liver, 

and about 0.1% to skeleton by 2 years postexposure. 

Effects thus far observed show no clear dependence on particle size. The earliest 

observed biological effect was a lymphopenia, which occurred a t  the higher dose 

levels within 180 days; no depression of neutrophil counts was observed, in 

contrast to findings with 2 3 8 ~ u 0 2  (Guilmette, 19846). The primary cause of 



death has been radiation pneumonitis, still appearing at 8 years postexposure; 

the numerous lung tumors are usually incidental findings a t  autopsy (Diel, 
19836; Guilmette, 1984b; Hahn, 1986; Scott, 1986). Preliminary analyses of 

incomplete data on lung tumor incidence suggest risk factors for the 0.75-pm 

particles that are not significantly different from those for 1.5-pm or 3.0-pm 

particles (Boecker, 1988; Muggenburg, in press). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No.  Paoe Refs. b e  Date Doc. No. Paoe Refs. 

1971 (Nov) 

1973 (Dec) 

1975 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) LMF-102 336-343 

1983 (Dec) LMF-107 144-1 48 

252-259 

292-297 

1984 (Dec) LMF-I 13 89-1 01 

225-232 

1985 (Dec) LMF-I 14 236-243 

1986 (Dec) LMF-I 15 226-232 

1987 (Dec) LMF-120 248-259 



Single inhalation of  monodisperse plutonium oxide aerosol, 
AMAD 1.5 pm; dogs 12 to 15 months old, of both sexes, placed on 

experiment from 1977 to 1979. Results as of  30 September 1987 

(DOC. LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 
(uCi/ka) Ex~osed 

None 12 
(Control) 
0.0029 12 

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. No. f% Incidence) 
Animals Survival Bone Lung Liver 
Dead (vears) Tumr Tumor Tumor 

The 5 single-inhalation young-adult experiments with inhaled monodisperse 

plutonium oxide aerosols were designed, as a group, to explore the influence of 

alpha-particle dose distribution within the lung (McClellan, 1972, 1986). New 
techniques were developed to produce the monodisperse particles (Raabe, 1975, 
Talley, 1979). The 1.5-pm-AMAD particles had an actual diameter of about 0.44 

pm (Guilmette, 1984b). 

Initial deposition was estimated from whole-body counting of gamma emissions 

from 1 6 9 ~ b  incorporated into the Pu02 particles as a short-lived tracer; retention 

and translocation were studied in supporting experiments involving the sacri- 

fice of exposed animals at intervals to 2 years postexposure (Guilmette, 1984). 

Detailed retention and translocation data have also been reported for life-span 

animals dying within 1100 days postexposure (Guilmette, 1987). A half-time of 

1400 days was measured for retention of 68% of 1.4-pm 2 3 9 ~ u 0 2  particles deposit- 

ed in the lung; a value much longer than that observed for 2 3 8 ~ u 0 2 ,  about twice 

that observed for 0.72-pm 2 3 9 ~ u 0 2  particles, and about three-fourths that observ- 

ed for 2.8-pm 2 3 9 ~ u 0 2  particles. For all particle sizes of 239~u02 ,  the major route 



of elimination was via feces, with about 15% of the initial lung burden 

translocated to pulmonary lymph nodes, about 0.2% to liver, and about 0.1% to 

skeleton by 2 years postexposure. 

Early distribution data from both sacrifice and life-span animals have been com- 

pared with similar data from immature and aged dogs (Guilmette, 19876). The 

major age-related effect is that seen in the skeleton, with significantly greater 

deposition in immature animals, and significantly smaller deposition in aged 

animals, than that seen in young adults. 

Effects thus far observed show no clear dependence on particle size. The earliest 

observed biological effect was a lymphopenia, which occurred at the higher dose 

levels within 180 days; no depression of neutrophil counts was observed, in con- 

trast to findings with 2 3 8 ~ u 0 2  (Guilmette, 19846). The primary cause of death 

has been radiation pneumonitis, still appearing a t  8 years postexposure; the 

numerous lung tumors are usually incidental findings at autopsy (Diel, 19833; 

Guilmette, 19846; Hahn, 1986, Scott, 1986). Preliminary analyses of incomplete 

data on lung tumor incidence suggest risk factors for the 1.5-pm 2 3 9 ~ u 0 2  par- 

ticles that are not significantly different from those for 0.75-pm or 3.0-pm 

particles (Boecker, 1988; Muggenburg, in press). Data on early effects have been 

compared with similar data from immature and aged dogs; the incidence of 

fatal radiation pneumonitis is lower in the immature dogs and higher in the 

aged dogs (Guilmette, 19886). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1971 (Nov) 

1973 (Dec) 

1975 (Dec) 

1977 (Dec) 

1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1982 (Dec) LMF-102 336-343 

1983 (Dec) LMF-107 144-148 

252-259 

292-297 

1984 (Dec) LMF-113 89-101 

225-232 

1985 (Dec) LMF-114 236-243 

1986 (Dec) LMF-115 226-232 

1987 (Dec) LMF-120 248-259 

1981 (Dec) 



Single inhalation of monodisperse plutonium oxide aerosol, 

AMAD 3.0 prn; dogs 12 to 15 nzonths old, of both sexes, placed on 

experiment from 1977 to 1979. Results as of  30 September 1987 

(DOC. LMF-120). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Initial No. of No. of Postexp. m e n c e )  
Burden Animals Animals Survival Bone Lung Liver 
~JLUQ Exwosed Dead Tumor Tumor Tumr 

None 11 1 >9.7 0 (0) 0 (0) 0 (0) 
(Control) 
0.019 12 3 >10.2 0 (0) 3 (100) 0 (0) 

The 5 single-inhalation young-adult experiments with inhaled monodisperse 

plutoniunl oxide aerosols were designed, a s  a group, to explore the influence of 

alpha-particle dose distribution within the lung (McClellan, 1972, 1986). New 

techniques were developed to produce the monodisperse particles (Raabe, 197.5, 

Talley, 1979). The 3.0-pm-AMAD particles had an  actual diameter of about 0.96 

pm (Guilmette, 19846). 

Initial deposition was estimated from whole-body counting of gamma emissions 

from 169Yb incorporated into the P u 0 2  particles as a short-lived tracer; retention 

and translocation were studied in supporting experiments involving the sacri- 

fice of exposed animals a t  intervals to 2 years postexposure (Guilmette, 1984). 

Detailed retention and translocation data have also been reported for life-span 

animals dying within 1100 days postexposure (Guilmette, 1987). A half-time of 

1800 days was measured for retention of 82% of 2.8-pm 239Pu02 particles de- 

posited in  the lung; a value much longer than that  observed for 2 3 8 ~ u 0 2 ,  about 

three times that  observed for 0 . 7 2 - ~ m  2 3 9 ~ u 0 2  particles, and somewhat greater 

than that  observed for 1.4-pm 239Pu02 particles. 

For all particle sizes of 2 3 9 ~ u 0 2 ,  the major route of elimination was via feces, 

with about 15% of the initial lung burden translocated to pulnlonary lymph 



nodes, about 0.2% to liver, and about 0.1% to skeleton by 2 years postexposure. In 

another supporting dosimetry study, the microdistribution of dose in the lung 

was studied for 3.0-ym 239Pu02 particles (Diel, 1984). 

Effects thus far observed show no clear dependence on particle size. The earliest 

observed biological effect was a lymphopenia, which occurred at the higher dose 

levels within 180 days; no depression of neutrophil counts was observed, in con- 

trast to findings with 2 3 8 ~ u 0 2  (Guilmette, 19843). The primary cause of death 

has been radiation pneumonitis, still appearing at 8 years postexposure; the 

numerous lung tumors are usually incidental findings at autopsy (Diel, 19833; 
Guilmette, 19846; Hahn, 1986; Scott, 1986). Preliminary analyses of incomplete 

data on lung tumor incidence suggest risk factors for the 3.0-pm 2 3 9 ~ u 0 2  par- 

ticles that are not significantly different from those for 0.75-ym or 1.5-ym 

particles (Boecker, 1988; Muggenburg, i n  press). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No.  paae  ref^. Issue Date Doc. No. Paae Refs. 

1971 (Nov) 

1973 (Dec) 

1975 (Dec) 

1977 (Dec) 
1978 (Dec) 

1979 (Dec) 

1980 (Dec) 

1981 (Dec) 

1982 (Dec) LMF-102 336-343 

1983 (Dec) LMF-107 144-148 

252-259 

292-297 

1984 (Dec) LMF-113 89-101 

225-232 

1985 (Dec) LMF-I 14 236-243 

1986 (Dec) LMF-115 226-232 

1987 (Dec) LMF-120 248-259 



Twentv inhalations at 6-month intervals of  monodisperse pluto- 
n ium oxide aerosol, AMAD 0.75 pm; dogs 12 to 15 months old, of  
both sexes, given first exposure from 1977 to 1978. Results as  o f  
30 September 1987 (Doc. LMF-120). 

EXPERIMENTAL EXPERIMENTAL RESULTS 
DESIGN Median 
Initial No. of No. of Postexp. MNo. f% lncaencel 
Burden Animals Animals Survival Bone Lung Liver 

Ex~osed Dead bears) T~lmr Turnor Tumor 

None 12 2 >9.9 0 (0) 0 (0) 0 (0) 
(Control) 
0.0016' 24 13 >9.8 0 (0) 8 (62) 0 (0) 

Mean incremental deposition at each exposure 
" Dogs received only one exposure 

Initial deposition was estimated from whole-body counting of gamma emissions 
from 169Yb incorporated into the PuOz particles as a short-lived tracer. In ad- 
dition to the animals detailed above, 12  dogs were exposed a t  6-month intervals 
for dosimetric studies, 3 to be sacrificed after 1, 3, 5, and 10 years. Results after 2 
years indicate tha t  retention following each exposure was independent of pre- 
vious exposure history; from 2 to 3% of the alveolar deposit was translocated to 
tracheobronchial lymph nodes and less than 0.1% to other tissues (Diel, 1982). 
Biological effects have been described only in  the report literature (Doc. LMF- 
114).  The preliminary conclusion is that  effects correlate with total radiation 
dose without regard to the time course of exposure. 

Information relevant to this experiment will be found in the following Inhala- 
tion Toxicology Research Institute periodic reports: 

Date Doc. No, Paae  ref^ ~SUQ&&L Date P~o.ae  ref^ 

1977 (Dec) LF-58 189-192 1983 (Dec) LMF-107 269-273 

1978 (Dec) LF-60 167-1 70 1984 (Dec) LMF-113 242-246 

1979 (Dec) LF-69 179-181 1985 (Dec) LM F-114 254-258 
1980 (Dec) LM F-84 146-1 48 1986 (Dec) LMF-115 243-246 

1981 (Dec) LM F-91 174-1 77 1987 (Dec) LMF-120 271 -283 
1982 (Dec) LM F-102 364-370 



Single inhalation of monodisperse plutonium oxide aerosol, 

AMAD 1.5 pm; dogs 2.6 to 3.6 months old, of both sexes, exposed 

from 1979 to 1983. Results as of 30 September 1987 (Doc. LMF- 
120). 

EXPERIMENTAL FXPERIMENTAL RESLILTS 
DESIGN Median 
Initial No. of No. of Postexp. No. (% lncdencel 
Burden Animals Animals Survival Bone Lung Liver 

Exeosed Dead (vearsl Tumor Tumor Tumor 

None 12 1 >5.8 0 (0) 0 (0) 0 (0) 
(Control) 
0.0004 12 1 >5.8 0 (0) 0 (0) 0 (0) 

Only brief descriptions of, and early results from, this experiment have ap- 
peared in the published literature (Guilmette, 1987b, 1988b). Initial deposition 
was estimated from whole-body counting of gamma emissions from 169yb incor- 

porated into the PuOz particles as a short-lived tracer. 

In addition to those detailed above, other dogs were exposed for sacrifice at in- 

tervals to 2 years postexposure for dosimetric purposes. Distribution data from 

these sacrifice dogs have been compared with similar data from animals ex- 

posed as young adults or as aged dogs (Guilmette, 1987b). Immature dogs 

exhibited a greater fractional deposition of plutonium in the skeleton; radiation 

dose to lung and tracheobronchial lymph nodes per microcurie inhaled did not 

vary greatly among the three age groups (Guilmette, 1988b). 

Radiation-induced effects observed during the first 5 years postexposure were 

limited to pneumonitis and fibrosis, pulmonary carcinoma, and lymph node 

atrophy; the immature dogs showed a lower incidence of pneumonitis and 

fibrosis than young-adult and aged dogs (Guilmette, 19886). 



Information relevant to this experiment will be found in the following Inhala- 
tion Toxicology Research Institute periodic reports: 

Issue Date Doc. No. Paae Refs. Issue Date Doc. No. Paae Refs. 

1979 (Dec) LF-69 145-149 1984 (Dec) LMF-I 13 233-236 

1980 (Dec) LMF-84 141-142 1985 (Dec) LM F-114 244-248 

1981 (Dec) LMF-91 167-168 1986 (Dec) LMF-115 105-108 

1982 (Dec) LMF-102 344-346 233-238 

1983 (Dec) LMF-107 260-263 1987 (Dec) LMF-120 154-161 

292-297 260-265 



Single inhalat ion of monodisperse plutonium oxide aerosol, 

AMAD 1.5 pm; dogs 7 to 10 Years old, o f  both sexes, exposed from 

1979 to 1982. Results as of 30 September 1987 (Doc. LMF-120). 

EXPERIMENTAL 
DESIGN 
Initial No. of 
Burden Animals 

Exwosed 

None 12 
(Control) 
0.03 12  

EXPERIMENTAL RESULTS 
Median 

No. of Postexp. No. f% Incdence) 
Animals Survival Bone Lung Liver 
Dead bears) T u m r  Tumor Tumr 

Only brief descriptions of, and early results from, this experiment have appear- 

ed in  the published literature (Guilmette, 19876, 19886). Initial deposition was 

estimated from whole-body counting of gamma emissions from 169Yb incorpo- 

rated into the  P u 0 2  particles as a short-lived tracer. Only a few dogs remain 

alive in the control and lower-dose groups. 

Distribution data have been compared with similar data from animals exposed 

as young adults and as  immature dogs (Guilmette, 19876). Fractional deposition 

of plutonium in the skeleton was lower in the aged dogs; radiation dose to lung 
and tracheobronchial lymph nodes per microcurie inhaled did not vary greatly 

among the three age groups (Guilnzette, 19886). 

Radiation-induced effects observed during the first 5 years postexposure were 

limited to pneumonitis and fibrosis, pulmonary carcinoma and lymph node 

atrophy; the aged dogs showed a higher incidence of pneumonitis and fibrosis 

than young-adult and juvenile dogs, with early deaths a t  higher exposure levels 

attributable to this effect (Guilrnette, 1988b). 

Information relevant to this experiment will be found in the following Inhala- 

tion Toxicology Research Institute periodic reports: 



b e  Date Doc. No. Paae  ref^ Issue Date Doc. No. Paae Refs. 

1979 (Dec) LF-69 141-144 1984 (Dec) LMF-113 237-241 

1980 (Dec) LMF-84 143-1 45 1985 (Dec) LMF-114 249-253 

1981 (Dec) LMF-91 169-173 344-347 

1982 (Dec) LMF-102 347-351 1986 (Dec) LMF-115 239-242 

1983 (Dec) LMF-107 264-268 1987 (Dec) LMF-120 154-161 

292-297 266-270 





9. BIBLIOGRAPHY AND SENIOR-AUTHOR CITATION INDEX 
(with biographical sketches of principal contributors) 

This is a reasonably complete bibliography of publications in the scientific 

literature that pertain to the life-span beagle studies sponsored by the U.S. 

Department of Energy and its predecessor agencies. Most, but not all, of the 

publications have been referenced in the text of this document. 

Two categories of references are distinguished in the listing. Those preceded by 

a bullet ( * )  are considered primary references. Primary references are those 

relating directly to the design, conduct, results, or interpretation of the life-span 

studies; they also include reports on supporting studies performed as a neces- 

sary adjunct to the design, conduct, or interpretation of the life-span studies. 

Secondary references, which are not preceded by a bullet, include publications 

that report findings not related to the primary purpose of the life-span studies, 

but which are derived from the life-span studies; or reports of ancillary studies 

that would probably not have been conducted except for the existence of the life- 

span studies. Also included in this category are publications in which the 

results of the life-span studies are applied in a context more general than the 

life-span studies themselves, and which add nothing in the way of interpretation 

or understanding of these studies. The distinction between a primary and a sec- 

ondary reference is ultinlately a matter of judgment and has sonletimes been 

based on a less-than-thorough review of the publication i n  question. 

Except in a few critical instances, the main text of this document does not make 

reference to the periodic progress reports that have been issued by the various 

lab~~atoi-ies, nor are these reports listed in this bibliography. A listing of these 
reports appears in Chapter 10, and page references to these reports appear a t  the 
conclusion of the individual experiment summaries of Chapter 8. 

Because of the large number of entries that appear for many senior authors, a 
scheme of alphabetical and chronological listing has been employed that differs 

from that commonly employed in bibliographies. Only the senior author's name 

is considered in determining the alphabetical positioning of an entry. Different 

papers by the same senior author are then arranged by date of publication, with 

no reference to other authors whose names may appear on the paper. Where 

more than one publication appeared in the same year, the publications are dis- 

tinguished by letters appended to the year, i.e., 1988, 1988b, 1988c, etc. Thus, in 

looking for a publication by a given senior author, an unanlbiguous order can be 

followed, based only on the date of publication. With this system, callouts in the 

text are also simplified, consisting only of the last name of the senior author 



9. B~bl~ography and Author Index 

(initials only if necessary to distinguish between senior authors with the same 

last name), and the year of publication (with letters appended where necessary). 

This bibliography also doubles as a senior-author citation index. Appended to 

each cited entry in the bibliography are references (in brackets) to the text pages 

on which the paper is cited. 

Another unusual feature of this bibliography is the alphabetical interspersing, 

among the  listed publications, of brief biographical sketches of the principal 

contributors to the life-span beagle studies. 

Adelman R.D., Spangler W.L.,  Beasom F., Ishizaki G. and Conzelman 
G.M. 1981. Frusenlide enhancement of netilmicin nephrotoxicity in  dogs. 
J. Antimicrobial Clzenzotherapy 7:431-440. 

Amtmann E . ,  Oyama J .  and Fisher G.1,. 1976.  Effect of chronic 
centrifugation on the n~usculoskeletal system of the dog. Anat .  Embryol. 
149:71-78. 11031 

"Bud" Andersen directed tile beagle studies at the University of 
California, Davis from tlzeir inception in 1951 until Leo Bustad took 
over i n  that capacity i n  1965. He was particularly involved i n  the 
s tudy of x-ray effects i n  fenzale beagles and i n  tlze housing and  
veterinary nzedical routines essential to  the conduct o f  li fe-span 
beagle studies. 

Andersen A.C. 1955. Debarking in a kennel: Technic and results. Vet .  
Med. 1:409-411. 

Andersen A.C. and Hart G.H. 1955b. Kennel construction and manage- 
ment in relation to longevity studies in the dog. J. A m .  Vet.  Med. Assoc. 
1261366.373. 

Andersen A.C. 1957. A substance observed within the vascular system of 
dogs receiving lethal exposures of whole-body x-irradiation. Radiat .  Res. 
6:361-370. [SO, 1571 

Andersen A.C. 1957b. Puppy production to the weaning age. J. A m .  Vet.  
Med. Assoc. 130:151-158. 

Andersen A.C. and Gee W. 1957c. Blood values in  the beagle. M . S .  U.  
Vet. 18:16-21. 

Andersen A.C. 1958. A comparison of beagles released for private 
ownership with those maintained under kennel conditions. J. A m .  Vet. Med. 
Assoc. 132:95-96. 

Andersen A.C. and Gee W. 1958b. Normal blood values in  the beagle. 
Vet. Med. 53:135-138. 



9. Bibliography and Author Index 

Andersen A.C. and Shultz F.T. 1958c. Inherited (congenital) cataract i n  
the dog. Am.  J. Pathol. 34:965-975. 

Andersen A.C. and Wooten E. 1959. The estrous cycle of the dog. In  
Reproduction i n  Donzestic Aninzals ( H . H .  Cole and P.T. Cupps, eds., Aca- 
demic Press, New York) 359-397. 

Andersen A.C. and Goldnlan M. 1960. An evaluation of a n  outdoor ken- 
nel for dogs. J. Am.  Vet. Med. Assoc. 137:129-135. 

Andersen A.C. and Parker H.R. 1960b. The production and use of beagles 
for radiobiological research. Proc. Anim. Care Panel 951-66. 

Andersen A.C., Schultz F.T. and Hage T.J. 1961. The effect of total-body 
x-irradiation on reproduction of the female beagle to 4 years of age. Radiat. 
Res. 15745-753. [83, 1571 

Andersen A.C. and Goldman M. 1962. Pathologic sequelae in  beagles 
following continuous feeding of SrgO a t  a toxic level. In Some Aspects of Inter- 
nal Irradiation (T.F. Dougherty et  al., eds., Pergamon Press, Oxford) 319-328. 

[6S, 72, 74,1591 

Andersen A.C. 1962b. Life-span studies on irradiated beagles. S m a l l  
Anim. Clin. 1962506-512. 

Andersen A.C. and Johnson R.M. 1962c. Erythroblastic malignancy in  a 
beagle. J. An?. Vet. Mcd. Assoc. 141:944-946. 

Andersen A.C. and McKelvie D.H. 1962d. Long-term experiments in  
relation to treatment effects: Radiobiological and gerontological problems. 
Proc. Aninz. Care Panel 12:169-182. (261 

Andersen A.C., McKelvie D.H. and Phemister R. 1962e. Reproductive fit- 
ness of the female beagle. J. Am.  Vet. Med. Assoc. 141:1451-1454. 

Andersen A.C. 1962f. Practical information from research in  veterinary 
radiobiology. Soutlzwest. Vet. 16:l-8. 

Andersen A.C. 1963. Carcinoma of the bladder in a beagle. J. A m .  Vet. 
Med. Assoc. 143:30-33. 

Andersen A.C. 1963b. Carcinoma of the uterus in a beagle. J. Am.  Vet. 
Med. Assoc. 143:500-502. 

Andersen A.C. 1963c. Granulosa-cell tumor in  a beagle. J. A m .  Vet. 
Med. Assoc. 143:384-386. 

Andersen A.C. 1963d. Programming a radionuclide animal treatment 
facility. Lab. Anim. Care 13:299-309. (261 

Andersen A.C. 1963e. Reproductive ability of the aging x-irradiated and 
sham-treated female beagle. In Proceedings of a n  International Symposium 
on  the Effects of  Ionizing Radiation i n  the Reproductive System (Pergamon 
Press, New York) 323-331. [83, 1571 
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Andersen A.C. 1963f. Syndronles affecting reproduction in  normal and 
x-irradiated fernale beagles. In Proceedings o f  a n  International Sympos ium 
on  the Effects of Ionizing Radiation i n  the Reproductive Sys tem (Pergamon 
Press, New York) 377-392. [83, 1571 

Andersen A.C. and Floyd M. 19638. Growth and development of the 
femur in the beagle. A m .  J. Vet. Res. 24:348-351. 

Andersen A.C., Goldman M., Della Rosa R. and McKelvie D. 1963h. 
Fallout hazards to man studied through life-span tests with beagles. Calif.  
&uric. 1963 (Dec.):2-3. [lo71 

Andersen A.C. 1964. Air conditioned cages designed to minimize kennel 
problems. Lab. Anim.  Care 14:292-303. 

Andersen A.C. and Johnson R.M. 1964b. Bile duct carcinoma i n  a beagle. 
A m .  J. Vet. Res. 25:1562-1563. 

Andersen A.C. and Johnson R.M. 1964c. Carcinoma of the thyroid in a 
beagle. A m .  J. Vet. Res. 25:861-864. 

Andersen A.C. and Potts C. 1964d. Odorless dog cage rooms. Al l -Pe ts  
Magazine 1964 (Jan.):39-42. 

Andersen A.C. 1965. Effects of ionizine: radiation on blood. In Veterinarv 
Hemato logy ,  2nd Edition (0. Schalm, Ld., Lea and Febiger, philadelphi:) 
471-477. 

Andersen A.C. 1965b. Reproductive ability of female beagles in relation to 
advancing age. Exp. Gerontol. 1 :189-192. 

Andersen A.C. and Rosenblatt L.S. 1965c. Survival of beagles under 
natural and laboratory conditions. Exp. Gerontol. 1:193-199. 

Andersen A.C. and Guttman P. 1966. Lung neoplasms in whole-body 
X-irradiated beagles. In Lung Tumors i n  Animals  (L. Sevel-i, ed., Univ. of 
Pelugia, Italy) 359-366. 1771 

Andersen  A.C. and Rosenblatt L.S. 1968. Effects of fractionated 
whole-body x-ray exposures on reproductive ability and median survival of fe- 
male dogs (beagles). In The Proceedings of a Symposium on Dose Rate in  
Mammalian Radiation Biology (D.G. Brown et al., eds., CONF-680410, NTIS, 
Springfield, VA) 11 .l-11.12. 

Andersen A.C. and Rosenblatt L.S. 1969. The effect of whole-body x-irradi- 
ation on the median lifespan of female dogs (beagles). Radiat.  Res. 39:177-200. 

[6, 17,21, 32, 81, 1561 

Andersen A.C. ed. 1970. The  Beagle a s  a n  Experimental Dog, Iowa State 
Univ. Press, Ames, Iowa. [13, 161 

Andersen A.C. and Goldman M. 1970b. Growth and development [of the 
beagle]. In  T h e  Beagle a s  a n  Experimental Dog (A.C. Andersen, ed., Iowa 
State Univ. Press, Ames, Iowa) 43-105. 

Andersen A.C. 1970c. Kennel facilities. In Tlze Beagle a s  a n  Experi- 
mental Dog (A.C. Andersen, ed., Iowa State Univ. Press, ~ m e s ,  Iowa) 16-15, 

71 
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Andersen A.C. 1970d. Reproduction [of the beagle]. In Tile Beagle as an  
Experinlental Dog (A.C. Andersen, ed., Iowa State Univ. Press, Ames, Iowa) 
31-39. 

Andersen A.C. 1970e. Skeletal system. A. Osteogenesis [in the beagle]. 
In The Beagle as a n  Exper~n~en ta l  Dog (A.C. Andersen, ed., Iowa Sate Univ. 
Press, Anles, Iowa) 149-158. 

Andersen A.C. 1970f. Digestive system [of the beagle]. In The Beagle as 
a n  Experinzental Dog (A.C. Andersen, ed., Iowa State Univ. Press, Ames, 
Iowa) 226-231. 

Andersen A.C. and Schalm 0 .W.  19708. Cardiovascular system. C. 
Hematology [of the beagle]. In The Beagle as  a n  Experimental Dog (A.C. 
Andersen, ed., Iowa State Univ. Press, Ames, Iowa) 261-281. [641 

Aildersen A.C. 1970h. Rcnal system [of the beagle]. In The Beagle as a n  
Esj~crirnental Dog (A.C. Andersen, ed., Iowa State Unlv. Press, Ames, Iowa. 
294-295. 

Andersen A.C. 1970i. Reproductive system [of the beagle]. B. Female. In 
The Beagle as a n  Experznzental Dog (A.C. Andersen, ed., Iowa State Univ. 
Press, An~es,  Iowa) 312-326. 

Andersen A.C. 1970j. Eye [of the beagle]. A. Gross and subgross. In The  
Beagle as an  Esper~nzental Dog (A.C. Andersen, ed., Iowa State Univ. Press, 
Ames, Iowa) 374-385. 

Andersen A.C. 197Ok. Pathology [in the beaglel. A. General pathology. 
In T l ~ e  Beagle as a11 Experinzer~tal Dog (A.C. Andersen ed., Iowa State Univ. 
Press, Ames, Iowa) 520-546. 11 71 

Andersen A.C. 19701. Pathology [in the beagle]. D. Pathology of the eye. 
In The Beagle as  a n  Experimental Dog (A.C. Andersen ed., Iowa State Univ. 
Press, Ames, Iowa) 574-580. 

Andersen A.C. and Sinlpson M.E. 1973. Tlze Ouarj~ and Reproductive 
Cycle of the Dog fBeagle), Ceroil-X Inc., Los Altos, California. 

Andersen A.C. and Rosenblatt L.S. 1976. Reproductive ability of female 
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