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Biomedical Aspects of Plutonium

(Discovery, Development, Projections)

J. N. STANNARD

I. Foreword

There is probably no single element in the periodic table with a comparable
saga ‘of discovery, development, manufacture and use covering a span of only
one generation. Uranium and its isotopes along with its daughter products such
as radium and radon, have been on the scene for decades. Uranium was known
in nature and used in industry long before its possession of radioactivity was
known or became of interest and importance. By contrast plutonium was only
a theoretical possibility in the late thirties in the minds of MErrNER, Bogmg,
IrRENE JoLIET-CURIE and workers at the Cavendish Laboratory at Cambridge
University until SEABoRG and his colleagues isolated a tracer quantity of element
13894 on the night of February 23, 1941, and 0.5 microgram of *°94 on March 28
of the same year. (The name ‘“ plutonium’’ was not assigned until the following
year.) The fact that this element could undergo fission with thermal neutrons
was found cssentially simultaneously with its discovery and thus began the
tremendous effort to produce it in quantity for military purposes. This story is
so familiar that nothing further need be added bere except to point out that
kilogram quantities were available by the summer of 1846 and we are now talking
of thousands of kilograms.

If military uses were the end of the saga of plutonium this section of the
Handbook would be of much less interest and much shorter. But plutonium is
central to the development of electrical power by nuclear fission and to & growing
number of other uses in industry and medicine. SEABORG (1969) estimates that
the “nited States will be using 20000 kilograms of ***Pu by 1880, 60000 kilo-
graws in the decade 19801990 and 80000 kilograms in decade 1990-2000. Mean-
while the use of the shorter-lived isotope *3Pu for power in space vehicles and
other uses is estimated at 10-20 kilograms in 1970-1980, 100 kilograms in 1980-
1990, while medical uses will grow from essentially zero now to 5 kilograms in
1980-1980 to some thousands of kilograms in 1980-2000. Even if these estimates
are in error there is no question that we already have and will continue to have
very sizable amounts of plutonium on hand. An understanding of its biomedical
effects, ways to handle it and to avoid its barmful effects in either man or his
environment are essential. Such knowledge is clearly within the purview of the
modern pharmacologist-toxicologist, to whom this volume is directed, as well as
to the radiation biologist and health physicist.

1 Work supported in part by Contract #AT(11-1) 3490 between the U.S. Atomic Energy
Commission and the University of Rochester and has been assigned Report 7 UR-3490-116.
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I1. General Toxicology of Plutonium

It has now become traditional to refer to plutonium as “the most toxic
element known to man”'. In a general sense this may indeed be true. Some of
the trans-plutonic elements discussed in Part 3 of this Handbook may exoceed
plutonium in toxicity on the basis of potential effects per unit of mass or even
per unit of activity, Other radioactive elements at the bottom of the periodic
table will go plutonium a close second or even exceed plutonium in some aspecta
of effects per amount deposited. But none of these other elements are expected
to be around in the quantities approaching those described above for plutonium.
Thus if the presence of potential sources is taken into consideration as part of
the potential hazard, plutonium occupies a central position among the radio-
active heavy elements whether or not it should turn out to be the most toxic
element known to man.

The biological effects of the plutonium isotopes of primary interest in biology
and medicine, *Pu and ***Pu (see Chaps. 9 and 10 for discussion of other isotopes
. of plutonium as well as details concerning 238 snd 238), are due internally almost

if not entirely to the alpha particles released in their decay. The mass of 1 Curie
of Plutonium-239 is 16.28 grams, that of 1 Curie of Plutonium-238 is 57.5 milli.
grams. Acute effects occur with body burdens measured in microcuries. Long-
term effects, our primary concern with plutonium, may occur with nanocuries
per gram of tissue. Thus chemical effects of the type familiar to the pharmacologist-
toxicologist scem quite unlikely to occur. Chemical toxicity of a type and maguni-
tude per unit of mass wholly new would have to be present for the effect to be
significantly a chemical one. The contrast to natural uranium, the subject of
Part 1 of this Handbook, is clear. Yet the chemical properties of plutonium, like
those of the other elements described in this volume, play a critical role in deter-
roining distribution of the element to tissues and organs and its microdistribution
within tissues and within cells. These distributions in turn determine the uitimate
effects to a degree quite unexpected when biological studies with plutonium and
other trans-uranic elements were begun. Thus although the effects are to be
considered primarily radiation effects? variation in such chemical parameters as
valence, polymerism, presence or absence of complexers, etc. are critically im-
portant. The study of the effects of plutonium and of the other trans-uranics is
thus far from a routine reiteration of well-established radiation effects predictable
from the study of external radiation sources or from radioisotopes with very
different chemical properties.

In the chapter immediately following this those chemical and physical pro-
perties of plutonium of direct bearing on biomedical effects are described in some
detail. Those of particular pertinence to its deposition and retention in bone are
considered further in Chap. 10.

It was found early on that plutonium injected intravenously deposited largely
in and was retained avidly by bone. From this fact behavior analogous to that
of radium in bone was anticipated. Grossly and in a qualitative sense this analogy
has held. But as work progressed it became clear that the analogy was only a
gross one and that plutonium, while a bone-seeker, represented a class of elementa

2 This statement should not be taken to mean that mo chemical effects occur beyond the role
of chemistry in distribution and excretion. There is & growing number of facta which are
leading investigators to consider that radiation dose alone may not be enough to explain sll
of the effects of deposited radionuclides. Nevertheless the statement made above that chemical
effects if they do play a role would have to be of a type and magnitude not currently under-
stood holda true. Also there are external radiation problems with large quantities of plutonium
as detailed in Chap. 14.
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which bebaved very differently in bone than radium. While radium enters the
mineral phase (hydroxyapatite) essentially in exchange for calcium, plutonium
enters by a more complex route involving interaction with organic ligands and
with essentially no simple exchange with calcium. The end resuit of deposit in
bone for a long enough period is osteosarcoma just as occurs with radium. But
the details of the process and the accompanying secondary phenomena are quite
different and distinct. Because of this Chap. 10 deals extensively with plutonium
+«ag & bone-seeker” both in terms of its behavior, i.e., metabolism, and its effects.

The contrast with uranium is also to be noted. Uranium exchanges for calcium
in bone crystal as was made clear in the early work of NEuMAN and colleagues

(NEUMAN and NEUMAN, 1948; NEUMAN et al., 1948a and b) and discussed in the
first part of this Handbook. The exchange process may not be quite the same
as for radium (ForMaN, 1871) but the contrast to plutonium is more marked.

It was also found quite early that plutonium is very poorly absorbed from
the gastrointestinal tract. Accepted figures for the fraction going from the gastro-
intestinal tract to blood are 3 x 10-* for plutonium isotopes, while a similar figure
for radium is 0.3 (ICRP Publication II, 1959). Thus entry into the body by food
or water ingestion is negligibly important, quite in contrast again to radium or
uranium. Only puncture wounds and inhalation of plutonium in aerosol form
are likely routes of occupational or environmental exposure with some exceptions
to be noted in later sections.

Much effort has been expended on describing and understanding the meta-
bolism of inhaled plutonium and its effects on lung, lymph nodes, bone and other
tissues after inhalation. This work is summarized in Chap. 11 which concentrates
on plutonium behavior and effects in soft tissue especially after inhalation.

It can be said with confidence that we have as yet recorded a case where
clear-cut biological effects of plutonium deposited in the body have occurred in man.
This reflects largely the foresight, engineering and fantastic effort in both resources
and manpower devoted since its discovery to protecting workers and the environ-
ment from entry of plutonium into man or the biosphere. There have indeed been
exposures, primarily from plutonium fires (it is quite pyrophoric), criticality
accidents, ‘‘broken arrow’ incidents {to be described subsequently), and the
minute but inevitable introduction of this element into the environment of atomic
energy workers and to a still lesser degree the biosphere itself particularly from
atmospheric testing of nuclear explosives. But none of these exposures to date
have produced body burdens of plutonium either acutely toxic or, by analogy
to radium in man, expected to eventuate in detectable increases in the incidence
of osteosarcoma.

It would be most unrealistic, however, to downgrade interest, research, and
surveillance for plutonium because of these fortunate facts. The time needed to
produce osteosarcoma and other forms of cancer in man is only now approaching.
There is reason to believe that the body burdens are low enough not to produce
cancer in the normal life span and we may escape seeing any cases at all from
exposures to date. But even if we are so fortunate as to have no cases whatsoever
appear from World War 1I exposures or those in the two decades since, the in-
crease in quantities used and anticipated to be used, more non-military uses, and
sheer probability tells us there will sooner or later be some demonstrated effects
in man. Later chapters of this part summarize our experience to date and address
the possibilities for the future (Chaps. 10, 11, 14).

Chap. 13 takes up ways to ascertain the body burden of plutonium in man
(“Bioassay ') while in Chap. 12 is described the fascinating story of how seemingly
inadequate biological data, shrewd scientific intuition, and dedication to the
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protection of workers, population and environment led to development and
sdoption of protection standards which are closely comparable to those derived
today from a much larger body of information.

Before closing this general introduction to the toxicology of plutorium the
matter of dosimetry requires attention. The radiobiologist and health physicist
use standardized measures of radiation dose such as the rad (absorbed energy
equivalent to 100 ergs/gm), the roentgen (a measure of exposure dose for X or
gamma radiation, 2.58 x 104 coulomb per kilogram of dry air), the rem (rad or
roentgen equivalent in man or memmal), and standard nomenclature for radio.
activity such as the Curie which is 3.7 x 10 dis/sec, and its multiples and sub.
unite?,

Of perhaps greater importance to mention here is the contrast in attitude
toward doses and dosimetry between the field in which we are working and more
conventional pharmacology and toxicology. Whereas in classical pharmacology
and toxicology investigators, indeed all concerned, are usually satisfied to know
what amount of drug or chemical was given and by what route, in radiation
toxicology this is only the start. The radiation dose is calculated wherever possible
at the probable #ite of action. Frequently this means the dose to a “critical organ™
or a “target organ’’. Sometimes it even implies, as described in the section on
dosimetry in Chap. 10, the dose to & particular cellular structure or even sub.
cellular structure. Also where there is more than one potentially ‘ eritical” organ
several such calculations may be done. Such ‘‘microdosimetry’ is only just
beginning in most other areas of toxicology e.g. where the concentration of drug
at some critical interface may be considered rather than the amount injected
or ingested. While obviously desirable, and made possible by the sensitivity and
localization possibilities of radiation measurement instrumentation the lament
seen in some of the following chapters that some of these quantities are known
imperfectly should be viewed in perspective by the reader of this Handbook.

We are fortunate indeed that relatively so much can be said about the dose to
the target structure despite some limitations in detail. The classical toxicologist
should find this phenomenon both interesting and stimulating as he peruses
these chapters.

II1. Development of Biomedical Information
on Plutonium

The several chapters to follow in this part of the Handbook will concern
largely the present stalus of information and concepts regarding the metabolism
and effects of this element. In many respects the history of the development of
this information is unique (along with that for uranium in quantity and the other
transuranics). It clearly is pertinent to the understanding of current work. Also
the presentations in other chapters deal primarily with the findings and not the
organization of the studies or their background. For these reasons a short summary
of the development of biomedical information on plutonium is considered pertinent.

A. Early Beginnings

The recognition of potential biomedical bazards from the new radioactive
materials brought into being by the atomic bomb project was essentially simul-
taneous with the decision to proceed with the project. But the accomplishment

3 The uninitiated pbarmacologist-toxicologist can find these unita defined in more detail in
several places such as the Lapp and ANDREWS text (1971) or introductory radiology treatisee.
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of the first self-sustanining chain reaction on December 2, 1942 nade the need
for biomedical information urgent. Many details with dates are contained in the
chapter herein by LaNonay and HEaLY (Chap. 12) on Maximum Allowable Con-
centrations and Maximum Permissible Body Burdens of Plutonium.

Much of the early work concerned primarily biological effects of external
radiation sources. Particular emphasis was placed on those fcatures which were
“new’ e.g. pile radiations (slow and fast neutrons plus gamma radiation), irradia-
tion from beta particles, and the effects of doses of these in the ‘“‘tolerance” range.
This work had to be done to understand the effects of deposited radionuclides,
particularly fission products, as well as in its own right. No attempt is made in
this volume to summarize any of these studies since the literature is replete with
reviews. (A good overview can be seen in the summary papers contained in a
special issue of Radiology entitled “The Plutonium Project”, issued in September
1947, and detailed in the bibliography.)

Because of the extremely small quantities of plutonium available in the early
phases of the project and the high security classification of all such work the early
information perforce involved only small animals and a small group of investiga-
tors. The first biological studies were carried out at the Radiation Laboratory of
the University of California, Berkeley under the direction of Dr. JosepH Hamrr-
rox and his associates. Early reports were ‘‘in-house”” documents or letters, but
the data can be seen in now declassified documents such as those by HaMmron
(1944), ScorT et al. (1945), CrowLEY, LaNz, ScorT, and HammLtoN (1946) and
later in published papers from the same group (e.g. Scorr et al, 1948, 1949;
Corp, AXELROD and HamriToN, 1847 ; and HAMILTON, 1947, 1948).

This work was carried out under the aegis of the Plutonium Project's Health
Division which was in turn a part of the Metallurgical Laboratory Organization
based at the University of Chicago. These early experiments showed quickly that
intravenously injected plutonium went largely to bone, at least in the rat, and
announced its potential similarity to radium.

B. The “Plutonium Project” Years

As larger quantities of plutonium became available, other laboratories began
biomedical studies of its metabolism and effects. Various studies were undertaken
at Chicago, Los Alamos, Rochester, and the Clinton Laboratories at Qak Ridge*.
The fact that plutonium was indeed a *'bone-seeker’ was early and easily con-
firmed (LanNoHAM, 1846; Vax MipDLESWORTH, 1847; R.D. FrvELE, 1946).
Details are contained in Chap. 10 and those especially pertinent to radiation
protection in Chap. 12. Extension to many species and routes of administration
more pertinent to potential exposure of man soon followed as described in some
detail in Chap. 10. Comparison to other radionuclides particularly radium and
strontium was contained in the Chicago reports (BRUES et al., 1946; Lisco et al.,
1947) and to radium and polonium, an alpha emitter which does not seek bone,
in the Rochester reports (BoYD et al., 1950a and b; Frvx, 1950).

Considerations of relative energy and hslf-life predicted that plutonium would
be leas toxic on an energy basis than radium. A factor as high as 50 was proposed

4 The “Plutonium Project” officially encompassed work st the University of Chicago
{Metallurgical Laboratory), University of Cslifornia, Clinton Laboratory near Osk Ridge,

ennessee and the National Cancer Institute in Bethesds, Maryland. Work at other sites
such as Rochester, Columbia, Los Alamos, etc. was under other divisions of the Manhattan
District, but for the present discussion no distinction is made sinoe ws are considering the
developmenta during the years of the Plutonium Project.
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(see LaxchaM and HEavLy, Chap. 12 herein for calculation). But the facts were
very different. As a carcinogen for the production of osteosarcomas (as well as
for many other end-points) plutonium turned out to be considerably more toxic
than radium. The importance of this for understanding of mechanism is taken up
in detail in the chapter on ‘‘Plutonium as & bone seeker’ (Chap. 10) and its
significance to radiation protection decisions in Chap. 12.

C. The Utah Project

Most of the more pertinent information on plutonium effects in the above
reports involved small rodents, although a few dogs were used in some acute
studies. Also the work naturally had some of the characteristics of the war-time
pressures. For this reason, and because the need for work specifically focused on
long-term effects was made especially evident by the Plutonium Project studies,
a new approach was begun in the early 1950's under the sponsorship of the then
new U.S. Atomic Commission. This was to organize a full-scale comparison of
several bone-seeking radionuclides in a long-lived animal covering a wide range
of doses. The project was domiciled in the Department of Anatomy at the Univer-
sity of Utah, Salt Lake City. The beagle dog was chosen as the test subject and
the dosage a single intravenous injection. Because of the cost and organizational
continuity required for such an experiment only the specific interest and financial
commitment of a governmental agency could bring off such a program success.
fully. Yet the large nationa! laboratories were off on other tacks, in part at least.
Thus was born a new concept in the peace-time support of biomedical research.
The proposal was to do the work entirely by contract to a University. This,
I believe, was the first such contract for a specific long-term study using specific
substances®.

Another new feature was the introduction of a guiding group of experts from
nearly all interested laboratories to plan the experiments. Known affectionately
as *'The Founding Fathers”, this group planned every phase of the experiments
to be done in collaboration with the responsible investigators at Utah. They have
kept and been kept in close touch with the work, as exemplified by the pro-
ceedings of the 20th Anniversary symposium (SToVER and JEE, 1972) where
the ‘“Founding Fathers™ took an active part. The success of this particular
mode of attack can be seen from the several key symposia sponsored by this group
{e.g. Mays, JeE, and Lroyp, 1969; Stover and JEE, 1972} and the ubiquitous
referencing of their work in the chapters to follow. The patience and dedication
of all concerned deserve special mention since this type of research is expensive
per unit of new information gained, is likely to lose ‘‘glamor”’ as the years go by,
and is fraught with apprehension for the unexpected epidemic or mistake in
planning. Yet there seems to be no substitute for the passage of time in un-
folding the biological effects of low level exposures to radiation or other agents.

D. Inhalation Studies

While these animal studies at Utah using the intravenous route of entry gave
and continue to provide a large body of information on mechanisms of effect and
metabolism of plutonium once it had entered the blood stream it was clearly
recognized as outlined in Sec. II, that inhalation was the most likely exposure

5 Parallels are seen in the long term inhalation study on uranium dioxide at Rochester
described in Part 1, the externsl radiation and fission product study at Davis, California and
several others begun more recently. However, the Utah project was the first one newly
organized around so large and specific o task.
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route of entry to man. In some of the Plutonium Project work (Berkeley and
Chicago) small rodents received plutonium by inhalation or intratraches! injection
and a very limited amount of information was obtained in man. The earliest report
was that of Scorr et al. (1945) followed by those of ABRAMS et al. (1846, 1947).
Some of these were later published in the open literature as cited.

The work indicated long retention times in the lung of the dioxide and con-
siderable dependence on valence state, compound, etc. as described in Chaps. 9
and 10 herein. But the inhalation route was clearly in need of much more thorough
investigation, particularly since incidence of pulmonary cancer was reported from
placement of radionuclides in the lung at about this time (WAGER et al., 1956).
Just at the end of the Manhattan Project days a formal study of the fate and
effects of inhaled plutonium was begun at Hanford using larger and longer-lived
animals. This developed through the 1950's and 60's at Hanford (now Batelle-
Northwest Laboratories) into an effort comparable in scope to that at Utah and
it so continues (THoMPsON, 1967; TOTTER, 1972).

The inhalation work was not organized in the same way as the Utab project
since much more range-finding work needed to be done before a long-term experi-
ment at low doses could be mounted. Data of pertinence to this central problem
are now ready and are reviewed and summarized for the first time in so complete
a form in Chap. 11 of this volume.

The University of Rochester Atomic Energy Project was involved through the
war years and thereafter in a major experiment with inhaled uranium as well as
several on-going programs in other aspects of inhalation problems and had
developed a strong group in fundamental aerosol physics. In the early 1950's they
built a special facility for experiments with alpha emitters, particularly inhalation
experiments. While a considerable fraction of their effort was devoted to #Po
partly as a model for the effects of radon daughters, to long-term and short-term
experiments with radon in mice and dogs, and to basic pulmonary mechanism
and aerosol studies, a reasonably extensive plutonium inhalation experiment was
completed. Dogs were exposed to both #®Pu and ##Pu. These results were de-
scribed by YurLe, Gies, and Morrow (1970), and are compared to other work
in Chaps. 10 and 11.

These inhalation studies have proven beyond doubt that the metabolism of
inhsled plutonium can be and usually is quite different from that of the systemi-
cally administered isotope and that the results could not bave been predicted
from studies using the parenteral route. The importance of the lymphatic system,
particularly pulmonary lymph nodes, has been emphasized even though its role
in effects is not yet entirely clear. Recently, strong evidence has been presented
that plutonium deposited by inhalation can produce pulmonary cancer, in the
dog at least, although there are differences between the major studies which
need resolution. Thus bone may frequently not be the critical organ when certain
poorly transportable (i.e. insoluble} compounds of plutonium are inhaled. The
bearing of this on determination of maximum permissible air concentrations is
obvious as discussed by LancHam and HEaLy in Chap. 12.

E. Information from Experience with Man

In parallel with these experimental studies every effort was made to gather
information on man. As described in Sec. II there is, to date, no documented case
of plutonium effects in man. However, the efforts in control, bioassay, and tissue
analyses of hospital patients and nuclear energy workers who received small
amounts of plutonium has resulted in a modicum of metabolic data for man. The
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primary sources of information are Los Alamos and Hanford, although others
contributed, particularly to the hospital patient studies. These show some evident
differences between man and experimental animals, particularly in retention
times in different organs and in cxcretion kinetica. The metabolic contrasts are
summarized in Chap. 10 and from the point of view of occupational exposure in
Chaps. 13 and 14 which take up respectively, bioassay (i.e. radiobioassay) and a
detailed consideration of experience with plutonium under conditions of occupa.-
tional exposure.

A review of the metabolic information obtained from man over the last
twenty five years has been published recently by DURBIN both as a UCRL report
with very full documentation (DUrBIN, 1971) and as a chapter in the Utah
anniversary volume cited earlier (STover and JEe, 1972). This reexamination
and reconsideration of the accumulated information negates some of the older
concepts of plutonium metabolism and emphasizes the role, in man, of complex
formation with iron analogues such as transferrin.

1t also reiterates and strengthens the views gained from animal work that not
only is plutonium quite different from those nuclides which exchange for calcium
in the way it deposits in bone but that it, along with the other actinides, has a
component of concentration and effect in soft tissue of considerably greater
importance in understanding its metabolism and effects than is the case with
the * volume-seekers”'.

Of special interest is the work on excretion of plutonium by man. With minute
body burdens and a substance with a very long half-life the measurements of
amounts of plutonium in urine and feces require the ultimate in painstaking
technique and sensitive instrumentation. The fact that excretion kinetics seem
to follow a power function of time over a measurement period of five years was
clear from the data summarized by LaNGRAM (1959). Such information is most
useful in attempting to estimate body burden from excreta contents even though
it is subject to many restraints. But perhaps most notable is the magnitude of
the effort in manpower, resources, and patience necessary and expended to
produce this information.

F. Therapeutic Removal

Even though the number of exposures of man has been small the long term
toxicity of plutonium is so great relative to many materials that considerable
effort has been expended on possible means for therapeutic removal. Most of
this work has been published since the middle 1850’s and has emanated largely
from laboratories with potential exposure situations or ongoing experimental
programs. Although the first publications on therapeutic removal came from
ScRUBERT (1947, 1955) then at Chicago, the Hanford group has probably been
the most active among American laboratories in this area. A fairly considerable
effort in this area has also occurred in the United Kingdom.

Although animal experimentation has progressed steadily, as reviewed in
Chap. 10, the chances for bona fide trial of therapeutic removal methods in man
have, fortunately, been scarce. Therefore the field has not been a rapidly pro-
gressing one although present practices are clearly based on firmer understanding
and the wisdom of experience compared to a decade ago {Chap. 14).

Of the several approaches tried, only the chelating agents and such procedures
as pulmonary lavage (McCLELLAND, 1971) now remain under serious study for
possible use in accidental exposure cases in man. The present status of chelation
therapy is summarized in this volume as much for its inherent interest to the

)
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The above paragraphs have dealt entirely with work in the United States. i 1

ver the last Since the production of plutonium during the war years was entirely within the ‘18
JCRL report United States this is understandable. Unlike some other aspects of the develop- |
in the Utah ment of nuclear energy for military purposes, it appears that no work was done :
examination with plutonium outside the United States until after World War II. However, v
of the older every country with a reactor program now has an interest in the field, primarily i
» of complex for monitoring workers and the environment. Scveral quite extensive programs ;
have developed over the last decade and a half. o
‘ork that not The United Kingdom has developed & fluorishing bioassay program for
o for calcium plutonium, and interest in potential environmental contamination and, of course, ‘
inides, has o a considerable rescarch interest and capability in various fundamental aspects | ;
ably greater as evidenced by the authorship of two major chapters in this part of this Hand- i
he case with book by U. K. scientists. o
Work in the Soviet Union on biomedical aspects of plutonium has been and ¥
With minute is of considerable magnitude. Much of the Russian work is cited in Chaps. 10 ’
surements of and 11. A fine translation of the book “ Problems of Plutonium Toxicology™ by i
*'Pﬂin!taking BuLpakov, LyuscHANsKr, MoskaLEvV, and Niratov (1969) has been prepared iE
kinetics seem by the Lovelace Foundation (translated by HorvatH, edited by TromMas, 1970) it

and is recommended. Although the approach is somewhat different in the U.S.S.R.
work, there is general agreewent between the Soviet and U.S. work except for ‘
matters of detail. As seen in other aspects of radiobiology the Soviet work tends ;

ive years was
ation is most
s even though
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magnitude of to stress physiological and biochemical, i.c. functional alterations, brought about
expended to by the agent rather more than does U.S. work. Also the Soviet work goes much
furthber into detail concerning environmental contamination by plutonium
especially from weapons tests, than does that from the U.S.A. at comparable times.
In continental Europe the “Euratom™ group (European Atomic Energy

) Community) has issued regular reports on “‘the movement of certain isotopes '
the long term .. in animals and in man” from the Centre d’Etudes Nucleaires de Fonteray-au-
t considerable j Roses, France (EUR 3018f, 1968; EUR 4527, 1971) and the installation at
oval. Most of Saclay, France has an ongoing program with plutonium including an aerosol
mated.lugely inhalation facility (Lutz and Rouvroy, 1966). The Italian counterpart at Casaccia
experimental has a well developed laboratory for radiotoxicology (TEsTa, 1969, 1970a) and
‘al came from : special techniques for the determination of plutonium in biological materials

probably been
y considerable

(TESTA et al, 1970b). The primary thrust of many of these programs is not so
much the Pharmacology and Toxiology of the element as its determination and
control in and around installations where it is in use. However the development

R e

~ious study for Karlsruhe, West Germany as part of a major nuclear research center already in
us of chelation operation. Centered around nuclear fuel fabrication and the physical and chemical
interest to the ; properties of the various trensuranium elements this Institute has 25 alpha

s reviewed in * of well-equipped laboratories for inhalation studies presages interest and capa- )
ethods in man _ bilities in these laboratories of importance to the subject of this volume. !
a rapidly pro- . Relatively recently Japan has developed a laboratory at the National Institute :
understanding X of Radiological Sciences in Chiba-City specifically for studies of the metabolism R,
14). J and effects of inhaled plutonium (SUzZUKI et al., 1971; WATANABE et al., 1971). f
uch procedures * The European Institute for Transuranium Elements was set up in 1960 at

K
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laboratories, hot cells for various levels of activity, etc. VAANE (1969) working
in this Institute presents a general summary of hazards connected with bandling
of transuranium elements and methods for personnel protection primarily, it
appears, using this laboratory as a model. Again the thrust is primarily hazard
control, measurements, and interpretation of the data from the working environ.
ment as they bear on good industrial medicine.

Recently a seminar on radiation protection problems relating to the trana.
uranium elements was held under the auspices of the Commission of the European
Communities and the European Nuclear Energy Agency. The proceedings (Com.
mission of the European Communities, 1971) provide & good overview of work
and views in the European laboratories and the relations between their work
and that in other parts of the world. While titled *transuranics’ the bulk of the
discussions concern plutonium.

Thus capability for study and understanding and interest in the general radio.
toxicology of plutonium are quite widespread. But the Centers for broad bio.
medical studies, particularly long-term effects, are not numerous abroad. This
is not surprising in view of the cost in both time and patience of this type of
research. Indeed we can feel fortunate that as many groups have entered this
field as have been involved. The subsequent chapters will be drawing on nearly
all of the major programs described.

IV. Newer Uses of Plutonium

Plutonium-239 as a fissile material of very long balf-life will probably con-
tinue to be the most abundantly used isotope of this element on a mass basis.
The increase in number and size of power reactors and particularly the almost
certain addition of the breeder reactor to the nuclear power program brings
plutonium from an element whose employment was limited to the military and
its contro! primarily a problem for large governmental projects to an item of
commerce. Thus a large increase is to be expected in amounts of this isotope
available and in use. SEABORG (1969) predicts that power reactors alone will be
producing approximately 10000 kilograms per year of plutonium and heavier
isotopes by the year 1975 and that this may rise by a factor of three by 1980.
Despite the increase in amounts, however, these developments do not presage
any qualitatively new biomedical problems except that the Pharmacologist-Toxi-
cologist is more likely to need some knowledge of the field.

Plutonium-238 with a half-life of about 90 years is now becoming an importaat
isotope. With a significantly long but not too long half-life, alpha particle emisaion
at 54 MeV with relatively little contaminating gamma or other “externsl”
radiations the isotope is very uscful in heat sources for specialized uses®. For
example | gram of *¥Pu will liberate about 42000 watt-hours of energy in ten
years while decaying by only 7 per cent in that time (SEABORG, 1969). Such sources
are very useful in thermoelectric generstors for use in the space program or in
other situations of isolation. Many such devices {called SNAP devices for ‘ Systems
Nuclear Auxiliary Power™) are powering satellites (weather and navigational)
and slso some components of the manned space program such as sources left
on the moon to power long-term scientific experiments. The usefulness of such
sources in vehicles for planetary exploration, or indeed for terrestrial power
sources in isolated locations is obvious. Despite some problems with purf"?_d
isotope these sources are almost unique in requiring relatively little radistion

6 For details of external radiation hazards with plutonium in large quantities see Chap. I
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shielding, e.g. when carried in or on a manned vehicle, because of the almost pure
alpha particle emission produced.

Further Plutonium-238 is being considered seriously for nmew biomedical
applications. It is a prime candidate for a radioisotope-powered artificial heart
and as a miniaturized power supply for cardiac pacemakers thus eliminating the
need for periodic replacement of batteries in such devices. Problems remain
before such applications can be very general but projections for amounts of this
isotope needed by the late twentieth century presume these problems will be
overcome in another two decades at the most. The principal problem is the need
for shielding against the small but inevitable amount of neutron and gamma
radiation produced in the normal decay of *¥Pu and the presence as impurities
of other radioisotopes with much larger contributions of external radiation. Thus
development of sources of very high degrees of purity is important. The techno-
logy is essentially available to do this but the added cost of such purification is
an obstacle to general use of such devices in medical practice or research outside
of special governmental projects.

There are some potential uses of ¥Pu as a pure heat source in medical applica-
tions (i.e. not involving conversion to electrical power) but these are not very
far along.

The development of these sources brings closer to the pharmacologist-toxicolo-
gist in a major medical center a need to know something of the radiobiological
phenomena which are described in the subsequent chapters.

Since the specific activity of **Pu is much higher than that of the more
commonly encountered #*?Pu the toxicity per unit of mass would be excepted to
be higher. This is taken up in Chap. 10 and includes an indication that the 238
isotope may be metabolized somewhat differently from ¥*Pu. This should be
kept in mind in the unlikely but finite possibility of release of #*Pu from a sealed
source or environmental contamination with it.

At the present time none of the other isotopes of plutonium show sufficient
potential for general use outside of very specialized installations to be considered
here.

V. Summary’

The chapter is designed primarily to introduce the pharmacologist.toxicologist
from another area to the primary features of plutonium toxicology, to guide the
reader to the detailed discussions in other chapters, and to provide an historical
and prospective overview. While many details are remanded to later chapters
and other reviews, the chapter is intended to provide a condensed survey of the
principal problems.

The development of biomedical knowledge regarding plutonium is very
different from that of uranium, radium, and other naturally occurring radio-
nuclides of long half-life. First produced in 1941 in less than microgram quantity,
grams were available in a remarkably short time and this was followed within
months by kilogram quantities. As for the future, about 20000 kilograms of the

7 Reference is made herein to many “in-house™ documenta important to historical per-
apective; most or all of these can be obtained through the Division of Technical Information
Extension, U.S. Atomic Energy Commission by ordering photocopy from Microsurance, Inc.,
Oak Ridge Microreproduction Center, P.O. Box 3522, Osk Ridge, Tennessce 37830, or the
National Technical Information Service, U.S. Department of Commerce, Springfield, Virginis,
22151. 1f difficulty is experienced the editors will attempt to aid interested resders in ob-
taining such documents for review or personal use.
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isotope ¥Pu are expected to be needed by 1980, 60000 kilograms in the decade
1980-1990, and 80000 kilograms in the 1990-2000 decade. Amounts needed of
the shorter half.life 3*Pu will be smaller by weight but very substantial if its
shorter half-life and higher specific activity are taken into account. Further,
instead of being largely limited to large governmental installations plutonium
will almost certainly become in the future more an article of general commerce.
Because of the increased quantities and this latter fact more general knowledge
of its behavior and potential biological effects is needed among toxicologists and
pharmacologiats.

Plutonium has often been called *‘the most toxic element known to man”.
While not quite truc it is indeed a most effective agent in producing long-term
effects in the body. Its general toxicology is that of a * bone-seeker” superficially
like radium, uranium, or strontium but with many aignificant differences.
Because of its tendency to be a “surface seeker’ rather than a *‘volume secker”
it is markedly more effective than radium on an activity basis in producing
damage such as the induction of osteogenic sarcoma. Also the contrast in behavior
between inhaled plutonium and that entering by other routes is so large that
bone may not be a ‘““critical organ’ under conditions of inhalation exposure, and
the component of deposition in and damage to soft tissue is much larger than
with radium no matter what the route of administration.

The fact that the plutonium isotopes of most interest in biology and medicine
are almost exclusively alpha emitters (in terms of internal contamination problems)
puts them in a class with many other radionuclides in that effects occur at con-
centrations far below those associated with conventional ‘chemical” toxicity.
Thus it is commonly assumed tbat the radiation dose is the prime if not the only
cause of biological effect and that this is the more likely because of the high
relative cffectiveness (RBE) of alpha particles. Chemical properties affect prima-
rily metabolism of the isotopes (absorption, distribution and excretion). Such
properties include not only basic chemistry of the element but valence state,
compound, complexes, etc. However, it cannot be proven beyond doubt that
there is absolutely no chemical toxicity since there is no stable isotope for com.
parison and actually many inconsistencies persist.

The chapter considers primarily laboratory groups working in the United
States both now and in the past. This occurs in part because plutonium was
available only in the U.S.A. until the late 1940’s and early 1950’s. However, an
abbreviated and undoubtedly incomplete survey of work and organizations in
other countries is included in this chapter so that the technical reader not in the
field of radiation toxicology can know where to look in his geographical area.

The chapter concludes with short review of prospective newer uses of pluto-
nium isotopes in the space program and in medicine.

References

Asrasts, R., Seipent, H. C., Forker, L., GREENBERG, D., Lisco, H., Jacossoxn, L. 0.,
Simyons, E. L.: Acute toxicity of intubated plutonium. USAEC Report, CH-3875,
Metallurgical Lab. Univ, of Chicago (1946).

Apravs, R., Semert, H. C,, Porrs, A. M., Forxer, L. L., GREExBERG, D., PosreL, S,
Lonr, W.: Metabolism and distribution of inhaled plutonium in rats. USAEC Report
MDDC-677, Metallurgical Lab. Univ. of Chicago (1847).

Boyp, C. A, SmueerstEIN, H. E., FIvg, R. M, FRENKEL, A., Minto, W. L., MErcarr, R. G.,
CasarerT, G., SuTER, C. M.: Pilot studies of the intravenous lethal dosage of polonium,
plutonium and redium in rats. Chap. 7 in Biological studies with polonium, radium snd
glutonium, Ed. R. M. Fixg, NNES, Div. VI, vol. 3, p. 211-284 (1950a) [also Report
{-1878 (1846)).

:,
t

ime,




; in the decade
ints needed of
bstantial if its
sunt. Furtber,
ons plutonium
:ral commerce.
:ral knowledge
xicologists and

own to man",
cing long-term
" supcrficially
nt differences.
olume seeker”
- in producing
18t in behavior
50 Jarge that
exposure, and
:h larger than

- and medicine
tion problems)
. oceur at con-
ical” toxicity.
d not the only
se of the high
s affect prima-
cretion). Such
valence state,
1id doubt that
tope for com-

in the United
lutonium was
. However, an
ganizations in
der not in the
raphical area.
uses of pluto-

acosson, L. O.,
:port, CH-3875,

D., Postxy, S.,
USAEC Report

Mercarr, R. G.,
.ge of polonium,
am, radium and
a} {also Report

000485

f“.i.'-..rﬂ

i~ Wyt

RLA B S

ot T

Biomedica! Aspects of Plutonium 321

Boyp, C. A., Wirians, A., Mixro, W. L., TizpeMan, D. V., FiNg, R. M., CasarerT, G,
Mrrcary, R. G.: Simultaneous studies on the intravenous lethal dosage of polonium,
plutonium and radium in rata. Chsg. 8 in Biological studies with polonium, radium and

lutonium, Ed. R. M. Fovk, NNES, Div. VI, vol. 3, p. 205~404 (1950b) (also Report
.1002 (1846)}.

Broes, A. M., Lisco, H., Fixxer, M.: Cucino%c:ic action of some substanoces which may
be a problem in future industries. USAEC Report No. MDDC-1435, July (1948).

BuLbaxov, L. A, Lyuvscuanskn, E. R, MosgaLev, Y. 1, Nirarov, A.%.: Problems of

lutonium toxicology. Moscow: Atom Publications 1969. Translation by A. A. Honvarty,
Edjt. by R. G. TEoMas, LF-tr-41, UC48 (1870).

Commission of the European Communities: Radiation protection problems relating to trans-

uranium elements, ings of & seminar sponsored by the Commission and the Euro-

n Nuclesr Energy Agency st Karlaruhe, West Germany, Sept. 1870. Published by

irectorate General for Dissemination of Information — C.I.D. as report EUR-4612
d-j-3. Luxembourg, 1971.

Corp, D. H., AxzLrop, D. J., HamrrtoN, J. G.: The deposition of radioactive motals in
bone as & potential health hazard. Amer. J. Rocntgenol. 88, 10-16 (1947).

Crowirzy, J., Lanz, H., Scorr, K., HaxnuroN, J. G.: A comparison of the metabolism of
plutonium in man and the rat. U.S.A.C.C. Report CH-3589 (1846).

Durem, P, W.: Plutonium in man: s Twenty-five year review. USAEC Report, UCRL-
20850 (UC-41, TID-4500) June 1971, see also chap. VI1.2 in SrovEr and JEE, 1972,
op. cit. :

EURATOM: Movement de certains isotopes chez les animaux et chez I'homme. Annual
Report of European Atomic Energy Community and Commissariat & I'Energie Atomique.
Report EUR 3018, Association No 049-6¢-3 B1AF, May (1968). Also Annual Report
(1869), EUR 45271 (1971).

Finx, R. M. (Ed.): Biological studies with polonium, radium and plutonium. NNES Div.
IV — vol. 3. New York: McGraw-Hill 1850.

FiNgix, R. D.: The toxicity and metabolism of plutonium in laboratory animals. USAEC,
Report No CH-3783, August (19486).

FormaN, H.: Translocation of drugs into bone. Handbook of experimental pharmacology,
vol. XXVIII/I, Ed. by B. B. Bropi® and J. R. GmrerTE, chap. 13, p. 249-257 (1971).

Hawruron, J. G.: Metabolism of product. Metallurgical Laboratory Report, No CN.2383,
Nov. (1844) (see also MDDC-1018).

Haymuron, J. G.: The metabolism of the fission products and the heaviest elements. Radio-
logy 49, 325-343 (1947).

HavniTon, J. G.: The metabolic properties of the fission products and the actinide elements.
Rev. Mod. Physics 20, 718-728 (1948).

International Commission on Radiologica! Protection: Report of Committee II on permissibie
dose for internsl radiation (1959). ICRP Publication 2, New York-London: Pergamon
Preas 1959. Also Hith Phys. 3, 1-380 (1960).

LanomaM, W, H.: Metabolism of plutonium in the rat. USAEC Report AECD-1914 (Los
Alamos Report LADC-472), dated May (1946), declassified April (1948).

Larvouay, W. HL: Physiology snd toxicology of plutonium-239 and its industrial medical
control. Hith Phys. 2, 172 (1959).

Larp, R. E., ANDREWS, H. L.: Nuclear radiation physics, fourth ed. Englewood Cliffs, New
Jersey: Prentice-Hall 1972.

Lisco, H., Fivgew, M., Bruzs, A.: Carcinogenic properties of radioactive fission products
and plutonium. Radiology 49, 361-363 (1947).

Lurz, M, Rovvroy, H.: Description d'un dispositif permet tant ]s contamination d'animaux
de laborstoire par inhalation d’sérosols radioactifs. Report CEA-R 3086 Commisasariat a
PEnergie Atomique, Centre d’études nucléaires de Saclay, France (1968).

Mavs, C.r%i.. JeE, W, Lroyp, R.D. (Eds.): Delayed effects of bone-seeking radionuclides.
Prooceedings of s symposium heid at Sun Valley, Idaho. Salt Lake City: Univ. of Utah
Press 1969.

McCLELLaND, R.: Paper presented at Eleventh Hanford Bial 8 ium, Richland,
Washington, Sept. 1971 (to be published). oFF Sympos

MmpLEsSwORTH, L. van: Study of plutonium metabolism in bone. USAEC Report MDDC-
1022, June (1947).

Nrtuux, W. F., Neouax, M. W.: The deposition of uranium in bone. I1. Radiosutographic
studies. J. biol. Chem. 175, 711-714 (1948).

Nrxtuan, W. F,, Neosan, M. W, Marx, E. R., Mowzyax, B. J.: The deposition of uranium
in bone. IV. sdsorption studies in vitro. J. biol. Chem. 179, 335-340 (18494a).

Nrvsmax, W. F., Nzvaan, M. W,, Maix, E. R., MuLRYaN, B. J.: V1. Ion competition studies.
J. biol. Chem. 341 (1849b).

|
|




322 J. N. STaNN4rD: Biomedical Aspecta of Plutonium

ThesePluwm'um. Project. Ten papers collected under this titie in Radiology 49, 260-385,

t. (1947)8.

Sommp:ar, J.: Treatment of plutonium poisoning by meta! dispiscement. Science 105, 389~
300 (1947).

ScEunErT, J.: Remova! of radioelements from the mammalian body. Ann. Rev. Nuclear
Sci. §, 360412 (1955).

Scorr, K. G., Axxzrop, D. J., CBowLry, J., Hamrurow, J. G.: Deposition and fate of pluto.
nium, uranium and their fission products inhaled as serosols by rats and man. Areh.
Path. 48, 31-54 (1848). Report No CH-3500, Dec. 1845, and MDDC.1276.

Scorr, K. G., Axxurop, D. J., Fisuzr, H., Crowrey, J., Humroy, J. G.: The metabolism
of plutonium in rats following intramuscular injection. J. biol. Chem. 176, 283-283 (1948),

SEABORO, G. T.: The synthetic actinides — from discovery to manufacture. Amer. Nuclear
Soc., S8an Francisoo, Calif., Dec. 2, 1969 (see also chapt 1.1 “Plutonium revisited” in
Srover and JEz, 1972, op. cit.).

Srover, B. J., JeE, W.: Radiobiology of plutonium, p. 1-552. Balt Lake City: The J. W,
Prees, Univ. of Utah 1972.

Svzozs, M., OxaBavasm, O.. Waranass, 8., HoxNao, 8., Oxxo, B.: Studies on the inhals-
tion of submicron plutonium nitrate aerosols in Wiatar adult rata. Natl. Inst. Radiol.
Sciences (Japan), Pub. 8, “Report of Project on Plutonium™ (1871).

TrsTa, C.: New radiotoxicological methods used at the Italian Nuclear Center of Casaccia.
Comitato Naziconale Energia Nucleare (CNEN), Report CNEN-RT/PROT (69) 44 (1969).

TrsTa, C.: Column reversed.p partition chromatograpby for the isolation of some radio-
nuclides from biological materials. Analyt. chim. Acta EO, 447455 (1970).

Testa, C., Masy, G., MancuIONNT, V.: Allestimento di un laboratorio per las determinazione
di plutonio in campioni biologici: Messa s punta & confronto di vari methodi di analisi.
Report CNEN.RT/PROT (7) 14, (1970).

Tuomrsox, R.: Biological factors. Chap. 23 in Plutonium bhandbook. Edit. by O. J. Wick.
New York: Gordon and Breach 1967.

Torrer, J. R.: Biological research with plutonium, 1944-1984, chapt. 1.2 in 8TovEs and JxE,
1972 (op. cit.).

Vaawne, J. E’ Hazards connected with the handling of transuranium elements and methods
used for the %rof.ection of personnel. Actinides Reviews 1, 337-370 (1970).

Waoer, R. W, Doceom, N. L., Texrrr, L. A., Wrarp, D. H.: Toxicity of rsdiosctive
?(u-ticles TA. Intratrachesl injection of radiosctive suspensions. Hanfords Works Report

\V-41500, pp. 61-72 (1956).

WartaNasg, S., Svzorl, M., Howao, S., OraTa, T.: A study on the apparatus and method
for inhalation experiment of %l:)tonium aerosol. Nationa! Institute of Radiological Sciences
{Japan). Pub. 8, Report of ject on Plutonium (1971).

Yowsx, C. L., Gms, F. R., Morrow, P. E.: Dose-related local and systemic effects of inhaled
plutonium-238 and plutonium-239 dioxide in dogs. Radiation Res. 44, 821-834 (1970).

8 Titles and authors are a8 follows: Zmxyrx: Introduction; Comments on the acute lethsl
action of slow neutrons; LoRENz et a}: Biological studies in the toleranos range: JacoBSEN
snd Margs: The hematological effects of ionizing radiation in the tolerance range; Prosszn
et al.: The clinical sequence of physiological effects of ionizing radiation; Rarer: Effects of
total surface beta irradiation; To%: The metabolism of the fission producte and the
heaviest elements; Broom: Histological changes following radistion exposures; HENsEAW
et al.: The biologic effects of pile radiations; Lisco et al.: Carcinogenic properties of radio-
active fission products and of plutonium; Sroxe: Editoriai: The plutonium project.




