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I Historical Survey

The first self-sustaining chainereacting pile beceme divergent on 2nd
December, 1942 in Chicago. Having demonstrated the feasibility of a mclear
reactor, plans were made for plutonium production and extraction and for a
"pilot" plant for production of plutonium to be built at Clinton in Temessee.
This pile started operating on L4th November, 15L3. (Smyth, 1945).

"Since both the scale and the variety of the radiation hazards in this
enterprise were unprecedented, all reasonable precautions were taken; but no
sure means were at hand for determining the adequacy of the precautions. It
was essential to supplement previous knowledge as completely as possitle., For
this purpose, an extensive programme of animal experimentation was carried out
seese Under the genersl direction of Dr. Stone these experiments viere carried
out at Chicago, Clinton and the University of Californie principally =y
Dr. Cole and Dr. Hamilton". (Smyth, 19L5).

"The advent of plutonium into the world brought a new problem. Cf
course, at the beginning of the Project, plutonium existed only in micro
quantities and, therefore, was no hazard. As the cyclotron producticn rose to
hundreds of micrograms, and later the Clinton pile rroduction rose to grarms,
the possible hazard of this material became a more serious prcblem. It was
found that from the point of view of acute effects it was Jjust as h2zzrdous
microgram for micrograr as radium. Since it has no radicactive gasecus
daughter, like raden, the problem of protecticn became one of protecting
against dusts and vapours". (Stone, 19u6).

3 oo

]

II 1. QOrganisation of Research

The Fealth Division of the Plutonium Project was called into existence in
1942, The duties of the Biological Research Section "were to make 2
co=ordirated study of the effects of elpha, beta, gamma, and neutrcn rars on
the body, whether they came from external sources or followed the ingestion,
inhalation, or transcutaneous assimilation of fission products, plutonium, and
uranium". (Stone, 1946).

Stone cites the leaders of the Bioclogical Section as, Cole, Prosscr,
Brues, Bloom and Barron at the University of Chicago; Curtis, Zirkle and
Henshaw at Clinton Laboratories; Femilton at the University of California
Radiation Laboratory; Lorenz at the National Cancer Institute; Tannerhaun at
Michael Reese Hospital in Chicago.

26 Research Progress

The progress of the work was recorded in reports from the various centres,
The results of the work on plutonium were briefly summarised by Ston: (1546).
"Plutonium was not available in the early days of the project, but cn the
basis of its alpha activity and long half=life it was estimated thot it vould
be about one-fiftieth as dangerous as radium, For acute effects this i s teen
shown to be wrong, and the fact was determined that one microgram of plutiindum
was about as dangerous as one microgram of radiums The reason for this
discrepancy apparently lies in the different distribution of the plutoniunm

0004452
LANL



within the tcne. The radiocautographic technique which has veen develcued cn the
project, but was nct new to the project, has been very successful in the
demonstration of these organ distributions. It has also been found tih:t
plutoniun locates in the liver and may cause severe liver darage. Cver long
periods of time plutonium has been shown to cause atrophy of the boxne a..i bone
sarcomas. The tolerance amount, or maximum -ermissible dose, in the iv.-..i hes
been estimated to be one microgram. Since once the material is locateld ‘n the
body it remains there, this low tolerance amount becomes extremely impc z:nt".

(Stone, 1545).

III Absorvtion

1e Effect of valency on absorotion

Plutonium was found to have four valence states = +2, +3, +4 and +.. The
valence state ¢f the plutonium greatly affected the amount of pluteniu.
absorbed by the body from the site of administration, excluding intravenous
injection. (Kisielski and '.7oodmf§, 1948). Results obtained by Familton
indicated that a solution of Pu0,*¢ was most readily absorbed, with Pu*J and
Puté following in that order: the order of absorption was more or less
independent of the method of administration. The rate of absorption weas
related to the solubility of the plutonium compound formed by hydrolysis at the
pH of the tissue fluids or absorbing surfaces., However, regardless of the
valence state of plutonium Putd, Pu*“ and PuOy*2, and regardless of the route
of administration (subcutaneous, intramusculer, intrapulmonary, intravenous
injection), body deposition was essentially the same when correcticn wou made |
for the amount of material remaining unabsorted at the site of administrztion.
The only exception was the retention of plutonium by the liver followirg
intravenous and intramuscular injection. Bamilton found 38 per cent, 73 per
cent and 29 per cent retention of+£}utonium in the liver four days after
intravenous injection of.Puf3, Puts+ and Pu02+2 respectively; 5.5 per cent,

2.5 per cent and 14 per cent after intramiscular administration.

There was no apparent significant difference in the excretion of
plutonium in the three valence states,

2e Concentration of plutonium in plasme

In recent work (Stover, Atherton and Keller 1959) the metabolism of Pu239
in adult beagle dogs after a single intravenous injection of Pu. IV in citrate
buffer of pH 3.5, has been studied over a period of fouxr years. The concen-
tration in plasma was measured from one minute to L.5 years after injection.
Between one minute and ten hours, the concentration fell to about one half of
the initial value. From then until 3 weeks later, the decrease in concen-
tration was by a factor of 200. The decrease was then slower, and at four
years the value was one-fourth of that at three weeks,

Early work reported the binding of plutonium by the blood proteins and
this was confirmed. In sera dialysis studies, the plutonium citrate complex
was found to be stronger than the plutonium protein complex (or complexes).
"The slow removal of plutonium from blood during the first day undoubtedly
results from the protein binding of the plutoniume. The success of citrate in
competing with the blood proteins was anticipated from in vivo studies in
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which citrate increased early plutonium excretion". (Stover, Atherton and
Keller, 1959).

Since the metabolism of plutonium following in cular injection wes
the same after the administration as Put3, Putl and Put* , Hamilton considered
that plutonium is converted by the bedy to one valence state regardiess of the
valence when administered and *‘he evidence indicated that plutonium in the
body is tetravalent, (Hamilton, 1947).

3« Absorption and retention after inhalation and ingestion

Absorption and retention from the lungs was found to vary according to
particle size and solubility of the compound. Absorption from the gastro-
intestinal tract is not significant: in feeding experiments using solutions
of plutonium at very low concentrations (range of 1079 ug./ml.) on average,
the percentage absorbed of the amount fed was 0,0028 per cent (Katz, Kornberg
and Parker 1955). With a single large dose of plutonium given orally to pigs,
the total absorption was not significantly different from the results obtained
in econtinuous feeding experiments with rats (Weeks et al 1956) and was, on
average, 0,0022 per cent of the amount fed.

Langham (1956) has calculated retention from excretion analyses in
humans after injection: this is 6.7 per cent at 22 days after injection and
90.7 per cent at L years.

In adult beagle dogs, Stover et al (1959) found 87.9 per cent and 7.5
per cent retention at comparable time dintervals after intravenous injectiocn.
For times greater than 3 weeks after injection, the per cent retention
calculated from excretion measurement was

R s 90,0 = 0.434¢%°7%3 (¢ in days)

Of the 16 per cent excreted between 22 days and L years, & per cent was
cocnsidered to come from the liver and about 10 per cent from the skeleton.

be Subcutanecus and intramuscular injection

There was considerable retention at the site of injection and bdoth local
and distal effects were seen. The subocutaneous injection of one microgram gave
rise not only to a local fibrosarcome but to distal bone sarcomata: death
with an osteogenic sarcoma of the spine produced by plutonium deposition from
suboutaneous injection was reported in a rat. (Lisco 1947).

With intramuscular injections, local epilation, ulceration, necrosis of
muscle and spontanecus amputation occurred.

IV oxict

1. Acute effects

The earliest studies were concerned with acutely lethal doses with

survival times ranging from 1 to 30 or LO days. The effects were those of
acute irradiation: haemorrhages, oral ulceration and ocedema were noted. At
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a lower dosage level, the animals showed marked anaemia, haemorriage, liver
disease, ascites and eraciation, Death from hepatic disease wi_ cbserved during
the firsti six months since plutcniun initially deposits in tre liver. 3Benign
tumours and cirrhosis were observed and pathological examination showed atrorhy
and degenerative changes in the parenchymal cells. Clinically there was ascites,
anasarcz and jaundice,

Other effects seen were greving of hair and bone tumours. Depression of
the varicus fermed elements of the blood rersisted. It was rot an uncomen
finding for animals to die witz aplastic ancemia,

2e Late effects, Chronic toxicity

The most striking late effects arose from irradiation of bone. The
indices for estimating chronic toxdcity were taken as bone tunowr fermztion,
fractures, radioclogical evidence of bone disease and shortening of life.

Depressicn of the various formzd elements of the blood persisted for well
over a year from rvlutonium injections Aplastic anaemia was a cormon terminal
result cf zlutonium administration.

Injection of plutcnium into ferale mice decreased the number cf litters
produced and increased the number of stillborn in each litter.

Orocan denesition

The distribution of plutonium in the varicus organs and tissues wes
determined by a nurber of experiments on rats and mice, a few on rabtits ard
dogs and two with human subjects,

Bone and several organs including liver, kidney, spleen and lytph nodes
were the principal sites of deposition. The plutonium content cf nerve,
uscle and reproductive tissue was low, Bloom (1948) however, reported that
mice ovaries showed extreme damage after intravenous injection of C.03 nc. per
gram of vlutoniume

The distribution in the human subjects was, in general, the same as in
the animal studies,

Bone studies

The biological half-life in the rat skeleton was reported as 1 to 3
years (Hamilton et al 1948) (Copp, Axelrod and Hamilton 1947).

A much longer biological half-life in bone was found when quadrivalent
plutonium was administered intravenously as citrate (Carritt et al, 1947);
but more recent work (Kawin and Dockum, 1958) gives a biclogical half-time of
LO to 50 weeks.
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1e Deposition

In all the animal studies more than half of the absorbed dcse was retained
in bone, regardless of valence or mode of administration. In the skeleten,
higher values were found in the lumbar and thoracic spine, average values in
the femur, lower velues in ribs, skull and jaw bone, There was a ccnsistent
significantly lower value for the radius then for the tibia. The percentage
distribution was spine 62, pelvis, 15, long bones 8, jaw and ribs 7.5.

In mice and rats, bone tumours usually appeared in the axial skeleton:
vertebrae, pelvis, jaw and scapulae. In dogs,tumours were in the maxilla,
spine and skull.

Radiocautographs showed that in rats, most cf the plutonium was cenosited
in the periosteun, endosteum and in the region of the trabecular bonz.
(Hamilton 1996). In beagle dogs, concentration was highest in those Ttones
which contain much trabecular bone - e.g. the sternum. Atherton, i2ys ard
Stover (1958) found the concentration in the skeleton of dogs greatest near
the proximal end of the humerus where most of the trabecular bene is located
and lowest in the shaft which is composed of cortical bone, The deposition,
as in rats, was on endosteal and periosteal surfaces and about vasculer
channels in bone. There was considerable variation in this surface depositicn
and the "hottest surface" was forty times the avcrage dose to a cell 104 in
diameter.

Larly work in rats seemed to show that plutonium was actively laid dewm
in the uncalcified organic osteocid metrix of bone and not in the bone salt
(Copp and Hamilton 1947) but recent work(Jee et al, 1948) has feiled to confirm
this finding., In normal rats, plutonium localized selectively on calcified
bone surfaces; whilst in rachitic rats, it penetrated the ostecid layer and
deposited on the underlying calcified bone surfaces - and it was also found in
osteoclasts and macrophages.

26 Bone Lesions
21 Tumours

Bone tumours occurred after 200 days in mice, rats, and rabtits with
doses ranging from Le5 to 0,05 micrograms/gram, The majority occurred in
the spine producing hind leg paralysis and wrinary retention as the first
clinical symptons (Lisco, Finkel and Brues 1947).

Of five beagles given 5 pc./kg. and surviving over 590 days, all
showed bone pathology and the three last survivors died with turours of
the mexilla, spine and skull at 850, 1200 and 1220 days respectively.
One beagle given 0.6 pc. per kilogram died at 1510 days with a tumour of
the skull.

In a series of experiments with female mice in the same laboratory,

plutonium was given in a range of eleven doses: the highest 4Os6 pce/Kge
and the lowest at 0,04 uce/kge All the animals that received LO.6 and
2645 pc. per kilogram were dead before 100 days. Nome had tumours.

LANL )
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0f 2v arnimals that received 15.% peo/kg., 15 lived past 200 days, but
only 2 had rvositively diagnosed malignant tumours.

In the 641 2rd 3.1 pe./kg. groups, e large mumber of tumcurs had
occurred by 400 days,

In the 0.6 ard C.3L pco”g. grours, one animal in eack group
developed a tunour as early as 2350 days.

The first tum 1o arpear in the entire series was in an animal that

L tumour
had received 6.1 pce/kge = this was at 19C days.

"The autopsy dota showed that the tumours in the 6.4 pc./kg. group
were of primary irportance in contributing to mortality". Of the 417
animels that survived the latent period there were 11 tumour-bearing:
all the last 7 animals had tunours.

There was an aprarent inhibiticn of tumour formation at the higher
dose rate of 156 uce/kg. Of 13 animals tihat survived the latent pericd
only 2 were tumour-bearing and none of the last L anirmals hed turours.

In the Utah studies with plutonium injected deagle dogs, the lowest
eprroximete retained dese was 0,027 pce./kg. for bene tumours to arzear
and with average skeletal doses of 500 tc 7400 rads. (Stover, Atherten,
Buster, Keller and Holt 1958). (Stover, Atherton and Keller 1955). This
comperes with a dosage in radium injected dogs over the range 5,500 to
15,000 rads,

22 Practures

In rats, rebbiis and dogs, the earliest bone fractures were seen
between 120 and 160 days after injection of dcses of 60, 24 and 16 pc.
per kilogram and between 280 and 350 days after a dose of 8 pc. per
kilogram.

In beagle dogs the earliest minimal changes were seen in the jaw
(Christenson et al 1957) at average doses of about 140 rads. Fractures
of spine, ribs, flat bones and loss of teeth occwred at aprroximate
retained dose levels of 2.5 and 0.81 pce./kge By far the largest number
of spontaneous fractures occurred in the ribs., Vertebral fractures were
usually in the dorsal spine of thoracic vertebrae,

3¢ Histopathological Studies

In rat, mouse and dog studies, a comparatively early overgrowth of bone
was noted. In plutonium treated mice, the overgrowth appeared first in the
primary spongiosa. Osteosclerosis of the distal end of the femur and proximal
end of the tibia appeared between 100 and 200 days (Bloom 1948) with a
threshold dose of 3 pc./kg. in mice and 6.-12 pc./kg in rats. In young rats,
there was an initial cessation of growth, after which bone growth was resumed
et a dosage of 30 pce/kge The disturbance of bone growth was manifested as
spontaneous fractures which occurred in rats, rabbits and dogs.

0004457 LANL



In the Utah experiments on beagles, histopathological bone studies of
animals reaching autopsy with a chronic retained burder of 2.5 puc. Pu/kg.
bone showed an initial disturbance of normal bone growths The continuous
effect of the bone burden was seen as a disturbance in normal bone renewal or
reconstruction and the late effect by the production of osteogenic sarccra.
The response of endosteal and neighbouring marrcw cells was shown by acellular
marrow cavities, peritrabecular fibrosis, endosteal surface fibrosis or endo=-
steal bone growth. The disturbance in bone growth was shovn by the so=-called
"hot line" in ribs « rib end demarcation =, "hot line" fractures or mosaic
bories In corticel bone, excessive resorption cavities were noted. FEaversian
systems were abnormal and there were a number of hypocalcified systems at all
dosages used [arproximate retained dossges of 2.5, 0.81, 0,27, 0,086, and
040143 pce/kge] but most frequently in animals which had carried a plutonium
burden for long times. At the higher dosage levels, there were hypercalcified
Haversian systems. Another change noted was osteocytes death, Thus .2
continuous effect was seen in the excessive number of resorption cavities
‘produced, in abnormal Heversian systems and eroded periosteal surfaces with
fibrosis and fractures (Jee, Arnold and Cochran, 1958) .

The early tumour was characterised as & focal lesion with active bone
resorption with their spaces filled with highly cellular cells. (Jee, Arnold
et al., 1958), Lisco, 1956, considered that, in rats receiving small i1oses of
plutenium, it was likely that the bone tunour arose from cells of old peri-
trabecular fibrosis tissue, Jee, Arnold and Cochran (1957) supported this
suggestion from their work with beagles given alpha-emitting bone-seexing
nuclides,

bee Comparative toxicity of olutonium to radium for bone turour foriction

Brues found the beat available ratios of plutonium to radiuan in terms of
injected pc./kg. for bone tumour formation in rats and mice was 15 and in
rabbits 8, For bone fractures in rats and rabbits the ratio was 10.

In comparative studies of toxicity with plutonium, radium, radiothorium
and mesothoriunm in beagle dogs; Jee, Arnold and co=workers (1958) fourd
comparable carcinogenic doses to be 0,27 pce/kg. plutonium, 0.81 pce/kg.
radium, 0,086 pc./kg. radiothorium and 0.27 poe/kge mesothorium with 0,0307
pce/kge radicthorium.

Se Correlation of vathological bone changes with dosage

Attempts to correlate histological and pathological changes in bone with
dosage are fraught with difficulty, The most recent attempt has been mnde
using results from the extensive dog studies conducted in Utah, These
metabolic studies in dogs have covered a period of L years from the time of
injection. The dogs were given a single intravenous injection of tetravalent
plutonium in a citrate buffer solution of 2 = 2§ pc./dog.

Careful measurements of the distribution in bone have been made.
Differences in retention in whole skeleton, individual bones and in localized
areas in bone have been found. The variation in values for the same bone
from dog to dog was far greater for plutonium than for radium. The average
standard deviation for variation of individual values for all bones was 35
per cent for plutonium and 14 per cent for radium. The endosteal surface

-7-
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concentrated more plutonium than the periosteal; there was greater deposition in
the metaphyseal than in the epiphyseal trabeculae and apparent individual
differences in plutoniun retention in long bones such as femur., The periosteal
surface of the mandible contained about twice the activity of other veriosteal
surfaces, The endosteal surfaces of other bones contained from two to four
times more activity than the vertebral periosteal surface. The surface with
the greatest concentration was -ssociated with the odontoblastic layer in the
pulp cavity of the teeth and had about five times more than the endosteal
surfaces or ten times more than the periocsteal surfaces.

In animals vwhich survived a long time after injection, there was a diffuse
distribution in parts of the skeleton as well as the initial surface deposition.

Microscopic examinations of autoradiographs of bone show that there is a
great difference in concentration between adjacent areas of any one bone and
bone changes, it is suggested, may be related to the local concentration
(Twente, Arnold et al, 1958).

The retained dose level of 2.5 pc./kg. was very effective in the
preduction of bone lesions and tumours: 0.81 pce/kg. was less effective in
producing bene lesions, but the production of endosteal bone growth and mosaic
bone in trabecular bone had an equal or greater effect at this level as
compared with 2.5 pc. level,

At the 0.27 pc./kg. level, the fibroses were restricted to a few localized
ereas = a few trabeculae in the ribs, the metaphyses of long bones and the
mandible showed peritrabecular fibrosis, eroded endosteal surfaces with fibrosis

and mosaic bone.

One dog at the 0.0143 pc./kg. level surviving 1539 days after injection
had a normal skeleton except for an increased number of resorption cavities in
cortical bone and loss of nine teeth (Jee, Arncld, Mical, Bird, Frendenberger
and Lowe, 1958). The earliest minimal changes were seen in the jaw in the
beagle dogs at average doses of about 140 rads (Stover 1959),

Hypercalcification of Haversian systems was generally restricted to higher
dose levels, Hypocalcified Haversian systems were widespread at all dosages
and most frequently observed in animals which carried a burden for long times.

Retention and Pathological effects in other organs
1. Liver

In the early work in the wartime Plutonium project, the Chicago group
used higher dosages and laid more strees on the toxic effects than did the
Berkeley group. It was probably as a result of this that some differences,
such as the relative importance of liver effects, appeared.

Finkel (1958) has noted that there is no simple explanation for the
observed differences in survival and life=-shortening effect in internally
deposited radioisotopes in laboratory animals and considers that the marked
toxicity of Puel9 is probably due to liver damage, In plotting the lethal
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response after the adnministrati-n of several radioisotcpes relative to the
response after the administration of radium, the effectiveness cf nlutcrium
in decreasing life span "protatly reflects both liver damzre and 2 mere
rapidly increasing integrated dose with time after injection tecause cf
greater retentiocn".

1e1 Devositicn in liver

Aniral experimentaticn has shotm the large prcportion of injected
plutonium collected initially in tne liver - when given intravencusly, as
plutonic (+4) nitrate as much as 70 per cent was deposited, tut from
intramuscular and intrapulmonary administration only small amounts cf 14
per cent or lezs were accumulated in the liver. However, in the +3 and
+6 velency states, only atout 30 to 40 per cent was deposited alter
intravenous injections

In rats, 2 per cent to 5 per cent of the injected dose was found in
the liver at 10 days; at 7 days the specific activity was 0.2 pge/ge in
liver as compared vith 0e5 ng,/g. in bone (Kisielski and Voodruff 1948).

Schubert (1952) gave liver deposition in rats as percentage of
injected dose as 33 per cent at 1 day, 17.5 per cent at 3 days arl 15
per cent at 10 days, Other reports quoted 20 to 4O per cent as tie
initial liver deposit.

In & small puzber (3) of miniature pigs (Clarke et al 1958) given
30 microcuries Pu intratracheally, the average organ burden per grad,
expressed as per cent of administered dose, gave liver as the major
organ of concentration - followed by flat bone and kidney - in two vpigs,
sacrificed on the 25th day. Pig mudber 1 sacrificed at 12 days post
injection showed the highest concentration in bone followed by liver.

In the Utah studies Stover, Atherton and Keller (1959) using beagle
dozs showed that the most significant difference found between the
metabolism in the rat and in the dog was in the liver deposition.
Although the initial deposition was similar, the rate of removal vaus
slover in the dog studies and the liver deposition persisted over long
periods of time. Most of the liver values fell between 30 and 15 per
cent of the injected dose. The dogs in one category were injected for
special studies and sacrificed at times ranging from one day to 2.5 ye rs
after injectione The other category vas of dogs kept for lifetire
studies. The liver results showed incomplete deposition at one day, a
slight decrease with time and considerable scatter,

142 Dosage to liver

Equations to describe the decrease in both amount and concentration
were

= 0.,0691

L 28.4 ¢

0.0919 t-0.0678

where L is % dose/liver, 1 is % dose/g., and t is days,

1
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The average dose rate o liver for a dcg injected wiih A microcuriss
was calculated:- '

4 IL = 0,25t C.08 A rads/day.
dat

as compared with e dose rate to boner=
4 DB = Oe21t OOy rads/day.
dt

The cumulative doses for times greater than 1C0 days were zlotted,
and the doses to liver and to bcne of plutonium injected dogs were
esentially the same. Hewever, skeletal damage was the more meried
effect, The authors conzider that "this finding indicates that the
assurption of unifcrm distributicn is more wvalid for liver than for tone,
which i3 in agreemesnt with radicautographic findings”.

h an injected cdose of 3 uce/kg. died at LS89 days of

One dog it
chronic hecatitis and eryihronmenis - another with an injected dose of
0.05 pce/xze Gied of hnezotitis at L6S days., There wa: 5 tumcur formatien
in these cases. =5 noted that fro- Langhom's (issue n2isure=-
men*s for kirans ne estinaited that €5 per cent cf the injected dos
devosited in the sizele<cn, and 23 per cent in the liver - a2 simile
disiributicn 45 that mezcocured by Stover and ce-workers in teazles. "In
addition, ti= liver ads cn owas lize that of tihe beaglss in that ix
persiszied cver long pellcds of time (in contrast with tihe observations
cn rats)".  (Stover et 2i. 185%9).
1e3 ifechanmiza o liwer Zorcsition

In the early =romic wri*h tlutenium there vwas a hypotihesis that the
liver depositicn was dus o &z filtration mecianism Dy the macroovhage

o

it T
system and the varyins tizmes of removal of rlutorium fron the liver
ccuid be dus to the devositicn of different corpounds formed in the
blocd. 3Bleod studies of tiutoniun injected redvits showed the Pu to be
associzted with the plas-za rether than with the cells. Preliminary
experiments on dialysis and electrcphorstic studies were discontinued
arparently on account of difficulty in finding an acceptable buffer,

The mechanisa involved does not arpear to be a simple precipitation
since rlutonium absorbed after intraruscular, intraperitoneal and
intratracheal administration follows the same course so that the
collection of plutonium by the liver is not a firding confined only to
intravenous administration. The data presents a range with widely
varied initial depositions, conversion points and removel time. The
size of the dose does not have an overriding effect. lioreover, the
deposition in the spleen and removal from it is not similaer to that in
liver. It aprears that there are unknown variables which influence the
mechanisme

Radicautographic studiss have showvn that the plutonium deposits
both in the reticulo-endothelial system and in the parenchymel cells of
the liver (Jee cited by Stover et &l 1959).
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Luncs
241 Retention

Lung retention was found to be variable: ophysical properties such
as particle size, sclubility of the administered compound in water, and
valence stztes altiered the de-ree of uptakes In rats, citrate ion was
found to incresse absorption of Pu¥ and PuOp frem the lung (Lengham 1947).
Scott anéd co-workers (1545) found tnat the inhalation of plutonium in the
form of finely suspendsd particles of its weter soluble salts resulted in
cor.siderable and preclonged pulmonary devosition and retenticn - greatest
for Pu*t tren Put3 and leest for Putb, Following intrapulmenzary adninpie
stration, plutonius vwas derosited in the alveoli and alveolar cducts: in
these varticular circurstances, there was no significant dewosizticn in
tlcod vessels, tronchial tree or lymmph nodes. Hamilton (19LL) noted +hat
trhe plutoniunm ves vwidely scattered through the alveolar struciure in
myriads of -areas of diameter less than fifty micrens, There were
significant differences according to valency: for Pu+tl 95 per cent was
retained by lunss up to the 16th day, for Pu+3 and Putb the percentiles
were 50 ani 32 respectively., Abrams and co-workers (1545) found reer-
tions for Put+s niirate, Purkcitrate, Pu*t® nitrate and Pu*® citrate of L2,
13,6, 33 and 12.8 per cent respectively at 15 days with correspording
pulmonary half-lives of 12, 0.7, 1.8 and 0.7 days respectively. i:in an
insoluble PuQ, smcle, the pulmcnary half-life was atout 30 days. Che
particle size vas not given but was prcbably in the range of Co1 to Ceb
micron by enelogy with other similar work in Californie.

Scott and Familton (19L9) stressed the imporiance of particle si: '
in the retention cf rlutonium aerosols in the lungs = particulates cf ore
micron in size or less penetrated to the alveoli.

From alveolar cdeposition, part vas eliminated by the blood vith
later skeletal depositione

202 iletabolism

The metabolism of plutonium oxide after lung exposure in dogs has
recently been investigated (Bair 1958). Preliminary results during <he
period 2 to 46 days after intratracheal administration have been given,
"of the small per cent of sdministered plutonium appearing after 1C days
in tissues other than the lung, the pulmonary lymph nodes, ovaries ard
bones showed relatively high concentrations, No relationship between the
lung burden and the blocd and wine content could be derived from tre
data". The distribution in the tissues of two dogs was evaluated 10 days
after pulmonary administratione

2¢3 Excretion

The excretion was mainly in the faeces = in 10 days in three cut of
four dogs - this varied from 40 to 75 per cent. In the fourth dog,
there was a markedly different excretion pattern and one pg./day %315
pg. Pu2390 administered) was excreted in the faeces for 120 days afier
exposure, The excretion in the urine was low. In faeces the excreticn
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-202 t-2.1 -2.9 0'1

was given by e equzticns y = 643 t , 5 y 2u t ard Coi7 ¢
respectively, wrnilst in urine, these were y = 242 t=2e5, 1,2 t=2e5,
1.8 t’2°8, Co19 t=1e9 respectively where y = per cent of adrinistsred

and t = tire in éays after administratiocn, followed from 2 days to 45 days.

In studies with mice, the translocation and tissue distribution
following intratrachael administration of PuQp and Pu(OH)a has been
studied (Bair et al. 1958).

pSe X 10'5/5. tissue (wet wte)/uc, of original dese

messe | R TR, | wd, | EoR
2 L 2 L
Lung | 48 83 85 57
Bone 31 50 50 63
Adrenals 18 10 19 v
Xuscle 15 10 8 8
Overies 14 - 28 -
Spleen 10 L L5 5
Liver 3 28 2L 60
Lymph 3 8 17 1
Kidney 1 2 3 4

Autoradiograms >f lung and adjacent lymph node at 100 days showed
the accumulation of plutonium in the lymphoid tissue and in spleen and
liver tissue: the appearance of stars showed the accumulation at
discrete sites within the tissue.

244 FHistcoatholcmical Studies

The histopathology of the lungs in rats, mice and rabbits (Bloom)
showed an inflammatory process which did not lead to sufficient repair
of the lung for full normel functioning, In a specimen from a rat
sacrificed one month after inhalation of plutonium the proliferation of
epithelial cells appeared suggestively neoplastic. Lung abscesses which
appeared differed from those in untreated rats by a proliferation of
epithelium - possible neoplastic.

In studies in mice (Temple et al 1958) two squemous cell carcinomata
were seen in the lungs about LOO days after the intratracheal injection
of 0,06 pc. Pu23902 of average particle size 0.5 microns. After the
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intratrachezl injection of 0.003 pc. Pu2390 , & well differentiated
fibrosarcosz was found in the mediastinum o? a mouse - the lung tissue
was essentially normal and no other pathology wes seen in other organs.
In autoradiogrars, tracks were not visible in this neoplasm, but cculd
be seen in the alveoli of the apparently normal lung tissue,

The retained amount, after about a year in the lung was about one-
twentieth of the dose administered. This dosage resulted in bronchial
metaplasia, cellular infiltrations and fibrosis after a few months.

The Report of the National Academy of Sciences on Pathological
Effects of Atomic Radiation 1956 concluded that "Little information is
available on the potential hazard to the respiratory system and other
organs following chronic exposure to small amounts of long~lived radio=
isotopes such as Strontiumd0 and Plutonium239, The occurrence of epider-
moid carcinoma in the lungs of mice after exposure to plutonium particles
suggests that accumulations of such materials may present a similar
hazard to man".

The recent preliminary results of inhalation studies on two dogs
only (Bair 1958) notes "An appreciable concentration of plutonium was
observed in the pulmonary lymph nodes."

Studies of the rate of transfer of insoluble plutonium deposited in
the lungs of humans indicated movement with half-times of the order of
two years. (Healy 1957).

3« Spleen

In the early work on the toxicity of plutonium, in animals given
plutonium, abnormalities in spleen and very high concentrations of plutcnium
were observed.s It is evident that the findings for liver, spleen and other
organs were somewhat overshadowed by the finding of the affinity of bone to
capture and hold the material, and there was no extensive study of this data.
The deposition in spleen did not, however, follow the same trend as for
plutonium deposited in liver, The concentration of plutonium in spleen was
also found to rise for a time following intravenous injection.

Following intramuscular injection in rats of the «6 citrate salt,
Kisielski and Woodruff noted that the spleen contained very dense deposits of
plutonium, This became more evident when the content of plutonium per unit
weight of tissue rather than content in entire organ was taken as the basis
of comparison.

One account cited specific activity as about one fifth to one tenth that
of bone, Occasionally, however, "very dense deposits of plutonium, exceeding
even bone in its concentration" appeared in the spleens of rats and "similar
higher spleen concentrations in other animals following intravenous administra=-
tion of plutonyl nitrate",

In the Utah studies on beagle dogs the amount in the spleen was small and
variable and decreased at about the same rate as the liver., This did not
confirm the eariier findings in rats and mice.
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The eq'ot%:g ziven by these workers fcr the percentage dose/spleen was
S = 0.391 ¢t ° where S is percentage dcse and t is days after injectioms No
special pathological findings have been noted in the snleens of these dogs.

Le Kidre A

Follcwing intravenous inje~tion of the quadrivalent citrate complex in
rats, the Yvplutonium deposited in liver and kidney was relatively labile as
compared with that deposited in spleen, lung and ovary, where no turnover was
evident". (Hawin and Dockum 1958).

The distribution was followed by autoradiography and in the kidney there
was early widespread diffuse distribution of plutonium followed by localiza~
tion in tre rezicn of the glomeruli. The retention in the kidrey was kinetically
simdlar to that in the liver.

5 QOvary

Following administration of 0s03 uc./granm of plutonium to mice, there was
extreme damage to ovaries at 7 months (Bloom)s, The localization of plutcnium
in the ovaries cf rats has been followed bty autorsdicgraphic studies (Vogt and
Kawin 1958). When sacrificed 30 minutes after intravenous injection of
0,015 pce Pu/gram body weight, alpha tracks were evenly distributed over most
of the ovarian tissue. Considerable movement and alteration in localization
with time were cbserved. The connective tissue was the ultimate area of
localization, There was & decrease in the number of develcping follicles erd
& decreased volume of the ovary. This work is in a preliminary stage, anrd
limited in extent, A group of 60 rats was used and the animals were killed at
intervals ranging from 30 minutes to L3} weeks.

1}

Kisielski and Woodruff (1948) had previcusly noted that in rats, the
concentration in gonads did not decrease with time as with other soft tissues,
but "a reverse trend was cbserved",

In a preliminary report on dog inhalation studies using only two animuls,
Bair noted that there was a relatively high concentration in the ovaries of the
females, This was reported "because of the current interest in dosage to gonads",

VIII. Maximum permissible body burden

, As stated in the Smyth Report (1945) the purpose of this very extensive
animal exverimentation has been to ensure that all reasonable precautions are
taicen when working with plutoniume

There has been considerable discussion on the amounts of plutonium to be
allowed under varying conditions of possible intake based on the assumption of
a tolerance value or maximum permissible body burden of plutonium. This
follows the concent first developed for radium where it was possible to make an
assessment of tre total body burden of radium by the sum of the results of
exhaled radon and body gamma emission. Thus the degree of pathological damage
observed clinically could be corpared with the retention of radium in the
body. This was linked with the lcwer limits of radium retention which gave
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rise to sy=ricrs and signs cf radlus roisoning. To tnis lower 1imit of radwm
retention, belsw vhich no abnormal signs were detected, the chrase "tolerance
value" was given. This phrase was changed sore years later to "maximum
permissible value" - though the use o the word "tolerance" in regard to
derived values for air ard drinking vmter is still sometimes used, but to be
deprecated,

1¢ Estiretion of body burden Historicel survey

The tolerance™value of radium in the United States was linked with the
method of estimation. For ecarly diagnosis of cases of radium poisoning
atterpts were 2de to establish the presence of radium in the body. Since one
of the radium daughter products is a gas, it was found possible to detect the
presence of absorbed radium by the detection of radon in exhaled breath.
Robley Evans developed instruments for making this measurement. A fraction of
the radon produced by the total radium content of the body is exhaled: the
remainder decays and radium C = which is a gamma emitter = can be detected as
gamma radiation cutside the body. The total radium content of the body is given
by the sum of the results of exhaled radon and body gamma emission. It is thus
possible to assess the total body burden of radium. In this way the degree of
pathological damage observed clinically can be compared with the retention of
radium in the body. This is linked with the lower limits of radium retention
which gave rise to symptons and signs of radium poisoning.

In 1941 & committee was called together by the National Bureau of
Standards of the U.S.A. to consider the lower limit of radium retention telow
which there was no evidence of radium voisoning. This committee tentatively
established 0.1 ugms. of radium fixed in the body as the "tolerance' value for
humans,

However, the ultimate sensitivity of gamma-ray measurement for radium as
radium C was at that time about 0.2 ugms. of radiume Since it was considered
that approximately 50% of the radon produced was exhaled, this figure
corresponded to about O.4 pgms, of total radium burden within the body, or
four times the then accepted tolerance level, Thus individuals carrying a
body burden of radium could not be detected by routine gamm-ray measurements.

Radon in exhaled air could be detected at a much lower level and the
method was capable of detecting the presence of as little as 10% of the
"toleranceamount of radium in the body. At this level the gamme radiation was
"much too feeble to be detected and, consequently, the body radium determina-
tion must be based on exhaled breath radon alone, For this reason the National
Bureau of Standards and the Departments of Labour and Industries of several of
the States have wisely set their standards of the tolerance value of body
radium content in terms of the radon content of the exhaled breath. Thus an
individual whose exhaled breath contains 1 puce of rador/litre is said to
contain 100% of the tolerance value of radium". (Evans, 1943). Since that
time, the increase in sensitivity of instrumentation enables estimations to be
made &t much lower levels,

1¢2 Method for plutonium

The extension of the concept of a tolerance value for plutonium
brought with it the necessity of measurement and the methods for radium
could not be used, "It was essential to devise a means of detecting and
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measuring in an individual quantities of plutonium less than the tolerance
limit., It apreared that this might be feasible through the analysis of
excretae"eeess "In order to estimate the plutcnium content of the body by
cnalysis of excreta, it was first necessary to determine the rate cf
excretion of plutonium™e It was found, however, that animal experiments
shoved considerable species differences in excretion rates and the
excretion rate varied by a factor of 5. "This made it necessary to
establish the plutonium excreticn rate fcr man by direct experiments with
huran teings"., On this account plutonium was administered to terminal
cases, The urinary plutonium excretion ra<e was determined and the
actual vtlutonium content was celculated on the basis of an excrstion rate
of 0.C1% per day and it was stated that this rate had been fairly well
determired through a nurber of human experiments. (Nickson, 1951)

1¢3 Excretion rate

From a study of individuals occupatiorally exposed to rlutonium, the
excretion rate of plutonium was shovn to change comtinuously over a period
of five years. This rate was expressed as a power function of the type

Y = at =°

whe§e Y is the excretion rate (fraction of the injected dose excreted per
day

t is the time afier exposure (days)
a and ¢ are constants.

The data could alsc te expressed as a multiple-exponential rate
function; the choice of expression depending on the specific application
of the data (Langham 1956),

Individuals received tetravalent plutonium in 0.01LM citrate buffer,
by intravenous injection (Langham et al. 1950)s The excretion rate was
measured through 5 years and the data described by a single pover
function ¥ = 0,79 t=0 9%

In excretion studies on beagle dogs, an average of 12.1 per cent of
the injected dose was excreted during the first 22 days after injection
(Stover, Atherton and Keller, 1959). The equations for daily totel and
urinary excretion were, respectively,

X, = 6.98 €17 (tg¢ 22 aays)
U, o= el £
with x1 and U1 expressed in per cent dose per day and t in days.

For the successive period up to 4 years, the equations were:=

X. = 0,223 9485 (4 ¢ 22 aays)

2
U = 0.0605 ¢~0e409

2
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The relative amounts excreted in the urine and faeces varied during
the first 20 to 30 days: the cumulative faecal excretion was about twice

the urinary excretion.

Whilst there was individual verisztion, about 16 per cent was
excreted between three weeks and four years after injection: of this, 6
per cent and 10 per cent ceme from the liver and skeleton respectively.

The overall retention or excretion pattern is, very comonly, &
composite of several expcnential functions of time rather than one single
expornential rate.

Difficulty may arise in estirates of plutonium body burden based
solely on excretion measurements after inhalation of insoluble plutonium
dusts. lieasurements of radium in the excreta of one individual &l ter
inhaletion of insoluble radium sulphate (Marinelli et al 1953) did not
follow ar inverse power function with time. There was early elimination
of radium swallowed and a relatively high elimination at later times. The
case was followed for 250 days. The urinary excretion represented 2 to
8 per cent of the total. The authors concluded that "estimates of Ra
body burden based sclely either on radon or excretion measurements are
likely to be seriously in errcr if applied to cases of recent exposure
to insoluble dustse"

Afier accidental exposure to insoluble plutonium dusts, the total
excretion via both the gastrointestinal tract and the kidney will
require to be studied and a number of determinations need to be made on
excreta in order to arrive at an estimate of retention, Healy (1957)'°
considered the theoretical basis for lung transfer to blood stream.

Ted Critical organ

A further extension of the concept of maximal retention in the tody,
has been that of "critical organ” by the Internatiocnal Commission on
Rediologicel rrotection. This is teken to be the organ which bears the
brunt of tihe damage and is chiefly responsible for the illness and
possible death of the individual. For plutonium, it is considered that
bone damage may be expected to dominate in most cases.

In Marinelli's study of six persons who had a single accidental
exposure to radium sulphate dust, the gamma ray scanning pattern snhowed
the sherp localization in the lungs. By analogy, this state of affalirs
is likely to pertain after inhalation of insoluble plutonium dusts. The
lungs can, therefore, be considered as the "critical organ" in such a
case,

The estimate of body burden in the case of plutonium presents a
more difficult problem than in the case of radium and gamma emittiers
since it is not possible to make a direct physical measurenent,

Excretion patterns may show diflerences according to the method of

intake and chemical properties. Since plutonium<39 decays by emission of
an alpha particle and emits also only some soft quantized radiaticn of
energy 17 kev, it is not possible to make a direct estimate of the amount
retained in the body as in the case of radium and gamma emitters. Nor is
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IX.

it possills, as for exarzle, in the case of radicaciive icdine retaired in

the thrcid gland as critical organ, to measure the retention in the
critical organ.

Langhan's calculated retention fcr humans after injection intra-

vencusly is 96.7 per cent and 90,7 per cent 22 days and & years respec=
tively after injection.

Maximum permissible walues in air and water
N ——— P —

The concept of maximal bodily retention has proved extremely valuable as
a basis for extrapclation of the data to occupational exposure. liaking
assurptions of volume of air breathed, lung retention from aerosols a=nd
transfer to organs: prcposals have been made for maximum amounts of dusts and
gases in the atmospheric environment. This enables the planning engireers and
health physicists to exercise adeguate control. Similar considerations have
led to estimetes of the amount allowed in drinking water.

The Smyth Report (1945) stated "The major objective of the health group
was in a sense a negative one, to insure that no nne suffered serious injury
from the peculiar hazards of the enterprise..... The success of the health
Division in meeting these problems was rerarkable,.... Factors of safety used
in plant desigzn and operation are so great that the hazards of the home and the
family car are far greater for the rersomel than any dangers arising from the
plant", 7This has rem2ined true in the years that have followed, and knowledge
of the toxdcology of nlutonium has not been extended by any human cases. It
is a remarkable record and reflects great credit not only on the designers,
but also on the Health physicists who, by their continual vigilance an
monitoring, have exerted such efficient environmental control. The difficulty
is shown by the very low concentrations of rlutonium which are :s.]J.c«we?2 The
International Comnission on Radiological Protection recanmend 2 x 10™'“uc /ec
air and 6 x 10™° pc/ec water for contimous exposure., These recormendations
are continually reviewed and there has been a trend to reduce the concentrations
as further studies on the toxicology of plutonium have extended knowledge.
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