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Behavior of Plutonium in Animals and Man 

By Patricia Durbin 

University of California 

Lawrence Berkeley Laboratory 

Berkeley, California 

Most of this material is not my own work but that of many 

people, and if I miss giving the credits at the times they are 
required, I hope you will excuse me. 

biological systems, their behaviors are sufficiently like 

Pu(lV) that small diiferences are obscured by the ordinary 

variability of biological systems. 

For the most part we will be discussing Pu(IV), at least 

PLUTONIUM CHEMISTRY AND 
BIOLOGICAL BEHAVIOR 

I hope you all remember what we heard this morning 

about plutonium chemistry. but, in case you do not, what 
follows is a brief review of the chemical properties of 

plutonium that are important to biology. These are the 

valence state. hydrolysis, insolubility of compounds, and 

formation of complexes. This morning you heard about thP 

multiplicity of plutonium valence states. The Pu(lll), 

Pu(IV), and Pu(V1) states are important biologically. 

In biological experiments the quantities of plutonium 

involvcd art usually so small and tlie solutions are so dilute 

that. altliougli disproportionation (the simultaneous pres- 

encc of more than one valence state) docs occur, the 

tcndcricy to disproportionate is not so great as it is in more 

concentrated solutions. 

Plutonium(lV) has been studied most in biology be- 

cause it is tI~e most stable under [lie kinds of conditions one 

encounters in biological systems. As long ago as the early 

1514Oh. Scott ct at. (t9.M) sl~owed illat the ttircc plutoniurii 
valr.ncr states behaved quite similarly after administration 

to rats. They concluded tlut I’u(lli) and Pu(VI) were not 
stabls in biological systems with respect to Pu(IV) and that. 

reprdless of the foriii administered. most of the plutonium 

wt~uld evcntu.tlly ctiJ up as I’U(IV). From wIt.tL wc licard 
tlik rnoriiing, that ni~y not be a correct interpretlltion, but 

it niay also be that. even if Pu(I1I) and Pu(V1) are stable in 
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as a starting material. Unless otherwise specified, “pluto- 

nium” should bc understood to be Pu(IV). 

Most plutonium compounds (like the compounds of 
other multivalent cations, such as the rare earths, the 

trivalent actinides, and iron) are sparingly soluble except in 

acid solution. Pluronium dioxide is one of the most 

insoluble of known compounds. 

Highly positively charged ions of small size, such as 

Pu(IV), compete with hydrogen ions for hydroxyl ions in 
water in the reactions that were discussed this morning. For 
comparison. tlie first hydrolysis constant of Pu(IV) is I .6: 
of Fe(lll), 2.5; of Pu(lll), 7; and of Ce(lII), 9.6. Thus the 

tendency of Pu(IV) to hydrolyze is about like that of iron 

and is considerably greater than that of Pu(ll1) or cerium. 

In neutral or slightly alkaline solutions, Pu(IV) ions do not 

exist, and, in a solution of pll 8, uncomplexed plutonium is 

present only as the hydroxide. In dilute solutions the 

hydroxide exists as a colloid; in more concentrated solu- 
tions, as a polymer or a visible precipitate. 

Iliglily charged ions of small size also form stable 

cornplcxcs will1 su~li enlitics as citratc and thc amino- 

polycarboxylic acids, EDTA and DTPA. These agents also 

form stable contpleses with the rare earths, the trivalent 

actinides, and iron. The multivalent cations also form 
complexes of variable stability with proteins in blood, liver, 

at id bone. 
Although all of the biological data have been obtained 

using pure plutonium coiiipounds and nearly pure pluto- 
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niuni isotopes, we must be aware that in modern reactor 
and fuel-processing technology the plutonium is not likely 

to be pure. eitlrcr c.hr.rnically or isotopically. Most of tlie 
biolopxl studies haw used "Pu. However, there appear 

to bc sonic subtle efiects on solubility and mobility, when 

the spccific alplia activity is increased by approximately 

280. 2s in the case of pure 238Pu. Reactor plutoniuni is 

mixed. and its specific activity, although probably not so 

grext as that of pure 238Pu, is certainly going to be 

considerably higher than that of pure 239Pu. 

111 addition. fuels will be largely uranium by weight. At 

the prncessing level the mixture also includes fission 

products and trivalent actinide by-products. In the event of 

an accident, the mixtures will also include the elements ol' 

tlie core assembly, the coolant, the containers, and mineral 

dusts. 

' 

610 LOG IC A L STUD I ES 

The plutonium compounds that have been studied 

biologically span the range of likely solubilities from the 

liiglily soluble Pu(VI) citrate to highly insoluble, high- 

temperature-fired hOl ceramics. The routes by which 

plutoiiiuin compounds have been administered are shown in 

Fig. I. Tliey have been introduced into the lung, either by 

inhalation or by instillation of solutions; administered by 

niciullt: placed in the soft-tissue conipartriient by injection 

under the skin or into muscle or into the peritoneal cavity; 

and introduced directly into the plasma compartment by 

intravenous or intra-arterial injection. Plutoniuiii coni- 

pounds have also been applied to intact or daniaped skin. 

(htc: tlie incisor tooth conipartnient applies only to 

rodents, and transfer from the trabecular to the cortical 

bone compJrtment takes place so far as we know only 

during rapid growth.) 

rH TISSUE PLASMA 1/11 
t 

FECES 

TRABECULAR 1 BONE HCoSRZ?Ll IKIDNEYI 

1 
URINE 

Fig. 1 Kinetic model of :he metabolism of rc:inide elements in 

mammals. The inciwr tooth compartment u present only in 
rodents Reproduced from Durbin et rL (1967) with the pamisbn 
d the publisher. 

Although it seems unlikely that plutonium complexed 

with citrate will be encountered in real life, such soluble 

niaterials have been studied in order to examine the 

behavior of plutonium, separately from the problem of its 

transport across cell barriers. It is also unlikely in real life 

that insoluble plutonium particulates will be introduced 

directly into the plasma compartment, but studies have also 

been conducted of injected colloidal or polynieric pluto- 

nium in order to examine the errors of earlier experiments 

in which supposedly soluble plutonium was administered 

partly in colloidal form. 

Insoluble plutonium compounds introduced into the 

gastrointestinal tract or the lung or into wounds are 

essentially local radiation sources. Impaired pulmonary 

function and lung tumors have resulted from deposition of 
plutonium compounds in the lung. Local tissue reactions 

result from plutonium deposits in wounds or beneath the 

skin. Daily feeding of plutonium to rats results in radiation 

damage to the intestine, and the severity is proportional to 

the dose. Apart from lung tumors, the amounts of 

plutonium required to produce these reactions are large, 

and the time for the development is long. 

We know almost nothing, even now, about the exact 

mechanisms by which small amounts of plutonium, initially 

administered as insoluble compounds, are solubilized or 

otherwise transported into the body interior from their 

initial sites, chiefly the lung, the gastrointestinal tract, and 

wounds. In the case of the lung and intestine, the 

plutonium must be either rendered soluble so that it can 

participate in some process that will transport it across cell 

membranes or it must be trapped by cells that eventually 

carry or extrude their particulate contents into the body. 

That particulrte plutonium can be transported to some 
extent is shown by the transfer of inhaled 239Pu02 from 

the lung into the pulmonary lymph nodes and from 

subcutaneous implants to local lymph nodes. 

Insoluble plutonium introduced directly into the circu- 

lation by intravenous injection behaves in a way that is 

typical not of plutonium specifically but of colloidal 

material in general. Depending upon their size, colloidal 

particles are deposited in liver, spleen, and bone marrow. If 
tlie particles are large enough, they also are trapped in the 

lung capillaries. 

Microscopic examination of these tissues reveals that 

they contain reticuloendothelial cells that trap and hold 

particulate matter. Autoradiographs reveal that colloidal 

plutonium is inside these specialized cells. 

In cases of environmental or industrial contamination, 

it is not likely that particulate material will enter the 

circulation directly. Therefore, even though the literature 

on the distribution and behavior of colloidal plutonium is 
vast, we will move on to examine the deposition of 
plutonium which is soluble and which is distributed in the 

body by virtue of its chemistry rather than its physical 
state. 
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However, an understanding of the behavior of particut 

understanding what happens to plutonium after it is 
deposited. Once soluble plutonium is deposited, it may be 

recirculated and redistributed within the aniiiial; reticulo- 

endotlielial cells are frequently involved in that redistribu- 

tion. 

t latc plutonium trapped by phagocytes is iinportant to 

PLUTONIUM TRANSPORT IN BLOOD 

Thanks to modern proteinchemistry techniques, we 

now know something about the way in which soluble 

plutonium is transported in the blood. There is a growing 

body of evidence that points to iron-transport mechanisms 

2nd iron-storage mechanisms as the underlying physio- 

logical processes that determine the fate of soluble pluto- 

nium. 

One of the earliest observations of plutonium behavior 

was that intravenously injected soluble Pu(IV) or Pu(VI) 

remained in the circulation for many lioun (Fig. 2), unlike 

strontium or the trivalent lanthanides which were cleared 

from the blood very quickly. In the case of strontium and 

thc trivalent lanthanide or actinide elements, there is lcss 
than 0.1% circulating at I day. The solid symbols are from 

three people who were injected in 1945-1946. The HP-2 

dashed line is approximately typical of the group of human 

cases. The squares are data from one individual in whom 

the plutonium residence time in the blood was particularly 

long. 

The people were all middle-aged or older, and we 

compare them in Fig. 2 to healthy young animals-the 

young adult Beagle dog and a lactating Suffolk sheep (in 

the first or second pregnancy). 

Muntz and Guzman-Barron (1947) interpreted the 

prolonged residence of the plutonium in blood as proof 

DAYS AFTER INJECTION 

Fig. 2 Plutonium in the ricuhtion rfta intravenous injection into 
human rubjectr, Beagk dog. Q Suffolk ewe& Reproduced from 
Durbin (1972) with the bwmn of the publisher. 
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Fig. 3 Demonstration of the association of Pu(lV) and Am(lI1) with serum proteinsof small size. Column k 
93 by 2.5 crn. Buffer is 0.1M TRIS-HCI in IM NaCI, pH 8.0. Temperature is 7 to 8°C. Flow rate iC 8 to 
9.5 ml/hr. Dialyzed serum sample applied is -6 mL Reproduced from Popplewell and Boocock (1967) with 
the permission of the authors and publisher. 

that plutoriiuni was bound to a large molecule. They used 

an elcctrophoretic technique to demonstrate that pluto- 

nium was associated with a SI -globulin in serum. 

It was not until about 20 years later that Popplewell 

and Boocock (1 967) in England applied niodern protein- 

separation methods to this problem and identified the 

-globulin as transferrin, the specialized protein that 

norinally carries iron in niammalian blood. Figure 3 is takcn 

froiii a paper they presented at a Iianford symposium in 

1Y67. %ruin proteins were fractionated by size; the larger 

glohulins lie to the left; the smaller albumins to the right. 
The plutonium and also 24 I Am are associated with the 

proteins of smaller si7.c. 

The protein peak containing tlie smaller proteins was 

separated by an ion-cxcliange technique into its two major 

conipcinents, “A” on the right, albumin; and “T” on the 

left. trrrnsferrin (Fig. 4). All of the plutonium is associated 

w i i I I t lie Iran sfc: r rin lrac t ion. 

I’opplewell and Boocock (1967) further found that, 

wlieii wdium citrate was added to the solution, the 

plutoniuni was separated from the transferrin (Figs. 5 and 
6). Tliq. concluded that in the presence of excess of citrate 

1011 tlie plutc)riium-transferrin combination was not stable. 
KCY~ they examined whether or not plutonium com- 

petccl with iron for transferriri binding sites (Fig. 7; 
compare with Fig. 3). This is a size separation as in Fig. 3, 
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Fig. 4 Demonstration of the association of Pu(1V) with the 
transferrin fraction of serum proteins. Column k 28 by I.6cm 
Buffer is O.IM TKIS-HC1 with pdicnt of 0.1 to 2M NaCl, pH 8.0. 
Temperature h 7 to 8°C. Flow ate is -11.7 ml/hr. Volume hction 
is -4 mL SImple volume applied is 3.6 mL T = handenin. A = 
albumin. Reproduced from Popplewell and Boocock (1967) with 
the prmirrion of the authors and publisha. 

LA NL 



I 

'34 

111111111~11~ 
- 

I1 - Tnnrminion 

- - - - Rdicwctivitv II - m- I: 
II 

- 

- II 
II - Lm-molecular- 

weight fractions 

Ill111 

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 

OURBIN 

14,000 

12,000 
C - 
E 
c 

10,000 .: 

-8000 g 
P 

0, 

.# 

s 

--6ooo $ 

--4ooo 2 

I- 

t 

n 

2000 

-0 

I 

I I 1 I 3 

ut - 
5 6oo - Fraction I 
E 

.E 500 

700 I I I I 1 I I 

- Transmission 

- - - - Radioactivity 

. 
7 \ 

c 

c 
I % , I 

C 

- 
I \ 

Fraction IIl 

1 
I 
I 

* 
s 
\ 

400- 

300- ', - 
', 

s 

I 
I , 

I - 
I 

z I 

Fraction 1V 

30 

40 
i 

-a!! 

-602 

: 
70 E z 
BO g 

c 
4 

' 2 

t. 

z 
-90 

FRACTION NUMBER 

Fig6 Demonstration of the dissociation of Pu(IV) from serum 

proteins in the presence of exces citnte. Column is 30 by 1.6 cm 
Buffer is 0.01M TRIS-HCI in 0.1SM NaCi and 0.001M sodium 

citrate, pH 8.0. Temperature is 4°C Flow rate is -30ml/h. 
Volume fraction is 5 to 6 mL Sample volume applied is 1 ml 

Reproduced from Popplewell and Boocock (1967) with the permis- 
son of the authors and publisher. 

ELUATE VOLUME, ml 

Fig. 7 Demonstration of the dissociation of Pu(lV) from serum proteins in the prernce of excess iron. 
Column is 91 by 2.5 cm. Buffer is O.IM TRIS-IICI in IM NaCI, pH 8.0. Temperature is 8°C. Flow rate is 6 to 

8 ml/lir. Reproduced from Popplcwell and Boocock (1967) with the permiuion of the authors and publisher. 
i 

in wliich the plutonium radioactivity was associated origi- 

nally with fraction 111. the albuniin-transferrin peak. They 

addd iron io tl~ origiiul plutoniuin transferrin solution. 

fraction Ill to an association with macroglobulins (frac- 

tion I), but the bulk of the aclivity was prcscilt unbound in 
frxtioii IV. 

Next, Popplewell and Boocock (1967) added excess 

plutonium (Fig. 8; compare with Figs. 3 and 7) and 
observed the same net effect. The fraction of the plutonium 

duced. They assumed that the binding capacity Of the 

transferrin in thcir solution had been exceeded, and the 
excess plutonium was present unbound. 

, 
The iron effectively shunted sonic plutonium away from still associated with the transferrin was considerably re- 

i 
! 
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Fig. 8 Dcmonstration of IIIC saturation of tlic binding capacity of scrum proteins for Pu(IV) in the prescnce 

of exccss Pu(lV). Column is 94 by 2.5 crn. Buffer is O.IM TRIS-HCI in IM NaCI, pfl 8.0. Temperature is 3 to 

6°C. I-low rate is 9 to IO ml/hr. Simplo applied is 0.2 ml of scrum dilutcd with 3.4 ml of TRlS buffer. 
Reproduced from Popplewell and Boocock (1967) with the permission of the authors and publisher. 

At the Universityoi Utah, Stover et at. (1968) allnost 
simultaneously performed the same kinds of experiments 

and confirmed the results of Popplewell and Boocock 

(1 %17). The findings wcrc extended to hunian and dog 

blood. They sumniari7ed the findings 3s follows: plutoniuiii 

is reversibly bound to transferrin; plutonium occupies the 

uriie binding sites that arc occupied normally by iron; the 

plutonium-transferrin complex is not as stable as the 

iron transferrin entity; uptake of plutoniuni in bone 

occurs because the forming red cells reject the plutonium 

that is transported to them. 

These workers, along with Turner and Taylor (1968), 

also showed that, if one sampled blood from rats or dogs a 

few hours after plutoniuni was injected, 95% of the 

plutonium still in the circulation was transferrin-bound. 

Brueriger et al. (1969) also demonstrated that, if the 

iron-storage protein. ferritin, were added to a test tube 

con t ;I i ninF plut on iu ni hound to t ran sf errin, t tic plutonium 

shifted to the ferritin molecules. Using cell honiogenization 

techniques, they also demonstrated that most of the 

plutonium deposited in dog liver was associated with 

various form of ferritin (Stevens et at., 1971). Since then 

tlicy Iiuvc shown that. willi the passage of tiiiic, plutoniuni 

is transferred from soluble to insoluble forms of ferritin in 

the liver of the dog. 

These obsenations led, in a reexamination of the 

available human &ta, to an attempt to correlate the 

dcptt\iti(w arid curly excrctioii of plutcmiurii in pcoplc witti 
iron-transport mechanisms. It was found (Table I) that the 

early excretion of plutonium in urine was less in those 

persons who were presumed to be anemic and likely to have 
increased iron-binding capacities. It was also found that the 

early fecal excretion of' plutoniuni was reduced in those 

persons in wliorn gastrointestinal functions were re- 

duced --conditions that also lower fecal iron excretion 

(Table 2). 

These correlations between plutonium and iron be- 

havior in ill human beings are not conclusive-the groups 

are small and the severities and kinds of the illnesses of the 

subjects were variable-but, at least they support the use 

of an iron model as a working hypothesis. 

G ASTR 01 N TEST I N A L ABSORPT I ON 

There have been many animal studies of intestinal 

absorption of plutonium. We cannol cover them all, but I 
can point out some general principles about the effects on 

absorption of the nature of the plutonium compound and 

the physiological status of the animal to which the 

plutonium was administered. 

Table 3 contains a sampling of the data on plutonium 

absorption. These studies have been the subject of three 

recent comprehensive reviews (ICRP, 1972; Vaughan et al., 

1973; Buldakov et al.. 1969). 

The fractional oral absorption value that is in current 

use by ICRP (1959) and NCRP (1959) is 0.003% and is 

based on rat and pig studies with Pu(lv) in acid solution 

given as a single dose or as multiple doses placed directly 

into the stomack The plutonium was usually given when 

the stomach was empty, and it is assumed that these are 

close to maximum uptake values. 
All of these absorption values, with the exception of 

the Pu(lV) in people, are based on analysis of the tissues 

and urinc. Tlicy wcre not obtained froiii the diCfcrciicc 

between 10070 and fecal elimination. 

It is clear that, if the binding ion were citrate, 

gastrointestinal absorption was increased. If the plutonium 
were given as Pu(VI), the absorption was increased. If 

insoluble plutoiiiurii oxide particles were given, the pluto- 

nium absorption was substantially reduced. If the animal 

were very young. plutonium absorption was increased, 

whether the compound given was the nitrate or the citrate. 

I050214 
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Table 1 Influence of Anemia and Impaired Kidney Function 

on Early Urinary Plutonium Excretion in Man 

Pu in urine, % 
Red-cell Kidney 

cas2 count function I to 6 days 19 to 24 days 

HP-l Low 
HP-2 N 
HP-3 N 
HP-4 N 
111'-5 N 
HP-6 N 
111'-7 Low 
lip-8 N 
HP-9 Low 
HP-10 N 
HP-12 Low 

Chi- I Low 
Chi-2 Low 
Chi-3 ? 
Cal-1 Low 

Erythropoictic status 
Anemic, No. of cases 4 

Normal, No. of L';ISL'S 6 

"P"$ 

Pu(IV) Citrate 

N* 0.670 

N 1.240 
N 1.198 
Abt 1.264 
N 0.64 I 
N 0.914 

N 0.790 
N 1.038 
N 0.419 
N 1.281 
N 0.482 

Pu(VI) Citrate or Nitrate 

Ab 3.072 
Ab 0.503 
? 1.231 
N 0.855 

Pu(lV) Cihate Only 

Standard 
Mean deviation 

0.605 i 0.152 
1.052 t 0.236 

<0.01 

0.1 21 
0.1 04 

0.09 1 
0.147 
0.1 17 
0.080 

0.057 
0.1 59 
0.1 86 
0.1 08 
0.173 

0.161 

0.094 
0.035 

Standard 
Mean deviation 

0.134 *' 0.058 
0.110 t 0.027 

>os 

*N = normal. 
?Ab = abnormal; not included in alculated mans 
tT-iest of Fisher. 

Illcreased absorption of plutoniuin by young aniinals is in 

agrecincnt with an iron niodel. During growth, absorption 

of iron from the gastrointestinal tract is greater than it is in 

adulthood. 

PLUTON I U M I N HA LATl ON 

Figure 9 is a slightly modified version of the ICRP lung 

model (ICKY, 1966). The biological half-times and transfer 

fractions arc those for an ideal particle 1 pm AMAD 

(activity median aerodynamic diameter). Of 100% inhaled, 

approximately 404 is not deposited in the respiratory tract 

at all. Approximately 202 is deposited in the nasopha- 

ryngeal region (N-P), about 10% in the tracheobronchial 

rcgioii (T-B), and about 30% in the decp lung or pulniunary 

regon (P). The nasopharyngeal and tracheobronchial de- 

posit, dre quickly cleared vi3 the niucus and ciliiry action 

to the gastrointestinal tract from which they are eliminated 
in the feces. 

In the case of insoiubie particles, the deep lung is the 
only site of real interest-it is the site in which long-term 

dcposits are retained, from which absorbed material passes 
into the blood, and in which any damage is ultimately 

done. Some of the initial pulmonary deposit is immediately 

trapped by mucus and cleared via the mucociliary tree, 

branch f. The rest of the initial pulmonary deposit either is 

trapped by phagocytic cells or is absorbed into the body. 

Some phagocytized material is also eventually eliminated 

by ciliary action (that is, the slow term, branch g), and 

some seems to remain fixed until the death of the cells. 

Some moves intact to other sites, such as pulmonary and 

other lymph nodes, or is slowly rendered soluble and 

absorbed. 
In Table 4 there is a rough comparison of the 

pulmonary absorption of various plutonium compounds. 

The data are given as the fraction of the initial pulmonary 

burden in the tissues (bone, liver, and soft tissues other 

than lung) or excreted in urine approximately 3 months 

after inhalation. In general, for the same particle size, the 

more soluble the inhaled plutonium compound, the greater 

will be the absorption from the lung; for example, note the 

difference between the absorption of plutonium citrate and 

nitrate and between nitrate and fluoride. The least absorbed 

compound is the calcined 39Pu02. 

Note also the substantially greater absorption of an 

equal microcurie amount of 23*Pu01. Whether this is the 

i 050280 LANL 
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Table 2 lafluence of Restricted Food Intake 
and Abnormal Digestiw Secretion on Gastrointestinal 

Excretion of Plutonium in Man 

Injected Pu in feces, k 

I to 6 days 19 to 24 days 

Normal diet 
HP-2 
HP-4 
HP-5 
HI'-6 
HP-9 
HP-12 
Mean 

Restricted diet1 
HP-I 
HP-7 
HP-8 
HP-I 0 

Pu(1V) Citrate 

1.408 
1.420 
1.031 
0.886 
1 so4 
1.700 
1.325 t 0.30* 
- 

0.7 15 

0.894 
0.591 

0.544 

Reduced liver function 

0.596 - HP-3$ 

Mean 0 0.668 i 0.14 

h(vI) Citrate or Nitrrte 

Ca1-1 (restricted dict)p 0.324 
1.811 Chi-1 (diet not known)** 

0.231 
0.164 
0.1 1 I 
0.080 
0.324 
0.264 
b.19a f 0.08. - - 
0.064 
0.064 
0.158 
0.072 

0.066 
0.091 f 0.04 
- 

0.061 
0.102 

*Underlined means were compared with means immediately below by 

tHP-1 and HP-8 were being treated for peptic ulcers. Restricted diet is 

$Probably jaundiced. 
glncludes four restricteddiet cases and HP-3 with subnormal liver 

flotal gasIrecIomy on day 4. Little fecal output until day 18. 
**Dietary intake may have been voluntarily reduced following mouth 

the 1:isher t-test. Single underline P < 0.01; double underline P = 0.05. 

assumed for HP-7 and HP-10 kause of their severe heart conditions. 

function. 

surgery on day 2. 

Table 3 Absorption of Plutonium Compounds from 
the Gastrointestinal Tract 

Percent of dost 
Reference Species Pu compound rbsorkd 

Adult Animals 

Rat 
Rat 

Dog 
Rat 
Swine 
Man 
Rat 
Swine 

a "Pu(V1) nitrate 
"'Pu(IV) citrate 
"'PuflV) citrate. pll = 6 
a ' Pu(IV) nitrate. pH = 2 

"*Pu(lV) nitrate, pH = 2 
"'Pu(lV) chloride, ptl = 2 
"'Pu(1V) oxide, fired 
'' Pu(lV) oxide, fired 

I .9 
0.03 

0.03 
0.003 
0.002 

5 x lo-' 
<0.1 

<IO' 

Weeks (1956) 
Weeks (1956) 
Buldakov (1969) 
Katz (1954) 
Weeks (1956) 
Russell (1946) 
Baxter (1971) 
Smith (1966) 

Young Animab 

Puppy, 3 day a a ' Pu(lV) citrate 0.7 Buldakov (1969) 

Rat, young "'Pu(lV) citrate 
Rat, young a"Pu(IV) nitrate, pll = 2 0.1 -0.25 Ballou (1 958) 

Puppy, 3 day a "Pu(IV) nitrate. pH = 2 0.14 Buldakov (1969) 

0.13-0.43 . Mahlum (1967) 
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Table 4 Absorption of Plutonium into the Body of 

the Beagle Dog After Inhalation of Various Compounds 

Percent absorbed 
Pu compound 90 days after exposure Reference 

"'Pu(1V) atrate -60 Ballou (1972ab) 

' "Pu(1V) nitrate 35 -40 BaUou (1972a) 
a "Pu(1V) fluoride 5 DiUey (1 970) 

"'PU(1V) oxide, fired <1 Bair (1968) 
a "Pu(1V) oxide, fired 5-10 Park (1970) 

EXHALED 
10.4 1 ) 

INHALED tl.00) 

BLOOD 

i (0.015) 

I I 
I 

e. 1. 
TRACT 

Fig. 9 General inhalation model; parameters shown are for Class W 

compounds and a particle size of 1 pm AMAD as given in ICRP 

(1966). Reproduced from Durbin (1973) with the permission of the 
publisher. 

result of (1) disruption of the crystal lattice by alpha 

sell-desiruction, (2) radiolysis of the surrounding tissue 

fluids. (3) local hcating, or (4) radiation darnage IO the 
surrounding tissues remains to hc workcd ou~. 

Aiicr passage across thc lung barricr, the distribution 

of iriluied plutonium is similar to that observed after 
injection or ingestion. There is one exception, and this must 

:ih bc frirtlicr studied. Apparently 5oiiic particulate 
z3gP1tO~ may pass alutig the lynipli-no& chain inlo the 
circuI:iftcw from wliicli it is tiltcrcd out by IIIC rcliculo- 

endtbtlielial cells of the liver and marrow. 

ABSORPTION OF PLUTONIUM FROM 
WOUNDS . 

Table 5 summarizes the data on absorption of pluto- 

nium from subcutaneous implants or from deeply pene- 

trated wounds. in general, the absorption from an intra- 

muscular or subcutaneous site as shown here follows the 

same pattern as absorption of ingested or inhaled Pluto- 

nium. Intramuscular plutonium citrate is absorbed within a 

few hours to a few days, In industrial accidents, plutonium 

metal fragments or Pu02 particles have been embedded in 

wounds, and absorption is nearly undetectable from 

months to years later. 

In man, and presumably in other mammals, about half 

of the body's transferrin is located in tissue fluid and 

lymph. Plutonium introduced into muscle or beneath the 

skin must enter the circulation via the lymph. Even though 

the transferrin concentration in extracellular fluid is not 

high, it is reasonable IO suppose that plutonium compounds 

may be slowly solubilized by complex formation with this 

pr olein. 

PLUTON I UM DISTRIBUTION 

Table 6 shows the initial distribution of soluble 

plutonium in man and several larger laboratory animals. 

These distributions are about the same as they are in other 

smaller species. The deposition and retention model in 
Fig. I shows several possible fates for absorbed plutonium: 

deposition in liver, initially in hepatic cells; deposition on 

bone surfaces; deposition in other soft tissues (in which the 

precise associations are not known). However, plutonium 

has been found associated with kidney stones; the inter- 

tubular tissue of the renal cortex: at sites of ectopic 

calcification in the aorta and tracheal cartilages of older 

animals; and in normal iron-storage sites such as the spleen. 

One other possible fate is exc'retion. but excretion is not a 

largc bctor in liuiiian exposure. 

In Table 6' note the two versions of the human data. 

One (all 7 cases) is from Langham et al. (l950), in which it 

was assunied that the plutonium in bone was uniformly 

distributed. 

Tlic iiiore recent calculations (5 males only) are based 

on a nonuniform skeletal deposition of plutonium using 
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Table 5 Absorption of Plutonium Compounds After 

liitramuscular or Subcutaneous Injection 

bYS 

after Percent of Dose, 
Species Nuclide and compund a injection dose absorbed Reference 

lntramuscuhr Injection 

Monkey '"Pu(lV) citrate, pll = 3.5 0.3 0.08 

Dog a ' * Pu(VI) citrate 6800 IS 
Rat "'Pu(lV) nitrate, pH = 1.5 0.2 90 

Rat * "Pu(VI) citrate <0.1 15 
Rat l'*Pu(VI) chloride. pH = 2.5 15 64 

Hat a'*Pu(lll) chloride, pll = 2.5 15 64 
Rat "'Pu(lV) nitrate, pH = 2.5 IS 64 

Rat "'Pu(lV) nitrate, pH = 1.5 242 90 

69 

98 

98 

76 
65 

61 

32 

25 

Durhin (unpublished) 
Painter (1946) 
NCnot (1972) 

Hamilton (1953) 
Scott (1944) 
Scott (1944) 
Scott (1944) 
Ne'not (1972) 

Subcutaneous Injection 

Rat "'PuCvI) chloride, plf = 2.5 I5 16 58 Scott (1944) 
Piglet '"Pu(IV) citrate, pH = 6.5 3500 16 >44 Buldakov (1967) 
Rat "Pu(lV) nitrate, pH = 2.5 15 16 34 Scott (1944) 
Swine "*Pu(lV) nitrate, 2N 16-80 7 1.2 Cable (1962) 
Dog * ' Pu(IV) oxide. fired 87 365 0.27 Johnson (1972) 

Table 6 Initial Distribution of Plutonium in Larger Animals 

Injected with Pu(lV) Citrate 

bngharn 
Stover- Bushd- 

Reference, Baxtcr Durbin Buldakov Clarke Man 

Species Dog Monkey Sheep Swine All 7 S maks 

Age, years 1.5 >I2 0.6 I .5 60 63 

Do*, WCi 3-30 8 5 0.3 0.3 

Days 

Isotope 2 39 238 239 239 238-239 238-239 

after injection 6-22 8 32 30 5 -457 5-451 

Percent of injected dose 

Skeleton 54 31 -437 72 66t 37-45t 
Liver 31 41 13 13 22 23-43 

Spleen 0.3 0.2 0.4 0.4 

0.3 0.2 Kidneys 0.4 1 .o 
Lung 0.2 0.3 
Muscle 1.2 4.3 1 .7 6.2 1.3 

Excreted 12 7.1 6 5.4 6.3 

{ 8.3 I .o 1.1 

'Raxter et al. (1973); Buldakov et al. (1969); Bustad et al. (1962); Clarke et al. (1959); Durbin 

tSLelcton estimated from 3 sampling of boner. 
(unpublished); Langham et al. (1950); Stover et al. (1959). 

intraskeletal distributions in the dog and the monkey. The 

amount of plutonium was greater in the livers and less in 

the skeletons of the long-lived animals that were skeletally 

nia1ure at the time of plutoniuni injection (man and 

nionkcy) than of those aninials that still cxhibitcd sonic 

bone-growth activity (Beagle dog, swine, and probably 
sheep). 

The soft tissues of thc three largest species (swine. 

sliccp, and nian) contained more plutoniuni than those of 

the smaller species. It is clear from Fig. 10 that the 
soft-tissue compartment in the human cases declines, but it 

is always larger than in the dogs. Soft tissue-that is, 
nonliver-plutonium seems to be eliminated from the soft 

tissue. but most of it is not eliminated from the body. It is 

recirculated to the bone and the liver. 

Both the differences in the amounts and clearance rates 

of the soft tissues and the fractionation of plutonium 
betwccn liver and bone vary with age in animals other than 
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DAYS AFTER INJECTION 

Fig. 10 Clcarancc or plutonium from soft tissucs. Reproduccd 
from Durbin (1972) with the permission of the publisher. 

rodents. In adults, soluble plutonium is distributed 31 to 
45% in the skeleton, 47 to 23% in the liver, and 12 to 23% 

in soft tisbucs; in growing animals, plutonium distribution is 

43 to 72% in bone, 3 1 to 13% in liver, and 3 to 8% in soft 

tissues. 

This bone and liver distribution pattern is also found 

for scandium and yttrium, the rare earths, and the trivalent 

actinides. The quantitative variations appear to depend on 

ionic size and the stability of complexes. A common 

distribution pattern among chemically similar elements 

suggests that all participate in a coiiimon transport and 

storage system. For the sake of argument, I have chosen the 

iron-transport system. Lver is a principal iron-storage 

organ. At normal levels of iron loading of transferrin, liver 

accumulation of transferrin-bound iron appears to be small. 

Bone accuniulation of the multivalent cations is not 

easy to explain. Although ferric iron can be adsorbed onto 

calcium phosphate, free iron is not a normal bone constitu- 

ent. Cheinical analysis of bone shows that the iron can be 

complctcly awwnted for by trapped red cells. However, 

the bmcs do cover the marrow, and the circulations of the 

niarrow and of trabecular bone are identical. It has been 

postulated that the plutonium transported to the marrow 

by transferrin is released at the surfaces of developing red 

cells and is rcjccted. The trabecular bone surfaces are 

sufficiently close so that the plutonium need only diffuse a 

few microns to encounter a mineralized surface. Calcium 

phosphate has an enormous capacity to bind multivalent 
cations. Although bone proteins may play a role in 

plutoniuiii binding, the amount of mineral available to 
which thr plutonium can adsorb IS overwhelming. 

DEPOSITION OF PLUTONIUM IN LIVER 

The illustrations in this and the next section were 

presented by the University of Utah group; by Cochran 

et al. (1962), liver,and by Arnold and Gee (1962), bone, at 

the first llanford Symposiuiii oii Transuranium Elements. 

Soluble plutonium taken up by the liver is. initially 

distributed uniformly as single atoms as shown by the single 

tracks in Fig. I I, The dark globes are cell nuclei; unfortu- 

nately the tracks have been obscured in the reproduction. 

Subcellularly in the liver, the plutonium is in the hepatic 

cells associated with the iron-storage protein, ferritin. It is 

present initially in a relatively soluble state in the cyto- 

plasm of the hepatic cells and can be extracted from them. 

With the passage of time, the ferritin molecules ac- 

cumulate additional iron and become insoluble. As the 

hepatic cells either die normally or are damaged by the 

radiation, plutonium-containing ferritin is released as part 

of the cellular debris. This debris is then taken up by 

neighboring phagocytic cells, or it enters the circulation, 

recirculates, and is taken up again by new cells in the liver, 

closer to the origin of the liver circulation. Figure 12 is a 

section and autoradiograph from the liver of a high-dose 

plutonium dog that died 1576 days after injection, and it 

shows nonuniform collections of plutonium aggregates. 

Figure I3 is a lower-magnification autoradiograph from 

another high-dose dog that died 1324 days after injection. 

This is an X-ray film autoradiograph, and all the blackening 

is autoradiograph, not cells. It shows areas of intense 

plutonium localization not in hepatic cells but in connec- 

tive tissue and phagocytes in the connective tissue. This 
nonfunctional tissue surrounds nearly plutonium-free nod- 

ules of new hepatic cells. 

PLUTONIUM DEPOSITION IN BONE 

Bone has probably received more attention than any 

other tissue with respect to plutonium uptake. Bone- 

marrow damage is the underlying cause of acute pluto- 

nium-induced mortality. Bone tumors were the first-noted 

and are the best-documented aspect of the pathology of 

chronic plutonium burdens. 

Bone uptake of plutonium is not limited to mammals. 
Any creature, invertebrate or vertebrate, which contains 

calcium phosphate or calcium carbonate structures and 

which grows either a shell, an exoskeleton, or an endo- 

skeleton accumulates plutonium in these mineralized ma- 
terials. Among invertebrates, the shell may contain up to 

90% of the body plutonium. In hrtilagenous fishes, the 

plutonium concentration in the skeleton is about 20 times 

that in other parts of the body. In bony fishes, the skeletal 

concentration is about 150 times that in other body parts. 
Plutonium has not been studied in amphibians, but about 

20% of a related element, cerium, is accumulated in the 
frog skeleton. In chickens the lanthanide rare earths are 
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Fig. 11 Detailed autoradbpph showing initial uniform distribution of '"Pu in the liver of P-5 animal 
ncrificed 24 hr postinjection. Medium mapifiation. Reproduced from Cochrrn et rL (1962) with the 
permihn of the authors and the Hulth Physics Society. 
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Fig. 12 Detailed autoradiograph showing nonuniform distribution of '"Pu in the liver of P-5 dog sacrificed 
I576 days postinjection. Medium magnification. Reproduced from Cochran et a1 (I 962) with the permission 
of the authors and the Health Physics Society. 
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43 BEHAVIOR OF PLUTONIUM IN ANIMALS AND MAN 

Fig. 13 Contact autoradiograph showing nonuniform distribution of ' "Pu in the liver of P-5 dog maifid 
1324 days postinjection. Low magnification. Reproduced from Cochran et aL (1962) with the pamidon Of 

the authors and the Health Physics Soaety. 
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. injected dose. 

found in the skeleton to the extent of 40 to 70% of the 

Figure 14 is an historic slide. This was one of the first 

autoradiographs of plutonium in bone made in Berkeley in 

1944 by Axelrod-Heller, Copp, and Hamilton. (See Scott 

et al., 1948.) It is of the femur of an adult rat that was 

given plutonium by intramuscular injection and killed 8 

days lalcr. The contact autoradiograph is above; below is 

the section of bone from which it was made stained with 

hematoxylin and eosin. 

They found two remarkable things: (1) the intensity of 
the labeling in the area close to the circulation was much 

greater tlim that in the outside covering or periosteum of 
thc bonc, and (3) the was iiot any plutoniuni in thc body 

of the bone, as hrrd been demonstrated for radium. 

The orignal niaterials are still available in ow slide files, 

and not too long ago we took a look at some of them. It is 

remarkable tlidt they were able to get such accurate results 

since the preparations were crudc and the bone sections are 

shreddcd, torn, arid crackcd - tlicy look aborit thc uiiie as 

they do in these pictures. 

In bone, plutonium initially deposits upon the barest 

surfaces, thosc with the thinnest cellular coverings, which 
are closcst to the circulating blood and to the sitcs of activc 

red-cell production. Figure 15 is a scction of the costo- 

chondral junction (the junction between bone and cartilage 

in rib) taken from a dog 24 hr after plutonium injection. 

Note that the interior surfdces (endosteal) are very dark, 

and the surface just below the soft tissue covering (perios- 

teum) as we saw in rat bone is much fainter. Figure 16 is a 
higher magnification of a trabeculus from one of the 

vertebrae of the same dog, and it shows trabeculae 

surrounded by active marrow. Plutoniuni tracks cover 

almost the entire surface of the trabeculae. 

Even in adult animals, bone surfaces are not static, and 

in these young adult dogs tlicre is a great deal of bone 

remodeling. Existing bone is removed; new bone is de- 

posited on old surfaces; and new trabeculae are formed 

a It oge t Iic r . 

The vertebral trabeculus shown in Fig. 17 was taken 

t runi 3 dog I200 days after injection of a fairly low dose of 

pltitoiiiiiiii. 0.1 pCi/kg. It sliows the original plrittrniuiii 

deposit, tlie heavy furry lines, and new bone which was 

subsequently laid down on top of that. The new bone 

contains diffusely distributed plutonium. Bone always has 

some surface, and, if new bone is continually deposited on 

top of old surfaces, eventually one secs wlia~ looks like a 
generalized diffuse distribution. 

The surface of the trabeculus that existed at the time 
the aninla1 was killed (lower right) evidently has been 

present for some time, because it has a fairly high 

concenlratiuii id alpln tracks. All of tlic plutoniuni that has 
arrived in this hit of bone since the time of the injection has 

been recycled through the blood. Plutonium deposited in 

other tissues and plutonium deposited on bone surfaces 

which have been resorbed is returned to the circulation, and 

this, in turn, is partly recycled back into the skeleton. 

Figure 18 shows a trabeculus that was formed entirely 

in the 4 years after the injection of 0.3 pCi/kg of Pu(lV); it is 

composed of diffusely labeled bone and has only a light 

surface deposit. Figure 18 also shows the presence of 

aggregates of plutonium in the marrow. The aggregates are 

inside phagocytic cells, and the plutoniuni in them WBS 

once on bone surfaces. The bone surfaces were resorbed; 

and, presumably, the resorbed plutonium could not be 

coiiipletely solubilized and was taken up as particulate 

material. This phenomenon seems to be dose and/or time 

related. Six or more years after a lower dose (0.1 pCi/kg), 

we scc in Fig. 19 diffuscly labeled postinjection bone with 

a smaller number of phagocytes containing smaller amounts 

of unsolubilized plutoniuni. 

Figure 20, the last in tlus sequence, was taken from the 

same anatomical region as the first slide in the series. The 

dog received a large plutoniuin dose, 2.7 pCi/kg,and died 

500 days later. All the bone above the dark arrow on the 

right was formed after the injection. Most of it is diffusely 

labeled, and some of it has obviously acquired some rather 

substantial accumulations. At the original growth site (the 

dark arrow), normal processes of bone removal have been 

disrupted, permitting the old heavily labeled bone to 

persist. 

Prolonged retention of plutonium in bone seems to be 

the result of at least two processes: (1) retention of the 

initial plutonium deposit on bone surfaces whether they 

remain or are buried by new bone and (2) the continuous 

accumulation of plutonium recirculated from remodeled 

bone or from other body sites, 

PLUTONIUM RETENTION 

The reasons why plutonium and related elements 

remain in the body so long include the following: (I) they 

circulate in the blood coinplcxed by molecules which are 

too large to be filtered by the kidney; (2) both bone 

structures and liver cells are apparently quite long-lived; (3) 

plutonium in liver is associated with a stable compound 

that is ordinarily not disturbed unless there is stress on the 

body's iron stores; and (4) tlic multivalent cations are appar- 
ently caught up in a transport and storage system, the basic 

purpose of which is to prevent loss and promote reuse. 

Thus, even when labeled liver cells or bone surfaces die or 

are changed, their label is recycled and redeposited. 

Plutonium retention has not been directly measured in 
human beings. One can calculate, from the excretion data, a 

retention half-time of about 200 years for whole-body 
plutonium as was done by Langham et al. (1950) using the 
data in Fig. 21. How liver and skeleton each contribute to 

the overall retention is still not known. 

For human bone, estimated biological half-times range 

from 35 years (based on the kinetics of bone surfaces and 

60% plutonium redeposition in bone) to 200 years (origb 

I 

I 
I 

i 
I 
! 

I 

i 

i 
I 

1050288 
LAN! 



BEHAVIOR OF PLUTONIUM IN ANIMALS AND MAN 45 

Fig 14 Contact autoradiograph on nesueen X-ny film (upper image) and section of undecalcified rat bone 

(distal femur) from which it was made stained with hematoxylin and eosin; adult rat killed 8 days after 
inkamusculr injection of '"Pu(lV) chloride, pH = 3. Repued by D. J. Axelrod and J.G. Hamilton; 
previously unpublished. 

nally estimated by Lnghani). Recently, an ICRP Task 

Croup published an estimate of plutonium half-time in 

human bone of 100 years (implying 85% redeposition of 
circulating plutonium in bone). 

Estimates of the half-time of plutonium in human liver 

range from 40 years (rhc ICRP Task Croup, based on 
extrapolation from animals) to no loss at all (implied by the 

short half-time in bone and a 200-year half-time in the 

whole body as illustrated in Fig. 22). The value in current 

usc by the ICRP and NCRP is 90 years. 

BEHAVIOR OF TRIVALENT ACTINIDES 

In Table 7 and Fig. 23 from Durbin (1960, 1962). the 

initial distributions of plutonium in rats are compared to 

tlic distributions of oilier actinide elements which were 

available for study as of 1960. The valences were as 

follows: Pu(IV), Am(lII), Cm(IlI), Th(lV), U(II), and, 

presumably, Np(V). Bone uptake was greatest for Pu(1V) 
and Th(1V) and least for U(l1). Liver deposition was 
greatest for the trivalent actinides. 

In Fig. 23 are.compiled early metabolic data for the 
entire lanthanide sequence and for the actinides through 

californium. (Data shown here are for Pu(IV), Th(lV), 

Pap), and Np(V); all others are in the 111 state.) It shows 
that bone deposition is favored for ions of the same 

electrical charge as their size declines and that the reverse, 
deposition in the liver, is favored in the case of larger ions. 

It appears at the moment (unless there is some other 
candidate available) that the most sensitive system that 

might be responsible for these large shifts accompanying 

cext continuer on page 53.) 
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Fig. 15 Contact radiolutogram of costochondral junction demonstrating the heavy endortal deposition and 
irregular lighter wcutrr and periosteal deposition in dog ncrificed 24 hr after '"h injection. Reproduced 

from Arnold and Jee (1962) with thc permission of the authors and the ffalth Physics Socicty. 
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Fig. 16 Detailed radioautogram of mbecuhu horn the wrtebrrl body of an animal sacrificed 24 ht aft= 
"'h administration. The point of origin of the backs comesponds to the endosteal dia sqxmting the 
bone and marrow. Reproduced from Arnold and Ja (1962) with the pamiuion of OK authors and the 
Halth Physics Soaety. 
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Fig. 17 Detaikd radioautogram from the vertebra of a 0.1 pc/kg animal sacrificed 1200 days after *"Pu 
injection. The dense wavy tine represents the deposition at the original endosteal borda; the bone below 

formed alter injection contains 8 diffuse distribution of alpha activity, whems Ole bone deposited kforc 
injection is free of activity. Reproduced from Arnold and lee (1962) with the Fission of the 8uthcns and 
Che Health Phydu sodcty. 
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Fig. I6 Detaikd radioautogram of trabeculus and marrow from vertebra of 0.3 rc/kg animal shoring diffuse 
alpha distribution in bone; large stars in marrow indicate the local concentration of '"Pu resorbed from 
bone. Reproduced from Arnold and Jee (1962) with the permission of the authors and the Health Physics 
Society. 
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Fig. 19 Trabccului and marrow from vertebra of 0.1 rclkg animal demonstmting the diffuse distribution in 
bonc but the lack of intcnn macrophage concentration in the nurrow. Reproduced from Arnold and Jee 
(1962) with the pcrmidon of the authors and the Ilealth Physn Socicty. 
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Fi& 20 Conbd ndiorutognm of end of rib d 2.7 animl ndiced So0 dayr portinjection how4 
(mow) lite d vowth line at time of injection. AU bone above this was deposited after mjechn and 

contained both diflw distribution and rcondry endosteal Q auface deposition of "* PU from rceycliy 

"'h in the bkod Repdud from rltnold and Jtt (1962) with the permission of the authors and the 
Health Phyaa Sodcty. 
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THOUSANDS OF DAYS AFTER INJECTION 

Fig. 21 Whole-body retention of *"Pu in man. Calculated using 

hghrm et aL (1950) excretion equation. Reproduccd from Durbin 
(1971). 

Fig. 22 Calculated retention of "*Pu in the human liver and 
skeleton. Reproduced from Durbin (1971). 
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Fig 23 Initial deposition in the liver and skeleton of the rat of multivalent lanlhanides and actinides: and 
(lie influcnr-c of ionic radius. Reproduced from Durbin (1962) with the permikon of the liulth Phyh 
Society. 
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Table 7 Distribution of Radioisotopes of the Actinide Elements in Various 

Tissues of the Rat After Intramuscular Injection 

Percentage of absorbed dose 
Chemical form The. 

Radioisotope administered days Bone Kidney Liver Exaetr 

"'Ac Ac (citrate) 4 26.8 0.6 56.4 10.6 U + F 
"'Th Th (citrate) 8 66.3 3.3 4.1 14.8 U + F 

raou UO,CI, 4 10.9 11.8 0.2 76.0 U 

13?N P t I 44.4 2.6 8.5 36.9 U 
r"Pu PUO,CI, 4 70.9 I .8 8.4 8.2 F 
r4'Am AmCI, 4 19.1 2.3 35.7 34.1 F 
t4rCm CmCl, 4 29.0 1.6 40.2 20.0 F 

130Ps 4 45.1 4.0 7.8 24.6 F 

*Chemical form unknown but oxidation state probably 4+ or S+. 
tAdministcred in wncentritcd NII,CI and Na citratc;oxidation state 4+ or S+. 

s3 

the very small changes in ion size are the stabilities of the 

transferrin complexes. 
We look into the future for tests of the ion model; 

expcrimciits with real matcrihls: an examination of the 

age-related variations of plutonium metabolism; the exten- 

sion of metabolic and toxicological study to additional 

species: and the continued follow-up of hunian beings who 

have been exposed to plutonium. 

DJSCUSSION BY ATTENDEES 

Or. W. R. Stratton: Thank you. Are tlicre questions? 

Speaker: llave you been doing any experimenting with 

compounds removed from these animals? 

Or. P. W. Durbin: Actinide removal is such a large 

subject field, it warrants a talk all by itself. At the nioment 

DTPA is the treatment of choice. Use of DTPA was 

reviewed recently by Vaughan. 

Dr. Stratton: Thank you. Are tliere other questions? 

Dr. K. 2. Morgan: As you know, the presciit levels in 

tlic handbooks of NCRP and ICRP arc based on the very 
crude assumption of uniform distribution of these acti- 

nides, and so on, in the skeleton. The decision was made 

recently by ICRP Committee II to make tlie calculations in 

thc new handbooks on the dose to the endosteal and 

pcriostcal tissucs of the trabecular bone. Ilowever, froni our 

experience with thorium, which behaves somewhat like 

plutonium, and froni data such as you showed here, for 

exaniplc, tlic ratio of deposition in the liver to that in the 
bone seems to increase with tiine, I noticed in your slide. 

Or. Durbin: Dr. Morgan is refcrring to Fig. 22, which is 
only hypothetical. The changes in partition of plutonium 

between liver and bone in man with the passage of time can 

only be guessed. It is Like a black box-we have 3 notion 

about rciciitioii of plttioiiitiiii iii tlic wltc~lc body but iiot 

about its rctciition in tlic scparate body purls. 

Or. Morgan: This, though, makes some of us ask, are we 
getting into a third stage in our calculations? Perhaps even 

the new generation of calculations that will be published 

this year are very much out of date already. And maybe for 

chronic exposure, such as was the case with thorium, it is 

the liver that is the critical tissue. With the leakage from the 

pulmonary lymph nodes into and out of the reticulo- 

endothelial system, perhaps some of the material is in a 

polymeric form and gets into the liver. It may be that 

hepatic tumors will be the real risk for chronic exposures. Is 

that a possibility? 

Or. Durbin: Well it appears to be from the dog 

experiments with inhaled ' 39Pu02. For soluble plutonium, 

liver is probably an additional critical tissue, However, in 

the dogs, liver pathology is low at the lower plutonium dose 

kvels, a[ wluch bone tuniors still occur in large numbers. 

This would suggest that, although liver should be taken into 

account, we should not shift from bone as the critical 

organ. Liver is an additional problem, for which risk 

perhaps ought to be calculated in a combined way. 

I would like to consider the problems of chronic and 

acute exposure. It would be my prediction, based on the 

available evidence of microscopic distributions, that, with 

the passage of time or repeated exposures, we will observe a 

more generalized bone distribution (see Fig. 19). In the 

absence of knowledge about the life-spans of human 

trabeculae, we would be wise to keep using a uniform dose. 

As you know, I am not a fan of the endosteal-tissue 

dose-calculation approach. It seems likely in the environ- 

mental case that we are not going to be protecting the adult 

workcr, but perhaps the IO-ycarald child whose skelclon is 

only half finished. In the young person a diffusely labcled 

skeleton seems more likely, especially for chronic exposure. 

We do not know the number of trabeculae or the trabecular 
surface in a IO-year-old child. We know little or nothing 

about tlic changcs in total trabecular surface from child- 
hood through adulthood to old agc. Thcrc arc so nuny 
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3 unknowns that we are probably better off staying with the 
uniform dose. 

r 
Dr. Stratton: Are tliere other questions? 

Mr. Kressin: I was wondering why you felt that Pu(V1) 

was absorbed into the body faster than Pu(lV). The reason 

1 ask is because of the high oxidation potential for Pu(Vl), 

and I am wondering how long it stays in that form in !he 

body. 

Or. Durbin: From what we know about plutonium 

solution chemistry-and here the solution is exceedingly 

dilute and contains a lot of very peculiar things-Pu(V1) 

does not exist as such for very long. 

The empirical indications are: Pu(V1) is absorbed better 

from wound sites, from the gastrointestinal tract, and from 

the lung: and, if Pu(V1) is introduced directly into the 

circulation, there is less chance of intravascular colloid 

formation. These observations suggest that Pu(V1) exists 

long enough to exhibit some absorption and transport 

characteristics which are a little different from Pu(lV). 
What the situation is later on, we do not know, but it 

probably involves reduction to Pu(1V). Certainly, at the pH 

of the body, at biological salt concentrations, and in the 

prcscncc of tlic kinds of iotis in matiilit&ti tissue fluids, 

Pu(JV) is the most stable state. 

REFERENCES 

Arnold. J. S., and W. S. S. Jcc: Pattern of Long-Term Skeletal 
Remodeling Revealed by Radioautographic Distribution of 
'"Pu in Dogs, Health Phys.. 8: 705-707 (1962). 

Bair. W. J., and 1. F. Park: Comparative Disposition of Four Types 

of I'lutonium Dioxides Inhaled by Dogs, in hoceediitgs of the 

First Inrernational Congress on Rad&ion Protection. W. S. 
Snyder et al. (Eds.), Pi. I, pp. 181-197, Pergamon Press,Oxford 
(I 968). 

Ballou, 1. E., Effects of Age and Mode of Ingestion on Absorption 
of Plutonium, Roc. SOC. Exp. Bioi. Med.. 98: 726127 (1958). 

_, and J. I:. Park, The Disposition of Ingested, Injected. and 
lnlisled I'*Pu Citrate and I'*Pu Nitrate, Battelle Pacific 
Northwest Laboratory Annual Report BNWL-I650(Pt.i). 
pp. 14&152 (197t). 

_, J. 1:. Park, and W. C. Monow. Metabolic Equivalence of 
Ingested, Injcctcd. and lnhakd ' "Pu Citrate, Iiculth Phys.. 22: 

Baxter, D. W., M. W. Rosenthal, J. J. RwscU, E. Moretti, 
D. Chaldek, and A. Lindenbaum, Comparison of Monomcric and 
Polymeric Plutonium in the Dog and MOUK. Radial. Res.. 54: 

556565 (1973). 
- , and M. 1.. Sullivan. Unpublislicd data cited by W. 1. Ihu, 

Toxicology of Plutoniuin. Advan. Radial. Bid., 4: 255-3 IS 

(1974);Table 11. 
Bruencer, F. W., B. J. Stover. W. Stevens, and D. R. Atherton, 

Exchange of "*Pu(lV) Between Transferrin and Ferritin in 

Vitro. //ealrlr Phys., 16: 339-340 (1969). 
UulJakov. L. A.. E. H. Lyubchanstiii. Yu. I. Moskkakv, and A. P. 

Nittuv, Problemi Toksikololji Plutoniya, Atomidat. hlowow 
(1969,. English Translation: LF-tr-41. 

- A. P. Nifatov, N. M. Tolochkova, and I. 1. Burov, Absorption 
of Plutonium239 Through the Skin and from the Subcutaneous 

857-862 (1972b). 

, 

' 

Tissue of Young Pip, Rodiobiologiya, 7: 591601 (1967). 
English Translation AEC-tr-6889. 

Bustad, L. K., W. J. Clarke, L. A. Gcorge II. V. G. Hontmn, R. 0. 
McCleUan, R. L. Persing. L. J. Seigneur, and 1. L. Terry, 
Preliminary Observations on Metabolism and Toxicity of Pluto- 
nium in Miniature Swinr, Health Phys.. 8: 615620 (1962). 

Qble, J. W., V. G. Hontman, W. 1. Clarke, and L. K. Bustad, 
Effects of Intradermal Injections of Plutonium in Swine, Healrh 

Clarke, W. J.. J. R. McKenney, V. G. Hontman, L. J. Seigneur. J. L. 
Terry, and L. K. Bustad. Plutonium Metabolism in Miniature 
Swine, Hanford Biology Research Annual Report HW-59500, 
pp. 5460 (1959). 

Cochran, T. H.. W. S. S. Ice. B. J. Stover, and G. N. Taylor, Liver 
Injury in Beagles with "'Pu: Distribution, Dosage, and 
Damage, Health Plrys., 8: 699-703 (1962). 

Dilley, J. V.. Effect of DTPA on Inhaled "'PuF, in Beagles, 
Battelle Pacific Northwest Laboratory Annual Report 

Durbin, P. W., Metabolic Characteristics Within a Chemical Family, 
Health Phys., 2: 225-238 (1960). 

-, Distribution of the Transuranic Elements in Mammals, Health 

Phys, 8: 665471 (1962). 
- , Plutonium in Man: A Twenty-Five Year Review, University of 

California Lawrence Radiation Laboratory Report UCRL-20850 
(1971). 

-, Plutonium in Man: A New Look at the Old Data, in 
Radiobiolon of Plutonium. B. J. Stover and W. S. S. Jee (Eds.), 
pp. 469-530, The 1. W. Press, Department of Anatomy. Uni- 
versity of Utah. &It Lake City, Utah (1972). 

-. Metabolism and Biological Effects of the Transplutonium 
Elements. in Handbook of Experimental Pharmacology, VoL 36, 
Uranium. Plutonium. Transplutonic Elements, H. C. Hodge, 
J. N. Stannard, and J. B. Hunh (Eds.), pp. 739-896. Springer- 
VerLg, Berlin (1973). 

-, N. Jeung, and M. H. Williams, A Study of the Relationship 
Between Behavior of Bone-Seeking Elements and BoneGrowth 
Status, in Debyed Effects of Bone-Seeking Radionuclides. 

Proceedings of a Conference, Sun Valley, Idaho, 1967, C. W. 
Mays et al. (Eds.). pp. 137-156, University of Utah Press, Salt 
Lake City, Utah (1969). 

Hamilton, J. C.. and K. G. Scott. Effect of Calcium Salt of Verscnc 
Upon Metabolism of Plutonium in the Rat. hoc. Sot. Exp. Biol. 

Med.. 83: 301-305 (1953). 
lnternitional Commission on Radiological Protection, Report of 

Committee 2 on Permissible Dose for Internal Radiation, Health 

-, Deposition and Retention Models for Internal Dosimetry of 
the Human Respiratory Tract, Task Group on Lung Dynamics. 
P. E. Morrow (Chairman), //ealtlr Phys.. 12: 173-207 (1966). 

-, The Metabolism of Compounds of Plutonium and Other 
Actinides, Task Group of Committee 2, A. Lindenbaum 
(Chairman). ICRP Publication 19, Pergamon Press, Oxford 
(1972). 

Johnson L. J., R. L. Watters, J. L. Lebel, C. R. Lagerquirt, and S. E. 
Hammond. The Distribution of Pu and Am: Subcutaneous 
Administration of PuO, and the Effect of Chelation Therapy, in 
Radiobiology of Plutonium. B. J. Stover and W. S. S. Jee (Eds.), 
pp. 213-220, The J. W. Press, Department of Anatomy, Uni- 
versity of Utah, Salt LakeCity (1972). 

Katz, 1.. and M. H. Weeks, Absorption of Plutonium froni thc 
Gartrointcrtinal Tract of Rats: Effcct of Plutonium Conccntra- 
tion, Hanford Biology Research Annual Report HW-30437. 
pp. 106-108 (1954). 

Langham, W. H.. S. H. Basset. P. S. Harris, and R. E. Carter. 
Distribution and Excretion of Plutonium Adminisfcred Intrave- 

phys., a: 629634 (1962). 

BNWL-l050(Vol. I, Pt.l), pp. 5.14-5.17 (1970). 

Phy~.. 3: 1-380 (1959). 



BEHAVIOR OF PLUTONIUM IN ANIMALS AND MAN 55 

* 

I 

nously to Man. Lor Alamos Scientific Laboratory Report 

Shlilum, D. D., and M. R. Sikov, Effect of Age on Absorption of 
Plutonium from the Gastrointestinal Tract of Rats. Battellc 
Pacific Northwest Laboratory Annual Report BNWL- 
48O(Vol. I) pp. 40-41 (1967). 

Muntz, J. A., and E. S. Gurrnan-Barron, Combination of Plutonium 
uith Plasma Proteins, Manhattan District Declassified Document 

National Committee on Radiation Protection. Afaximuni Perniissible 
Body Burdens and Maximum Permissible Concentrations of 
Radionuclides in Ai ond kbrer for Occuprional Exposure, 

National Bureau of Standards Handbook 69. U. S. Government 
Printing Officc. Wasliington (1959). 

Xcnot. J. C., R. Masse, M. hlorin, and 1. Lafuma. An Experimental 
Coniparativc Study of the Behavior of "'Np. "'Pu, '"Pu. 
''I Am, and '"Cm in Bone, Health Phyr, 22: 657-665 (1972). 

Painter, I.:.. E. Kusscll. C. L. Prosser, M. N. Swift, W. Kisiolcski. and 
C. bcher, Clinical Physiology of Dogs Injected with Plutonium, 
Metallurgical Lboratory Report CII-3858 (Junc 1946); also 

Park, J. I-.. E. B. Howard, and H'. J. Bair. Acute Tolicity of Inhaled 
"' PuO, in Bc3gles, Battelle Pacific Northwest Laboratory 
Annual Report BNWL-lOSO(Vo1 1. PI. I). pp. 3.6-3.13 (1970). 

Popplewcll, D. S., and G. Boocock. Distribution of Some Actinides 
in Blood Serum Proteins. in Diagnosis and Trearmenr of 
Dcposired Radiotruclides, Proceedings of a Conference. Rich- 
bnd. Washington, 1967. H. A. Kornberg and W. D. Norwood 
(Eds.). pp. 45-55. Excerpta Media Foundation, Amsterdam. 

Russell, E. R., Plutonium Ingestion Studies, Biochemical Survey 
Section Monthly Report, Metallurgical Laboratory Report 
MUC-ERR-21 I (June 1946). 

LA-I 151 (1950). 

MDDC-1268 (1947). 

AECD-2042. 

Scott, K.. It. Fisher, D. Axelrod, J. Crowley, A. J. Barber, and 1. C. 
Hamilton. Metabolism of PlUtOniUm in Rats, Metallurgical 
Laboratory Report CN-2383 (October 1944);also MDDC-1018. 
partially published in/. Biol. Chcm, 176: 283-293 (1948). 

Smith, V. H.. 1. L. Palofly. H. A. Ragan. and B. J. McClanahan. 
Ingestion of Plutonium Oxide Particles by Swine, Battelle 
Pacific Northwest Laboratory Annual Report BNWL-280, 
pp. 40-43 (1966). 

Stevens. W.. F. W. Bruenger, D. R. Atherton, and 9. J. Stover, 
Subcellular Distribution of *'I Am(ll1) and '*Pu(IV) in Livers 
Studied Serially. University of Utah College of Medicine. 
Radiobiology Division, Annual Report COO-119-244. 

Srover. 9. J.. D. R. Atherton, and N. Keller. Metabolism of '*Pu in 

Adult Beagle Dogs. Rodiaf. Res.. IO: 130-147 (1959). 
-, F. W. Bruenger, and W. Stevens, The Reaction of Pu(IV) with 

the iron Transport System in Human Serum, Radiat. Res. 33: 

Turner, G. A., and D. M. Taylor, The Transport of Plutonium, 
Americium, and Curium in the Blood of R~Is, Phys Med. BIOI., 

Vaughan, J..B. Bleaney,and D. M. Taylor, Distribution, Excretion, 
and Effects of Plutonium as a Bone-Seeker, in Handbook of 

Experimcnral Phormacologv. Vol. 36. Uranium. Plutonium. 
Transplutonic Elements. H. C. Hodge. I. N. Stannard, and I. B. 
Hursh (Us.), pp. 349-502. Springer-Verlag, Berlin (1973). 

Weeks, M. H.. J. Kotr, W. D. Oakley, J. E. Ballou, L. A. George. 
L. K. Bustad, R. C. Thompson, and H. A. Kornberg, Further 
Studies on the Gastrointestinal Absorption of Plutonium, 
Radiar. Res., 4: 339-347 (1956). 

pp. 159-174 (1971). 

381-394 (1968). 

13: 535-546 (1968). 

1050299 


