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4 70 PLUTONIUM IN M A N :  A NEW LOOK AT THE OLD DATA 
- - weight chelate. Urinary Pu excretion was reduced by one-half in those 

persons who were anemic, presumably because of their more eficient Pu- 
transfem'n binding. 

Fecal excretion of Pu apparently represents secretion in bile and 
other digestive juices. Fecal excretion ~uas reduced by one-half or more 
in those persons whose gastrointertinal fractJ were judged not to be 
normally slim ulated. 

Semilogarithmic curves of Pu dirappearance from plasma and of 
daily Pu excretion were prepared for each individual. "Normd" human 
Pu plasma and excretion equations (sums of exponentialr) were con- 
structed from the mean half-times and intercepts for the individual cases. 
All cases were included in the mean half-times - rates were apparently 
not atected by the individuaV various illnesses. Only the intercepts for 
those persons for whom a particular function was judged to be within 
normal limits were included in the mean intercepts. 

Daily Pu excretion rates and total cumulative Pu excretion predicted 
from exponential equations were somewhat greater than predicted'fronz 
the power functions of Langham et al., chiepy because only datacfront 
normally functioning excretory systems were included in the coefigents. 
but aLro because the fecal excretion assumed in the exponential mo'del is 
higher than in other modelr. 

Turnover of Pu in bone and soft tissues, storage of Pu in liiier of the 
dog and pig, and storage of iron in man were reviewed. At  tracer levels 
net loss of Pu from soft tirJues and bone exceeds whole-body Pu loss, in- 
dicating continuous accumulation of Pu in the liver. Average soft-tissue 
release half-time was estimated to be not less than 480 days, and bone 
surface turnover for the whole adult human skeleton was estimated to be 
about 5% per pear. For an indicidual on a diet adequate in iron and x i th  
normal iron stores, this model predicts that bone and liver will contain 
equal amounts of Pu 1.5 years after exposure. 

INTRODUCTION , 

tdal amount of Pu in existence was only a few milligrams.' If the >fetal- 

tonium - hundreds of times the world supply of radium - would be 
produced. The urgent need for biological studies of Pu \\as appreciatcd, 
and these were begun as soon as Pu could be spared from essential 
chemical investigations. On November 4, 1943, A. H. Compton' an- 

i . \ Plutonium was rtcognized as potentially dangerous e\Fen when the 

lurgical Laboratory efforts were succgsfuI, enormous amounts of plu- 
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p. W. DURBIN 471 

nounced to the Metallurgical Laboratory Project Council that the Clin- 
ton pile had "taken off." By January 19, 1944, 0.5 g of Pu had been 
separated,' and three weeks later, on February 8, 1944, Hamilton's group 
nt Berkeley received 1 1 mg to begin tracer studies in rats.' 

Pu contamination of Metallurgical Laboratory installations and per- 
sonnel was a chronic problem,'. ' and one of the Health Division's pressing 
tasks was to devise a method of determining whether a Pu burden had 
k e n  acquired. The first approach was analysis of Pu in urine,'-' and 
tracer data from rodents+ were used to relate Pu in urine to the body 
burden. If urinalysis was to be a reliable m y  for Pu, characterization of 
its beha\ior in man was essential. For this reason, 18 hospitalized persons 
were injected with tracer amounts of Pu in 1945 and 1946." 

The power-function curves of human Pu excretion constructed by 
Langham et al.", ?O used data from both the hospital patients and from 
several occupationally exposed persons, and protided a method of pre- 
dicting Pu body content based on urinalpis. Langham's method has been 
rcanal!zed many times."-25 There have been mathematical refinements, 
and analytical chemical and a-particle detection techniques have been im- 
proved,"' '' but the underlying assumptions are unchanged. 

It seemed appropriate that this anniversary volume include a re- 
a d n a t i o n  of the original data, gathered nearly 25 years ago, because 
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er as they are, they represent nearly all our human Pu experience. 

netabolism (as a result of their various illnesses) that could be used 
redict the behaior of Pu in healthy persons. 
A retrospective study has the advantage of being able to draw on 

cr knowledge. Long-term excretion data are now available from the 
:r-dose dogs in the Utah experiment.2s* '' The protein that binds Pu in 
tna has been identified as transferrin, the iron-transport 
kinetics of iron, the element normally carried by transferrin, have 

:n worked out in detail.":" Now, there is also some information on 
behavior of Pu in two other large animals, the and the 

F y of the behavior of Pu in each patient might reveal differences in 

1-3 

The rodent tracer studies and inhalation experiments (Hamilton et al.''' ' I )  

and attempts at Pu decontamination (Copp et  ai.") by the Berkeley group, 
and the tracer and toxicity and inhalation studies in several species by Cole's 
group in Chicago (Finkle et al.," Paintec et al.," Brues et al.," Bloom'* and 
.%brans et al.") are the foundation of our knowledge of the biological behavior 
of Pu. Photocopies of the unpublished Metallurgical Laboratory reports are 
available at cost from the Dixiision of Technical Information, P. 0. Box 62, 
Oak Ridge, Tennessee, 37830. 
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472 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA - 

i MATERIALS AND METHODS 
The following brief description of the original data sources is in- 

cluded to eliminate confusion about the Berkeley and Chicago czses for 
which fragmentav reports have appeared more than once. Summaria cf 
the histones of the published cases and histones of two previously unpub- 
lished cases arc also included in Appendix 1. 

Lunghum el ul." Cases HP:I through HP-12 are described, includ- 
ing medical histories, injection data, hematologic data, blood chemstn, 
and Pu analjses of blood, urine, feces, and tissue specimens. Pu andtsej 
of urine, feccs (fecal data from Cal-1 were not included), and tissue 
spechens are reported for Cal-1, Chi-I, Chi-2, and Chi-3. Pu urinal\ses 
am reported for three occupationally exposed persons. Pu radiochemlcnl 
methods are reported in detail elsewhere.'-6 

Russell and Nickson"* $ - *  4' -All the original data from Chi-I and 
Chi-2 are contained in Ref. 47, which includes case histories, injection 
data, hematolo*c examinations, and Pu anal>ses of urine, feces, and- 
&UC specimens. Ref. 48 contains the original data for Chi-3 and frag; 
mentar). data from the other t \vo  cases. (Additional idormation \vas 

obtained from E. R. Russell for Chi-3.) Pu radiochemical techniques caQ 
be found in Refs. 49-5 1. 

Crowley el at." M a t  of the information obtained from Cal-1 is 

included in this report, ~ h i c h  includes a brief medical histor), injection 
data, and Pu analy.es of urine, feces, blood, and biopsy specimens. Radio- 
chemical techniques are also included. --\dditiond information was 
obtained from raw data sheets, hapitid records, and death certificates. 

Foreman et aL.5J This report contain. all the information from a case 
of occupational Pu expasure I desiynated herein as L-ASL-1) .+ Included 
are Pu exposure histo? and Pu anal!ses of urine and autopsy specimens. 
Radiochemical techniques are described elsewhere.'b 

Data from the laboratow animals were obtained from published 

J. Stover and D. R. .-Itherton kindly supplied original data for Pu excre- 
tion of indhidual dogs. 

- 

cucves and tabks: dog,2s ' ' 7  3'46 Sheep,38. 38 s&neiO-i3 and m t . l O .  57, 5 3  B. 

I 

RESULTS 
Plutonium in soft tissues 

Organ and tisue weights were estimated from the recorded body 
~ 

Now designated as LASL-1-038 by the Los Alamos Scientific Laboratory. 
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.weight and the weight proportions of "Standard Man.y'ss~ T h e  analyti- 
cal rcsults and calculated weights of tissues and organs and their tot2 
calculated Pu contents are shown in Table I .  

The calculated Pu content of the soft tissues" of the six human 
beings is considerably greater than the 3% reported present in soft tissues 
of the beagle 22 days after intravenous injection." It was p i b l e  to cal- 
culate from the data of Smith et al.'* that the soft tissues of yearling minia- 
ture swine contained as much 3s 2.570 of the injected dose 6 days after 
intravenous injection of Pu( IV) citrate. 

The movement of Pu out of the soft tissues of the s h  human cases is 
shown in Figure 1. Extrapolation of the initial steep portion of the curve 
indicates that about 24% of the injected Pu was present in these tissues 
(and their contained blood and extracellular fluid) 24 hours after injec- 
tion. The equation of the exponential curve in Figure I is 

wherc t is days. The initial rate of Pu loss from the soft tissues of the 
highdose dogs studied by Painter et al." and from rats''- appears to be 
about the same as estimated for man. There is some indirect exidence from 
the Utah dogs that Pu continued to be deposited in liver and bone dur- 
ing +e first few days after injection. Thus, the amount of Pu initially in 

tissues of the dog (at least 20% can be accounted for in blood 
vas substantially more than the 3% measured at 22 days.'' Mast 

of tk.e Pu that leaves the soft tissues of either do3 or nian does not leave 
the d y ,  but is redistributed to the liver and skeleton. It appears that 

m y  
of the Pu originally in the soft tissues of the dog is sufficiently labile 

to ~articipate in this redistribution, but that nearly two-thirds of the Pu 
init ally found in the soft tissues of man is more firmly bound. 

Plu ionium in the skeleton 
The initial Pu content of the entire human skeleton was originally 

cdtulated by multiplying the mean Pu concentration of all the bone 
sarr.pIes by 10 kg, the estimated average bone mass of "Standard Man"," 
riel- a calculated total skeletal Pu of 65 70. 

Since 195 1, when the human Pu cases were reported, Pu has been 
meLsured in all the individual bones of the dog," and in several bones of 

* Unless otherwise specrfied. soft  tissue inciudes muscle, skin, connective, lymp- 
phatic, and nemous tissue, fat, glands, all organs except liver, blood and other 
m y  fluids except bladder urine, and gastrointestinal contents. Thus the whole 
body consists of liver, bone and soft tissue. 
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474 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA 

the rat,’’ rabbit,‘* and pig.“ The results are all the same: vertebrae, ribs, 
and sternum - the bones sampled. in the human cam - have higher 
initial Pu concentrations than the skeleton as a whole, which means that 
the total skeletal content of the human Pu cases was probably over- 
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I estimated. 

One method of estimating skeletal Pu uses the material balance, 

Pu.r= lcoy, - (Pu, + Pu,t + Put), (2 )  

f * 
3 

where Puar, PI, PuSt, and Pu, are the percent of injected dose in the 
skeleton, liver, soft tissues, and excreta, respectively. The maximum PuSc 
- that is, the amount of Pu left over after accounting for Put, Pus[, 
and Pu, of each indkidual human Pu case - appears in the bottom row 
of Table I.* 

The mean Pu,L- for all six cases, regardless of their health status, was 
55% - 10% l es  than was originally calculated. Some of the reasons 
for this change are that the following have now been accounted fori ( a )  
excretion between the end of collections and death; ( b )  Pu in all soft 
tissues whether sampled or not; and (c)  Pu remaining in the circulation 
of the two cases from whom tissue samples were obtained 4 to 5 da)s 
after injection. 

The livers of two cases were not normal. The liver of Chi-2 had been 
almost completel~ replaced by tumor. \Vhen HP-11 was injected, he was 
dying of hepatic failure (cirrhosk multing from chronic alcoholism and 
malnutrition). If odp the three cases with presumably normal livers are 
considered, the mean PUI is 31.2c0, and the mean P u , ~  is 4770 - nearly 
18% less than originally estimated.” 

Total skeletal Pu.r can also be estimated from (a)  the concentration 
in individual bones, (b)  the ponderal (weight) relationships between in- 
dividual bones and the whole skeleton, and (c)  the distributional relation- 
ships between a radionuclide in individual bones and in the entire skeleton I according to the equation 

BW X fsk X fbi X (Put) 
fn h m k  = Y ( 3 )  

where BW is the body weight in grams, fsk i5 the fraction of the body 
weight contributed by the skeleton, f b i  is the fraction of the skeletal 

Pu, was not measured for Cal-1, so the range of Pu.& shown for him uses a3 
limits the highest and lowest measured values of Put from three other cases 
that were considered to have approximately normal livers. 
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