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non-thrcsbold method of estimating risks from low doses of irradiation to 
large populations. Tbe conservative aspect of the method and the fact 
that it was not bascd on dobiological data a anphasiztd. 

Early in the hisCory of plutonium the need was recognizcd-for a 
method to determine possible ~ p o s u r t  of humans to pJutonium. Because 
of the nuclear pmpertia of *agPu, in vivo rncasurunm~ such as t h e  
llsed for m6Ra w ~ l t  not @k, and analysis of urine for *agPu was the 
most feasible method. This requid the determination of the datiomhip 
between the amount of ysPu m the body and the daily urinary excretion 
of the nuclide. This was accomplisficd by injecting ncar tulninal hospital 
patients with 9 u  and measuring blood, cxcma, and selected tissue 
sample obtained at autopsy. Dr. P. W. D d i n  in Chapter VI1.2 presents 
a mmpx&ensivc, analytical nview of these valuable data. The cases in- 
clude the 12 patients given Y?u(IV) citrate and studid by Dr. W. H. 
Laugham el al., and six patients given hexavalent plutonium. Tbrat of 
these were studied by Drs. E. R. Russell and J. J. Nickson, and tfirce by 
Dr. J. G. Hamilton and associates, of the latter thrte, two rtceived mainly 
-*Pu, and two have not been previously reported. Of special intast is 
the indusion in the bibliography of many of the early documents, originally 
c.ladicd, which pertain to the metabolism of plutonium. 

The important aspect of the n-analysis of these data is the careful 
consideration given to the effect of the paticut's disease on the metabolism 
of plutonium. In the case of savere hepatic damagq deposition in the 
liver was quite low and that in the skeleton was jncnpcd. Anemia and 
reduced digcstiVt system function a~ shown to affect urinary and f e d  

1 

accretion, rrspectivdy. 
Of the patients judged to have the most nearly normal Evm and 

skeletons, the carly main deposition of plutonium was mentidy the same 
as that in the beagle, in the skdeton and '/s in the liver, (see Chapter 
11.7). 

Another intmsting finding is that the power function derived from 
the reanalyzed urinary excretion data is quite similar to that originally 
pnrscnted by Dr. Langham, which has had extensive application in esti- 

~ . mating cxpcsuns to plutonium. 
Dr. Durbin has done a commendable job of organizing and analyzing - 

essentially aJl of data on metabolism of plutonium in man. The plans tcr 
augment thee data are presented in Chapter VIIS. 

I Dr. W. D. Norwood, the first administrator of the U.S. Transuranium 
Reegistry, writes about its progress and expectations. The registry is unique . - 
in that collection of data on expasures, medical examination and autopsy 

.. 
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The toxicological effects of plutonium were investigatd early at 
(:Iliago and the expectation of deleterious effects of plutonium on the 
skdeton was confirmed through the observation of 0st-m and 
p skeletal damage in mice.' The acute toxicity of plutonhn was next 
dctcrmined for dogs. They found that the effect was massive damage 
io the hematopoietic system? The effects of x-irradiation and of *'Oh 
wcre compand in five species to provide a basis for estimating the 30 day 
LD,o for man. This was estimated to be 31 pCi ***Pu/kg. The imporb 
;mce of these lethality studies in the ConteXt of this book lie in the fact 
that a few of the surviving dogs developed bone tumors several years 
later. Also of interest in view of current investigations of the 'tjiochanical 
~ssociations of plutonium (see Chapters 11.5 and IV.2) is that eledro- 
phoretic evidence of the binding of plutonium by proteins in the beta 
giobulin fraction of canine sua was obtained.' Further it was obsavad 
that in the terminal sera from the dogs given plutonium, thcrc was a 
decrease in albumin and increases in the cr3, a4, and /3 globulins plus 
fibrinogen components of the proteins. 

As the metabolic information on plutonium accumulated, it became 
cvident that the distribution pattern of the radionuclide was affected by 

tion, the the chemical form of plutonium, the mute of its admmstra 
species of anind expased and its age at exposure. The possible effect 

. .  

'. of the number of atoms was considered but not explored, e.g., would the 
shorter-lived 238Pu deposit in the same pattern as ='Pu when injecten 
on an equal activity basis? Two other aspects of the metabolism rec&cd 
early attention. The first was research to identify chemical agents which 
would remove plutonium from the body following acpasure.' This is 
an Utme ly  difficult problem since the biological aSSOdatioIlS of plu- 
tonium arc highly stable and difficult to rev= through introduction of 
;u1 exogenous substance (sec Chaptus 11.5, 111.2, IV.2, and M.1). 

the metabolism of plutonium in man and arpeximental antna]sLA total 
-of 16 patients whose lifecxpectancy was considered to be short wcrc given 
i@avenous injections of plutonium. rtsearch was initiated April 10, 
1945, when the lint of twelve terminal patients was injected, as a joint 
CITort 0: the Los Alamos Scientific Laboratory and the Atomic Energy 
Project of the University of Rochester School of Medicine and Dentist- 
n.?' Three patients were studied by the Chicago group and one by the 
ncrkeley g r ~ u p ~ ' * ~ *  (See Chapter V11.2). It was determined that in 
m n ,  as in experimental animah, the skeleton and the liver war the 

The second, and highly important, aspect was the cornparkan of ' 

boo 1 I 3 4  
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prinapal deposition sites for plutonium given intravenously as a u'Pu( TV) 
citrate complex. Both skeletal and hepatic retention decI.eased slowly in 
man, while plutonium in the d e n t  liver decrtased more rapidly. C d d  
analyses of urine and feces were done, excretion rate equations were fit 
to the data, and it was shown that less than 10% of the plutonium was 
excreted during the first five years after injection. The quation for the 

culation of an estimate of the amount of pluto~um in an exposed per- 
son.1o This quation assumed the status of a classic in the field of industrial 
hygiene." Of intust, also, is their observation that in a patient with 
Gushing's syndrome, the rate of deposition of plutonium in bone a p  

i 
rate of excretion of plutonium in the urine was transposed to permit cal- 

pmred to be slower. I 

FACTORS I N  T H E  EXPERIMENTAL DESIGN 
The maximum pumissible amount of plutonium in the human body 

was set tentatively at 0.04 pCi in 1950.- This d u e ,  0.04 pCi, and the 
avaiIable metabokc data, were to be used to establish maximum pumis- 
&le concentrations of plutonium in air and water (MPG and MPC., 
respectively). The social and economic importance of the MPC's is dear. 
Too high an MPC. would result in harm through inhalation of pluton- , 

ium to one or more p~sons; too low a limit would prtsent ventilation 
requirements b o n d  the range of technical and economic feasibility. 

The d t s  obtained by Austin M. Brues, M& P. Finkel and 
othm (at the Metallurgical Laboratory, which by then had become 
Argonne National Laboratory) on the dative toxicities of rrsRa and 
uoPu in mice, rats, and rabbits was one of two principal b&a for the 
0.04 pci value for plutonium. On the basis of several criteria of toxicity, 
their results showed plutonium to be about 15 times more toxic than 
radium in terms of pCi/kg injected. The second basis came fmm observa- 
tions on ptrsons who had suffered industrial or iatrogenic urposures to 
radium which were being made by Robley D. Evans and his group at 
. the Massachusttts Institute of Technology and by Brues, R. J. Hasterlik, 
and others at A I ~ o I U I ~ . ~ ~ ~  Frpm this 0.1 pCi '"Ra in the human body 

In using these two numbers, 15 for the relative toxicities of plu- 
tonium and radium and 0.1 pCi =%a as a "safe" amount, two other 
factors were needed. Metabolic studies had shown that the retention of . 
radium and plutonium differed markedly, as it should be since they differ 

had been established as a non-toxic amoiint (See Chapter VII.1) -c 

-c I .c-- 
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Pain'& W. Durbin * 

ABSTRACT: I n  order to determine the relationships between urinary PU 
excretion and body Pu content, 18 persons (15 over the age of 45) were 
injected in 1945 and 1946 with tracer doses of '"Pu. The original data 
have been critically reviewed and re-analyxed. 

A few days after injection, human soft tissues (other than blood 
and liver) contained as much as 20% of the Pu dose. Five to 15 months 
after injection the average liver Pu content was 31% of the dose for three 
cases with presumably normal liver function. Four to 457 days after. in- 
jection mean total skeletal Pu was 4970 for the seven cases judged to have 
most nearly normal livers and skeletons. 

Pu is transported in blood combined with transferrin, the iron-trans- 
port protein, and is stored in the liver in association with stored iron. After 
being bound to transfem'n, Pu partially traces the behavior of the cawier 
protein. The early phases of Pu transport which are apparently associated 
with extra-cellular fluid mixing, were prolonged in individuals with im- 
paired circulation. 

Maximum urinary Pu excretion occurred before the bulk of Pu was 
protein-bound. Minimum urinary excretion coincided with the time of 
maximum Pu-transferrin binding. These observations were taken to mean 
that some Pu is filtered by the kidney in the form of a low-molecular- 

Division of Biology and Medicine, Lawrence Berkeley Lzbomtory, University 
of California, Berkeley, California 94720 
Work sponsored by the U. S. Atomic Energy Commirs ion. 
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weight chelute. Urinary Pu excretion was reduced by one-half in thosr 
persons who were anemic, presumably because of their more eficient pic- 
transferrin binding. 

Fscal excretion of Pu apparently represents secretion in bile an11 
.other- digestiue .juices. Fecal excretion-awr reduced by one-hdf or morc 
k those persons whose gastrointestinal tracts were judged not to bc 
d y  stimulated. 

Semilogarithmic curves of Pu disappearance from plasma and of 
daily Pu excretion were prepared for each individual. ggNormal" human 
Pu plasma and excretion equations ( s u m  of exponentials) were con- 
stnuted from the mean half-times and intercepts for the individual cases. 
AD cases were included in the mean half-times - rates were apparently 
not agected by the individual? 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 exponentid equations were somewhat greater than predicted from 
the power functions of Langham et al., chiqfy because only data from 
normally functioning excretory system were included in the coefficients. 
but also because the fecal excretion assumed in the exponential model is 
higher than in other models. 

Turnover of Pu in bone and soft tissues, storage of Pu in liver of thc 
dog and pig, and storage of iron in man were reviewed: At tracer levels 
net loss of Pu from soft tissues and bone exceeds whole-body Pu loss, in- 
dicating continuous accumulation of Pu in the liver. Average soft - 1' usue 
release half-time was estimated to be not less than 480 dap, and bone 
surface turnover for the whole adult human skeleton was estimated to be 
about 5% per year. For an individual on a diet adequate in iron and with 
n d  iron stores, this model predicts that bone and liver will contain 
equal amounts of Pu 15 years after exposure. 

INTRODUCTION 
PlutOnium was recognized as potentially dangerous even when thc 

total amount of Pu in existence was only a few milligrams.' If the Met& - 

lurgical Laboratory efforts were succdul,  enormous amounts of plu, 
tonium-hundreds of times the world supply of dum-would  lx 
produced. The urgent need for biological studies of Pu was appreciatcd. 
and these were begun as soon as Pu could be spared from essential . - 
chemical investigations. On November 4, 1943, A. H. Compton' an- 
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nounced to the Metallurgical 
ton pile had "taken of€." By 

L 471 

Laboratory Project Council that the Qin- 
January 19,1944,03 g of Pu had been 

separated: and thret w& la&, on Februsuy 8,1944, Hamilton's p u p  
at Berkeley received 1 1 mg to begin tracer studies in rats.' 

Pu contamhation of Metallurgical Labomtory instauations and ptr- 
sonnel was a chronic problem:* a and one of the Hdth Division's pIssing 
tasks was to devise a-method of dctcrminhg whether a Pu burden had,..- 
been acquired. The first approach was analysis ab F'u in u r i n ~ , ' ~  and 
tracer data from rodents* wtre used to d a t e  Pu m urine to the body 
burden. If urinalysis was to be a rciiable assay for Pu, &m&nzah * 'onof 
its behavior in man was essential. For this reason, 18 hospitalized pe~sons 
were injected with tracer amounts of Pu in 1945 and 

The power-function curves of human Pu accretion constructed by 
Langham et al."* used data from both the hospital patients and from 
several occupationally exposed pusons, and provided a method of pn- 
dicting Pu body content bascd on Urinaysis. Langham's method has been 
reanalyzed many Them have bem mathematical refinements, 
and analytical chemical and a-particle detection techniques have been im- 
pmcd,'*~ *' but the unddying assumptions are unchanged 

It seemed appropriate that this annivcma~~ volume include a re- 
examination of the original data, g a t h d  nearly 25 years ago, because 
meager as t h y  are, they represent nearly all our human Pu cxpuiencc 
Study of the behavior of Pu in tach patient might meal dih tnces  in 
Pu metabolism (as a mult of their various illn-) that could be used 
to predict the behavior of Pu in healthy pusons 

A retrospective study has the advantage of bdng able to draw on 
newer knowledge. Long-term uccl.ction data arc now available from the 
lowerdose dogs in the Utah qcpcrimcnt.zE* 59 The protein that binds Pu in 
plasma has been idenGfied as transfurin, the iron-transpOrt 
The kinetics of iron, the element normally carxicd by transferrin, have 
beten worked out in detail.-' Now, there is also some information on 
the behavior of Pu in two other large animals, the shqan~'s  and the 
pig.'" 

La 

*The d e n t  tnrcer studies and inhalation ucperimcnts (Hamilton et d**) 
and attempts at Pu decontamination (Copp et d.") by the Bakeley group, 
and the tracer and toxicity and inhalation studies in sevcrd species by Cok's 
group in Chicago (Finkle et al.P Painter et d," BN- et id.," Bloom" and 
Abrarns et d.") am the foundation of our knowledp of the biological behavior 
of h. Photocopies of the unpublished Metallurgid Laboratory reports 
available at cost from the Division of Tdmicol Information, P. 0. Box 62, 
Oak Ridge, Tennessee, 37830. 
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MATERIALS AND METHODS 
The fdlowing brief description of the original data sources is in- 

duded to eliminate confusion about the Berkeley and Chicago cases for 
which fragmentary reports have appeared more than once. Summaries of 
the hissorics of the published casts and histories of two previously unpub- 

I lishedcascsanalsoincludedinAppendix1. 
I 

1 Imnghum et ut." Cases HP-1 through HP-12 an described, includ- 
ing medical histories, injection data, hematologic data, b l d  chemistry, 
and Pu analyses of blood, urine, feces, and tissue specimens. Pu analyses 
of Urine, face (fecal data from Cal-1 werc not included), and h u e  
specimens arc reported for Cal-1, Chi-1, Chi-2, and Chi-3. Pu urinalyxs 
art rtportcd for t h m  occupationally atposed pvsom. Pu radiochemical 
methods arc reported in detail elsewhere.- 

Rwseff und Nickson",d~da AlI the original data from Chi-1 and 
Chi-2 are contained in Ref. 47, which includes case histones, injection 
data, hematologic examinations, and Pu analyses of urine, feces, and 
tissue specimens. Ref. 48 contains the original data for Chi-3 and frag- 
mentary data from the other two cases. (Additional information was 
obtained from E. R. RusselIfor Chi-3.) Pu radiochemical techniques can 
be found in Refs, 49-5 1. 

Crowley et d." M a t  of the infoxmation obtained from Cal-1 is 
included in this report, which indudes a brief medical history, injection 
data, and Pu analyses of urine, feces, blood, and biopsy specimens. Radio- 
chemical techniques are also included. Additional infomation was 
obtained from raw data sheets, hospital mods, and death certificates. 

Foreman et d." This report contains all the information from a case 
of occupational Pu exposure (designated hemin as LASE1 ) .* Included 
are Pu expure history and Pu analyses of urine and autopsy specimens. 
Radiochemical techniques are described elsewhere." 

Data from the laboratory animals were obtained from published 

J. Stover and D. R. Athcrton kindly supplied original data for Pu excre- 

4 
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curves and tables: dog:'* zal -* ,hetp,W. So swine4Ma and rat"h 67. 58 B. 

' tion of individual dogs. 

' RESULTS 
Plutonium in soft tissues .c 

Organ and h u e  weights were estimated from the morded body 

Now designated as LASL-1-038 by the Los Alamos Scientific Laboratory. - _  

. 
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weight and the wtight proportions of "Standard Man"'" The dfi- 
cal results and calculated weights of tissues and organs and their total 
calculated Pu contents are shown in Tabk I .  

The calculated Pu content of the soft tissues+ .of thc-six human 
beings is considerably greater than the 3% reported present in soft tissues 
of the beagle 22 days after intravenous injection.x8 It was e b l e  to cal- 
culafz from the data of Smith et d.'* that the soft tissues of yearling e a - .  
ture swine contained as much as 25% of the injedad dose 6 days after 
intravenous injection of Pu ( IV) citrate. 

The movement of Pu out of the soft tissues of the six hum- cases is 
shown in Figure 1. Extrapolation of the initial step portion of the curve 
indicates that about 2470 of the injected Pu was prestnt in these tissues 
(and their contained blood and extracellular fluid) 24 hours after in+- 
tion. The equation of the exponential curve in Figure I is 

. 

Soft-tissue Pu = 870e4-w' + 1 6 ~ 0 ~ ~ ~ ~ " ' ,  (1) 
where t is days. The initial rate of Pu loss from the soft tissues of the 
highdose dogs studied by Painter et aL1' and from  rat^'^^ I' apptars to be 
about the same as estimated for man. There is some indirtct evidence from 
the Utah dogs mat Pu continued to be deposited in liver and bone dur- 
ing the first few days after injection. Thus, the amount of Pu initially in 
the soft tissues of the dog (at least 20% can be accounted for in blood 
alone) was substantially more than the 3% m d  at 22 days.*' Most 
of the Pu that leaves the soft tissues of ather dog or man does not leave 
the body, but is distributed to the liver and skeleton. It appcars that 
most of the Pu originally in the soft tissues of the dog is sufficiently labile 
to participate in this redistribution, but that nearly twdGrds  of the Pu 
initially found in the soft tissues of man is more f i d y  bound. 

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

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

Since 1951, when the human Pu cases were reported+ Pu has becn 
measured in all the individual bones of the dogYW and in several bones of 

Unless otherwise specified, soft tissue includes muscle, skin, connective, l p p  
phatic, and nervous tissue, fat, glands, all organs except liver, blood and other 
body fluids except bladder urine, and gastmintestinal contents. Thus the whole 
body consists of liver, bone and soft tissue 
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the rat," rabbit,- and pig." The results are all the same: vutebrae, ribs, 
and sternum - the bones sampled in the human cases - have higher 
initial Pu concentrations than the skdcton as a whole, which means that 
the total skeletal content of the human Pu cases was probably over- 

one method of oatnating skeletal Pu uses €he material balance, 

Pu4k=loO%- ( h l +  Pu.t + h), (2) 

whae h k ,  PI, ht, and h. are the pvctnt of injected dost in the 

- that is, the amount of Pu left over after accounting for PUI, Punt, 
and Pu. of each individual human Pu case-apptarsin the bottom mw 
ob Table I.* 

Themcan P u  for ds ix  cases, regardless of their h d t h  status, was 

for this change are that the following have now been accounted for: (a) 
e x d o n  between the end of collections and death; (b) Pu in all soft 
tissues whether sampled or not; and (c) Pu d n i n g  in the circulation 
of the two cascs from whom tissue samples w m  obtained 4 to 5 days 
after injection. 

The Iivas of two cases were not n o d .  The liver of Chi-2 had been 
ah- completely replaced by tumor. When HP-11 was injected, he was 
dying of hepatic failurc (cirrhosis nsUting from chronic alcoholism and 
malnutition). If only the thrte cases with pmumably normal livers are 

slddon, liver, d t  tissuS, and excreta, mpCCti~dy. The h a k  

5596-1075 less than was originauy dculattd. some of the reasons 

considered, the m a n  h i  k 31.2%, and the mean h a k  is 47% - n d y  
18% les~ thm originally Cstimatd." 

Total skeletal PUak can also be estimated from (a) the concentration 
in individual bones, (b) the ponderal (weight) relationship between in- 
dividual bones and the whole skeleton, and (c) the distributional dation- 
ship between a radionuclide in individual bones and in the entire skeleton 
according to the equation 

BW X fsk X fbt X (Put) 
f n  P & k =  > (3) 

what BW is the body weight in grams, fsk is the fraction of the body 
weight contributed by the skeleton, fb, is the fraction of the skdetd 

* - _  

Pul was not measured for Cal-1, so the range of Pu.r shown for him UKS as 
limits the highest and lowest measured values of Pul from three other c a s  
that were considered to have approximately normal livers. 

. 
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I I -  I I I ... 1 

. I  . '  . 

Cat -1 

Human Pu cases, 

- 

Beagle dogs 
T,,2= 900 days 

.4.0 1 I I I 
0 too 200 300 400 

Days after  inject ion 

I 
500 600 

.C I 

Fig. I .  h loss from soft tissue (other than liver) after intravenous injectiorl 
of Pu(1V) citrate or F'u(V1) citrate. Rat data are from Scott et al.'" and 

injected with Pu(N08), were those of Rysina and Erokhin5'; beagles \vcw 
those of Stover et aLZs 

- 

Carritt et d5'; toxicity dogs were those of Painter et a1.l'; mongrel dogs . -  
I 

I 



P. W. DURBIN 479 

weight contributed by the individual bone i (or a group of similar bones), 
(Pur ) is the measured Pu concentration (%/g) in bone i, and fri is the 
fraction of the skeletal radionuclide con~buted  by bone i 

Bone specimens were obtained from nine cases. The analytical results 
are shown in Table ZI. The bone samplcs of the two Chicago cascs and 
the three California cases had betn subdivided into sevtral parts, eg., 
periosteum, m w ,  spicula, cortex, etc. In order to make use‘& 
published whole-bone weights and intraskeletal radionuclide distri%utiom, 
it was neceSsiLIy to rtconstn~ct whole-bone samples from the nported 
P m W  

The literature contains records of 29 complete dissections of frcsh 
skeletons from weighed cadavers.61* The best ePtimats of fsk for the 
human slitleton are 14.6 f 3%* and 11.9 -C 1.7% of the body weight 
for the adult male and female, nspectively. The weights of the individual 
skeletons of the Pu cascs were calculated and appear at the bottom of  
Table Z. Marei and Borisovil dissected seven male and six fanale cadavm 
of pusons who died in 1967. Groups of bones were weighed on modern 
equipment, and drying was avoided. Their dissecGons included only 
‘‘careful preliminary ranoval of soft tissue”, about what might be’-- 
pected in the case of autopsy samples. The fbg’s derived from these data“ 
were multiplied by the calculated weights of the skclctons of the Pu cases 
to obtain CStimates of the wet weight of each sampled bone or p u p  of 
bones. 

Fractional distribution of Pu in the human skeleton introduces the 
greatest uncertainty into the ponderal calculation, because it has not bctn 
evaluated. Distribution of Pu in all the individual bones has been mea+ 
urd only in the The use of the dog data to describe E1 Ai&- 
biition in the human skeletou ha9 -iqlin 4sadvantagm Q@mtxs in 
bone weight distribution, and presumably also the functional difTmmccs 
resulting from d i f f m t  patterns of weight bearing, are likely to be dected 
in the radionuclide distributions in the skeletons of man and dog. The 
skeletal distribution of -‘Am has been determined in the dog? and the 
results compare reasonably wcll with those for ‘’@Pu in the same species 
and with “‘Am in the monkey (P. W. Durbin, M. H. Williams, and N. 
Jeung, unpublished). At least one alkaline earth dement has also bam- 
studied in each of these animals; T 2 a  in the dog skeleton:’ and 5 r  

I -4 0 0 -I t 4 b 
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f Tubk 11. Summary of Pu concentration in human bone samples (Pu,) 

and calculation of total Pu in the saxnpld bones and total skeleton based 
on intraskelctal distribution of Ra and Sr in man, Am in monkey and Pu 
in dog.' i 

% of Pu in total i 

skeleton, based on0 
(Pu') 96 of Pu Ra, Sr A m  Pu Material I 

Case Bone sampled % f g  

HP-5 Vatebra 0.0071 
Rib (whole) 0.0070 
Sternum 0.0050 

Mtan 
HP-9 vutebxa O.Oo80 

Rib (whole) 0.0038 
MCan 

HP-11 Vtrtcbra 0.0070 
Rib (whole) 0.0068 
Stanurn 0.0096 

Mtan 

HP12 Radiusmd 0.0187 
PatdlaC 0.0 109 

MCan 

chi-1 Rib. 0.0079 
Stanurn 0.0047 

MCan 

i chi-2 Rib' 0.0200 

cal-1 Rii. 0.008 1 1 Cal-2 F m u f  0.0436 

Cal-3 F ~ I M  0.003 1 I 
I (cortex). 

' 1  

d 

! 

2 

a set tart Md Refs. 72-77. i ' Omitted from average. 

, 
i 

(caic.) man monky dog balance 

13.6 56 47 38 
4.47 36 76 38 
0.72 40 48 40 - - -  

57 38 42 

13.6 56 47 39 
- 2.16 17b 37 18b - - 56 42 39 52 

13.4 55 46 38 
4.34 35 74 37 
1.38 77 92 77 

56 71 51 
- 

2.36' 103 
162 0.78' 

. 132 
- 

5.44 44 92 46 
0.73 40 49 40 

L 

65 

- -  L 42 70 43 49 

8.84 71 150 76 81 

4.73 38 80 40 

12.5 >100 

6.09 57 

! 

i 
I 
t 
i 

! 

I 
i 

i 

I 
t 

I 

I 

t 

I 

.C 

Ends of radii and & of adult hem monkeys contribute 33% of the whole- 
bone wet weight 

'Meosument  of patellae separate from leg bones was made only for Sr in the 
monkey and represented 0.48% of the skeletal burden. 
ResJts published for subdivided samples. Whole bone reconstructed, see Ref. 64. 

_ _  
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calculate the distributions of 220Ra and 'OSr in the human skel~ton.'~" 
(Details are published elsewhere.") The estimates of the skeletal distribu- 
tions of '*%a and 5 r  in man agrud well. They as0 agreed generally 
('despite some specific species difkences) with the distributions of *=Ra 
and %r in the animals and qualitatively with the distributions ob the 
actinide dements in the animals. The existence of a common intraskeld 

prising, because the initial site of deposition of all the bone- ele- 
ments is on surfaces and initial depaSition is da ted  to vascuhization and 
blood flow." 

Tuble IZ contains the solution of Equation (3) for each bone sped- 
men, based on fri taken from alkaline earths in man, "'Am in the monkey, 
or *soPu in the dog.* The P w  of mch human case calculated from Equa- 
tion (3) is compared in Table II  with the result obtained from the 
material balance The best agroanent between the two methods of cal- 
culating Pud was achieved when f n  was based on the alkaline earth 
distribution in man. 

The calculated P u  was greater than 100% for HP-12, an im- 
possibility. The bone specimens from that case were fragmena r u n d  
during surgical repair of comminuted fractum. Surgery occucrrd 21 days 
after the bones were fractured and 5 days after the Pu injection. Callus 
formation and resorption of damaged bone were probably well under way 
when the Pu was injected. Van Middlesworth'' showed that Pu uptake 
in a healing fracture was about four times as great as in the contralatcral 
normal bone when partial healing had been pcnnittcd to occur before Pu 
injection. 

E 
xr , I  
4 

- 

distribution pattern among seemingly dissimilar dements is not too surt I 

The small piece of femoral metaphysis from Cal-2 (designated as 
cortex) was evidently not normal. Even assuming uniform skeletal Pu 
deposition during rapid growth, the PUmk calculated from this sample ah0 
exceeded 100%. Although not stated, the biopsy specimen may have becn 
taken from the distal femoral metaphysis, the site of a pathological frac- 
ture three months earlier. 

If these two cases are excluded, the mean skeletal Pu of the d g  
six is 49 -+- 8.3%. 
Plutonium in blood after intravenous injeciion 

Serial blood samples were drawn at irregular intervals from 11 of 

The sources of ermr in total skeletal isotope calculated from Eq. (3) have been 
- 

examinea lor an lam we.-' 

I I 

. 0 - 0 3 1  1 4 8  -c 
i 
1 c- 
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the Ri-i+@@ L&.&&2' The first sample was taken 4 hours after 
m j d w  in all but o m  case, Chi-l-- The longst post-injection time at 
which a reliable blood sample was obtained was 46 days. A d o g -  
arithmic curve of Pu in the blood was prepared for each of the ten 
individuals from whom more than thru blood sampls wcre taken. Details 
of the construction of the blood curves appear dscwhcre.w 

Individual Pu blood curves ~ I E  shown in Figure 2 along with the 
curves for dog and sheep.* Case HP-2 was typical of the curve of mast 
of the cases. Casc HP4 was the mast unusual - rapid components tvem 
missing, and Pu nmained in the blood for a much longer timc. The blood 

4 

. 

c ~ m  of HP-7 is shown to danonstrate the leveling trcnd aft= the fifteenth 
&Y- 

In spite of the variety of thdr illnesses, the blood curves of thee in- 
dividuals revtaled a common pattern As it m o w  out of the circuiation, 
Pu is evidently tradng fundamental pmcesses that are little disturbed by 
the pathological conditions. That was an equally rcmarkable 

time of the components designed P,, Ps, and P4 (see Table 111) were not 
n o d y  distributed about their means, and it was necessary to seek some 
aspect of the chemical status of Pu or the physiological status of the 
patients (or both) that would account for these variations. 

Pu( IV) has been shown to combine with proteins in the plasma of 
the -So. 81 and man " - in particular the iron-transport 
protein, transferrin. The properties of transferrin and its metabolism, 
and the transport of iron and its dease into developing red cells &we 
becn rccmtly reviewed by Katz." Plasma clearance of prwquilibrated 
' ' F ~ c r r i n  has an average half-time of 96 " Once bound 
to transfurin, Pu(IV) appears to be rdeased much more slowly than 
iron, and the mechanism of release remains to be elucidated. However, 
because such a large fraction of Pu( IV) introduced into the circulation 
in monomeric form is quickly bound to transferrin - 85% in 1 hour in 
the kt *' and 96% by the seventh hour in the d e  - the working hypo- 
thesis was adopted that Pu bound to transferrin traces, at least in part, the 

similarity among the d8-t species. The individual intercepts and half- 

metabohm ' of the carrier protein. .c 

The Pu blood curve for the dog w constructed for the data given in Figures 1 
and 2 of Stover et da Percent Pu per rnl plasma was converted to % Pu 

data were obtained from Table Z in Stover et aLa Data for the sheep were read 
from Figure 3 of McClellan et al." 

in total blood volume by using the blood volume for the kag1e.- Long-term . -  

i 
i 



.. 
P. W. DURBIN 483 

' O O L  I 

- 
I I I I I 

al 
u) 
0 
U 
0 
Q, 
c 

- 
0 

o\" 
Y 

0 
0 
0 - n 
e l  b, 

- - - - HP - ( Cushing's syndrome with - - osteoporosis 1 - 
- 
- 

( Heart disease 
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Days after injection 

A 

Y . .  

0 5 I W  15 20 25 30 35 
Days after i n j  

Fig. 2. Disappearance of PU from the blood of man, dog, and sheep. Dog 
data are from Stover et al.**, all dose levels combined; sheep data are from 
McClellan et aL"1 Is 
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Tht htww a d  the hdf-timt~ Of the uaanalyzed individud PU 
blood anves are shown in Table 111. &,the mbsquent discusions of data 
pnscntad as semilogarithmic p&,%e  slope^ of the segments of the a- 
perimenEa cwvs wc p m t d  in turns of && h a - h a :  h a - t h e  = 
0.693/& whert A is in Units d time-'. Hdf-hts of =W CUIV~S de- 
S;gnatea as S, and ha- t ims  of the exponential equations of these curves 
arc designated as T. Intercepts of raw curves are designated as A, and the 
codliciatts of the exponential equations as Q. 

It can be i n f d  from the rapidity with which Pu initially lcavcs 
thc circnlation without appearing in significant amounts in the uccreta or 
the major organs of deposition," that some of the Pu not promptly bound 
to probdn moves into the extracellular fluid. Half the body transferrin 
and the iron bound to it are e~travascular.~ The slow return of Pu to the 
circulatioo and its nearly complete protein binding after the fht hour 
stmngly suggest that some of the Pu that escapes into the wtracellular 
fluid returns in bound fom The rates of movement of (a) unbound Pu 
out of the circulation and into the ottraceuular fluid, (b) Pu =turning 
to the cixculation bound to transfenin, and ( c )  Pu-ttansfuTin into extra- 
cellular fluida8 and e x c . ~ ~ t a ~ ~ ~  = should all be influenced by the efficiency 
of the circulation. 

Four persons were suf€erin~ from various heart and (or) cirrrrlatnnr 
e ailments. all of which art associated with increased tissue fluid retention 

and dcrrrased venous return. HP-3 was edematous, and her rate of 
tissue ffuid movement was probably deprrssed. The parameters of the 
blood Pu cwes of these five casts were compared with those of the re- 
maining five cases, whose cardiovascular systems were apparently norma! 
for their ages. The blood volumes of those patients with circulator). im- 
pairments lost Pu more slowly;* the half times of P, [PS, (normal] = 
12.9 ,C 3.6 hour, and PS2 (impaired) = 19.1 2 2.5 hour] were signifi- 
cantly ditlcrent (P = O.Ol>.'s Component Pa was slower in the persons 
with poor circulation, but the difference was not significant. No effect of 
circulatory impairment on component I?, was detected, suggesting that 
this and later components art only minimally influenced by circulatory 
status. Intercepts PA*, PA,, and PA, were higher when the circulation 
was not normal, but the scatter was so great that these differences were 
not signifkan~ 

AlaLough they could not be examined. the earliest components (combined here 
Y Pa) were probably also slowed by circulatory impairment. 
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A fivecomponent exponential Pu Mood curve was constructed by 
use of the mean intercepts and half-times of those individuals who wcrc 
judged to be free d debilitating heart or vascular disease. Each mean 
compontnt was plotted as a strsight-line segment, and the equation of the 
cOmpOsite curve was obtained by standard graphic methods. The pan- 
metus of the equations of the human blood c u m  a n  given in Table IC' 
with those of the Pu plasma or blood curvol of several other species. 

Components PI, PS and P8 were affectad by hpahmcnt of the cir- 
culation. Component PI (not well defined for man, half-tiIncs mging 
from a few minutes to about 1 hour) sctms to be associated with circdi- 
tory mixing, mOvemQDt of unbound Pu into extracellular fluid, and uptalc 
of Pu in bone and liver. Component Pa (half-time 7 to 8 h o w )  seems 
to be dated to the accumulation of Pu by bonc Iron metabolism sug- 
gepts the rneFhsniPm leading to components PI and P4. Component P3 
(half-timelto2daysandmtobsclvedintherat) mayberelatedto 
the return of Pu-traaderrin to the circulation from extracellular fluid. 
The last short-tcxm cmnponent, P4 (half-time 5 to 6 days) may be relatcd 
to the destruction of the prottin portion of the Pu-transferrin complcs, 
or to a slower component of feedback from soft tissue. 

The m a w  balance of Pu in swine suggests loss of Pu from bonc 
as an important s o m  of plasma Pu after the first few days p s t  injcc- 
tion. A long-term component, PI, was found for the dog and pig (half- 
time about 230 days), and is probably related to feedback of Pu from 
short-livd bony structures and soft times. Only the dog has been obxmcd 
for a long enough timc to pennit identification of a very slow component 
(half-time about 5500 days), which may be related to release of Pu froy 
the fiver as wd as from slowly metabolizing portions of the skeleton. . 
R d  excretion of plutonium 

The daily urinary accretion of each Pu-injectcd individual was &cn 
through the end of dcctions or through 138 days after Pu injection in 
Table VZ of Langham et al." Additional excretion data for Chi-1, Cli-3. 
and Cal-1 through 155, 163, and 341 days, respectivtly, wen available in 
the original refercnca4" 48r* s2 Them is a great deal of scatter in the ,ill- 

&vidual data; it could be caused by incomplete collection, analytic;J 
m m ,  or fluctuations in the physical condition of the patients." The In.>[ 
straight-line segments werc drawn on semilogarithmic plots of d;JI! 
urinary excretion, and the resulting curves (shown in Appendix 2 )  WK 

, 

analyzed graphically. 
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It is appmpriate at this point to summakc what is known or can be 
in fd -aboutAc-~-acI . t t ion  ..- -_ of _ _  iron. Under n o d  physiologidal 
conditions on~y a tiny fraction of pla~ma iron exists in f6As other than 
bound to transferrin. Urinary excretion of iron is only 0.1 mg to 0.2 mg 
daily equivalent to a urinary clcaxance of about 3% of plasma iron.M 
The n o d  mcchankm of urinary iron accretion probably include 
(a) filtration of low-mdccdar-wught chelates, (b) exfoliation of kidney, 
bladder, or urethra cells all of which contain small amounts of iron, 
and (c) leakage of transfenin-bound iron through the g l o m d u s  or 
tubules. Another passibie source of urinary iron may arise during trans- 
fcnin tz&bobn * in the kidne).. The ability of the kidney to Mcrctc un- 
bound h n  can be i n f d  from the obsavation that 1% to 2% of in- 
jected ' * F e - a s c o ~  could be found in the earliest urine  sample^.^ 

The amount of Pu excreted in the urine at any time should depend 
at least in part upon the extent of Pu-transferrin binding (or biding to 
other proteins) and the filterability of low-molecular-weight Pu chelates. 
The ram of production and destruction of transferrin, hence, the amount 
of transferrin c i t c u l a w  and the latent binding capacity (biding sites 
not already occupied by iron) art related to hanatopoicsis and dietary 
iron intakcM Both the amount and latent binding capacity of transferrin 
mlncreased following acute hemorrhage and in iron-dcficient anemia, 
and both arc reduced in hemolytic anemias, acute hepatitis, and heme 
chromat&." The extent of Pu-transferrin b idq and *e rate of its 
rdcasc ais0 appear to be related to and aEected by the status of hema- 

Some individuals consistently e x d  mort Pu than othm. In order 
to discovtr whether urinary Pu excretion could be related to phjSiological 
status, urinary Pu was summed for the earliest and latest 6-day intervals 
in which excreta were collected from all the patients. Medical histories 
werc examined for information on renal function, hepatic protein synthetic 
capacity, and hematologic status. 

., The influence of anemia associated with an elevated latent iron 
binding capacity (reduced transfenin saturation) on urinary Pu ex- 
cretion was dear. During the first 6 days post-injection the four anemic 
Pu(IV)-injected patients excreted significantly less Pu in their urinc 
(0.60% -C 0.15%) than did those whose hemogram were prtsumabl!. 
normal (1.05 -C 0.25%.) Lower initial Pu excretion is what would be 
expectad on the basis of the increased binding capacity of transferrin as- 
sociated with most anemias."' During the interval of 19 to 24 days, thc 
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last 6 days for which excreta w e n  collected from all the Pu( IV)-in$cted 
patimts, the urinary Pu of the anemic patients (0.13% f 0.06%) was 
slightly more than that of the hematologically normal patients (0.1 1 % & 

The urine curves of the four pusons studied longest and the best 
curves that could be drawn for the dog and the pig are shown in Figure 3. 
The majority of the individual Pu urine curves contained two to four'- 
distinct segments, depending upon how long excreta wert collected. 

The means -C standad deviation of the raw intercepts and half-time 
wen calculated (set Table V )  for the ten Pu(lV~-iuiected uusons, six 
judmd to have normal kidnm and hrmatowihc functicp. a,pd four 
iudged to be anqic .  The intaepts of the first two componals, UA, 
and bAt, of the Pu Urine cun'es of the pmumably n o d  persons were 
almost twice as large as UAI and UA, determined for the anunic cases 
UAt of the n o d  p u p  was substantially lower than UAB of the ananic 
group. The half-time of these three components of the Pu urine m e  
were not a f f e c t e d  by anemia or kidney disease. Although the amounts of 
Pu cxcrctcd in the urine were altered as a result of the various physiologi- 
cal proccssts associated with anemia, their rates were a p p m t l y  un- 
affected, 

The a\rerage intercept., UA1, of the Pu(VI)-injecttd cascs was 
greater, and the half-time, US,, was less than the values of these para- 
meters determined for either the normal or anemic P u ( I V ) - i n j d  
group. The p t e r  early UI+EUY excretion of Pu(VI) citrate suggcsts 
that Pu in this form is more readily filtered by the kidney than is Pu( IV) 
citrate. The more rapid decay of the initial urinary component is in 
accord with Bruenger's suggstion'" that Pu(V1) protein binding is mort 
stable than that of Pu ( IV) . The average intercepts and half-times of Us, 
US, and Ud of the Pu(V1)-injected pe~sons were ather the same as, or 
not very different from, the values of thse parameters determined for 
the group of Pu(lV)-injected cases with n o d  kidneys and normal 
hwnatopoicsis. 

For radiological protection purposes the need is charactexidon of 
a Pu urine curve representative of an adult human being in reasonably 
good health. Therefore, in this analysis data were excluded from thaw 
persons judged to have obviously abnormal kidney function or abnormal 
plasma Pu binding (the anemic pusons). A five-component exponential 
cune was constructed; the raw intercepts and half-times are shown in 
Table JT, and the parameters of its equation appear in Table VI. 

0.03 % ) , though not significantly so. --- - --- - - -  
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100 200 300 400 500 600 700 0 
Days after injection 4 

..- Fig. 3. Daily urinaxy Pu excretion by several Pu-injected persons, dogs and 
miniature swine. Swine data are from Clarke et al.'O; dog data are from B. J. 
Stover and D. R Atherton (original data) 0.1 pCi/kg p u p s  only. 
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The half-times of the early components of the Pu urine curve wen 
not noticeably afftcttd by the physical disabiities of the individual 
patients, and the half-times of all the Pu (IV) urine curves wcx included 
in the calculated averages for, each component Pu(IV) is deemed most 
likely to be the chemical form of Pu encountered in an occupational cx- 
pure ,  and for this reason the P u ( V I ) - i n j d  cases were omitted from , 

the calculated mean of USI. The half-times of the later components 
of the urine curves of the Pu (VI) -injected individuals were not different 
from those determined for the persons given Pu(IV); therefore, all half- 
time determinations have betnfncluded in calculation of US*, and US. 
Only Chi-3 and Cal-1, who were both injected with Pu( VI), provide any 
estimate of US,, but neither was followed long enough to define it closdy. 

The only human Pu urine measurements at post-injection inttIvals 
sufficiently long to permit estimation of the slope of the next componcn~ 
USS, arc two samples obtained from HP-6,525 and 1610 days post injec- 
tion. The line joining these two points has a half-time of 1250 days, only 
one-third the value of USS in the Pu urine curve of the dog. US8 and US, ' 

were not defined for HP-6 because c~llcctions were taminatad too soon, 
but if USS and US, for HP-6 are similar to the other cases, then the 
urine cun-e for HP-6 should bend between the two late sample points, and 
US5 should be greater than 1250 days. 

Some long-term urine data from four occupationally urposed pusons 
are shown in Figure 4 :  WBG, DLW, and M'AB, from whom urine speci- 
mens were obtained periodically for as long as 1698 days after ttnnina- 
tion of Pu c ~ p u r e ; ' ~  and L.4X-1 who was followed for 3500 dajs after 
cesation of his initial high level Pu cxposurc.8s The latter case is com- 
plicated because the individual returned to work with Pu, but at much 
loiver levels, 2350 da)s after the end of his first Pu cxposurc period. The 
occupational data suggest that the longtst half-time of the human Pu 
urine cunye is perhaps as long as 13,400 days - the lcast-squars-fitttd 
slope of the LASLl urinalpis daw+ In the absence of reliable human 
data, and because of the half-times of comparable early portions of the 
human Pu urine curves are similar to those in the dog and pig, 4OOO days 
( 1 1 y e a n )  was selected as a working value for USS for man. 

rt 

The data points shown in Figure 4 for LASL-1 are avenge of all the urinalyses 
taken during each 6-month interval: the original data appear in Tub& 4 of 
Foreman et d.= These averages were not weighted for the number of analyses, 
and rem values were ignored. 

-- 000-1.158 
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Fig. 4. Comparison of urinary excretion rates of four occupationally exposed 
persons and the rates predicted by the exponential Pu urine cum cuns t~cb 
ed in this paper (bold line) and the Langham equation'* (dashed line). 00- 
cupationally exposed persons: 0 - W.B.G., A - D.L.W., - W.A.B.le; 
0 - LASE1 ?' Injected persons : - HP-3 and A - HP-6.= 
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Lagaquist et al." xportal an accident involving contmination of a 
Pu worker designated RF-2075 (S. E. Hammond, private communica- 
tion). H e  inhaled some Pu, and his body surface was contaminated, but 
the bulk of his internal burden was apparurtly the d t  of Pu embedded 
in an injured hand. Twelve days after the accident 98% of the Pu in his 
hand was nmoved surg idy ,  and he could be considered to have had 
asingleacuteatpasurc. 

The mixmy Pu excretion of RE'-2075 is plotted in Figurz 5 fmm data 
d off the published curvesw This is a complicated case; the individual 
was treated h c s t  continuously with DTPA, and thru operations were 
pufomcd to remove the Pu from his hand. Figure 5 shows, however, that 
the raw half-times of his pu urine curve are very dose to those obtained 
from the urine curves of the P u - i i j d  pusons (see Tub& V) . On the 

I 
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Fig. 5. Comparison of urinary Pu excretion after an accidental exposu~ 
and treatment with DTPA with the normal Pu urine curve. Data for RF- 
2075 were read from Figures 2 - 6  in Lagerquist et 0 - DTPA treatment 
two to seven times a week, - no DTPA treatment, - no DTPA 
treatment values multipiied by 10. 
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other hand, the intercepts of the Pu uMe curves of RF-2075 and the Pu- 
injected cass arc quite diffexnt, reflecting the changes in - Pu deposition 
pattern brought about by prolonged DTPA trtatmmt. 

The value selected for UA1 and UAZ in the human urinary cuxve 
were thcse determined for the Pu(IV)-injected persons with presumably 
normal kidneys and hematopoiesis. The intercepts of the curves obtained 
from the Pu(V1)-injected series were rejected throughout, because the 
four pusons in that series met one or more of the criteria for altered 

No Pu(IV)-injected individual provided Urine data after 65 days 
post injection; however, a third component, UI, emerged early enough in 
the curve of four cases to identify U&. The last few points on the curves 
of four additional cases suggested an infIection and permitted cstunab on 
of UG. 

Only Cal-1 was followed long enough to identify the intercept, UAI. 
Comparison of his daily urinary Pu, 0.001 1 %/day between 300 and 350 
days post injection, with the urinary Pu of HP-6, 0.002 %/day at 525 
days and 0.0011 %/day at 1610 days post injection, suggests that the 
value of U& obtained fm Cal-1 is low by at least a factor of two. Con- 
sequently, the graphic construction method shown in Appendix 2 for HP-6 
was used to estimate UA, and UAS. Details of the construction are n- 
ported c l s c w h a t ~  

Gartrointestinul excretion of plutonium 
The original Pu fecal exmtion data for Chi-1 and HP-1 h u g h  

HP-12 are given in Table 9 of Langham et al.'s Fecal Pu for Cal-1 was 
read from Figure I of Crowley et al?* Uxine and feces wen not separated 
for Chi-2, and fecal data were not reported for Chi-3. 

As discussad in the p r e c e w  sections, Pu transport in blood and Pu 
filtration by the kidney are largely dctennined by Pu binding to trans- 
ferrin. The small gastrointestinal elimination of Pu by larger animals 
can also be better understood in Light of the stab&ty of the complexes of 
Fe and Pu with transfenin and the high degree of conse&ation of iron. 
The human gastrointestinal tract normally excretes approximately 0.6 
mg/day of iron."* szv " Recent studiesas indicate that secretion in bide ac- 
counts for 33% of fecal excretion, and loss of iron contained in the 50 to 
80 g of intestinal epithelial cells that are desquamated daily accounts for 
another 13%. T h e  remaining 40% of gastrointestinal iron excretion may 

urinary Pu excrctioIL 
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be assodattd with other digestive secdons (gastric, pancreatic, and in- 
. trstinal juices)?6- - croSbV* suggests that the gastrointestinal tract is also 

It was suggested that early urinary Pu excretion was dated in a 
m g h l y  reciprocal way to the level of transfenin saturation. By the same 

me.hanim-biiiary and digestivejuice &on-might also be cx- 
pccted to be influenced by the degnt of digetive tract secretion. If dietar). 
intake wem low or consisted of soft, bland, nonstimulating foods, the 

d u d  
During the &st two weeks after injection some individuals consist- 

entiy excrtted rn0I.t Pu in their feces than did &us. In order to deter- 
mine whether fecal Pu was dated to medical status, fecal Pu was summed 
for each patient over the fint and last 6-day intuvals for which fecal 
concctions were obtained from all the patients. Gastrointestinal tract and 
liver function and the amounts and varieties of foods eaten WM judged 
to be within normal limits for six Pu ( IV) -injected patients. Three patients 
were being treated for peptic ulcus and wert probably taking srnaU meals 
of soft bland foods to d u c c  gastrointestinal stimulation and secretion. 
After a total gastrtdomy on the fd day following his Pu injection, 
Cal-1 passcd little fecal matter through day 17. Two patients were being 
treated for scvert cardiac conditions, and it was c o n s i d d  likdy that 
they too w a t  taking in lers than normal amounts of food and liquids. 
HP-3 was being treated for hepatitis, and the presence of pruritic dcrrnati- 
tis strongly suggests that she was also jaundiced and that her bile output 
was less than normal.'O Chi-1 was operated on twice (15 days before and 
2 days after his Pu injection) to m o v e  tumorous tissue from his buccal 
cavity. His output of fecal matter was normal shortly after inje~tion,~' but 
as his condition deteriorated, the buccal lesion ulcerated to the bone, a p  
parently making intake of ordinary foods difficult. After the hundredth 
day his fecal bulk was below the lower limit of normal?' 

If only the Pu(Tv)-injected cases arc considered, the average fecal 

normal dietary intakes was 1.32% 0.30, nearly twice that of the persons 
with Qastrointestinal difficulties or restricted dietary intakes, 0.67% 2 

after injection, but of only borderline significance between 19 and 24 

a n & p ~ t s i t c o f  transfcrlincatabolism 

line of rcaoning, at least two d the pmpased gastrointestinal urcretor). 

volume d digestive secretions might be lower and fcca Pu consequently 

Pu of those p"0m judged to have normal gastmintestinal function and 

0.14. The difference was significant (P<O.O1)as during the fixst 6 days 

.C 
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days post injection; n o d  diet, 0.20% 2 0.08; restricted diet, 0.09% 
-C 0.04 (pS3.05). T h e  were no discernible correlatio~~ between fecal 
Pu excretion and erythropoietic status. 

The original fccal Pu data art plotted along with the urine CUNCS in 
Appendix 2. Analysis of the early portions of most of these cums was 
not possible, because feces were sampled as 2- to May pools. A d- 
tive f d  excretion curve was prepared for each case plotted as a Iincar 
function of time. Fecal lag-that is, gastrointtstinal transit time-was 
estimated for each case by extrapolating the earliest defined portion of 
the cumulative culve to % dose/day = 0. The differrntiatcd cumulative 
fecal Pu curves were replottcd on a semilogarithmic scale -(not shown), 
and the unanalyzcd half-times, intercepts (at t = fecal lag), and f d  Jag 
times for each case arc collected in Table VIZ. The f e d  Pu cunm of 
the three pelsons who were followed for the longest time after injeCtiam, 
and the best curves that could be drawn for f e d  excretion of Pu by the 
dog and the pig are shown in Figure 6. 

The means -C standard deviation of the unanalyztd half-timcs and 
intercepts were calculated (sec Table VIZ) for the six Pu(IV)-injccted 
individuals that wux presumed to have normally functioning gastmh- 
testinal tracts and to be eating ordinar). amounts of a mixed hospital diet 
and for the five Pu( Iv)-injected pusons judged to be taking in less than 
normal amounts of food or to be on soft diets (including HP-3, who was 
judged to have a lower-than-nod Vie output). The half-times of the 
fist two components of the n o d  Pu fecal c u n ~  are the avMgGF of 
FSI and FS2 determined for all the cases, because neither the medical 
status of the individuals nor the chemical form of Pu administered ap- 
peared to change the rates of the p ~ c s s e s  leading to thse fecacuIve 
components. 

FSI could be determined only for HP-7, Chi-1, and Cal-1. That 
was good agreement among the three and all were used to calculate 
an average FSs. FS4 obsenped only for Cal-1 emerged in his f e d  a u v e  
only 100 days before collections were terminated, so it is uncertain, How- 
ever, this portion of the Cal-l f e d  curve was almost parallel to the mine 
curve, US4 = 475 days, which is encouraging. The value chosen for F!L, 
4000 days, was obtained by least-squarcs-fitting the fccal data of the 0.1 
pCi/kg group of Utah dogs from 750 through 1750 days post injectim.* 

- 

1 

! 

%' I <'I 

1 @q, 
\\ ,?+ k&.:L'- 

%I A<;;\ 

+%> 

- 

Feces were collected periodically from some of the 0.1 rCi/kg dogs for as long 
as 2921 days.= Data for individual dogs as well as the mean values of all 
sunivon exhibited a rising e n d  after 1800 days. 
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Days after i n j e c t i o n  

Fig. 6. Daily fecal Pu wccretion by Pu-injected persons, dogs, and miniature 
swine. Dog data a ~ e  from B. J. Stover and D. R Atherton (original data) .- 

0.1 pCi/kg ahd 0.3 pCi/@ groups only; swine data are from Clarke et 0 L ' O  
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The intercepts of the fixst two components of the fecal Pu curves of 
the pusons with n o d  digestive function were h o s t  double those of 
FA1 and F G  calculated for the perso~~s having reduced gastrointcdnd 2. 

$3 
! P  +"- 
e 
"t 2 

x 3 
2 

't 
function, but the dif€mces were not statistically significant. How~va, 
the intercepts of the first two components of the normal f e d  Pu c w e  are 
the mean values of FA1 and FA2 determined for only those pclsons w h m  
gastmintistinal tracts wtre judged to be n o d y  stimulated and norm- 
aUy functional. FAS is the mean of the four Pu(IV)-injected casts for. 
whom that parameter could be estimated. 

were available from only two P u ( V I ) - i n j d  pusons, nuther of whom 
was considered to have a normally functioning gaStr0;lttst;nal traa The 

F 

L 
F 

5. Values for FA+ the intercept of the longest obsuved wmponcn\ 

i 
last 40 days of fecal collections from Chi-1 were only one-half n o d  bulk 
and he was near death from metastases of his malignancy. FA of his fecal 
curve was onchaIf that either observed or estimated for the less seriously 
ill Pu( W)-injected peasons. FA from the fecal m e  of Cal-1 was even 
lower - slightly more than 50% of FA, for Chi-1, and 20% of the averagc 
FAs of the Pu(IV) p u p .  His stomach had been completely removed 
four days after the Pu injection. In the absence of a stomach, his daily 
food intake was probably low, and gastic juice-which makes up a 
significant fraction af the total volume of digestive secretions- was 
absent. Gastric acid is one of the n o d  stimulants of the secretion of 
bile, pancreatic and intestinal juices, and intestinal mucus.m0' '* Iron ab- 
sorption is reported to be d u c e d  by as much as 50% after gastn~tomy.~ 
Lack of gastric juice may have played an indirect as well as a direct role 
in reducing the quantity of gastminmtinal secretions and concomitantly 
the amount of Pu excreted in feces by Cal-l.* 

It was assumed that the relationships between the FAS's of Chi-1 and 
Cal-1 and the Pu ( lV) -injected group, 
F&(Chi-1) = 0.5 FA31pu(IV)] and FA,(Cal-1) = 0.21 FA,[pu(IV)], 

could be used to estimate F A  for the Pu(IV)-injccted p u p  as foIlows: 
FG = [(0.0018/0.5) + (0.0056/0.21)] t 2 = 0.003 %/day. 

An approximation of FAa was obtained by assuming that Fs in the human 
cuxve and in the dog curve mergcd at about the same time post hjcc- 
tion. F, was extrapolated to that time (900 days), a line of 385Oday 

There is a possibility that systematic errors in collection and analysis also con- 
tributed to the low fecal Pu values of GII-~.~ " 
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half-tige was -&awn thnulgh the 9 W a y  pin& and its intercept was 
detamined to be 0.0012 %/day. The paramcte~~ of the fivwomponent 
"ncnmalyy human focal acretion cuwe appear in Table VI. 

Urinary and Fecal Clkarancc of Plutonium 

Having no f d  data beyond 138 days, Laugham et al.'* wert forced 
tousean estimate of the Pu U/F ratio to calculate long-term Pu acre- 
tiOn. How&, both tarns of the U/F ratio are subject to change, and 
clots to the  tun of some changes- either in cxcrctory efficiencies or in 
tht chemical state of circulating Pu-can be obtained from plasma 
ckamks. Accurate detumination of urinary clearance requires sim- 
ultaneous sampling of plasma and bladder urine. In the absence of p& 
measumncnts for man, Equations (4) and ( 5 )  were used to cstimate ex- 
mSory clca.ranccs from the data available for man, namely, intermittent 
plasma samples, 24hour urine samples, and p l e d  fecal specimens. 

tu 
S Ex PI- 

b l =  ' (41 when P(t)  = X (PIC %t). ( 5 )  
P,=l I" P(t)dt 

tl 

Both urinary fecal clearances were calculated over 6day intervals for as 
long as blood meaSurtmentS were made, but only two intends, at the 

.2 

:- 

beginning and the end of measurements, are shown. 
Painter et al?' measured uinary Pu clearances of dogs injected with 

high 15 to 30 minutes post injection, but dropped rapidly to a minimum 
acutely tmic toso, of Pu(vI) citrate UrinaIy clearance of Pu was Wqf 

which persisted from 4 hours to the end of the fixst day. After the first day, 
Urinary clearance me slightly to a levd that was sustained for the next 15 
days 

I a 

' . The ~ r h q  Pu clearances calculated for man revealed a similar pat- 
tern. The very high initial clearance could not actually be demonstrated, 
btcause the carliest wine samples were pooled for the first 24 hours. 
Howcvu, the first 12 urine specimens pascd by Chi-1 w m  analyzed"- 
scparatdg, and 83% of the Pu excreted in the fint 48 houIs was pmed 
in the first (0- to 6-hour) In the face of his rapidly declining 
blood level'* this large urinary output would indicate a high initial Pu 

_ -  
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In CVQY case the average Pu clearances by the kidney and the gastm 
inttstird tract were lowest on the first day after injection (the minimum 
lasted through the third day for fccal clearance in some casts because of 
fecal lag). Clearance by ather route ro6e to a tunpmy plateau of 5 to 
15 days duration, and &is followed-by either an&& i n k  to a fairly 
stable plateau or a continued slow increase to the end of mcasuruncnts 

culations both urinary and fecal clearances incmascd, so that by 19 to 
24 days after injection, Pu excretion by atha mute was 3.7 the as c0i- 
dent as it was duxingthe fixst 6 days. 

Renal Pu clearance in those persons judged to be anemic w a ~  1- 
than one-half that in persons consid& ILonnaL F d  clearance in t h ~  
persons judged to have reduced digestive system function was less than 
one-half that of pusons considered to have normally stimulated gashm 
int0;tinal tracts. 

Urine to f e d  ratios (U/F) w ~ l e  calculated for each case during the 
two intervals shown in Tu& VIZI? using plasma clearaaces whenever 
possible. Of these 23 available U/F values, 13 were close to 1.0 (0.7 to 
1.3); five were substantidy less than 1.0 (0.3 to 0.6); and five were 
substantially more than 1.0 ( 1.4 to 2.2). The six U/F values obtaincd 
from the thne pusom judged to be most nearly nonnal with reppect to 
both latent transfenin biidmg capacity and digestive systun function 
were all less than 1.3. Of the five U/F values greater than 1.4, all were 
from persons with suppressed or impaired digestive system function. The 
long-term excretion data are only from Chi-1 and Cal-1, and their U/F 
results have been rejected for the same reason that their f d  excretion 
was considered low. 

It appears that during the first 30 to 60 days after Pu injection the 
U/F ratio for those persons judged to be most nearly n o d  was about 
1.0 and possibly as great as 1.3. The anemic caxs with normal gastro- 
intestinal function tended to have U/F valucs less than 1.0. Those per- 
sons with presumably normal plasma protdn biiding capacity but with 
reduced gastrointestinal function tended to have U/F values greater than 
1 .O. The anemic cases (in which protein binding capacity was p"nuned 
to be elevated and gastrointestinal secretion suppressed) exhibited reduced 
urinary and fecal clearances of P y  and their U/F values were again dose 
to 1.0. 

between days 20 and 35. During the 2 weeks between thc two sets of cal- 
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U/F estimates were based entidy on data from Chi-1 and Cal-1, both of 
whom have been considered in this reanalysis to have subnormally Stimulat- 
ed or subnoxmally functioning gastrointestinal tracts. The analysis prc- 
scntcd here suggsts that immediatdy after injection in man, Pu excm- 
tion in feces slightly exceeded Pu e x d o n  in urine, and that by the end 
of the second week excfetion by the two routes was nearly equal, provided 
that residual transferrin binding, kidney function, liver function, and 
gastrointestinal secretion remained within n o d  limits. Camparison of 
the c&cicnts of the long-term components of the acponential urinary and 
fccal Pu-excdon equations (see Table VI) suggests that at time after 
Pu injection longer than 100 days U/F for Pu in man probably fie5 
betwca 1.0 and 15. 

Human plutonium excretion - cornpariron with previous unalyses 

excntion at time t after injection is 
When excretion rata art expressed as sums of aponentials, urinary 

n -0.693t/U71, 

n = i  
Ut (%/day) = Z Uaie (6) 

and similarly, fecal excretion rate at time t is 
n -0.693tlFrr. 

n = i  
Ft (%/day) = 2 Fare (7) 

The total amount of Pu excreted in urine or feces at time t is obtained by 
integration of Equations (6) and (7). 

Z Ut(%)  = Utdt, ( 8 )  

(9) 

(10) 

Z Ft(%) = 1 Ftdt. 

Total acretion at time t is the sum of Equations (8) and. (9). 

and whole-body retention at timet is 
Et (%) = Z  Ut + 2: Ft 

I .  
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- 
the fraction of the body buden excreted in a ldayuke  sample (Figure 
9 )  wert calculated for times after injection from 1 to 14,600 days (about 
40 yrms), using Equations ( 6 )  thmgh (12) and the parameters of thc 
" n o d '  Pu urinary and fecal accretion equations given in Table VI. 
It was assumed for these calc,ulations that a sixth component With a half- 
time of 13,400 days (see the discussion of casc LASLl in the section on 
urinary excretion) emerged in both excretion curyes about 4OOO days aftcr 
injection. Total Pu amtion after a single intravenous injection predicted 
by the sums of cxponcntials duivcd in this paper is compand in Tuble IA' 
with that predicted by the power functions derived by Langham et al.'" 
Sums of arponcntials predicted p t e r  Pu elimination at aU post-injection 
time for at least three reasons: (a) Exponcntials fitted the fim 10 dqs' 
data better than the power functions. (b) Only the individual urinc- 
curve and fecalcurve coefficients from cases judged to be n o d  with rc- 
spcct to the pirt icuh excretory function were used to calculate the m a n  
coefficients of the arponential equations, and they tended to be highcr 
than the averages of all cases. ( c )  The coefficients of the exponentid equa- 

0.001 I I I I 1  I l l 1  I I I I ,  , , , I  I I I I I ,>A , , , , I , , ,  I I I I ' 
I IO 100 1.000 1 Qooo 

Oayr oflcr injection 
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I 

.C 

Fig. 7. Comparison of human urinary Pu excretion (from 1 day to 40 ) ~ a r b ;  - -  
predicted by the normal Pu urine c w e  with the Langham quatioil.''  
Points shown were calculated from the parameters in Table VI.  
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Fig. 8. Comparison o[human fecal Pu excretion (from 1 day to 40 ytars) 
predicted by the normal Pu fecal curve and the equation given by Lang- 
ham et aL1* Points shown were calculated from the parameters in T d b  VI. 

Fig. 9. Comparison of the percent of the h body content excreted daily 
in the urine from 1 day to 40 years predicted by the n o d  Pu urine and 
fecal curves in this paper and the equations of Langham et d?* Points 
shown were calculated from the parameters given in Table VI. 
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tion af human fecal excretion w m  adjusted upward to comct for what 
was amsidertd 6 be unusually low long-tum fecal elimination by Chi-1 
and cal-1. 

i Tab& IX. Comparison of long-term Pu excretion predicted from power 
ftirlct;ms or sums of exponcntials' 

Time after injection 
(Yead 

10 
20 
40 
60 
80 

100 
140 
360 1 
720 2 

1,100 3 
1300 4 
1,800 5 
3,650 10 
7,200 20 12.17 

14,600 40 

Power functions, 
Langham et d.'* 

256 
3.17 
3.81 
4.2 1 
450 
4.74 
5.10 
6.26 
7.22 
7.83 
830 
8.68 
9.96 

i 
1 
t 
i 
f 
i 1 

S u m  of exponentiak, 
this paper 

4.39 

5.95 
6.35 
6.67 
6.96 
7.39 
8.79 

10.23 
11.17 
12.24 
13.00 
15.47 
18.83 
22.49 

5.25 i 

Scc Tables X and XIV for excretion equation parameters. 

Far ampaxison with earlier d y s c s ,  the urinary and fccal excrction 
q ~ t i ~ m  are qlotted logarithmically in Figures 7 and 8. At l m t  

thrtc ~ r n  functions were needed to describe thtse equations. The p o w r  
f ~ t i o n  fitted to the calculated u r i n a ~ ~  excretion in the time period from 
30 to 360 days was almost the same as that originally derived by L a w  
ham'& al." from the raw averages of the data from the Pu-injected c a w  
and some accidentally exposed persons and more recently reevaluated by 
machine curve fitting by Robertson and c0h11.'~ 

This p a p ,  Ut (%/day) = O.l7'PTZs (30<T< 360 days) 

.c 

-ham et al," Yua( %/day) = 0.2X4aT4 (lO<X< 1750 days ' _ -  
R o h n  and 

Y.(%/day) = 0.193t-0.T21 ( 1  st< 1750 day. 
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Figure 9 is the log-log plot of the fraction of the runaining Pu 
burden excreted daily in urine. The power function fitted to the time period 
40_<T_< 360 days is nearly the same as that derived by Langham et al." 
using a different analytical method. 

None of the power functions needed to fit the values of human Pu 
fecal excretion calculated from the exponential quation in Tuble VI 
agreed hth the urprcssion derived by Langham et al." Most of the 
difference b e e n  the two methods ;uises from the ways fecal data were 
handled and the assumptions about the long-term trend of f d  Pu 
Output. 

Prediction of long-term whole-body plutonium retention 

The cumntly accepted maximum pennisn'ble m~U'contents of the 
body of occupational workers, based on skeleton and liver, am 0.04 and 
0.4 pCi, rsptively." For purpaxs of dost calculations biological half- 
lives arc also given; 6.5 x 10' days ( 178 years) for whole body, 7.3 x 10' 
dajs (200 yeats) for skeleton, and 3 x 10' days (82 ycars) for liver. 

The term "retention" is potentially misleading, because it suggests 
a static condition. Once deposited in a tissue, Pu would be undmtood to 
remain fixed until eliminated from the body altogether. Studies of pigs and 
dogs demonstrate the dynamic behavior of Pu. In the course of 600 days 
of growth remodeling, the skeletons of adolescent miniature swinec0*" 
released about 38% of the injected Pu(IV) citrate dase (53% of the 30- 
day bone depasit ) . Plasma Pu level and Urinary cxcrttion of Pu remained 
high. At 600 days the liver contained thrcc times as much Pu (35% of 
the dose) as it contained 30 days after injection ( 13% of the dose). 

At this writing there have been enough deaths of Utah dogs given 
0.3 pCi/kg or less to establish a long-term half-time for Pu in the beagle 
skeleton of more than 1500 dayssS (perhaps as long as 5000 days). Bone 
remod- in these 14- to 18-month-dd dogs proceeded rapidly during 
the first two years but slowed thereafter. By 3 months post injection nearly 
one-half of the trabecular surfaces that had initially been labeled with Pu 
had disappearcd. The remaining one-half had been buried by a p e t i o n  
of new bone, and were presumably l m  accessible for At 
these Same low dose levels, the half-time of Pu in the dog liver was about 
3800 days." The prolonged residence in liver is the end result of a chain 
of events that carries Pu from plasma to Pu-ferritin in hepatic cells, and 
eventually to long-lived deposits of Pu-hemosiderin in reticuloendothelial 
C&- 
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Pudynamicscanbesummanztd a~ f o l l ~ :  Pu initially prtsent in 

tributed to bone and li&, and a small fraction is excreted, Pu deposited 
in the skeleton is mobilized in the n o m  course of bone runodeling; somc 
is rcdepoeited in bone, some is d+td  in liver, and a small fraction is 
excreted. Pu deposited in liver is eventually transfomed from AativcIy 
soluble forms in hepatic cdls into insduble hemosiderin deposits and 
seQuestcd in reticuloendothelial cells. Thdoxt, liver Pu is likdy to be 
lost as slowly as, or more slowly than, bone Pu, but at perhaps the samc 

ratc from the liver may cvcntuaUy become the rate-limiting process for Pu 
disappearance from the whde body. 

The best estimates of the early distribution af Pu in four major com- 
partments-skecton, liver, residual soft tissues, and excreta-arc shown 
in Table X for man, dog, and pig. The original analysis of the tissue d ~ .  
triiution data is included for compariSon" The pigs were not fully grown 
and the dogs were in the prime of young adulthood, in contrast to thc 
Pu-injectcd human bcings who were all unwell and, cxcept for HP-4, 
middle-aged or older. In the dog and pig only a small fraction of the Pu 
dosc was in soft tissues other than liver (3% to 8700) 22 to 30 lays after 

Table X. Early distribution of Pu in man, dog, and pig. 

soft tissues other than liver is c l e a r e d  rap&ily; the major fraction is red~. - -  

ratc a~ d e b  of phag0C)ltiztd Pu-hemosiduin in other h. The lm 

Injected Pu (%) 
Timc aftm Soft tisnre 

injection Skekton Livm remainder Excretril 

Man 
P a p  5 to 17 days' 475 26.8 23.3 2.4 

5 to 15 monthsb 475 31.2 11.2 9.5 
Langham et aP.4 to 457 days' 65.7 22.5 6.8 5.0 

Do$ 22 days 51.0 34.0 2.0 13.0 

Pig - .  30 days 72.0 14.0 8.3 5.7 

Avetpge of Cal-1, Chi-2, HP-11, Cal-3. Liven and skeletons of Chi-2 and 1 I P - l  I 

' Averages of HP-5, HP-9, and Chi-1. See Tables Z and IZ. 
not induded. See Tables Z and IZ. 

Average of all tissues froni all cases in Langham et al." Excretion estimatrd fnllla 
powcr functions. Soft tissues calculated by diffennce. 

..- 

* Stover et al.- 
Skeleton from Clarke et al." Liver from Smith et gl." Excreta caiculawd f r w  
exponential equations in Table VZ. Soft tissue calculated by differrrnce. 

. . ._ -.. 
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injection.& An averagt of 11 .Pro of the Pu dose was calculated to be in 
the soft tissues of the Pu-injected p p l e  who came to autopsy 5 to 15 
months post injection. The large soft-tissue compartment in these middle- 
aged people compared with the smaller soft tissue compment  in the 
young vigornus animals may be a species difference, or it may be a real 
effect of age stemming from poorer circulation, more fibrous (less cellular) 
connective tissue, the presence of ectopic calcifications and fatty plaques, 
and reduced cell turnover that accompany advancing age. 

Frostm used a tetracycline labcling method and estimated the rate 
of bone replacanent in rib and clavicle cortex of pusons 35 to 70 years of 
age to be between 2.5%/year and 6%/year. Kulp et al.'"O used fallout 
OOSr analyses of individual bones and whole skeletons to obtain specific 
activity ratios ('OSr in bone/wSr in skeleton) in adult human long-bone 
mtex, whole rib, and vertebrae. Bryant and Loutit'O' calculated the 

_ _  ,. 

annual rate of bone turnover requixito produce those observed specific 
activities-l.l%/year to 2.6%/year in whole femur, 2.l%/year to 
6.2%/year in whole rib, and 5%/year to 10.4%/year in vertebrae. Row- 
land"' using an autoradiographic technique and bone from pusons with 
long-standing burdens of **%a, calculated a turnover rate of 1.1 %/year 
for long-bone cortex. All the above calculated turnover rates are in good 
agreement with each other. 

The best istimates of the annual mass repIacement rat& of certain 
human bones are probably the mid-points of the ranges cited above- 
1.85%//)-ear for whole long bone, 4.2%/year for whole rib, and 7.7%/ 
year for vertebrae. Pu is deposited on bone surfaces, and M a y  has 
suggested that the surface of a mas  of trabecular bone is four times the 
surface of an equal mas of cortical bone. Using a ratio of 4: 1, for 
trabecular to cortical bone surface, estimating trabecular bone mas  to 
be 23% of the total (ashed or dried) skeleton, and using the above - 

estimates of bone turnover, one calculates the average turnover rate of the 
bone surface of the entire human skeleton to be 575'0lyear. 

[ (0.23 x 4 x 7.7%/year) + (0.77 x 1.85%/year)] = 5%/year. 
The assoCiated half-time of the bone surfaces is 13.9 years, slightly less 
than the 15-year half-time observed in long-term '"Ra retention in - 
man.lW Assuming that 50% of circulating Pu is redeposited in human 
b0ne,'O5 the observed half-time of Pu in the skeleton would be 88 yean* 

Since this paper was written, Nmot et al."' have reported that Pu was deposited 
almost exclusively in the bone of rats injected intravenously with Pu(1V)-trans- 
ferrin, and Durbin et al."' concluded frum a kinetic analysis of F'u(1V) citrate 
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(10,220 days), reasonably dose to the 13,400-day hall-timc that could 
be fitted to the long-term urine data of case LASL-1. 

The half-time of Pu in the human body waS &timated in t h i q  

analysis to be 204 years in substantial agreement with the upper limit 
calculated by Langham et al." The important consequence of Pu 1 0 s  
from bone faster than from the whde body is an incrmsC in liver Pu 
with time. 

Mays et al.'Od have calculated that if the body Pu content were 
partitioned 50% in liver and 50% in bone, the annual risk of developing a 
liver tumor would be twice that of developing a bone tumor. The analysis 
in this paper suggests that over a 50-ycar working lifetime the liver's 
share of the body Pu content grows progrssively larger, eventually a p  
proaching 50%. The consequences of this model and the calculations of 
Mays et d.lW arc that liver is as critical an organ for Pu as is the skeleton. 

DEDICATION 
This chapter is dedicated to the memory of Dr. Bunis B. Cunning- 

ham, Professor of Chemistry, Univusity of California at Berkeley, and 
Senior Staff Scientist of the Department of Chemistry, University of 
California, Lawrence Radiation Laboratory, who with L. B. Werner 
first prepared plutonium in pure form and who developed on a micro- 
chemical scale the chemical techniques that wen later uscd in the pun- 
fication of large quantities of plutonium. I remember with pleasure and 
appreciation many convexsations with Dr. Cunningham on matters of 
plutonium and actinide chemistry. 

APPENDIX 1 

Summary of Plutonium Cases 

HP-I: W h k  male, 67 yr, 70.3 kg, injected 10/16/45, 0.004 pCi/ 
kg *a*Pu( IV) citrate. Nine year history of peptic ulcer, acute hemorrhagc. 
Hb= 13.7, RBC = 4.5. Lost to follow-up. 

deposition in the rat that the rat skeleton accumulated both fm and protein- 

bound Pu. Inasmuch as a t  times greater than a few hours after injection inon' 
than 90% of circulating Pu is protein the deposition pattern Of 

recirmlated Pu is more likely to resemble that cf Pu-transferrin than that of t1v. 
Pu(1V) citrate originally injected. Thus, Pu redeposition in bone may 
a~ 80% to 90% leading to a longer c?]culated halftime of Pu in the hull1211 
skeleton,"' about 70 years, and to a slower rate of Pu accumulation in thc l i w .  

bound Pu but that the rat liver did not take up significant amounts of protein- .* 

_ -  
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HP-2: White male, 49 yr, 69 kg, injected 10/23/45,0.0045 &/kg 
zsOPu (IV) 'citrate. Hemophilia, hypertension, cardiovascular disease. Hb = 

L; 

i 

f' 

[ 
14.5, RBC=4.1. Lostto followup. 

4 / HP-3: White female, 49 p,-69,9-kg, injected 11/27/45, 0.0043 - -  

pCi/kg 'sePu(W) citrate. Hepatitis, pruritic dermatitis with edema, 
hypoproteinemia. Hb = 14.5, RBC = 4.3. Follow-up 1645 days post injec- 
tion, lost t h d t u .  

, .  

HP-4: White female, 18 yr, 55.5 kg, injected 11/27/45, 0.0054 
. ,  . I  . pCi/kg 'Vu(IV) citrate. Cushing's syndrome, hypertension, nephm- 

pathy with uremia, osteoporosis. Hb = 15.0, RBC = 5.3. Died 18 months 
post injection, autopsy withheld. 

. .  
, .  
~,,'.: . . ..!>, 

. .  
. j  . .  .<.:!: . 

\,J:;,,?, ~ 

HP-5: White male, 56 yr, injected 11/30/45, - 0.0044 pCi/kg * .  
@* 
:y~::,& I \ .  .,:, 

:+: 
. \  I %I 

,:.: : 4 

"*Pu(IV) citrate. Amyotrophic lateral sclerosis, pneumonia, Itnal cysts 
and adenoma. Died 15 1 days post injection, autopsied. 

/ HP-6: White male, 45 yr, injccted 2/1/46, - 0.0044 pCi/kg 
zs*Pu(IV) citrate. One-year Addison's disease, infected skin lesions 
Follow-up 523 and 1610 days post injection, lost thueafter. 

I .  

t 
i. 
Q 
I 

HP-7: White female, 59 yr, 68 kg, injected 2/8/46,0.0057 pCi/kg 
zssPu ( IV) citrate. Rheumatic heart disease, cardiac decompensation, toxic 

-? 
r, 
4 
P 

. i. 
goiter. Hb = 12.6, RBC = 3.26. Died 9 months post injection, autopsy iyyl 

'i 
i 
I 
! 

n. 
, .  

. !  withheld. 
J. 

t .' 
r; 

HP-8: White female, 41 yr, 54.4 kg, injected 3/9/46, 0.0073 
pCi/kg zs*Pu ( IV) citrate. Two year history of duodenal ulcers and sclcro- s 

5 dema. Hb= 13.9,RBC=4.7. Losttofoll~-up. 

J HP-9: White male, 66 yr, 63 kg, injected 4/3/46,0.0061 pCi/kg 
zaeP~(IV) citrate. l8-month history of muscular atrophy and dermatitis : (dermatomyositis). Hb = 12.3, RBC = 3.9. Died 456 days post injection, *; 

of bronchopneumonia, autopsied. 4 
%. 

t; 
23nPu(IV) citrate. Congestive heart failurc. Hb = 13.3, RBC = 5.5. Lust 
to follow up. < 

,s " 
I ?:. .; 

. y. 

HP-10: Negro male, 52 yr, 71 kg, injected 7/16/46,0.0053 pCi/kg 
h. '- .c 

' ';: 

. c.. - -  
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HP-12: White male, 68 yr, injected 2/20/46, @ 0.0056 pCi/lig 
mTu(IV) citrate. History of chronic malnuttition -and alcoholism. Died . - 
5 days post injection, cirrhosis of liver, edema, acitcs, autopsied. 

HP-13: Negro d e ,  53 yr, i n j d  4/10/45, - 0.0044 pCi/kg 
"Pu(IV) citmte. Multiple cornminuted fractures. Hb = 8.9, RBC = 
2.85 Biopsy 4 days post injection, lost to follow-up. (Also designated E. 

CAi-I : White male, 68 yr, 76.4 kg, injected 4/26/45,0.0052 pcijkg 
buccal epithelioma, mild pyelonephritis. -Pu(VI) citrate. Metastaslpng 

H b  = 10.9, RBC = 3.56. Mouth surgery 2 days post injection. Died 160 
days past injection, autopsied. (Also designated MX-100 in Ref. 48a). 

CAi-3: Wte fanale, 55 yr, 38.6 kg, injected 12/27/45, 0.15 
pCi/kg u'Pu(VI) citrate. Metastasizing breast carcinoma and lymph* 
blastama, both tumoxs invading liver, kidneys, and bone marrow, heal- 
ing pathological rib fractures, Hb = 12, RBC = 3.5. Died 17 days post in- 
jection, autopsied. (Also designated Ilrx,300 in Ref. 48b). 

CAi-3: White male, young adult, injected 12/27/45, @ 0.085 
pCi/kg woPu(VI) citrate. Hodgkin's d k w ,  no other information. Died - 170 days past injection, autopsy withheld. (Also designated as hlX- 
200 in Ref. 48).  

Cd-I: White male, 58 yr, 58 kg, injected 5/14/45,0.0896 pCi/kg 
"Pu, and 0.002 pCi/kg w'Pu as PuOI(NOs)*. Diagnosed as ga~t rk  
carcinoma, ga!iitmintestinal hemorrhage Hb = 12, RBC = 4.1. Biopsy 4 
days pi. revealed huge gastric ulcer and adhesions. Total gastrectomy and 
splenectomy. Followed for 340 days, did 1/9/66 (21 yr. post injection) 
of cardiovascular disease. 

. C.inRcf. 18). 

. .  

case Gal-2' 
This case, a 4-yr-lO-month4d white male of slight build, was suffcr- 

h g  from osteogenic sarcoma with pathologic fractures. He was injectcd 
4/26/46 i.v. With 0.169 pCi of *"Pu(VI) nitrate, and h u e  samplt.S 
were obtained 7 days post injection during a biopsy. Body weight ~ ~ 1 s  

estimated to be 15.5 kg from Miihlmann's tables'"' and Bayer and Bay- 
Icy's curve'08 of retarded growth. Blood volume was estimated to I *  

.- 

_ -  
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7.5% of the body waght with a pcv =.0.4. Skeletal weight was estimated 
to be 2300 g, and the weight of the femora to be 0.125 of the skeletal 
weight from Theile's mcasurcmmt~~~ of children's bones. Died, 1/6/47, 
no autopsy. 

Samples Wet weight % Dose %/g 

corta 4.05 0.237 0.0585 

Tumor and adjacent 3.7 . 0.129 0.0349 
trabccularbom 

Tumor adjacent to 3.7 0 5 9  0.159 

CalcSed tumor and 0.6 1 0.0285 0.047 

cortex 

muscle 

Soft tumor and 0.92 O.OOO85 0.00092 
muscle 

PC.IiCS,taun 0.65 0.00056 0.00086 

Plasma-lhr 5.78 0.0043 

Plasma - 4 days .077 0.00063 

Raconswction of whole bone (femur) 
(0.237 + 0.00056 + 0.129)% = 0.372 = 0.0436"/,/~ 
(4.05 + 0.65 + 3.7)g 8.4 

'Data of J. G.  Hamilton, K. G. Scott, and B. V: A. L o w - k ,  unpublirhed. 

case Cal-3' 
This case, a 73.3 kg, 36-yr old Negro male, was diagnosed from 

biopsy as having an ostewfibro myxochondrosarcoma involving the dista 
femur, patella and proximal tibia.. He was injected 7/18/47 with 0.095 
pCi *38P~(VI)  nitrate intramuscularly at an ink-marked location on the 
gastrocnemius muscle. A mid-thigh amputation was performed four days 
p.i. Alive and well 7/ 17/68,21 yr. post injection. 

----**--b"- ----Iar-z- "'nl..+.*%.---.**T-h -," .,. - 'QI - \-%'-b .....,.u ____ 
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Wet Ash Percent. of absorbed 
Samples 70f. (l!) wt. (g) dose 

,$?& $5 TumOr 295 0.37 0.60 

Bone and tumor" 315 12.6 0.144 

MafioW 4.0 0.05 0.063 

Normat cortex 505 20.0 0.063 

M& from 275 0.345 0.025 
normal bone 

Injection site 695 0.87 46.6" 

m o l e  femur ~ ~ c t i l m :  

(Bone + tumor) + (marrow) + (nomalcortor)% 
(Bone + tumor) + (marrow) + (nomalcortar)g 

doselg 

0.0203 

0.0046 

0.0158 

0.00 1 24 

o.Ooo9 

= O.O0313%/g 

Data of J. G. Hamilton and J. C. Cowlcy, unpublished. 
' P a t  of distal femur, jtatella, and proximal tibia 
96 of adminiatend d e  

*- 0 0 6 1  1 8 5  
I;- - 
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Appendix Fig. 2a. Original urine and f d  data of Pu(N)-injected in- 
dividuals HP-1, HP-2, HP-3, HP4, HP-5, and HP-6. 
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. .  

. . . . . . . . . . . . .  . . . . . . . . . .  
I 

i 

. .- .L.r 

I C - t O  . -  

. .  - .  . ..C . ..*- 
"*-e* . . -  

. .  - .  . .  . . . - - . I C I I  
c y - a  . . -  

Qao,o. . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . .  
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Doyr after injection 

Appendix Fig. 2b. Original u h e  and f d  data of Pu(IV)- injectcd 
individuals HP-7, HP-8, HP-9, HP-10, and Pu(V1)utrate injectcd 
chi-2. 
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Appendix Fig. 2c. Original urine and fecal data of Pu(VI)- injected 
individuals Chi-1, Chi-3, and Ca-1. 
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