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PLUTONIUM IN MAN: 
A NEW LOOK AT THE OtD DATA 

ABSTRACT: In order to determine the relationships between urinary PU 
excretion and body Pu content, 18 persons (15 ocer the a,oe o j  4 S j  were 
injected in 1945 and 1946 with tracer doses of IJ9Pu. T h e  original data 
have been critically reviewed and re-analyzed. 

A f e w  days after injection, human  soft tissues (other than blood 
and liver) contained as much czs 2075 of the Pir dose. Five to 15 months 
after injection the average licer Pu content was 3170 of the dose for three 
casek with presumably normal liver function. Four to 457 dajs after in- 

on mean total skeletal Pu was 49yc for the sez'en cases j u d p d  fo hare 
nearly norinill livers and skeletons. 

protein, and is stored in the liuer in association with stored iron. dJ t s r  
bound to trunsferrin, Pu partially traces the behacior of the carrier 

T h e  early phases of Pu transport which are apparently associated 
Puid mixing, were prolonged in individuals with im- 

urinary excretion coincided with the time O\ 

in the form of a low-molecular- 

Pu is transported in blood combined with transferrin, the iron-lrans- 

M a x i m u m  urinary Pu excretion occurred before the bulk of PIC was 

These ohsercutions were taken to  t n t m  
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weight chelate. Urinary P u  excretion was reduced by one-half in ihorc 
persons who  were anemic, Presumably because of their more eficienl Pu- 
transferrin binding. 

Fecal excretion of Pu apparently represents secrefion in bile a710 

other digestive juices. Fecal excreiion was reduced by one-half OT more 
in those persons whose gastrointestinal tracts were judged not to  be 
normally stimulated. 

Semilogarithmic curves of P u  disappearance from filarma and of 
daily P u  excretion were brepared for each individual. ''Normal" human 
Pu plasma and excretion equations (sums of exponentials) uere con- 
structed f rom the mean half-times and intercepts for the indicidual caser. 
All cmes were included in rhe mean half-times - rates were apparenlil- 
not aflected by the individuals' various illnesses. Only the irzteriepts for 
those persons for whom a particular function was judged to be within 
normal limits were included in the mean intercepts. 

Daily P u  excretion rates and total cumulative Pu excretion lredictcd 
from exponential equations were somewhat greater than predicted f r o m  
the power functions of Langham et al., chiepy because only data fT0.1 

normally functioning excretory systems were included in the coejiicitntiij, 

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 the. 
dog and pig, and storage of iron in m a n  were reviewed. A t  tracer letleif 
net loss of P u  from soft tissues and bone exceeds whole-body Pu loss, in- 
dicating continuous accumulation of Pu in the liver. Acerage soft-tissue 
release hatf-time was estimated to be not less than 480 days, and bonc 
surface turnover for the whole adult h u m a n  skeleton was estimated t o  be 
about 5% per year. For an individual on a diet adequate in iron and with 
normal iron stores, this model predicts that bone and liuer will coniain 
#qual amounts of Pu 15 years after exposure. 

INTRODUCTION 

, PlutoniUm was recognized as potentially dangerous e\-en when the 
total amount of Pu in existence was only a few milligrams.' If the Metal- 
lurgical Laboratory efforts were s u c c d u l ,  enormous moun t s  of plu- 
tonium - hundreds of times *e worid supply of radium - wouIci fie 
produced. The-urgent need for biological studies of Fu was appreciated, 
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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1943, -4. H. Compton' an- 

nounced to the Metallurgical Laboratory Project Council that the Ofn- 
ton pile had "taken off." By January 19, 1944, 0.5 g of Pu had been 
gqnrated,S and three weeks later, on February 8, 1944, Hamilton's gropp 
at Berkeley received 11 mg to begin tracer studies in rats.' 

Pu contamination of Metallurgical Laboratory installatiow and per- 
sonnel was a chronic problem,'. and one of the Health Di\.ision's pressing 
caslis was to devise a method of determining whether a Pu burden had 
been acquired. The first approach was analysis of Pu in urine,'-' qpd 
tracer data from rodentss- were used to relate Pu in urine to the bady 
burden. If urinalysis was to be a reliable assay for Pu, characterization of 
i ts  behavior in man was essential. For this reason, 18 hospitalized persons 
were injected with tracer amounts of Pu in 1945 and 1946.18 

The power-function curves of human Pu excretion consp-ucted by 
Langham et al.". 'O used data from both the hospital patients and from 
.wed occupationally exposed penons, and provided a method of pre- 
dicting Pu body content based on urinalysis. L'mgharn's method has heen 
reana1)zed many times."-?' There have been mathematical refinements, 
and analytical .chemical and a-particle detection techniques have been irn- 
proved,2G* '* but the under11 ing asumptions are unchanged. 

It seemed appropriate that this anniversiry volume include a re- 
&nation of the original data, gathered nearly 25 )ears ago, because 
meager as they are, they represent nearly all our human Pu experience. 
Study of the behavior of Pu in each patient might reveal differences in 
Pu metabolism (as a result of their various illnesses) that could bc used 
to predict the beha\ior of Pu in healthy persons. 

A retrospective study has the advantage of being able to draw on 
newer knowledge. Long-term escretion data are now available from the 
lower-dose dogs in the Utah experiment.'s- The protein that binds Pu in 
plasma has been identified as transfepin, the iron-transport 
The kinetics of iron, the element narmdly carried by transferrin, have 
beeen worked out in det~iI.j+-~' Now, there is also some information on 
the behavior of Pu in two other large animals, the sheep3" 39 and the 
pig.'+'' 

_ _ _ _ ~ ~ ~ ~  

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

and attempts at Pu decontamination (Copp et A'*) by the Berkeley group, 
mid the tracer and toxicity and inhalation studies in several species by Cole's 
group in Chicago (Finkle et al.," Painter et al.," Brues et d.,= Bloomi6 and 
Abrams et a].") are the foundation of our knonledge of the LioloSical beharior 
of Pu. Photocopies of the unpublished ?Ifetallurgicai Laboratory reports are 
aMilable at cost from the Dibision of Technical information, P. 0. Box 62, 
Oak Ridge, Tennessee, 37830. 
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I MATERIALS AND METHODS 
The following brief description of the original d ,ra sources is in- 

cluded to eliminate confusion about the Berkeley and ~t i icago c w  for 
which fragmentary reports have appeared more than once. Summaries of 
the histories of the published cases and histories of two prpiously unpub 
hhed cases are also included in Appendix 1. 

Langhom et u1." Casg HP-1 through HP-I2 are described, includ- 
ing medical histories, injection data, hematoIogic data, t+od chemktx), 
and Yu analyses of blood, urine, feces, and tissue spccimeps. Pu and!ses 
of urine, feces (fecal data from Cal-1 were not included), and tissue 

spechens are reported for Cal-1, Chi-1, Chi-2, aqd Chi-?. Pu urjnal!ses 
are reported for three occupationally expajed persons. Py radiocfiepical 
methods are reported in detail elqvhere.''+s 

Russell and Nickson''* jf* ;* ;u1 the original data from Chi,l and 
Chi-2 are contained in Ref. 47, which includes case histories, injection 

tissue specimens. Ref. 48 contains the original data for Chi-3 and frag- 
mentary data from the other tsyo cases. (Additional informatiop was 
obtained from E. R. Russell for Qi-3.) Pu radiochemical techniques can 
be found in Refs. 49-5 1. 

Crowley et ~1.'' Most of *e information obtained from Cal-l is 
included in this report. which includes a brief medical history, injection 
data, and Pu analyses of urine, feces, blood, and biopsy specimens. Radio- 
chemical techniques are also included. Additional infqrrnation wa 
obtained from raw data sheets, hospital records, and death certificates. 

Foreman el al:' ?'his report contains all the information from n case 
of occupational Pu exposure (designated herein as LASL-1) .* Included 
are Pu exposure histoq and Pu anal!= of urine and autopsy specimens. 
Radiochemical techniques are dgcribed elsewhere." 

Data from the laboratory animals were obtained from published 
curves and tables: dog,". ' ' 7  *'' 3s swineaw3 and rat."' ''B '' B. 
J. Stover and D. R. -4therton kindly supplied original data for Pu excre- 
tion of individual dogs. 

RESULTS 
Plutonium in soft tissues 
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Organ and h u e  weights were estimated from the recorded body 
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Now designated as LASL-1-038 by the Los Alamos Scientific cat&atory. 
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waght and the weight proportions of "Standard hfan."sg~ 6o The analyti- 
cal results and calculated weights of tjsues and organs and their tot4 
calculated Pu contents are shown in Table 1. 

T h e  calculated Pu content of the soft tissues" of the si? human 
beings is considerably greater than the 3% reported present in sdt tissues 
of the beagle 22 d a y  after intravenous injection." It  was possible to cal- 
culate from the data of Smith et d." that the soft tissues of yearling minia- 
ttm swine contained as much as 25% of the injected dose 6 days after 
intravenous injection of Pu( IV) citrate. 

The movement of Pu out of the soft tissues of the six human cases is 
shown in Figure 1. Extrapolation of the initial steep portion of the cune  
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 

Soft-tissue Pu = 870e4.096t + 16%e4.001'r, ( 1 )  

where t is days. The initial rate of Pu loss from the soft tissues of the 
high-dose dogs studied by Painter et ai." and from rats'" appears to be 
about the same as estimated for man. There is some indirect evidence from 
the Utah dogs that Pu continued to be deposited in liver and bone dur- 
ing the first few days after injection. Thus, the amount of Pu in i t id ) .  in 
the soft tissues of the dog (at least 20% can be accounted for in blood 
done)  was substantially more than the 3% measured at 22 days.'s Most 
of the Pu that leaves the soft tissues of either dog or man doeq not leave 
the body, but is redistributed to the liver and skeleton. It appears that 
most of the Pu originally in the soft tjgues of the dog is sufficiently IabiIe 
to participate in this redistribution, but that nearly two-thirds of the Pu 
initialIy found in the soft tissues of man Is more firmly bound. 

Plutonium in the skeleton 
The initial Pu content of the en*e human skdeton was oz-igindIp 

calculated by multiplying the mean Pu concentration of all the bone 
samples by 10 kg, the estimated average bone m a s  of "Standard Alan",'" 
yielding a calculated total skeletal Pu of 65 70. 

Since 195 1, when the human Pu cases were reported, Pv has been 
measured in all the individual bones of the dog,56 and in several bones of 

Unless otherwise specified, soft tissue includes muscle, skin, connective, lymp- 
phatic, and nervous tissue, fat, glands, all organs except liver, blood and other 
body fluids ucept  bladder urine, and gastrointestinal contents. Thus the whole 
body consists of liver, bone and soft tissue. 
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the rat,** rabbit," and pig.'s The results are all the w e :  vegpbrae, $yj, 
and sternum - the bones sampled in the human cases - have higher 
initial Pu concentrations than the skeleton as a whale, yhich means @at 
the total skeletal content of the human Pp cases waq prqbably o y p ~ -  
estimated. 

. 

One method of estimating ske1eta.I Pu ysg the .yoqteriaj balance, 

(!I Puu= 100% - ( P U l  + PUII + Pue), 

w h m  h s k ,  PI, PuSt, and Pu, are the percent of kjected dose in the 
skdct~n, liver, soft tissues, and excreta, respectively. The maximum Pusk 
- that is, the amount of Fu left over after accounting fQr PUI,  Pua,, 
and Pu, of each individual human Pu case - appeais in the bottom rpw 
of Table I.* 

The mean PUsk for d six cases, regardless of their health status, vas 
55oJo-100/0 less than was originally calculated. Some of the r w n s  
for this change are that the folIowing have now been accounted for: (4) 
excretion between the end of collections and death; ( h )  Pu in all spft 
tissues whether sampled or not; and (c)  Pu remaining in the circulafipg 
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 bpn  
almost completely replaced by tumor. IVhen HP-1 I was injected, he )vas 
dying of hepatic failure (cirrhasis resulting from chronic alcoholism ?nd 
malnutrition). If only the three cases with presumably normal hpeq ?re 
considered, the mean PUI is 31.276, and the mean Pusk is 47% - nR$y 
18% less than originally estimated.'9 

Tdal skeletal PUsk can also be estimated from ( a )  the concentr#ion 
.. in individual bones, (b) the p o n d e d  (weight) relationships between in- 

dividual bones and the whole skeleton, and (c)  the distributicmd relalion- 
ships between a radionuclide in individual bones and in the entire skeleton 

.. according to the equation 
\ 

9 ( 3 )  
BW X fsk X fb, X (PuI )  

h s k  = fri 

where 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 skeletal 

~ 

Atl w a  not measured for Gal-1, so the range of PuSt shown for him uses as 
Limits the highest and lowest measund values of Pu, from three other CMCS 

tbat were considered to have approximately normal livers. 
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Fig. 1. Pu loss from soft tissue (other than liver) after intravenous injection 
of Pu(1V) citrate or pU(V1) citrate. Rat data are from Scott et al.'" and 
Carritt et aL5'; toxicity dogs were those of Painter et a1.l'; mongrel dogs 
injected with Pu(N03) ,  \yere those of Rysina and Erokhinj4; beagles i\.ere 
those of Stover et a1.'8 
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weight contributed by the individual bone i (or a group of similar bones), 
( h i )  is the measured Pu concentration (%/g) in bone i, and fr, is the 
fraction of the skeletal radionuclide Contributed by bone i .  

Bone specimens were obtained from nine cases. The analytical results 
art shown in Table 11. The bone samples of the two Chicago cases and 
the three California cases had been subdivided into several parts, e.g., 
pcxiosteum, marrow, spicules, cortex, etc. In order to make use of 
published whole-bone weights and intraskeletal radionuclide distributions, 
it was necessary to reconstruct whole-bone samples from the reported 

The  literature contains records of 29 complete dissections of fresh 
skeletons from weighed cadaven.G'p '+'O The best estimates of fsk for the 
human skeleton are 14.6 k 3%" and 11.9 2 1.7y' of the body weight 
for the adult male and female, respectively. The iveights of the individual 
skeletons of the Pu C'LS~S \yere calculated and appear at the bottom of 
Table I. Marei and BoTiSov" dissected seven male and s h  fernale cadavers 
of persons who died in 1967. Groups of bones were \veighed on modern 
equipment, and dning was avoided. Their dissections included only 
''cardd preliminar). removal of soft tissue", about what might be es- 
pectd in the case of autopsy samples. The fb,'s derived from these data" 
were multiplied by the calculated weights of the skeletons of the Pu cases 
to obtain estimates of the wet weight of each sampled bone or group of 
bones. 

Fractional distribution of Pu in the human skeleton introduces the 
greatest uncertainty into the ponderal calculation, because it has not bcen 
evaluated. Distribution of Pu in all the individual bones has been meas- 
ured only in the dog."* '' The use of the dog data to describe Pu distri- 
bution in the human skeleton has serious disad\.antages. Differences in 
bone weight distribution, and presumably also the functional differences 
resulting from different patterns of weight hearing, are likely to be reflected 
in the radionuclide distributions in the skeletons of man and dog. The 
skeletal distribution of 2".4m has been determined in the dog," and the 
results compare reasonably well with those for 'jDPu in the same species 
and with 24'Xm in the monkey (P. I V .  Durbin, 11. H. IVil l im,  and Pi. 
J a g ,  unpublished). At least one alkaline earth element has also been 
studied in each of these animals; 22CRa in the dog skeleton," and 'OSr 

the monkey skeleton." Data were found from which it ivas  possible 10 

parts." 

*Mean 2 standard deviation (S.D.). 
SD. = F( dev) */~,,-IJ'Z. 
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Table N. Summary of Pu concentration in human bone samples ( Pui ) 
and calculation of total Pu in the sampled bones and total skeleton baTed 
on intraskeletal distribution of Ra  and Sr in man, Am in modey and PU 
in dog.' 

% of Pu in total 
skeleton, based ona 

(Pui) % of Pu Ra, Sr A m  Pu Matcrial 
Case Bone sampled %/g (calc.) man monkey dog balance 

HP-5 

HI?-9 

HP-11 

HPI 2 

Chi-I 

chi-2 

Cal-1 

c_al-2 
'\ 

Cal-3 

Vertebra 0.0071 
Rib (whole) 0.0070 
Sternum 

Mean 

Vertebra 
Rii (whole) 

MGUl 

Vertebra 
Rib (whole) 
Sternum 

M a  

Radius end 
Patellae 

MGUl 

Ribe 
Sternum 

Mean 

Ribe 

Ribe 
Femur" 

Femur 
(cortex) ' 

0.0050 

0.0080 
0.0038 

0.0070 
0.0068 
0.0096 

0.0187 
0.0109 

0.0079 
0.0047 

0.0200 

0.008 1 

0.0436 

0.003 1 

13.6 56 
4.47 36 
0.72 40 

44 
13.6 56 

2.16 17b 
56 

13.4 55 
4.34 35 
1.38 77 

56 
- 

2.36' 
0.78' 

5.44 44 
0.73 40 

42 
8.84 71 

4.73 38 

12.5 >lo0 
6.09 57 

47 
76 
48 
57 

47 
37 
42 

- 

- 

46 
74 
92 
71 

103 
162 
132 

92 
49 
70 

150 

80 

- 

- 

- 

38 
38 
40 
38 

39 
1 8b 
39 

38 
37 
77 
51 

- 

- 

- 

46 
40 
43 

76 

40 

- 

- 
42 

- 
52 

- 
65 

- 
49 

81 

'See text and Refs. 72-77. ' Omitted from average. 
'Ends of radii and ulnae of adult rhesu monkeys contribute 33% of the whole- 

'Measurement of patellae separate from leg bones was made only for Sr in the 

' Results published for subdivided samples. Whole bone reconstructed, see Ref. 61. 

bone wet weight. 

monkey and reprcsented 0.48% of the skeletal burden. 
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c&ulate the distributions of '"Ra and 'OSr in the human skeleton."-" 
(Details are published elsewhere.") The estimates of the skeletal distribu- 
tions of 226Ra and 'OSr in man agreed well. They also agreed generally 
(despite some specific species differences) with the distributions of "'Ra 
. ad  "Sr in the animals and qualitatively with the distributions of the 
actinide elements in the animals. The existence of a common intrxkeietal 
distribution pattern among seemingly dissimilar elements is not too sur- 
prising, because the initial site of deposition of all the bone-seeking ele- 
ments is on surfaces and initial deposition is related to vascularization and 
Mood flOW.'* 

Table ZI contains the solution of Equation ( 3 )  for each bone speci- 
men, based on fn  taken from alkaline earths in man, in the monkey, 
or *"Pu in the dog." The Puak  of each human case calculated from Equa- 
tion ( 3 )  is compared in Table ZI with the result obtained from the 
miterial balance. The best agreement between the t\vo methods of tal- 
ciilating Pusr was achieved when fri was based on the alkaline earth 
distribution in man. 

The calculated Pusk was greater than 1000/0 for HP-12, an im- 
possibility. The bone specimens from that case were fragments removed 
during surgical repair of comminuted fractures. Surgery occurred 2 1 days 
after the bones were fractured and 5 days after the Pu injection. Callus 
fornintion and resorption of damaged bone were probably well under \\'a). 
when the Pu was injected. Van MiddIes~orth '~ showed that Pu uptake 
in a healing fracture was about four times as great as in the contralateral 
nonnal bone when partial healing had been permitted to occur before PU 
injcction. 

The small piece of femoral metaphysis from Cal-2 (designated as 
* c O f l a )  was evidently not normal. Even assuming uniform skeletal PU 
(1cPr;ition during rapid growth, the PuSk calculated from this sample also 
~ ~ C a d c d  100%. Nthough not stated, the biopsy specimen may have been 
L.h from the distal femoral metaphysis, the site of a pathological frac- 
~ W C  three months earlier. 

If ~ ~ C S C  two cats are excluded, the mean skeletal Pu of the remaining 

1 

I 

! 

six cllvs is 49 c 8.3%. 

pluloniutn in blood after intravenous injection 
h i d  blood samples lvere drawn at irregular intends from 11 of 

exmined for an ideal case." 
The sources of error in total skeletal isotope calculated f d r n  Eq. ( 3 )  have been 
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the Pu-injected individuals.I9 The first sample was taken 4 hours aftcr 
injection in dl but one case, Chi-l.'* The longest pwt-injection time nt 
which a reliable blood sample was obtained was 46 days. X semilog- 
arithmic cume of Pu in the blood was prepared for each of the ten 
individuals from whom more than three blood samples were taken. Details 
of the construction of the blood cumes appear elsewhere.6' 

Individual Pu blood c u m s  are shown in Figure 2 along with the 
curves for dog and sheep." Cnse HP-2 was typical of the cunes of most 
af the cases. Case H P 4  was the most unusual - rapid components werc 
k i n g ,  and Pu remained in the bImd for a much longer time. The  blood 
curve of HP-7 is shown to demonstrate the leveling trend after the fifteenth 

In spite of the variety of their illnesses, the blood cu~t'es of these in- 
dividuals revealed a common pattern. '4s it moves out of the circulation, 
Pu is evidently tracing fundmental processes that are little disturbed h y  
the specific pathological conditions. There was an equally remarknble 
similarity among the different species. The indhidual intercepts and half- 
times of the components designed P2, PJ, and 1'4 (see Table I I I )  \vel-e ncJt 
normally distributed about their means, and it was necessary to seek some 

b y -  

the 

P t '  
and 
been 
wFe. 
totl 

iron, 
beca 
inn 

. the]  
the4 
met; 

: 

. ''N 

of the chemical status of Pu or the ph)siological status of the 
.ts (or both) that would account for these variations. 
'u(IV) has been shown to combine with proteins in the plasma of 
,t,30, 8: dog,32. 33 and man '* - in particular the iron-trnsport 
n, transferrin. The properties of transferrin and its metabolism. 
he tnnsport of iron and its release into developing red cells ha\c  
recently reviewed by  kat^.^^ Plasma clearance of pre-equilibrated 
zmsfemn has an  average half-time of 96 minutes."* " Once bound 
nsfemn, Pu(1V) appears to be released much more slowl) than 
and the mechanism of release remains to be elucidated. Ho~ever ,  
se such a large fraction of Pu(1V) introduced into the circulation 
nomeric form is quickly bound to transferrin - 8570 in 1 hour in 
t and 9GYb by the seventh hour in the dogZ3 - the working hppo- 
was adopted that Pu bound to transferrin traces, at least in part, the 
o h m  of the camer protein. 

The Pu blood cuwe for the dog was constructed for the data given in Figures  I 
and 2 of Stover et aLS Pcrcent Pu per ml plasma was convrrted to Si: ? k i  

in total blood volume by using the blood volume for thc beagle? Lang-ten11 
i t a  were obtained from Table I in Stover et aI.= Data for the sheep were read 
Irom Figure 3 of AlcClellan et aLA 
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The intercepts and the half-times of the unanalyzed inchidud PU 
blood curves are shown in Table III. In  the subsequent discussions of data 
prsented as semilogarithmic plots, the slopes of the segments of the ex- 
perimental curves are presented in terms of their half-times: half-tiine = 
0.693/X, where 1 is in units of time-'. Half-times of raw cuwes are dc- 
signated as S, and half-times of the exponential equations of these curia 

are designated rzs T. Intercepts of raw cuma  are designated as A, and the 
&cients of the exponential equations as a. 

It can be inferred from the rapidity with which Pu initiaU!. leaves 
the circulation without appearing in significant amounts in the excreta or 

the major organs of deposition," that some of the Pu not promptly bound 
to protein moves into the estracdlular fluid. Half the body transferrin 
and the iron bound to it are e s t r a v ; ~ ~ ~ u I a r . ~ ~  The slow return of Pu to the 
drculation and its ncarly complete protein binding after the first hour 
Strongly suggest that some of the Pu that escapes into the extmceilular 
fluid returns in bound form. The rates of mot-ement of (a )  unbound Pu 
out of the circulation and into the extracellular fluid, (b )  Pu returning 
to the circulation bound to transfemn, and ( c )  Pu-transferrin into extra- 
cell ar fluid3' and e ~ c r e t a ~ " ~ *  should all be influenced by the efficiency 

Four persons were suffering from various heart and (or )  circulatop 
drrents,  all of which are associated with increased tissue fluid retention 
and decreased venous return. HP-3 \vas edematous, and hcr rate of 
tiss e fluid movement was probably depressed. The parameters of the 

Pu cun-es of these five cases were compared ~ i t h  those of the rc- 
ng five cases, whose cardioyascular systems were apparently norninl 
eir ages. The blood volumes of those patients with circulatory im- 
ents lost Pu more slowly;* the half times of P2 [PS? (normzl] = 

3.6 hour, and PSLI (impaired) = 19.1 t 2.5 hour] werc signifi- 
fferent ( P  = 0.01).83 Component PJ was slower in the persom 
r circulation, but the difference was not significant. No effect of 

circ-llator). impairment on component P, was detected, suggestin: t h c  
this and later components are only minimally influenced by circulator) 
stat-S. Intercepts P.42, P.43, and PA, were higher when the circulatim 
was not normal, but the scatter was so great that these differences were 
not jignificmt. 

of 9 circulation. 

Although they could not bc examined, the earliest components (combined Iicrc 
as PI) were probably also slowed by circulatory impairment. 
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A five-component exponential Pu bIood curve was constructed by 
use of the mean intercepts m d  half-times of those individuaIs ~ 1 1 0  LYCI'C 

judged to be free of debilitating heart or vascular disease. Each meall 
component was plotted as a straight-line segment, and the equation of t tic 
c o m p i t e  turve was obtained by standard graphic methods. Tilc prim- 

meten of the equations of the human blood curve are given in Table /I' 
with those of the Pu plasma or blood CURB of several other speciu. 

Components PI, P, and P3 were affected by impairment of the cir- 
culation. Component PI (not well defined for man, haif-times ranging 
from a few minutes to about 1 hour) seem to be associated uith circii1:t- 
tory mixing, rnoxxment of unbound Pu into extracellular fluid, and uptnkc 
of Pu in bone and liver. Component P: (half-time 7 to 8 hours) seems 
to be related to the accumulation of Pu by bone. Iron metabolisrn sug- 
gests the mechanism leading to components P3 and P,. Component P3 
(half-time 1 to 2 da)s and not obsen-ed in the rat) may be relntcd to 
the return of Pu-transfemn to the circulation from extracellular fluki.  
The last short-term component, P, (half-time 5 to 6 da)s) may be related 
to the destruction of the protein portion of the Pu-tramfemn complcs, 

The material balance of Pu in swine suggests loss of Pu from bonc 
ant source of plnsma Pu after thc first few days post injcc- 
term component, Ps, was found for the dog and pig ( h i f -  

about 230 days), and is probably related to feedback of Pu fr-om 
lived bony structures and soft tissues. Only the dog has been obscrwd 
long enough time to permit identification of a \.er): slow coniporiciit 
-time about 5500 days), which may be related to release of Pu from 

r component oi feedback from soft tissue. 

liver as well as from slowiy metabolizing portions of the skeleton. 

me daily urinary excretion of each Pu-injected individual s v x  gi,1\.cn 
or through 138 days after Pu injection i i i  

le VI  of Langham et ai.19 Additional excretion data for Chi- 1 , Chi-3: 
Cal-1 through 155, 163, and 341 days, respectively, jvere a\.ailabie ui 

references.ii. 4 5 1 .  52 There is a great deal of scatter in the iri- 

used by incomplete couection, anal) ticai 
or fluctuations in the physical condition of the patients.'" The  txst 
t-line segments were drawn on semilogarithmic plots of d i i s  

cretion, and the resulting curves (shown in Llppendix 2 )  werc 

http://gi,1\.cn
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It is appropriate at this point to summarize what is known or can be 
inferred about the renal excretion of iron. Under normal physiologicnl 
conditions only a tiny fraction of plasma iron exists in forms other than 
bound to transferrin. Urinary excretion of iron is only 0.1 mg to 0.2 mg 
M y  eqLiivalent to a urinary clearance of about 3% of plasma iron." 
The normal mechanisms of urinary iron excretion probably include 
(a) filtration of low-molecular-weight chelates, ( b )  exfoliation of kidney, 
bladder, or urethra cells all of which contain small amounts of iron, 
and ( c )  leakage of transfemn-bound iron through the glomerulus or 
tubules. Another possible source of urinary iron niay arise during trans- 
fenin catabolism in the kidney. The ability of the Lidnq- to excrete un- 
bound iron can be inferred from the observation thnt 170 to 2% of in- 
jected 6gFe-asc~rbate could be found in the earliest urine  sample^.^' 

The amount of Eu exireted in the urine at any time should depend 
at least in part upon the extent of Pu-transferrin binding (or bindins to 

other proteins) and the filterability of Iorv-molecdar-\veight Pu chelatcs. 
The rates of production and destruction of transfenin, hence, the amount 
of transfemn circulating?' and the latent binding capacity (I binding sites 
not already occupied by iron) are reiated to hematopoiesis and dietar) 
iron intake.36 Both the amount a d  latent binding capacit! of transferrin 
are increased following acute hemorrhage and in iron-deficient anemia. 
and both are reduced in heniol)-tic anemias, acute hepatitis, and hemo- 
ChTOrnato~is.~~ The extent of Pu-transferrin binding and the rate of i& 
release also appear to be related to and affected by the status of hcma- 
topoi&. 

Some individuals consistently excreted more Pu than others. In order 
to discover whether urinary Pu escretion could be related to ph}siolo$cal 
status, urinary Pu was summed for the earliest and latest 6-da). intend5 
in which excreta were collccted from all the patients. 1ledica.l historia 
were enramincd for information on renal function, hepatic proteins) nthetic. 
capacity, and hematologic status. 

The influence of anemia associated with an  elevated latent iron 
binding capacity (reduced transferrin saturation) on urinary Pu ex- 
cretion was clear. During the first 6 da)-s post injection the four anemic 
Pu( IV) -injected patients excreted si,pificantly less Pu in their urine 
(0.60% -C 0.15%) th,m did thcrse whose hemogram were presurnnhl) 
normal (1.05 c 0.25%.) Lower initial Pu acretion is lvhat wouid be 
expected on the basis of the increased binding capacity of transferrin as- 
sociated with most anemias." During the i n t e n d  of 19 to 24 days, the 
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excreta were collected from dl the Pu(1V)-injected 
Pu of the anemic patients (0.13% st 0.0670) was 

slightly more than that of the hcrnatologkdy normal patients (0.1 1 % C 
0.03 % ) , though not significantly so. 

The urine cumes of the four persons studied Iongest and the best 
curves that could be drawn for the dog and the pig are sh0Lk.n in Figure 3. 
m e  majority of the individual Pu urine cun’es contained two to four 
&tinct segments, depending upon how long excreta were collected. 

The r n m  f standard deviation of the raw intercepts and half-tinies 
were calculated (see Table V )  for the ten Pu(IV)-injected penons, s k  
judged to have normal kidney and hematopoietic function, and four 
judged to be anemic. The intercepts of the first two components, UA1 
and UA,, of the Pu urine cun-es of the presumably normal penons isere 
almost hvice as large as U-41 and UA, determined for the anenuc cases. 
UA3 of the normal group i v a s  suhstantidy Ioiver than UA, of the anemic 
group. The half-times of these three components of the Pu urine cun’es 
were not affected by anemia or kidney disease. Although the amounts of 
Pu excreted in the urine were dtered as a result of the various ph)siologi- 
cal processes associated with anemia, their rates \-.*ere apparently un- 
affected. 

The average intercept, UAI, of the Pu(V1) -injected cases was 
greater, and the half-time, US,, was les than the \values of these para- 
meters determined for either the normal or anemic Pu( 1V)-injected 
group. The greater eariy urinary excreticn of Pu(V1) citrate suggests 
that Pu in this form is more readily filtered by the kidney than is Pu( IV)  
citrate. The more rapid decay of the initial urinaq component is in 
accord with Bruenger’s suggestions6 that Pu(V1) protein binding is more 
stable than that of Pu( IV)  . The ai.erage intercepts and half-times of U-, 
U3, and U4 of the Pu(VI)-iijected persons were either the same as, or 
not very different from, the values of these parameters determined for 
the group of Pu(1V)-injected cases with normal kidneys and normal 
hematopoiesis. 

For radioIogical protection pu’poses the need is characterization of 
a h urine cunre representative of an adult human being in reasonably 
good health. Therefore, in this and)sis d a b  were excluded from thcse 
V n s  judged to have ob\iwsly abnormal Gdney function or abnormal 
plasma Pu binding (the ,anemic persons). -4 five-component esponcntial 
c u ~ e  was constructed; the raw intercepts and hcdf-tinies ar.e shown in 
Table V ,  and thc pnmmcters of its equation appear in Tablc VI. 

IO0 I 2 2 4  
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Days after injection 

Fig. 3. Daily urinary Pu excretion by several Pu-injected persons, d o g  a n d  
miniature swine. Swine data are from Clarke et al.'"; dog data are from R. J. 
Stover and D. R. Atherton (original data) 0.1 pCi/kg groups only. 
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The half-times of the early components of the Pu urine cun-e were 
not noticeably affected by the physical disabilities of the indhidual 
patients, and the half-times of all the Pu (IV) urine curves were included 
in the cdcdated averages for each component. Pu( IV) is deemed most 
likely to be the chemical form of Pu encountered in an occupational ex- 
lxxw-e., and for this reason the Pu(V1)-injected cases were omitted from 
the calculated mean of US. The half-times of the later components 
of the urine curves of the Pu(V1)-injected individuals Lvere not different 
from those determined for the persons given Pu( 11') ; therefore, all half- 
time determinations have been included in calculation of US2, and US3. 
Only Chi-3 and Cal-1, who were both injected with Pu( VI ) ,  protide any 
estimate of US,, but neither 'tvas followed long enough to define it closcly. 

The only human Pu urine measurements a t  post-injection intcmals 
sufficiently long to permit estimation of the slope of the nest component, 
US$, are two samples obtained from HP-6, 525 and 1610 days pmt injcc- 
tion The line joining these two points has a half-time of 1250 da).s, od!. 
one-third the value of US5 in the Pu urine curve of the dog. LTSS and US, 
were not defined for HP-6 because collections were terminated too soon? 
but if US, and US, for HP-6 are similar to the other cases, then the 
urine curve for HP-6 should bend between the two late sample points, and 
US, should be greater than 1250 days. 

Some long-term urine data from four occupationally esposed persons 
arc shown in Figure 4 :  IVBG, DLIV, and JV-AB, from whom urine spcci- 
mens were obtained periodically for as long as 1698 days after terrnina- 
tion of Pu exposure;'" and LASL-1 who \vas followed for 3500 days after 
c a t i o n  of his initial high level Pu expos~re.~' The latter case is com- 
plicated because the inditidud returned to work with Pu, but at much 
lower levels, 2350 days d te r  the end of his first Pu exposure period. The  
occupational data suggest that the longest half-time of the human Pu 
urine curve is perhaps as long as 13,400 days - the least-squares-fitted 
slope of the LASL-1 urinalysis data." In  the absence of reliable human 
data, and because of the half-times of comparable early portions of the 
human Pu urine curies are similar to those in the dog and pig, 4000 days 
( 1 1 years) was selected as a working value for US5 for man. 

The data points shown in Figure 4 for LhSL-I are averase of all the urinalyses 
taken during each 6-month i n t e n d :  the original data appear in Table 3 of 
Foreman e t  aI.= These averages were not weighted for the number of analyses. 
and zero values were ignored. 
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. Comparison of urinary excretion rates of four occupationally elcposed 
rates predicted by the exponential Pu urine cume construct- 
(bold line) and the Langham equation1” (dashed line). OC- 

persons: 0 - W.B.G., A - D.L.W., 0 - 1V.A.B.”; 
persons: 6 - HP-3 and A - HP-6.” 



1 0 0 1 2 3 1  

! 

496 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA 

Lagerquist et ai.” reported an accident invohing contamination of ;I 

Pu worker designated RF-2075 (S. E. Hammond, private C0niiiiiiriic;L- 
tion). He inhaled, some Pu, and his body surface was contaminatcd, l)\lt 
the bulk of his internal burden was apparently the result of Pu cml)ctl~lcti 
in an injured hand. Twelve days after the accident 98% of the I’u in his 
hand was removed surgically, and he could be. considered to have hati 
a single acute e x p u r e .  

The urinary Pu excretion of RF-2075 is pIotted in Figure 5 frorn dnt;i 
read off the published ~un.es . ’~  This is a complicated case; the indi\idu;d 
was treated almost continuously with DTPA, and three operations lvcrc 
performed to remove the Pu from his hand..Figure 5 shows, how.e\.er, that  
the raw half-times of his Pu urine cume are very close to those obtainccl 
from the urine curves of the Pu-injected persons (see Table V).  On the 
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ig. 5. Comparison of urinary Pu excretion after an accidental espostirc 
d treatment with DTPA with the normal Pu’ urine cume. Data for RF- 
075 were read from Figurer 1-6 in Lagerquist et al.sc 0 - DTPX trcntriicr,t 
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other hand, the interccpts of the Pu urine curves of RF-2075 and the Pu- 
injected cases arc quite different, reflecting the changes in Pu dcposition 
pattern brought a b u t  by prolonged DTP.4 treatment. 

The values selected for UA, and UA: in the human urinary cunx 
were thcse determined for the Pu( I\')-injected persons with presumabl!, 
normal kidneys and hematopoiesis. The intercepts of the cunes obtained 
from the Pu(V1) -injected series were rejected throughout, because the 
four persons in that series met one or more of the criteria for altered 
urinary Pu exretion. 

No Pu(1V)-injected indhidual protided urine data after 65 da)s 
post injection; how-ever, a third component, U3, emerged early enough in 
the curves of four cases to identify U.43. The last few points on the c u n e s  
of four additional cases suggested an  inflection and permitted estimation 

Only Cal-1 was followed long enough to identify the intercept, U-A4. 
Comparison of his daily urinary Pu, 0.001 1 %/day between 300 2nd 330 
days past injection, with the urinar) Pu of HP-6, 0.002 yo/day at 52.5 
days and 0.0011 %/day at 1610 dal-s post injection, suggests that the  
value of UA, obtained from Cal-1 is low by at least n factcjr of two. Con- 
sequently, the graphic construction method shown in -4ppendix 2 for HP-6 
was used to estimate U.4, and UAs. Details of the construction are re- 
ported elsewhere.'U 

f 

! of UAJ. 

Gastiointestinal excretion of plutonium 
The original Pu fecal excretion data for Chi-1 and HP-1 through 

HP-12 are given in Table 9 of Langham et al." Fecal Pu for Cal-1 \\.as 
read from Figure I of CrowIey et aLS2 Urine and feces were not separated 
for Chi-2, and fecal data \vere not reported for Chi-3. 

As discussed in the preceding sections, Pu transport in blood and Pu 
filtration by the kidney are largely determined by Pu binding to trans- 
ferrin. The small gastrointestinal elimination of Pu by larger animals 
can aIso be better understood in light of the stability of the complexes of 
Fe and Pu with transferrin and the high degree of consemation of iron. 
The human gastrointestinal tract normally. excretes approximately 0.6 
mg/day of iron.3G* 92* Dl Recent studiesgB indicate that secretion in bile ac- 
counts for 33y0 of fecal exretion, and loss of iron contained in the 50 to 
80 g of intestinal epithelial cells that are desquamated daily accounts for 
another 13%. The remaining 40% of gastrointestinal iron excretion ma): f 
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be mociated with other digestive secretions (gastric, pancreatic, and in- 
testinal juices) .36- 's Crosbf3 suggests that the gastrointestinal tract is dso 
an important site of transferrin catabolism. 

lit was suggested that early urinary Pu excretion \vas related in n 
roughly reciprocal way to the level of transferrin saturation. By tlic sanic 
line of reasoning, at least two of the proposed gastrointestinal excretoq 
mechanism - biliary and digestive-juice secretion -- might also tx ex- 
pected to be influenced by the degree of digestive tract secretion. If dietar) 
intake were low or consisted of soft, bland, nonstimulating foods, thc 
voIume of digestive secretions might be Iower and fecal Pu consequently 
reduced. 

During the first two weeks after injection some indiLidunls consist- 
ently excreted more Pu in their feces than did others. In ordcr to deter- 
mine whether fecal Pu was related to medical status, fecal PLI IV;LS summed 
for each patient over the first and last 6-day intends for t\.hich fecal 
coUcctions were obtained from dl the patients. Gnstrointestind tract and 
liver function and the amounts and varieties of foods eaten ivere j\tdgcd 
to be within normal limits for six Pu ( IV)  -injected patients. Three paticnts 
were being treated for peptic ulcers and \yere probably t&ng small rncals 
of soft bland foods to reduce gastrointestinal stirnuintion and secretion. 
After a total gastrectomy on the fourth day following his Pu injection, 
Cal-1 passed little fecal matter through day 17. Two patients !\.-ere 1)cing 
treated for sevcre cardiac conditions, and it \\*as considered likely that 
they too were taking in less than normal amounts of food and liquids. 
HP-3 w~ls being treated for hepatitis, and the presence of pruritic dennnti- 
tis strongly suggests that she was also jaundiced and that her bilc output 
was less than normal?' Chi-1 was operated on twice ( 15 days before and 
2 days after his Pu injection) to rTmove tumorous tissue from his hLiccnl 
cavity. His output of fecal matter was normal shortly after injection,"' but 
as.,his condition deteriorated, the buccal lesion ulcerated to the bonc, ap- 
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( 1V)-injected cases are considered, the avenge fecal 
Pu of those persons judged to have normal gastrointestinal function and 
normal dietary intakes was 1.32% -t- 0.30, nearly &vice that of the penom 
with gastrointestinal difficulties or restricted dietary intakes, 0.677; i. 
0.14. The difference W;IS sigTuficant (P<O.Ol )s3 during the first 6 days 
after injection, but of only borderline significance between 19 and 24 

_- 
I -  I 
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days p t  injection; nomid diet, 0.20% r+ 0.08; restricted diet, 0.097L 
-t- 0.04 ( M . 0 5 ) .  There were no discernible correlations between fecal 
Pu excretion and erythropoietic status. 

The original fecal Pu data are plotted along with the urine c u n ~ ~  in 
Appendix 2. Analysis of the early portions of most of these cun-es \%.as 
not F i b l e ,  because feces were sampled as 2- to 6-day pools. -4 cumula- 
tive fecal excretion cume was prepared for each case plotted 3s a linear 
function of time. Fecal lag - that is, gastrointestinal transit time - n.as 
ortimated for each case by extrapolating the earliest defined portion of 
the cumulative cun’e to 70 dose/day = 0. The differentiated curnu1atii.e 
fccal PU curves were replotted on a semilogarithmic scale (not shown),  
and the unanalyzed half-time, intercepts (a t  t = fecal lag), and fecal lag 
times for each case are collected in Table VZI. The fecal Pu cunes of 
the three persons who were followed for the Iongest time after injection, 
and the best curves that could be drawn for fecal escretion of Pu by the 
dog and the pig are shown in Figure 6 .  

The means k standard deviation of the unanalyzed half-times and 
intercepts were calculated (see Table VZZ) for the six Pu ( IV) -injected 
individuals that were presumed to have normally functioning gastroin- 

to change the rates of the processes leading to these fecal-cunx 

SS could be determined only for HP-7, Chi-I, and Cal-1. Therc  
good agreement among the three and all were used to calculate 

100 days before collections were terminated, so it is uncertain. Hou.- 
this portion of the Cal-1 fecal curve was almost parallel to the urine 
, US* = 475 days, which is encouraging. The  value chosen for FSj! 
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D a y s  a f t e r  i n j e c t i o n  

Fig. 6. Daily fecal Pu excretion by Pu-injected penons, dogs, and miniature 
swine. Dog data are from B. J. Stover and D. R. Atherton (original d a d )  
0.1 pCi/kg and 0.3 pCi/kg groups only; swine data are from Clarke et al.4u 
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The intercepts of the first two components of the fecal Pu cunes of 
the persons with normal digestive function were almost double those of 
FA, and FA2 calculated for the persons having reduced gastrointcstind 
function, but the differences were not statistically significant. Howel er, 
the intercepts of the first two components of the normal fecal Pu cun  e are 
the mean values of FA1 and FA? determined for only those persons whose 
gastrointestinal tracts were judged to be normally stimulated and norni- 
ally functional. F.43 is the mean of the four Pu(1V)-injected cases for 
whom that parameter could be estimated. 

Values for F.44, the intercept of the longest obsened component, 
were available from only two Pu(V1)-injected persons, neither of whom 
was considered to have a normdy functioning gastrointestinal tract. The  
last 40 days of fecal collections from Chi-1 were only one-half normal bulk 
and he was near death from metastases of his malignancy. F-A3 of his fecd 
curve was one-half that either observed or estimated for the less seriously 
ill Pu(IV)-injected persons. FA3 from the fecal curve of Cal-1 w.s etveri 
lower - slightly more than 5070 of F.\3 for Chi-1 , and 207; of the a\ erace 
FA3 of the Pu( IV) group. His stomach had been completely remo\& 
four days after the Pu injection. In  the absence of a stomach, his daili 
food intake was probably low, and gastric juice-which makes up a 
significant fraction Jf the total volume of digestive secretions-was 
absent. Gastric acid is one of the normal stimulants of the secretion oi 
bile, pancreatic and intestinal juices, and intestinal r n u c ~ s . ~ ~ ~  '* Iron ab- 
sorption is reported to be reduced by as much as 50% after gastrectomy." 
Lack of gastric juice may have played an indirect as well as a direct role 
in reducing the quantity of gastrointestinal secretions and concomitantly 
the amount of Pu excreted in feces by Cal-l.* 

It was assumed that the relationships between the FA3's of Chi-1 and 
Cal-1 and the Pu( IS') -injected group, 

FG(Chi-1) = 0.5 FA3[Pu(IV)] and FA3(Cal-l) = 0.21 FA3[Pu(IVjj, 

could be used to estimate FA, for the Pu( 1V)-injected group as follows: 

FA = [(0.0018/0.5) + (0.0056/0.21)] + 2 = 0.003 70/day. 
* 

An approximation of F.45 was obtained by assuming that Fs in the human 
curve and in the dog cune  emerged at about the same time post injec- 
tion. F, was extrapolated to that time (900 da!s), a line of 3850-day 

* There is a possibility that systematic e m s  in collection and analysis also con- 
tributed to the low fecal Pu values of Cal-1."- 
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half-time was drawn through the 900-day point, and its intercept w x  
determined to be 0.0012 %/day. The parameters of the five-component 
"normal" human fecal excretion curve appear in T u  ble V I .  

Urinary and Fecal Clearance of Plutonium 
Having no fecal data beyond 138 days, Langham et d." were forced 

to use an estimate of the Pu U/F ratio to calculate long-tcrm Pu cxcrc- 
tion. However, both terms of the U/F ratio are subject to change, and 
dues to the nature of some changes - either in excretory cficicncics or i i i  

the chemical state of circulating PU - can be obtained from plxrlin 
clearances. Accurate determination of ur in 'q  clearance requires sirn- 
ultaneous sampling of p l s m a  and bladder urine. In the absence of prccise 
measurements for man, Equations (4) and (5 )  were used to estimate ex- 
cretory clearances from the data a \dable  for man, namely, intermittent 
plasma samples, 24-hour urine samples, and pooled fecal specimens. 

t 
S Ex PI=n 

tl 

Both urinary fecal clearanca were calculated over 6-day intends for as 
long as blood measurements ivere made, but only two intends, at thc 
beginning and the end of mensurements, are shown. 

Painter et 91." measured urinary Pu clearances of dogs injected \vith 
acutely toxic tosses of PulT'I) citrate. Urinary clcarance of Pu was \er)  
high 15 to 30 minutes post injection, but dropped rapidly to a minimum 
which persisted from 4 hours to the end of the first day. -After the first dab. 
urinary clearance rose slightly to a level that was sustained for the nest 13 
days. ... T h e  urinary Pu clearancg calculated for man revealed a similar pat- 
tern. The very high initial clearance could not actually be demonstrated. 
because the earliest urine samples were pooled for the first 24 hourj. 
However, the'first 12 urine specimens passed by Chi-1 liere anallzed 
separately, and 83% of the Pu excreted in the first 48 hours was p<ased 
h the first (0- to 6-hour) specimcn.'7 In the face of his rapidly Jcclinini. 
blood 1eve1l8 this large urinary output would indicate a high initid PU 
clearance. 
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U/F estimates were based entirely on data from Chi-1 and Cal-I, both of 
whom have been considered in this reanalysis to have subnormally stimulnt- 
cd or subnormally functioning gastrointestinal tracts. The analysis pre- 
sented here suggests that immediately after injection in van ,  Pu excrc- 
tion in feces slightly rxceeded Pu excretion in urine, and that by the elid 
of the second week excretion by the two routes was nearly equd, prorided 
that residual transferrin binding, kidney function, liver function, and 
gastrointestinal secretion remained within normal hiits. Comparison of 
the coefficients of the long-term components of the exponentid urinar). and 
fecal Pu-excretion equations (see Table V I )  susgests that at times ai'tcr 
Pu injection longer than 100 days, U/F for Pu in man probably lies 
between 1 .O and 1.5. 

Human plutonium excretion - comparison with prerlious analyses 

accretion at time t after injection is 

. 

When excretion rates are expressed as s u m  of aponen t ih ,  urinav 

n -O.693t/U~1, 
Ut (%/day) = I; Uaie ( 6 )  

n = i  
and similarly, fecal excretion rate at t h e  t is 

Ft (%/day) = 8 Fake 
n -0.693t/Fri. 

n = i  
(7) 

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

Z Ut(%) = 6' Utdt, (8) 

(9)  

(10) 

(11) 

2 Ft(%) = d Ftdt. 

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

and whole-body retention at time t is 

The fraction of the remaining body burden excreted daily in urine at time 
t i s  

&(%/day) = (Ut X IOO)/Rt. 
Urinary and fecal excretion rates (Figures 7 and 8 ) ,  the total amount 

of Pu excreted in urine and feces (Table I X ) ,  whole body retention and 

2 Et (%) = 8 Ut f X Ft 

Rt (%) = 100% - 2 Et. 

(12) 
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the fraction of the b o d y  burden excreted in a I-day urine sample ( F i g u r e  
9 )  were calculated for times after injection from 1 to 14,600 days (about 
40 yeas), using Equations (6)  through (12)  and the parameters of the 
"normaI" Pu urinary and fecal excretion equations given in Table  V I .  
It was assumed for these calculations that a sixth coniponent with a half- 
h e  of 13,400 days (see the discussion of case LXSL-1 in the section on 
urinary excretion) emerged in hoth excretion cunes about 4000 days after 
injection. Total Pu excretion after a single intrai.enous injection predictcd 
by the sums of exponentiak derived in this paper is compared in T a b h  IS 
with that predicted by the power functions derived by Langiiam et d." 
Sums of exponentials predicted greater Pu elimination at all post-injection 
times for at least three reasons: (a) Exponentials fitted the firjt 10 dn!.s' 
data better than the pou.er functions. (b )  Only  the individual iiriiie- 
curve and fecal-cume coeficients from cases judged to be n o m d  i\rith re- 
spect to the particular excretory function were used to calculate the nitan 
d c i e n t s  of the esponcntial equations, and they tended to be higher 
than the averages of all c m .  ( c )  The coefficients of the exponential equn- 

* 
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. 7. Comparison of human urinary Pu excretion (from 1 day to 40 years) 
dicted by the normal Pu urine curve with the Langhnm equation.I9 
nts shown \\.ere calculated from the parameters in Table VI .  
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Fig. 9. Comparison of the percent of the Pu body cclntent excreted daily 
in the urine from 1 day to 40 years predicted by the normal Pu  urine and 
fall curves in this paper and the equations of Langham et a1.I9 Points 
shown were calculated from the parameters given in Table V I .  
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tion of human fecal excretion were adjusted upward to correct for what 
was considered to be unusualIy low long-term fecal elimination by Chi-1 
and Cal-1. 

Table IX. Comparison of Iong-term Pu excretion predicted from power 
functions or sums of exponentials." 

Time after injection Power functions, Sums of exponentials,  
(days) (years) Lungham et al.I9 this p a p e r  

10 
20 
40 
60 
80 
100 
140 
3 60 
720 

1,100 
1,500 
1,800 
3,650 
7,200 
14,600 

1 
2 
3 
4 
5 
10 
20 
40 

256 
3.17 
3.81 
4.2 1 
4.50 
4.74 
5.10 
6.26 
7.22 
7.83 
8.30 
8.68 
9.96 
12.17 

~- 

4.39 
5.25 
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 

See Tables X and X I V  for excretion equation parameters 

For comparison with earlier andyses, the urinary and fecal excretion 
rate equations are replotted logarithmically in Figtircs 7 and 8. At least 
three power functions were needed to describe these equations. The power 
function fitted to the calculated urinary excretion in the time period from 
30 to 360 d a p  W;LS almost the same as that originally dented by Lang- 
ham et from the raw averages of the data from the Pu-injected CACS 

and some accidentally exposed persons and more recently reevaluated by 
machine curve fitting by Robertson and Cohn." 

This paper, Ut (%/day) = 0.171'0-725 (30<T_< 360 days) 
Langham et al,'* Yua( %/day) = 0.2X-0.7' (lO<X_< 1750 da)s) 

Robertson and Cohn," 
Y,( %/day) = 0.193t".'Z' ( l s t l  1750 daysj 
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Figure 9 is the log-log plot of the fraction of the remaining Pu 
burden excreted daily in urine. The po\ver function fitted to the time period 
40<T< 360 days is nearly the same as that derived by Langham et 3.1.’‘ 
using a different analytical method. 

None of the power functions needed to fit the values of human Pu 
fecal excretion calculated from the exponential equation in Table I’I 
agreed with the expression derived by Langham et al.” bIost of the 
difference between the two methods arises from the ways fecal data were 
handled and the assumptions about the long-term trend of fecal Pu 
output. 

Prediction of long-term whole-body plutonium retention 
The currently accepted maximum permissible z39Pu contents of the 

body of occupational workers, based on skeleton and liver, are 0.04 and 
0.4 pCi, respectively?’ For purposes of dose calculations biological half- 
lives are also given; 6.5 x 10‘ days (178 years) for whole body, 7.3 s I O ‘  
days (200 years) for skeleton, and 3 x 10’ days (82 years) for Li\.er. 

T h e  term “retention” is potentially misleading, because it suzgests 
a static condition. Once deposited in a tissue, Pu \\..odd be understood t (J  

remain fixed until eliminated from the body altogether. Studies of pigs and 
dogs demonstrate the dynamic behavior of Pu. In the course of 600 da!s 
of growth remodeling, the skeletons of adolescent miniature sivine”. ‘I 

released about 38% of the injected Pu(  IV)  citrate dose i537c of the 30- 
day bone deposit). Plasma Pu level and urinary escretion of Pu remained 
high. At 600 days the liver contained three times as much Pu (35:;  of 
the dose) as it contained 30 days after injection ( 13% of the dose). 

At this writing there ha1.e been enough deaths of Utah dogs $\.en 
0.3 pCi/kg or less to establish a long-term half-time for Pu in the lxagle 
skeleton of more than 1500 days23 (perhaps as long as 5000 da)s) .  Bone 
remodeling in these 14- to 18-month-old 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 \\ith Pu 
had disappeared. The remaining one-half had been buried by apposition 
of new bone, and were presumably less accessible for remodeling.3’ At 
these same low dose levels, the half-time of Pu in the dog li\.er w x s  about 
3800 days?‘ The prolonged raidence in liirer 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 
cells.-= 
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Pu dynamics can be summarized as follows: Pu initially present in 
soft tissues other than liver is cleared rapidly; the major fraction is redis- 
tributed to bone 'and liver, and a small fraction is excreted. Pu deposited 
in the skeleton is mobilized in the normal coune of bone remodeling; sonic 
is redeposited in bone, some is deposited in liver, and a small fraction is 
excreted. Pu deposited in liver is eventually transfonned from relatildy 
soluble forms in hepatic cells into insoluble hemosiderin deposits and 
sequestered in reticuloendothclial cells. Therefore, iii.er Pu is likely to bc 
lost as slowly as, or more slowIy than, bone Pu, but at perhaps the S ~ I ~ I I C  

rate as deposits of phagocytized Pu-hemosiderin in other tissucs. The  10s 
rate from the liver may e\.entually bccome the rate-limiting process for I'u 
disappearance from the whole body. 

T h e  kt estimates of the early distribution of Pu in four major corn- 
parbnents-skeleton, liver, residual soft tissues, and excreta-are shown 
in Table X for man, dog, and pig. The original analysis of the tissue dis- 
tribution data is included for comparison." The pigs rvere not fully grown 
and the dogs were in the prime of young adulthood, in contrast to thc 
Pu-injected human beings n-ho were aU unwell and, except for HP-4, 
middle-aged or older. I n  the dog and pig only a small fraction of the Pu 

was in soft tissues other than liver (3y0 to 8%)  22 to 30 d q s  after 

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

I 0 0, I' 2 b& 

Injected Pu ( % I  
Time after Soft tissue 
injection Skeleton Liver remainder Escreted 

I 

tan 
his paper 5 to 17 days" 47.5 26.8 23.3 2.4 

5 to 15 monthsb 47.5 31.2 11.2 9.5 

,angham et all3 4 to 457 days' 65.7 22.5 6.8 5.0 

bog* 22 days 51.0 34.0 2.0 13.0 
5g" 30 days 72.0 14.0 8.3 5.7 

~~ ~ 

Average of Cal-I, Chi-?, HP-11. Cal-3. Liven and skeletons of Chi-2 and H P - I  I 
not included Sce Tables I and I I .  
Averages of HP-5, HP-9, and Chi-1. See Tab les  I and 11. 
Average of all tissues from all cases in Lanqhanl et al." Excretion estimated from 
power functions. Soft tissues calculated by difference. 
' Stover et duo 
'Skeleton from Clarke et a].* Liver from Smith et al." Excreta calculated from 
exponential equations in Table VI. Soft tissue calculated by difference. 
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injection." An average of 11 2% of the Pu dose was calculated to be in 
the soft tissues of the Pu-injected people who came to autopsy 5 to 15 
months p t  irijection. The large soft-tissue compartment in these middle- 
aged people compared with the smaller soft tissue compartment in the 
young vigorous animals may be a species difference, or it may be a real 
dfect of age stemming from poorer circulation, more fibrous (less cellular j 
connective tissue, the presence of ectopic calcifications and fatty plaques, 
and reduced cell tumoi.er that accompany advancing age. 

Frostw used a tetracycline labeling method and estimated the rate 
of bone replacement in rib and cla\icle cortex of persons 35 to '70 years of 
age to be between 2.5%/year and 6yo/year. K d p  et a1.'O0 used fallout 
*OSr analyses of indiiidud bones and whole skeletons to otJ t ; i i t i  specific 
activity ratios ("'Sr in bne/"Sr in skeleton) in adult humiin lonp-l)one 
cortex, whole rib, and vertebrae. Bqxnt 'and Loutit"' cnlculated the 
annual rate of bone turnoim required to produce those obsenzd specific 
activities - l.l%/year to 2.6s/year in ivhole femur, 2.1 $L[>.e:ir. to 
6.2%/year in whole rib, and 5%/year to 10.4C/o/year in \n- te lme.  Row.- 

using an autoradiographic technique and bonc from persons ivirh 
long-standing burdens of '"Ra, calculated a turnover rate of 1.1 s. /year 
for Iong-bone cortex. A11 the abox-e calculated turnover rates are in good 
agreement with each other. 

The best estimates of the , m u d  mass replacement rates of certain 
human bones are probably the mid-points of the ranges cited abo1.e- 
1.85QJo/year for whole long bone, 4.2%/year for \vhole rib, and 7.75,/ 
year for vertebrae. Pu is depaited on bone surfaces, and has 
suggested that the surface of a mass of trabecular bone is four times the 
surface of an equal mass of cortical bone. Using a ratio of 4.: 1 ,  €or 
trabecular to cortical bone surface, estimating trabecular bonz miss to 
be 23% of the total (ashed or dried) skeleton, and using the ahovc 
estimates of bone turnover, one calculates the average turnoi.er rnte of the 

E(0.23 x 4 x 7.7%/year) + (0.77 x 1.85cJo/ye;a-)] = 5%/year. 

The associated half-time of the bone surfaces is 13.9 yea=, slightly 1es.s 
than the 15-year half-time obsen-ed in long-term 226Ra retention in 
man.1w Assuming that 50% of circulating Pu is redeposited in human 
bone,los the observed half-time of Pu in the skeleton woulci he 88 years" 

Since this paper was written, Senot e t  al.'" have reported tha t  Pu w s  deposiicd 
almost exclusively in the bone of rats injected intravenously with Pu(IVj-tr3ns- 
f e h ,  and Durbin e t  al."' concluded from a h e t i c  analysis of Pu(1V) citrate 

1 bone surface of the entire humnn skeleton to be 5%/year. 

! 
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I 

I 

I 
1 



A,.,., 

.*.., ... . 
. .  

514 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA 

(10,220 days), reasonably close to the 13,400-day half-time that could 
be fitted to the long-term urine data of cnse L.1SL-I. 

The half-time of Pu in the human body was estimated in this 
analysis to be 204 years in substantial agreement with the upper limit 
caIculated by Langham et al.I9 The important consequence of Pu loss 
from bone faster than from the whole body is an increase in liver Pu 
with time. 

Mays et aI.*O6 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 anal>sis 
in this paper suggests that over a 50-year working Iifetimc the liver's 
share of the body Pu content grows progressively larger, eventually ap- 
proaching 50%. The consequences of this model and the calculations of 
Mays et a.l.lOb are that liver is as critical an organ for Pu as is the skeleton. 

D E D I C A T I O N  
This chapter is dedicated to the mernory of Dr. Burris I?. Cunnirig- 

ham, Professor of Chemistry, University of California at Herkele!., and 
Senior Staff Scientist of the Department of Chenlistr)., Uni\.ersit!. of 
California, Lawrence Radiation Laboraton., who with L. B. IVerner 
first prepared plutonium in pure form and who developed on a micro- 
chemical scale the chemical techniques that jvere later used in the puri- 
fication of large quantities of plutonium. I remember with pleasure and 
appreciation many conversations with Dr. Cunningham on matters of 
plutonium and actinide chemistry. 

APPENDIX 1 

Summary of Plutonium Cases 
HP-I:  White male, 67 yr, 70.3 kg, injected 10/16/45, 0.004 pCi/ 

kg.*J*Pu( IT') citrate. Nine year histor). of peptic ulcer, acute hemorrhage, 
Hb = 13.7, RBC = 1.5. Lost to folIo\v-up. I 

deposition in the rat that the r A t  skeleton accuniulsted both free and protein- 
bound Pu but that the rdt liver did not take up sienificant anlounts (J: protein- 
bound F'u. Inasmuch as at times greater than a few hours after injection niorc 
than 90% of circulating Pu is protein bound.", '' the deposition p;lttcrn of 
recirmlated Pu is more likely to resemble that of Pu-transferrin t h a n  that 0:' the 
Pu(1V) citrate originally injected. Thus. Pu rcdeposition in bone m a y  bc great 
as 80% to 90% leading to a longer calculated halftime of Pu in the haman 
skeleton," abaut 70 years, and to a slower rate of Pu accumulation in the liver. 

I 
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HP-2: White male, 49 yr, 69 kg, injected 10/23/45, 0.0045 pCi/kg 
Y'u (IV) citrate. Hemophilia, hypertension, cardiovascular disease. Hb = 
145, RBC = 4.1. Lost to follow up. 

HP-3: White female, 49 yr, 69.9 kg, injected 11/27/15, 0.0043 
&i/kg 2 3 9 P ~ (  11') citrate. Hepatitis, pruritic dermatitis \vith edema, 
hypoproteinemia. Hb = 14.5, RBC = 4.3. Follow-up 1645 days post injec- 
tion, lost thereafter. 

HP-4: White female, 18 yr, 55.5 kg, injected 11/27/45, 0.0054 
pCi/lig * 3 9 P ~ (  IV) citrate. Gushing's syndrome, hypertension, nephr+ 
pathy with uremia, osteoporosis. Hb = 15.0, RBC = 5.3. Died 18 months 
post injection, autopsy withheld. 

HP-5: White male, 56 yr, injected 11/30/45, + 0.0041 pCi/kg 
Y'u( IV) citrate. Amyotrophic lateral sclerosis, pneumonia, rend cysts 
and adenoma. Died 15 1 days post injection, autopsied. 

HP-6: White male, 45 yr, injected 2/1/46, - 0.0044 pCi/hg 
? ? u (  IV) citrate. One-year Addison's disease, infected skin lesions. 

OW-UP 523 and 16 10 da>s post injection, lost thereafter. 

HP-7: White female, 59 yr, 68 kg, injected 2/8/46, 0.0037 pCi!hg 
v) citrate. Rheumatic heart disease, cardiac decompensation. toxic 
Hb = 12.6, RBC = 3.26. Died 9 months post injection, autopsy 

HP-8: White female, 41 yr, 54.4 kg, injected 3/9/46, 0.0073 
i/kg 23pPu( IT') citrate. Two year histor) of duodenal ulcers and sclero- 

a. Hb= 13.9, RBC=4.7. Lost tofollow-up. 

HP-9: White male, 66 yr, 63 kg, injected 4/3/46, 0.0061 pCi/kg 
) citrate. l8-month histov of muscular atroph) and dermatitis 
myositis). Hb = 13.3, RBC = 3.9. Died 456 da)s post injection, 
opneurnonia, autopsied. 

HP-iO:  Negro male, 52 yr, 71 kg, injected 7/16/46,0.0053 pCi/hg 
PU(IV) citrate. Congestive heart failure. Hb = 13.3, RBC = 5.5. Lost 

t fOllO\V up. I 
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HP-11: White male, 68 yr, injected 2/20/46, + 0.0056 pCi/kg 
=Pu(IV) citrate. History of chronic malnutrition and alcoholism. Died 
5 days post injection, cirrhosis of lilrer, edema, acites, autopsied. 

HP-12: Negro male, 53 yr, injected 4/10/45, - 0.0044 pCi/kg 
poPu(IV) citrate. hlultiple comminuted fractures. Hb = 8.9, RBC = 
2.85 Biopsy 4 days post injection, lost to follow-up. (Also designated E. . 

C. in Ref. 18). 

Chi-I: White male, 68 yr, 76.4 kg, injected 4/26/45,0.0052 pCi/kg 
Y'LI(VI) citrate. hietastxizing bucca1 epithelioma, mild pyelonephritis. 
H b  = 10.9, RBC = 3.56. l louth surgery 2 days post injection. Died 160 
days post injection, autopsied. (..us0 designated XIS-100 in Ref. 48a).  

Chi-2: White female, 55 yr, 38.6 kg, injected 12/27/45, 0.15 
@/kg '"Pu (VI )  citrate. Metastasizing breast carcinoma and Iympho- 
Mastoma, both tumors invading liver, kidneys, and bone marrow, heal- 
ing pathological.rib fractures, Hb = 12, RBC = 3.5 .  Died 17 days post in- 
jection, autopsied. (Also desipated I\'X-300 in Ref. 48b). . 

Chi-3: White male, young adult, injected 12/27/45, - 0.085 
pCi/kg 239Pu (VI)  citrate. Hodgkin's disease, no other information. Died 

n, autopsy withheld. (Also designated 3s XIX- 

Cal-I: White male, 58 yr, 58 kg, injected 5/14/45, 0.0896 pCi/iig 
2 pCi/kg "'Pu ;IS P U O ~ ( N O ~ ) ~ .  Diagnosed as gastric 

oma, gastrointestinal hemorrhage. Hb = 12, KBC = 4.1. Biopsy 4 
p.i. revealed hugc gastric ulcer and adhesions. Total gastrectomy and 

llorved for 340 days, died 1/9/66 (21 yr. post injection) 

t 

month-oId white male of slight build, was suffer- 
rom osteogenic snrcoma with patholo,aic fractures. He !vas injected 
/46 i.v. with 0.169 pCi of 23aPu(VI) nitrate, and tissue samples 

e obtained 7 days past injection during a biopsy. Body weight was 
ated be 15.5 kg from hluhlmarui's and Bayer and Bny- 
curve'OS of retarded growth. Blood volume was estimated to be 

I 

i 
t 

I .. '*pa**;r".y,--: . . 



' THE OLD DATA 

e 0.0056 pCi/kg 
alcoholism. Dicd 
pjicd. 

' 0.0044 pCi/kg 
b = 8.9, RBC = 
is0 doipa ted  E. 

P. W. DURBIN 517 

7.570 of the body weight with a pcv = 0.4. Skeletal weight \.vas estimated 
to be 2300 g, and the weight of the femora to be 0.125 of the skeletal 
weight from Theile's rnea~urements'~~ of children's bones. Died, 1/6/47, 
no autopsy. 

Samples Wet weight % Dose % / g  

3,0.0032 pCi/kg 
Id pyeloncphritk. 
jcction. Dicd IGO 
00 in Rcf. 48a). 

12/27/45, 0.15 
ma and Ignipho- 
le marrow, hcnl- 
1 17 dais post in- 
). 

145, c 0.085 
nformation. Dicd 
signatcd ;LS 11X- 

5,0.0896 pCi/Lg 
posed 3s gxqtric 
: = 4.1. Biopsy 4 
I gastmctomy ant1 
T. post injection) 

cortex 4.05 

Tumor and adjacent 3.7 

Tumor adjacent to 3.7 

trabecular bone 

cortex 

Calcified tumor and 0.61 
muSCIe 

Soft tumor and 0.92 
muscle 

Periosteum 0.65 

Plasma - 1 hr 

Plasma - 4 days 

Reconstruction of whole bone (femur) 

(4.05 + 0.65 + 3.7)g 
(0.237 + 0.00056 + 0.129)% - - 

0.237 

0.129 

0.5 9 

0.0285 

0.00085 

O.OoO5 6 

5.78 

.07 7 

0.372 - 
8.4 
- -  

0.0585 

0.0319 

0.159 

0.047 

0.00092 

0.00086 

0.0043 

0.00063 

0.0436% /g 

*Data of J. G. Hamilton, K. G .  Scott, and B. V. A. Low-Beer, unpublished. 

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

biopsy as having an osteefibro m)xochondrosarcoma introlving the distal 
femur, patella and proximal tibia. He was injected 7/18/47 with 0.0'35 
pci 23*Pu(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. 
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Wet Ash Percent of absorbed 
wt. td wf. (g) dose doselg Samples 

Tumor 295 0.37 0.60 0.0203 
0.0046 31.5 12.6 0.144 Bone and tumoP 

0.0158 Marmw 4.0 0.05 0.063 
Normal cortex 

Muscle from 
505 20.0 0.063 0.001 24 

27.5 0.345 0.025 0.0009 
n o 4  bone 

Injection site 695 0.87 46.6" 

Whole femur reconstruction: 

(Bone + tumor) + (marrow) + (normal cortex \ 5% 
(Bone + tumor) + (marrow) + (normal cortex)g = O.O0313%/g 

Data of J. G. Hamilton and J. C. Cou.ley, unpublished. 
' Part of distal femur, patella, and proximal tibia. 

% of administered dose. 

/ 

i 
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0.0203 
0.0046 
0.0 158 

0.00 1 2 1  

0.o009 

* 

Appendix Fig. 20. Original urine and f e d  data of Pu(1V)-injected in- 
dividuals HP-I, HP-2, HP-3, HP-4, HP-5, and HP-6. 
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Appendix Fig. 2c. Original urine and fecal data of Pu(V1)- injected 
individuals Chi-I, Chi-3, and Cal-1. 
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