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Patricia II'. Durbin * 

k PLUTONIUM IN M A N :  
A NEW LOOK AT THE OLD DATA 

ABSTRACT: I n  order to determine the relationships between urinarj, PU 
excretion and body Pu content, 18 persons (15 oLter the age of 4 5 )  were 
injected in 1945 and 1946 with tracer doses of p39Pu. T h e  original data 
have been critically rerliewed and re-analyzed. 

A few days after injection, human soft tissues ('other than blood 
and lirter) contained as much as 20cJo of the Pu dose. Fice to 15 months 
after injection the arlerage h e r  Pu content was 3170 of the dose for thrf f  
cases zuith presumably normal liver function. Four to 457 d a p  after in- 
jection mean total skeletal Pu was 4970 for the seven cases judted to  ha:,? 
most nearly normal lirers 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. ; l f t p r  

being bound to transferrin, Pu partially traces the behavior of the carrier 
protein. T h e  early phases of Pu transport which are apparently associated 
with extra-cellular fluid mixing, z e re  prolonged in individuals with inz- 
paired circulation. 

Max imum urinary Pu excretion occurred before the bulk of Pu was 
protein-bound. Min imum 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- 
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470 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA 

weight chelate. Urinary Pu  excretion was reduced by one-half in those 
persons who were anemic, presumably because of their more eficient Pu- 
transferrin binding. 

Fecal excretion of P u  apparently represents secretion in bile and 
other digestive juices. Fecal excretion was reduced by one-half or more 
in those persons whose gastrointestinal tracts were judged not to be 
normally stimulated. 

Semilogarithmic curves of Pu disappearance from plasma and of 
daily Pu excretion were prepared for each individual. rfNortnal" human 
Pu plasma and excretion equations ( su im  of exponentials,! were con- 
strucfed from the mean half-times and intercepts for the indicidunl cases. 
All cases were included in the mean half-times - rates were apparently 
not aflected by the individuals' carious illnesses. Only the inlercepts for 
those persons for w h o m  a particular function was judged to be within 
normal limits were included in the mean infercepts. 

Daily Pu excretion rates and total cumulatire Pu  excretion predicted 
from exponential equations were somewhat greater than predicted from 
the power functions of Langham et ai., chiefly because only data from 
normally iunctioning excretory systems were included in the coeficienfs, 
Lul nlso bccausc the fecal excrclion assumcd in the ex/)onential model is 
higher than in other modelr. 

Turnover of P u  in bone and soft tissues, storage of Pu in liver of the 
dog and pig, and storage of iron in man  were reviewrd. A t  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-tissue 
release half-time was estimated to be not less than 480 days, and bone 
surface turnover for the whole adult human skeleton wns esiinraled to be 
about 574 per year. For a n  individual on a diet adequate in iron and with 
normal iron slores, 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 the 

total amount of Pu in existence was only a few milligrams.' If the Metal- 
lurgical Laborator). efforts were succmful, enormous amounts of plu- 
tonium - hundreds of times the world supply of radium - \vould be 
produced. The urgent need for biological studics of Pu was appreciated, 
and these were begun as soon as Pu could be spared from essential 
chcnucd invcstigatiom. O n  No\,eml>cr 4, 1913, h. H. Compton' nn- 
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nounced to the Metallurgical Laboratory Project Council that the Clin- 
ton pile had "tnkcn off." By January 19, 1944, 0.5 g of Pu had k e n  
separated,' and three weeks later, on Februan 8, 1944, Hamilton's group 
at Berkeley receii.cd 1 1 nig to begin tracer studies in rats.' 

Pu contanunntion of hletdurgical Laborntor? instidations and per- 
sonnel was a chronic problem," e and one of thc Hcdth Division's p p i n g  
tasks was to devise. a method of determining whether a Pu burden had 
been acquired. The first approach was analysis of Pu in urine,'-* and 
tracer data from rodents* were used to relate Pu in urine to the body 
burden. If urinalysis was to be a reliable ,assay for Pu, characterization of 
its behavior in nian was essential. For this reason. 18 hospitdizcd persons 
were injccted with tr'xcr amounts of Pu in 1945 and 19SG." 

The power-function curves of human Pu excretion constructed by 
Langham et al.'9s *O used data from both the hospital patients and from 
several occupationdly exposed persons, and pro\.ided a method of pre- 
dicting Pu body content based on urinalysis. Lnnghnni's mcthod has bccn 
rcnnnlyzed many tin~es."-'~ There have been mnthematicnl refinements, 
and analytical chcniicd and a-pcuticIe detection techniques have been im- 
pro\zd,26* '' but the underlying assumptions are unchangcd. 

It seemed appropriate that this anniversnry volume include a re- 
exanunntion of thc original data, gathered nearly 25 !cars ago, because 
mcager as they are, they represent nc'arly ,211 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 be used 
to predict the behavior of Pu in healthy persons. 

A retrospective study has the advantzge of being ablc to draw on 
newer knowledge. Long-term excretion data are now available from the 
lower-dose dogs in the Utah experiment.'*' " The protein that binds Pu in 
plasma has been identified as transfenin, the iron-transport ~ r 0 t e i n . J ~ ~ ~  
The kinetics of iron, the efcment nonilally carried by transfenin, have 
beeen worked out in detail.''-" Now, there is also some information on 
the behavior of Pu in two other large animals, the s h e ~ p ~ * * ~ ~  and thc 
pig.',' I 

I 
~ ~~ 

*The rodent tracer studies and inhalation experiments (Hamilton et Pl.".") 
and attcmpts at Pu decontamination (Copp et d.") by thc llcrkeley group, 
m d  tlrc tracer and toxicity and inhalation studies in scvcral spccies by Cole's 
group in Chicago (Finklc ct a].," Paintcr et a].," Bnics c t  al.," IJlwJm" and 
h b r i n s  ci  al.") an: the foundation of our knowledge of the biological behavior 
of Pu. Photocopies of the unpiihlislicd Mctallurgiral I,aI*c)ralnn~ .*--** --'* 

a ~ ~ i l a b l e  st cost horn tlie Division of Technical Information, _ .  _. __ "-, 
Oak Ridge. Tennessee. 37830. 
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472 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA 

MAT 1: R I A LS A N D  M E T  H 0 D S 
Thc followiiig Iwicf clcscription of thc cw-igin;il data sources is in- 

cluded to eliminate confusion about the Berkeley and Chicago cases for 
which fragmentary reports have appeared more than once. Summaries of 
the histones of the published cases and histones of two prcviously unpub- 
lished c a w  are also included in Appendix 1. 

Langham et al." Cases HP-1 through HP-12 are described, includ- 
ing medical histories, injection data, hematologic data, blood chemistry, 
and Pu analyses of blood, urine, feces, and tissue specimens. Pu analyses 
of urine, feces (fecal data from Cal-1 were not included), and h u e  
spccirnens are reported for Cd-1, Chi-1, Chi-2, and Chi-3. Pu urinalyses 
are reportcd for three occupntionally e x p e d  pcrsons. Pu radiochemical 
methods are reported in detail elsewhere.'"' 

Russell and Nickson''*47"* All the original data from Chi-1 and 
Chi-2 arc containcd in Rcf. 47, which includcs caw historia, injcction 
data, hematologic examinations, and Pu analyses of urine, feces, and 
tissue specimens. Ref. 48 contains the original data for Chi-3 and frag- 
mentary datt  frotll the othcr two caws. (Additional information wa5 
olmined from 13. R. Russcll for Chi-3.) Pu r;itliochcmicnl tcchniqucs can 
lie found in Refs. 49-5 1. 

Crowley el d." Most of the information obtained from Ca1-1 is 
includcd in this rcport, which includcs a bricf medical history, injection 
data, and Pu analyses of urine, feces, blood, and biopsy specimens. R a d b  
chemicd techniques are a b  included. Additional information was 
obtaincd from raw data sheets, hospital records, and dcath certificates. 

Forcmnn et d5' This report contains a11 the information from a casc 
of occupational Pu exposure (designated herein as LASL-I ) .* Included 
are Pu exposure histov and Pu analyses of urine and autopsy specimens. 
Radiochcnucal tcchniques are described elsewhere." 

Data from the laboratory animals were obtained from published 
B. 

J. Stovcr and D. R. Athcrton kindly supplied original d;ita for Pu excrc- 
tion of individual d o e .  

curves and tables: dog,"' *'. 5'-5c shCep,s8* '' ~wine'O-'~ and rat.*'* n7* 

RESULTS 
Plutonium in soft tissues 

Organ and tissue weights \\*ere estimated from the recorded my 
S o w  designated as L.4SL-1-038 by the Lor hlamos Scientific Laboratory. 
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weight and the weight proportions of "Standard hian."5"* 'O The analyti- 
cal results and calculated weights of tissues and organs and their total 
cdculated Pu contents are shown in Table I .  

The calculatcd Pu content of the soft tissucs" of the six human 
beings is considerably greater than the 370 reported present in soft tissues 
of the beagle 22 days after intravenous injection." It was possible to cal- 
culate from the data of Smith et al.'* that the soft tissues of yearling minia- 
ture 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 FiRure I. Extrapolation of the initial steep portion of the cune  
indicates that about 24% of the injected Pu was present in these tiswes 
(and their contained blood and extracellular fluid) 24 hours after injec- 
tion. The equation of the exponential cun-e in Figure I is 

Soft-tissue Pu = 8%e4.0sGt + 1 6~be"~"14t, (1)  
where t is days. The initial rate of Pu loss from the soft tissues of the 
high-dose dogs studied by Painter et al." and from rats''' " appears to be 
about the same as estimated for mnn. 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 initially in 
the soft tissues of the dog (at  least 2070 can be accounted for in blood 
alone) was substantially more than the 3% measured at  22 days." Most 
of the Pu that leaves the soft tissues of either dog or man does not leave 
the body, but is redistributed to the liver and skeleton. It appears that 
most of the Pu originally in the soft tissues of the dog is sufficiently labile 
to participate in this redistribution, but that nearly two-thirds of the Pu 
initially found in the soft tissues of man is more firmly bound. 

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

calculated by multiplying the mcan Pu concentration of all the bone 
samples by 10 kg, the estimated average bone rn,?ss of "Standard Man":" 
yielding a calculated total skeletal Pu of 65%. 

Since 195 1, when the human Pu c4'1scs wcrc reported, Pu has k n  
measured in all the individual bones of the and in several bones of 

Unless otherwise specified, sort tissue includes niuscle, skin, connective, I p p -  
phstic, and nervous tissue, fat, glands, all organs except liver, blood and othcr 
body fluids except bladder urine, and gastrointestinal contents. T h u s  the whole 
bcdy consists of liver, bone and soft tissue. 
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the rat:* rabbit,6' and pig.'' The results are all the same: vertebrae, ribs, 
and sternum- the bones sampled in the human c d w  - have higher 
initial Pu concentrations than the skeleton as a whole, which means that 
the total skclctnl contcnt of the h u m m  Pi1 C;LSCS wxs prolxhly ovcr- 
estimated. 

One method of estimating skeletal Pu uses the material balance, 

Pusk= 1000/0 - (Pul + Punt + h e ) ,  ( 2 )  

where Pbk, PI, Pull, and Pu, are the percent of injected d m  in the 
skeleton, liver, soft tissues, and excreta, respectively. The maximum PuSk 
- that is, the amount of Pu left over after accounting for PUI, Pus,, 
and Pup of each individual human Pu case - appenrs in the bottom row 
of Table I.* 

The mecan Punk for all six cases, regardless of their health status, was 
55% - 10% less than was originally calculated. Some of the reawns 
for this change are that the following have now been accountcd for: ( a )  
cxcrction bctwecn thc cnd of collcctions and death; ( b )  Pu in all soft 
tissues whether sampled or not; and ( c )  Pu remaining in the circulation 
of the two casg from whom tissue samples were obtained 4 to 5 days 
d t c r  injection. 

The livers of two caws were not normil. The  livcr of Chi-2 hiid Ixcn 
almost completely replaced by tumor. IVhen HP-11 was injected, he w a  
dying of hepatic failure (cirrhosis resulting from chronic alcoholism and 
malnutrition). If only the three case with prcsumnbly nornial livers ;ire 
considered, the meran PUI is 31.276, and the mean Pu,I, is 4770 - nearly 
18% less than originally estimated.'' 

Total skeletal h s k  can also be estimated from ( a )  the concentration 
in individual bones, (b) the ponderal (weight) relationships between in- 
dividual bones and the whole skeleton, and ( c )  the distributional relntion- 
ships ktwcen a radionuclide in individual bones and in the entire skclcton 
according to the equation 

2 ( 3  1 BIY X fsli X f b i  X (Put) 
fn PUlL = 

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

Pu, was not measured for Cal-1, 50 the range of Pu.t shown for him uses a1 
limits the highest and lowest measurcd values of Pu, from three other caws 
that were considered to have approximately normal livers. 
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wcight contributed I)!. the iiidi\.idual bone i (or a group of sinii1;u- 1x)ncs ; ~ 

(Pui )  is the measured Pu concentration ( y > / g )  in  Iioiic i. and f r ,  ic thc 
fraction of thc skclctd mdionuclidc contributcd 1)y lmnc i. 

Bonc spccimcns uxv-c ol)t;\inc.d Iron\ ninc c ; w < .  ' 1 . h  : i n ; i l !  t i c ; l l  r o i t l t s  

arc shown in  tab[^ Ii. The bone sanipics of the two Chicqtr c;iscs m d  
the three California cases had been subdi\-idcd into sc\.crnl parts, c.g., 
periosteum, marrow, spicules, cortex, ctc. In ordcr to make use of 
publbhed whole-lmnc weights and intrskelctal r;tdionitclidc distrihutionc, 
it was necessary to reconstruct wholc-lmnc s;uiiplcs from the rcportcd 

The  literature contains records cf 29 completc disccrtions of frcsh 
skeletons from weighed cada\.ers.';'* c5-70 The best cctimates of fs!< for the 
hutn:in skelcton arc 14.6 2 37;" and 11.9 4- 1.i:; of thc Imdy  \vcight 
for thc adult m;dc and fcin;~Ic, rcspwti\dy. l ' hc  \v~.-ixlits ( ~ f  tlic i i i ( l i \ . i ( l i t ; ! l  

skclctons of thc Pu cxws were calculntcd and nppcar ; i t  thr hottrmi of 
Tabfr I .  Marci and Boriso\." disscctcd *\.en ni;ile and c i s  fci:ialc cadn\.cn 
of penom who died in 1967. Group of Ixmc.; \\mc 1\righctl on motlrrn 
cquipmcnt, and dving \vas nvoidcd. Thcir diswctions inrliidcd ~ n l !  
"c;ircfuI preliminary rcnio\xd of soft tissiic", ahout \\.hat might lic cx- 
pectcd in the cxsc of autopsy samplcs. Thc h , ' s  dcri\.cd from thcsc dnt;i" 
wcre niultiplicd bg the calculated \\eights of thc skclctons of thc Pu cxw 
to obtain cstimatcs of thc \vet wcight of each sam~>lcd bone or group of 
bones. 

Fractional distribution of Pu in the huninn skclcton introdrlecs thc 
yrentest uncertainty into the ponderal calculation, because it has not been 
e\-duated. Distribution of Pu in all thc indii.idiia1 b o n e  ha5 been meas- 
ured only in the '' The use of the dog data to describe Pu distri- 
bution in the hunian skeleton has serious disad\xmgcs. Differences in 
bone weight distribution, and presuniably also thc functional diffcrcnces 
resulting from different patterns of weight licarinp, arc likcly to be rcflcctcd 
in the radionuclide distributions in the skeletons of man and dog. The 
skeletal distribution of "'i\m has k e n  dctcrinincd in  the dog," and the 
results compare rcnsonnbly well with those for ''9" in thc s;inic spccics 
and with '"Am in the moiikcy (P. \Y. Durl,iii, l l .  H .  \Yilli;1nis, ;und N. 
Jcuiig, unpublishcd). :\t least one dknlinc earth clcmcnt has also bccn 
studied in cach of thcsc animals; Z2';Rn in thc dog ~Lclcton," and '"Sr 
in the monkey skeleton." Data were found from ivhich it wns p0ssil)lc to  

paItS.0' 

hlean 2 standard deviation (S.D.). 
S.D. = [ X ( d l ! ~ ) ' / ( ~ , - ~ , ] ' ~ ~ .  

http://cadn\.cn


Table ZI. Summary of Pu concentration in human bone samples ( P u , )  
and calculation of total Pu in the snmplcd bones and total skclcton bacd  
on intraskeletal distribution of Ra and Sr in nmi, Am in monkey 'and Pu 
in dog." 

- 
y6 01 Pu in totaf 

skeletoii, based ona 
(Pui) % oi  Pu Ra, Sr Atn Pu Material 

Case Bone sampled $%/g (calc.) n1an iiionkey dog balance 

HP-5 

HP-9 

HP-I 

HP12 

Chi-I 

chi-2 

Cal-1 

Cal-2 

Cal-3 

Vertebra 0.007 1 
Rib (whole) 0.0070 
Sternum 0.0050 

Mean 

Vertebra 0.0080 
Rib (whole) 0.0038 

Mean 

Vertebra 0.0070 
Rib (whole) 0.0068 
Sternum 0.0096 

Alean 

Radius end 0.0187 
Patellae 0.0109 

Mean 

Rib' 0.0079 
Sternum 0.0047 

Mean 

Rib" 0.0200 

Rib" 0.008 1 

Femure 0.0436 

Feniur 0.003 1 
(cortcxr)e 

13.6 56 
4.47 36 
0.72 40 

44 

13.6 56 

56 

13.4 55 
4.34 35 
1.38 77 

56 

- 

2.16 17b - 

- 

2.36' 
0.7gd 

5.44 44 
0.73 40 

42 
8.84 71 

4.73 38 

12.5 >IO0 

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 Rcls. 72-77.  
' Omitted from average. 
' Ends of radii and ulnae of adult rhesus monkeys contribute 33% of the whole- 

'hlcasirrcmrnt of patellae separate from leg Imnr\ \vas made only for Sr in t l~e  

R ~ S U ~ I S  pu lhs l i rd  f o r  subdividrd samplcs. \ V ~ < J I C  I J ~ ~ I .  rccon\tructed, we Ref. 6-1. 
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calculate the distributions of ""Ka and "'Sr in thc hiininn skclcton.'.'-'' 
(Dctails arc pul)lishctl clscwIicrc.G') Thc cstini;itc.; of thc skc1ct;d distrilw 
tions of "'Ra and '"Sr in man agreed well. Thcy alzo agreed gencr;illy 
(despite some specific species diffcrences) \\.ith the distributions of ""R;I 
and '"Sr in the animals and qualitati\cly \vith thc distributions of thc 
actinide clcnicnts in the animals. ?'he csistcncc of ;i coninion intr;~4clct;il 
distribution pattcrn among seemingly dissimilar clements is not too sur- 
prising, because the initial site of depmition of all the bone-sceking ele- 
ments is on surfaces and initial deposition is rclatcd to vascularization and 
1 , l d  

Table I I  contains the solution of Equation ( 3 )  for each bone speci- 
men, based on fri taken from alkaline earths in man, "';\m in the nionkey, 
or 29DPu in the dog.* The Pusk of each human case calculated from Equa- 
tion ( 3 )  is compared in Table I I  with thc result oljtained from the 
niatcrial balancc. 1 hc bcst ngrccmcnt bctwccn thc t\\'o nicthods of c d -  
culating Puslt was achieved \\.hen fri IVX lnscd on the alkalinc cnrth 
distribution in man. 

The calculated P u . ~  \\*as greater than 100c;b for HP-12, an.im- 
p d i i l i t g .  Thc b n c  spccimcm from that caw wcrc fr;igincnts rcmovcd 
during surgical rcpnjr of comminuted fmcturcs. Sirrgcn occurred 2 1 d;iys 
d tc r  the bones were fractured and 5 days after the Pu injection. Callus 
fornlation and resorption of damaged bone svere probably well under way 
whcn the Pu was injccted. Van hliddlcsn.orth'3 sho\vcd that Pu uptakc 
in a healing fracture w x  about four times as great as in the contralateral 
normal bone whim partial healing had k e n  pernutted to occur before Pu 
injection. b 

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 rusk calculatcd from this saniple also 
exceeded 100%. :Ilthough not stated, the biopsy specimen may hair been 
taken from the distal femoral metaphysis, the site of a pathological frac- 
ture three months earlier. 

If these two cases are excluded, the m a n  skeletal Pu of the remaining 

r .  

six cases is 49 & 8.3%. 

Plutonium in blood afier inlravenous injection 
Serial blood samples were drawn at irregular intervals from 11 of ' tl1c ~ ~ l l o l c -  

I Sr in thc The sources of error in total skcleral isotope calculated froin Eq. ( 3 )  have Iwcn 
exaniincd for an ideal cisc.'" 

>IT I k f .  6-1. 
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the Pu-injected indi\.iduals." The first sample \V;LF taken 4 houri ilftcr 
injection in dl but one c a c ,  Chi-1." Thc longcqt pcat-injection tinic at 
\vhich a rc1i;iI)lc I ) l o i ~ I  s i i i i p k  \v:is ol,t;iiiicd \\':IS 46 d;iys. :\ semilog- 
;irithinic curvc of Pu in the blood \VS prcparcd for each of the ten 
indi\idunls froni tvhotn more than thrcc blood snmpies \ w e  taken. Dctails 
of the construction of the I)lood curves appear elsewhere." 

Indi\idual Pu blood c l i n e  arc shown in Fi,krrrc 2 ; h n g  ~ 3 1 1  thc 
ciin'cs for dog and shcep." Case HP-2 \CLS t!.pical of thc curies of ninst 
of the c'?scs. Caw HI'-4 was thc niost unusual - rapid components were 
missing, and Pu rcninined in the blood for a much longcr time. The blood 
c u n ~  of HI'-7 is Thoivn to demowtratc thc le\ding trrnd nftcr thc fifteenth 

In  spiie of the \.arict!. of thcir illncs~cs, thc I ) l o c d  c u n u  of thcse in- 
di\vidunls revealed a common pattern. -1s it mo\-es out of the circuhtion, 
Pu is evidentl!. tracing fund;tmental procescs that arc little disturlxd 1 ) ~  
the spccific pnthologicnl conditiom. Thcrc \t.a.% an equally remarkable 
similarity among thc diffcrcnt spccin. Thc  indi\~idu;ll intcrccps and hill[- 

times of the components designed P?, Px, and 1'4 ::see 7'nble 111) were not 
normally distril)utcd about their means, and it \vas neccsnn to seek some 
nsjxct of the chcmical status of Pu or thc ph!..4ologic;il status of the 
paticnts (or 110th) t h n t  would account for thcsc v;tri:itioiis. 

Pu( I[') has bccn shown to combine with protcins in the plasma of 
and man 31 - in particular the iron-transport 

protein, tramferrin. The properties of trnnsfcrrin and its nictabolisnl, 
and the transport of iron and i t s  relcxc into dctdoping rccl cclls hnvc 
Izcn rccciitj!. rc\.icwcd 1)). htz."'  Pl;wnia clcarancc of prc-cquilibratcd 
.'!'i.'c-tr;insferrin has an avcr;igc half-timc of 96 ininutcx"'~ '" Oncc bound 
to trailsferrin, Pu ( IV)  appears to be relenscd much more slowl!* than 
iron, 2nd thc mcchanism of rclcnsc rcninins t o  I K  cIiick1;ttccl. Howcvcr, 
1)w;irisc stic.Ii ;I hrgc fr;rrtion of l'u i 1V) introdtrrcd illto the circulation 
in niononicric form is quickly bound to tramicrnn - 85% in 1 hour in 
thc rat I' and 967; b y  the seventh hour in the dogz3 - the working h y p  
thcsis \vas adopted that Pu bound to transferrin traces, a t  least in part, the 
metabolism of thc cnrticr protein. 

d'l).. 

the rat,3". 81 dog,3?. 53 

Tiic Pu I J ~ C I < I ~  c i inc  for  1 1 1 ~  tlrig W ~ S  uu~strclc~iccl f o r  t l ~ r  data given in ~ i g u , r ,  I 
and 2 (I( Stover e l  a1." Percent Pu pcr ml plasnla w n .  clln\cric.d to ?:, F,! 
in I O I ; L I  l h n d  V ~ J I I I I I C  11). using tlic Ihtbd volumc for thc ixagle." Iaong-term 
data \vcre obtaiiicd from Tnblr I in Stover et a].- Data for  rile sheep \,.err n-ad 
frclm Figure 3 o f  hfrCl~4la11 rt al.= 

0.1 1 
0 

Fig. 2 .  Disnppc. 
clatn arc froin S 
!dcClcllan et 31. 

L.ANL 
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The intercepts and the half-times of the unnnalyzed individual Pu 
blood CURE are shown in Tnble I I I .  In  the suhscquent discusions of data 
presented as semilogarithmic plot5, the slopes of the segments of the cx- 
pcrimcntd curies are prexntcd in terns of their half-timcs: half-time = 
0.693/X, where X is in units of time-'. Half-times of raw cun'es are de- 
signated as s, and half-times of the exponentid equations of thesc cun'cs 
arc dcsignatcd as 7.  Intercepts of raw ciinm arc dmignatcd as A, and the 
coefficients of the csponential equations ;IS m. 

It  can be inferred from the rapidity with which Pu initially leaves 
the circulation without appearing in significant amounts in the excreta or 
thc major orpnns of dcpo~ition,~' that sonic of thc Pu not promptly h i n d  
to protcin m o \ a  into thc cstrnccllular fliiid. Half the Imdy tfitnsfcrrin 
and the iron bound to it are e~tra\.a5culnr.~' The slow return of Pu to thc 
circulation and its nearly complete protein binding after the first hour 
strongly suggest that some of the Pu that esc;\pcs into the extr;tccllular 
fluid rctunis in bound form. The  r a t e  of nio\'cniciit of ( a )  un1)orintl Pu 
out of thc circulation and into the estracclldar fluid, (11) Pu returning 
to thc circulation bound to trniisfcrrin, and ( c  j Pu-translcrrin into extra- 
cellular and e ~ c r c t a ~ ~ '  '' should all be infliicnccd by the eficicncy 
of the circulation. 

Four p s o m  wcre suffcring from \x ious  heart and (or) circulator) 
ailments, all of which arc asociated with incrcllsed tissuc fluid retcntion 
and decreascd venons return. HP-3 \vas edematous, and her rate of 
tissue fluid mo\.cnient was prohably depressed. The parameters of the 
blood Pu cun'cs of thcsc f i \ ~  caws were coriipnrcd with t h w  of the rc- 
mining f i \ ~  C;LFCS, whose cardio\*nscular systcms were nppnrcntly normal 
for their ages. Thc b l m i  volumcs of thosc paticnts with circulatory ini- 
pairments lost Pu more slo\vly;* the half times of P2 [PS2 (normal] = 
12.9 t 3.6 hour, and PS, (inipnircd) = 19.1 t 2.5 hour] wcrc signifi- 
cantly dilfcrcnt ( P  = 0.01 ) ." Coniponcnt P1 \vas slowcr in thc pcnons 
with poor circulation, but the difference kvxq not significant. No cffcct of 
circu1;itoq inipairincnt on component P, W;LS dctcctcd, suggesting that 
this and later component$ are only  minimall!^ influenced by circulator) 
status. Intercepts P-b,  P.43, and P:L \\.ere hixher when the circulation 
\vas not normal, but the scatter was so grcat that thcsc diffcrcnces wcrc 
not significant. 
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.-\ fivc-componcnt esponentid Pu blood c u n ~  \vas constructcd by 
11sc of thr. nicnn intcrccptq and half-times of thosc intli\~itliials \shn wcrc 
judged to I)c fi-cc of dcbilitatiiig hcnrt or \xscular discasc. h c h  mean 
coinponcnt \VAS plotted as a straight-linc scyitcnt, and the equation of the 
composite c u n e  was obtained by standard graphic methods. The para- 
ixctcrs of thc cquations of the human blood ciin'c arc $ \ rn  in 7'nble II' 
ivith tliosc of I I K  Pu p1;rsiiin or I)lood c u n ' a  of sc\.cral othcr spcrics. 

Components PI, P, and P1 wcrc afTcctcd 1): inipainncnt of lhc cir- 
culation. Componcnt P, (not well defined for man, half-times ranging 
from a few minutcs to about 1 hour) seen= to he asociated with circula- 
tory inising. iiio\.cmciit of unlxn~nd 1'11 into cstr;i(~cIl~~I;ir fluid, ;tnd ~ p t ; ~ k c  
of Pu in bonc and liver. Coniponcnt P2 (half-time 7 to 8 hours) seems 
to bc relatcd to the accutnul;ition of Pu by bonc. Iron ntctaholisin sug- 
~CSLS thc mcchanisin lcading to cotiiponcn~s P:: and P,. Component PJ 
(half-timc 1 to 2 days and not oliscn~cd in thc rat) m;iy hc rc1;itrtl to 
the return of Pu-transferrin to the circulation froin estr;icellular fluid. 
T h c  lnst short-tcnn componcrtt, P ,  (half-tinic 5 to G days) inay bc rchtcd 
to thc destruction of thc protcin portion of the I'u-tran4crrin colilplcs, 
or to a slower compcmcnt of fcedlnck from soft tissric. 

l 'hc nintcrial b;dance of Pu in swine su_sgcsts loss of Pu from bone 
as an important sourcc of plxsma Pu nftcr thc first fcw d;i!.s post iiijcc- 
tion. A long-tcrm roinpiicnt, P,, \vas found for thc dog and pig (half- 
time almut 730 days), and is pro1)nl)ly relatcd to fccdliack of Pu from 
short-li\d bony structures and soft tksucs. Only thc dug has bccn o l x n ~ d  
for a long c n o y h  timc to pcnnit idcntification of a \.cry slow coiiiponcnt 
(half-time about 5500 da!s), which may be relntcd to rclcnsc of Pu from 
thc l i \w :LS \ \ d l  ;is from slouly inctaimlizing portions of thc skclcton. 

l=?cii al cxc rc f io 11 u/ p l  u f o niu i t1  

Thc dad!. urinary mcrction of cach I'u-injrctcd indi\.idunl wxs g i \m 
through the cnd of co!!cctions or through 138 d;~!s aftcr Pii injcction in 
Table 1'1 of Langham et d . I 9  :\dditional cscrction data for Chi-1, Chi-3, 
and Cal-I titrough 155, 1 G3, and 341 days, rcspccti\dy, wcrc av;d;il~lc in 
thc origin;il rcfcrrnccs:'" " ' +  '' Thcrc is a grciit clr;tl of scatter i n  thc in- 
di\.idual data; i t  could be causcd by inconiplctc collcction, aiial!tical 
errors, or fluctuations in the physical condition of the pnticnts.?' The lxst 
strnight-linc scgnicnts wcrc dr;iwn on scmil~~g;i~~itlintic plots of d d y  
urinary cscrction, and thc rcsidting cumes (shown in .\ppcndis 3) ivcrc 
aii;d!zcd gr;iphicaIly. 
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’1 

P. W. DUR 

I t  is appropriatc at  this point to summarizc what is known or can h 
infcrrcd almit thc rrnal csrrction of iron. IJntlcr nnrmal ph!xinlogir;il 
conditions only a tiny fraction of plasma iron exists in fonis other than 
bound to transferrin. UrinaF excretion of iron is only 0.1 mg to 0.2 m g  
daily equi\.dent to a urina? clearance of about 3% of plnsma iron.” 
The normal mechanisms of urinary iron cscrction probably includc 
(a)  filtration ol low-molccular-weight chcl;itc?, ( b )  cdoliation of kidncy, 
bladder, or urethra cells all of which contain small amounts of iron, 
and (c) leakage of transferrin-bound iron through the glomerulus or 
tubules. Another possible source of ur inan iron may arise during trans- 
fcrrin catabolism in thc kidncy. Thc  ability of thc kidncy to cscrctc un- 
bound iron can bc infcrrcd from thc obscnxtion that 1 %  to 2% of in- 
jected S”E’e-ax~rbate could be found in the earliest urine 

The  amount of Pu excreted in the urine at any time should depend 
at  least in part upon the extent of Pu-tranqfcrrin binding (or binding to 
other proteins) and thc filterability of lo\~.-molecular-\veight Pu chelates. 
The r a t a  of production and dcstruction of transferrin, hcncc, thc amount 
of trandcrrin circulating35 and the latent binding capacity (binding sitc. 
not already occupied by iron) are related to hematopoiasis and dietary 
iron int,dc.” Both the amount and lntcnt binding capacity of tnmferrin 
arc incrcxcd following ncutc hcmorrhagc and in iron-deficient nncmi;i, 
and both are rcduced in hemolytic ancniins, acute hepatitis, and hemo- 
chroniatcsis.3‘’ The extent of Pu-transferrin binding and the rate of its 
release also appear to be related to and affected by the status of henia- 
topoiesis. 

Some indi\iduals consistently excreted more Pu than others. In order 
to disco\.cr whcthcr urinary Pu cxcrction coriltl I>c rclatcd to physiological 
status, urinary Pu was sunimcd for thc carlicst and latcst 6-day intervals 
in which excreta were collected from all the patients. Medical histories 
were exaniincd for information on rend function, hcpatic protein synthetic 
capacity, and hematologic status. 

Thc influcncc of ancniia xwciated \vith an clcvatcd latcnt iron 
binding capacity (reduced transferrin saturation) on urinary Pu ex- 
cretion \vas clcar. During the first 6 days post injection the four anemic 
Pu(  11’)-injected pitients excreted si_@ficantly less Pu in their urine 
(0.607;; 0.1570) than did thmc \<hose hcnlograrm were presumably 
normal (1.05 rt 0.35‘/0.) Lowcr initial 1’11 cscrction is what would I x  
espcctcd on thc bnsis of the incrcnscd l$nrling capacity of tnnsfcrrin as- 
sociated with most ancniia~.’~ During the in tend  of 19 to 21 days, the 
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1 s t  6 days for which =creta were collected froin all the Pu( 11')-injected 
patients, the urinary Pu of the aneinic pntients (0.13% t 0.0670) was 
slightly more than that of the hematologically normal pnticnts (0.1 1 % t 
0.03c/O), though not significantly so. 

The urine cun'es of the four persons studied longest and the best 
c u n ~ ~  that could be drawn for the dog and the pig are shown in Figure 3. 
The majority of the indi\vidual Pu urine cunrs  contained two to four 
distinct scpcnts ,  depending upon how long excreta were collected. 

The means & standard deviation of the raw intercepts and half-times 
were calculated (see Table V )  for the ten Pu(1V)-injected persons, sis 
judged to have normd kidney and hematopoietic function, and four 
judged to be anemic. T h e  intcrcepts of the fint two components, UI\, 
and UA2, of thc Pu urine c u n ~ s  of the prcsumibly normal persons \vcre 
almost twicc as large ;IS U.4, and UA2 dcterniincd for the anenlic c<?scs. 
U.43 of the normal group was substantially lower than UA, of the anemic 
group. The  half-times of these three componcnb of the Pu urine C U ~ Y S  

were not xffected by anemia or kidney discxc. Although the amounts of 
Pu excreted in the urine were altered as a result of the various physiologi- 
cal processes mociated with anemia, their rates were apparently un- 
nffected. 

The average intercept, U.41, of the Pu(V1)-injected exes W;LS 

greater, and the half-time, US,, was lcss than the values of these parx- 
ineters deteniiined for either the normal or aneniic Pu(  1V)-injected 
group. The p i t e r  early urifixry excretion of Pu(1'I) citrate suggests 
that Pu in this form is more readily filtered by the kidney than is Pu(  I V )  
citrate. The  more rapid decay of the initial urinary component is in 
accord with Bruenger's suggestiona6 that Pu(V1) protein binding is more 
stable than that of Pu( IV)  . The average intercepts and half-times of U2, 
U3, and U, of the Pu(V1)-injected persons were either the same as, or 
not very dificrcnt from, the values of thcsc pxrnnicters detcrmincd for 
the group of Pu(1V)-injected cases with normal kidneys and normal 
hematopoiesis. 

For radiological protection pu'poscs the nccd is characterization of 
a Pu unne curve rcpracntative of an adult hiininn king in rciionably 
good health. Therefore, in this analysis data were excluded from those 
persons judged to havc obviously abnomial kidncy function or abnormal 
plasma Pu binding (the anemic pcrsons) . -4 five-roimponcnt exponential 
cuwe was constructcd; the raw interccpts and half-time are shown in 
7'aIle I/, and thc paranictcrs of i t s  equation appear in Table VI. 
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Fig. 3. Daily urinary Pu cscrrtion by several Pu-iiijrctrd persons, dogs and 
iiiiniaturc swine. Swine data nrc from Clarke et al."; dog data are from B. J. 
Stover and D. R. Athcrton (original data) 0.1 pCi/kg groupsonly. 
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not noticeably affected by the ph!,sical dis;il)ilitic*s of thc indi\~itlu;tl 
p;tticnts, and tlic 1i;lf-tiiiics of all thc I’u ( I\’) urinc c u n n  ivcrc includcd 
in thc c;dcul;ttcc! ;i\’cr;~gcs for cnch coniponcnt. l’it II\’)  is dcciiiccl i i i ~ t  

likely to be the chenical form of Pu encountered in an  occupational es- 
posure, 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 thc urine ciin’es of the Pu (VI)-injcctcd indi\ idiials wcrc not diflcrcnt 
from those determined for the persons given Pu (11;) ; thcrcfore, all hnlf- 
time determination5 have been included in calculation of VS?, and US,. 
Only Chi-3 and Cal-1, who were both injectcd \cith Pu (1’1) , provide any 
ntirnate of US,, lxtt neithcr wxs followcd long enough to dcfinc it closcly. 

The only human Pu urine mexsurernents at post-injection intends 
suficicntly long to pcrniit estimation of the slope of thc nest component, 
ITS-,, arc two samplcq obtained from HP-6, 525 and lGl0 days p t  injcc- 
tion. Thc line joining thcse two points has a half-titnc of 1250 days, only 
onc-third thc value of US:, in the Pu urine cunc  of thc dog. USn and I S ,  
wcrc not defincd for HP-6 lxcause collcctiom \.\.ere tcmiinntcd too soon, 
but if US:, and US, for HP-6 arc similar to thc other cxm, then the 
urine cume for HP-6 should bend between the t\vo late sample points, and 
US, should bc greater than 1250 days. 

Sonic long-tcrni urinc data from four occupntion;illy csposed pcrsons 
are shown in Figure 4 :  \VBG, DL\V, and \Y;IB, from whom urine speci- 
men$ were obtained periodically for as long as 1698 days after termina- 
tion of Pu exposure;’” and L:lSL-I who was followed for 3500 days after 
ccswtion of his i n i h l  high lwcl Pu c x p w e . J 3  Thc  lattcr C;LW i5 com- 
plicated because thc individunl returned to work k v i t h  Pu, Ilut nt  much 
lowcr lc\ds, 2350 days after the cnd of his first Pu csposurc period. The 
occupntional data suggcst that thc longcst half-tiiiic of thc hunim Pu 
urinc curve is perhap as long as 13,400 days - the Icast-squarcs-fttcd 
slope of the LASL-1 urinalysis data.” In the absence of reliable human 
data, and lxcaux of thc half-tima of coniparablc c-trly portiom of the 
hiinim Pu urinc ctimcs arc similar to thosc in thc dog and pig, 4OOO days 
( 1 I years) was sclcctcd x5 a working value for US; for man. 

Thc data points sho\vn in Figure 4 for LASL-I arc a\.cragc. of all I I W  urina1ysc.s 
takcn during each 6-month intenal: the original data apprar in Tablr  3 o f  
Forrrnan et aI.= Tlirsc avrragcs \wrc ncit \wiglitc-d Llr thr nuiiilwr 111 a n a l y ~ .  
and mru valiics tvrrc iynorcd. 





8 
2 

0 

2 



LANL 

P, W. DURBlb 

l0OFF-l- 

C .- 
E 

n 
\ 
m .- 
Y 

v) 

3 
v) 
0 

01 

0 
C 
0 

0 

3 
u u 
0 

I 
0, 

2 
- 
.- 
e 

n 

- n 
E 
0 
m 
Q) 
C 

3 

.- 
L 

L 

a 
0 c 

I 

P lu 
c .- 
2 

Fig. 4. h p :  
persons and tl 
ed in this pap 
cupationally e 
0 - LASL-I 



P. W. DURBIN 

0 0 0 
0 

I? 0 . 1 1  2 5 0 0  
500 I500 

D o y s  a f t e r  inject ion 



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

Lagcrquist et al."' reported an accident invol\.ing contamination of n 
Pu worker dcsignated RF-2075 (S. E. Hammond, pri\.ale communica- 
tion). He inhaled some Pu, and his b o d y  surface \vas contaminntcd, but 
thc bulk of his intcriid burden w . 2 ~  appnrcntl! the rcsult of Pic c~t~ilxcldcd 
in an injured hand. Twelve days after the accident 985; of the Pu in his 
hand was removed surgicdly, and he could be considered to have had 
a single acute exposure. 

T h e  urinary Pu excretion of RF-2075 is plotted in Figure 5 from data 
read ofT the published C U ~ C S . ~ ~  This is a coiiiplicated case; the individual 
was treated almost continuously with DTP.4, and three oper a t '  ions were 
perfomied to remo\.e the Pu from his h'md. Figure 5 sho\vs, however, that 
the raw hall-times of his Pu urine cunve arc \'cry close to those obtained 
from thc urine cun'es of the Pu-injected p ~ r s ~ n ~  (we Table V ) .  On the 

I I I 
0 DTPA being given 
0 No l t t o t m e n l  

No l r e o l m e n t  a IO  

0 . O O O l l  I I I 11 I I r 1 
0 IO0 200 300 400 500 600 

Days of lcr  accident 

Fig. 5. Comparison of urinary Pu excretion after an accidental exposure 
nnrl trcntincnt \villi DTPA with tttc nonnnl Pu urinc ciin'c. Data for RF- 
2075 wen: rcxl from Figures Id in Lngcrquist CI ai.''' 0 - nTPA trcntnicnt 
t\vo to scvcn tiiiics a \vcck, - no DI'PA trcntmcnt, - no DTPA 
trcatiiicnt \xlucs multiplied by IO.  
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othcr hand, the intcrccpts of the Pu urine C ~ I I ~ T S  of Rl;-2075 and thc Pu- 
injected cascs are quite dinerent, reflecting the changes in Pu d e p i t i o n  
pattern brought a g u t  by prolonged DTP.\ treatment- 

The  vducs selccted for UA, and U:12 in thc human urinary cun'c 
were those dctermjned for the Pu( 1V) -injected persons with presumably 
normal kidneys and hcmatopoicsis. The intcrccpts of thc cun'cs olhincd 
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 excretion. 

No Pu (IV) -injected individual provided urine data after 65 days 
post injection; however, a third component, U3, emerged early enough in 
the curves of four cases to identify UAs. The last few points on the curves 
of four additional cd?s(s suggested an inflection and permitted estimation 

Only Cal-1 was followed long enough to identify the intercept, U-1,. 
Comparison of his daily u r i ~ r y  Pu, 0.001 1 yc/day between 300 and 350 
days post injcction, with the urinary Pu of HP-6, 0.002 %/day at 525 
days and 0.0011 yo/day at 1610 days post injcction, suggests that thc 
value of U.4, obtained from Cal-1 is low by at least a factor of two. Con- 
sequently, the graphic construction method shown in i\ppendix 2 for HP-6 
was used to estimate UA4 and u.4~ Details of the con~truction are re- 

of UA3. 

I 

ported &where.- 

Gastrointestinal excretion of plutonium 
T h e  original Pu fecal excretion data for Chi-1 and HP-1 through 

read from Figure 1 of Crowley et d.'* Urine and feces were not separated 
for Chi-2, and fecal data were 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 also be better understood in light of the stability of the compIexes of 
Fe and Pu with transferrin and the high degree of conservation of iron. 
The human pstrointcstinal tract normall). cxcrctcs approximatcly 0.G 
mg/day of iron.3c' 32* '' Rccent studiesq9 indicate that sccrction in bilc ac- 
counts for 33% of fecal excretion, and loss of iron contained in the 50 to 
80 g of intestinal epithelial cells that arc dnquaninted daily accounts for 
anolhcr 13%. Thc rcmnining 4076 of g;ntroint4n;rl iron cxcrctioii nlay 

, HP-12 are given in Table 9 of Langham et al." Fecal Pu for Ca1-1 was 
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be associated with other digestive secretions (gastric, pancreatic, and in- 
testinal juices) .36, s’ Crosbys3 suggests that the gastrointestinal tract is also 
an iinportaiit sitc of traiuferrin catabolism. 

It \vas  suggested that early urinary Pu excretion was related in a 
roughly reciprocal way to the le\.el of transferrin saturation. By the same 
line of reasoning, at lenst two of the proposed gastrointestinal exretor). 
mechanism - biliary and digesti\.c-juicc secretion - might also LK ex- 
pected to be influenced by the dcgree of digestive tract secretion. If dietary 
intake werc low or consisted of soft, bland, nonstimulating foods, the 
volume of digesti\re secretions might be lower and fecal Pu consequently 
reduced. 

During the first two weeks after injection some individuals consist- 
cntly excreted inore Pu in their feces than did others. In order to deter- 
mine whether fccal Pu was related to medical status, fecal Pu H’XS summed 
for each patient o \ w  the first and last 6-day intends for which fecal 
collections wcrc obtained from all the pntients. Gastrointestinal tract and 
liver function and the nmounts and \varieties of foods eaten were judged 
to be within norrnal limits for sis Pu ( I V )  -injected ptients. Three patients 
were being treated for peptic ulcers and were probably taking small meals 
of soft bland foods to rcduce gnstrointcstinal stimulation and secrction. 
-After a totd gnstrcctomy on the fourth day following his Pu injection, 
Cal-1 passed little fecal matter through day 17. Two patients were being 
treated for severe cardiac conditions, and it was considered likely that 
they too wcrc taking in lcss than nomial amounts of food and liquids. 
HP-3 was Ixing treated for hepatitis, ‘and the presence of pruritic dermati- 
tis strongly siiggcsts that she was also jaundiced and that her IAc output 
was less than nomial.w Chi-1 was operated on twice (15 days before and 
2 days after his Pu injcction) to rcmo\*c tumo~ous tisue from hi5 buccal 
cavity. His output of fecal matter was normal shortly after injection,” but 
.as his condition deteriorated, the buccal lesion ulcerated to the bone, a p  
pnrently niaGng intake of ordinary foods dificult. After the hundredth 
day his fecal bulk was bclow the lower limit of nomia1.31 

If only the Pu ( IV) -injected cases are considered, the m’erage fecal 
Pu of those persons judged to have normal gmtrointestind function and 
normal dictary intakes was 1.32% ‘-c 0.30, nearly twice that of the persons 
with gastrointestinal difficulties or restricted dietar) intakes, 0.67% 
0.14. The difference was significant (P<0.01)s3 during the first 6 days 
after injection, but of only bordcrlinc significance bctwecn 19 and 24 
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days post injection; normal diet, 0.2OYh 0.08; restricted diet, 0.09% 
& 0.04 ( P a . 0 5 ) .  Thcrc wcrc no discn-nil)Ic corrclations klwccn fecit1 
Pu excretion and eqthropoietic status. 

The  original fecal Pu data are plotted along with the urine cun'es in 
Appendix 2. Analysis of the early portions of most of these curves was 
not p i b l c ,  becausc feces were sampled xi 2- to 6 - d ~ ~  pools. '1 cumula- 
tive fecal excretion curve was prepared for each case plotted as a linear 
function of time. Fecal lag - that is, gastrointestinal transit time - was 
estimated for each case by extrapolating the earliest defined portion of 
the cumulative c u n e  to % dae/day = 0. The differentiated cumulative 
fecal Pu cune i  wcrc rcplottcd on a scmilognrithnuc scalc (not shown), 
and the unnnalyzcd hdf-tinin, intcrceptq (at t = fccal lag), and fccd lag 
times for each case are collected in Table VZZ. The fecal Pu curves of 
the three persons who were followed for the longest time after injection, 
and the best cunres that could be drawn for fecal cscrction of Pu by the 
dog and the pig are shown in Figure 6 .  

The means t standard deviation of the unanalyzed half-times and 
intercepts were calculated (see Table VIZ) for the six Pu(1V)-injected 
individuals that were presumed to have nomially functioning gastroin- 
testinal tracts and to be eating ordinary amounts of a inixed hospital diet 
and for the five Pu(  1V)-injected persons judged to be taking in less than 
normal amounts of food or to be on soft dicts (including HP-3, who w.zs 
judged to have a lower-than-nonnal bile output). The  half-times of the 
first two components of the normal Pu fecal cunre are the averages of 
FSI and FS? detemiined for dl the cases, bccause neither the mcdicd 
status of the individuals nor the chemical form of Pu administered a p  
peared to change the rates of the proccsscs Icading to these fecal-curve 
components. 

FSs could be determined only for HP-7, Chi-1, and Cal-1. Thcre 
was good agreement among the three and all were used to calculate 
an average I S .  l:S, o k n ~ e d  only for Cal-1 cmcrgcd in his fccal cun.c 
only 100 days before collections wcrc tcmiinatcd, so it is uncertain. How- 
ever, this portion of the Cal-l fecal curve was almost parallel to the urine 
curve, US, = 475 days, which is encouraging. The value chosen for FS5, 
4000 days, was obtincd by lest-squarcs-fitting thc feed data of thc 0.1 
pCi/kg group of Utah dogs from 750 through 1750 da)s p a t  injection.* 

Feces i e r e  collected pcriodically from some of the 0.1 pCi/kg dogs for a5 !on5 
as 2921 days." Data for individual dogs as wcll as the inran valucs of all 
sunivors exhibited a rising trcnd after 1800 days. 

LANL 
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0.0001 I d  
0 100 200 300 400 500 600 700 

D a y s  a f t e r  i n j e c t i o n  

Fig. 6. Daily fccal Pu excretion by Pu-injcctcd pcrsons, dogs, and miniature 
swine. Dog data are from B. J. Stover and D. I<.  Atherton (original data) 
0.1 pCi/kg and 0.3 pCi/kg groups only; swine data are from Clarke et 
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The intercepts of the first two components of the fecal Pu cun'es of 
&e persons with nomal digestive function ivcrc :iliiio~t doublc thtac of 
FA, and F;!: cdculatcd for the pcmns having rcduccd gastrointestinal 
function, but tllc diflcrcnccs \\ere not statistically significant. Howe\.er, 
the intercepts of the first two components of the nomial fecal Pu curve are 
the mean values of FAI and FA2 determined for only those persons whose 
gastrointestinal tracts were judged to be normally stimulated and norni- 
ally functional. FA3 is the mem of the four Pu(1V)-injected casts for 
whom that parameter could be estimated. 

Values for FA,, the intercept of the longest obsenped component, 
wcre a\.ailablc from only two Pu (VI  )-injected persons, neither of whom 
was considered to have a norm'dy functioning g;lstrointcstinaI tnct. Thc 
last 40 days of fecal collections from Chi-1 were only one-half normal bulk 
and he was near death from metastases of his malicpancy. F.43 of his fecal 
curve was one-half that either ohcrvcd or cstiinatcd for the less seriously 
ill Pu( 1V)-injected persons. FA3 from the fecal curve of Cal-1 was even 
lower - slightly more than 50% of FA3 for Chi-1, and 20% of thc averngc 
FA3 of the Pu( IV)  group. His stomach had been completely removed 
four days after the I'u injection. In  the absence of a stomach, his daily 
food intake was piobably 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 normd stimulnnts of the secretion of 
bile, pancreatic and intestinal juices, and intestinal mucus.w* Iron ab- 
sorption is reported to le reduced by as much aq 50% after gastrectomy?' 
Lack of gastric juice may have played an indirect as well as a direct role 
in reducing the quantity of gastmintatind secretions and concomitantly 
the amount of Pu mcrcted in feces by Cal-1 .* 

It was xs~umcd that thc relationship betwccn the l:A3's of Chi-1 and 
Cd-1 and the Pu( 1V)-injected qoup ,  

FAJ(Chi-l) = 0.5 FA3[Pu(IV)] and FAs(Cal-I) = 0.31 FA:,[Pu(IV)], 

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

FA, = [ (0.001 8/05) + (O.OO56/0.2 1 ) ]  -+ 2 = 0.003 %/day. 

An approximation of FA5 was obtained by asw-ning that Fs in the human 
cun.e and in the dog cune  emerged at about the same time p t  injec- 
tion. F4 was cstra~olatcd to that tinie 1900 da\s \ .  a linc of 3850-dav 

Then: is a possil~ility tl~at systcinaiic errors in collection and analysis also con- 
tributed to 11ie low fecal Pu valucs of Cal-1.". '' 
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half-timc was drawn through the 900-day point, and its intercept was 
dctermincd to bc 0.0012 ?;/day. The pnramctcrr; of thc five-component 
“iiorinal” human fccal excretion cun’e appear in Table  I’Z. 

Urinary and Fecal Clearance of Plutonium 
Having no fecal data bcyond 138 days, Langham et a].” were forced 

to usc nn cstimatc of the Pu U/1: ratio to calculate long-tcnn Pu excre- 
tion. However, both tenns of the U/F ratio are subject to change, and 
clues to the nature of some changes - either in excretory efficiencies or in 
the chemical state of circulating Pu-can be obtained from plasma 
clearances. Accuratc dctcrininntion of urinary clearance rcquires sim- 
ultaneous sampling of plasma and bladder urine. In  the absence of precise 
measurements for man, Equations ( 4 )  and (5) were used to estimate ex- 
cretory clearances from the data available for nun,  namely, intermittent 
plasma samples, 24-hour urinc sainplcs, and poolcd fccal spccimcns. 

t? 
2 Ex F,=n 

\vhcre l’(t) = X ( P i e  -h , t ) .  (5) 
F,=l  

(4 )  Exel = - tl 

t2 P (  t )d t  
tl 

Both urinal?* fecal clearances were calculated ovcr 6-day intervals for as 
long as blood measurements were made, but only tw.0 intervals, at  the 
kginning ;~nd  the cnd of nicxsurcincnts, arc shown. 

Paintcr ct al.I4 mcxsurcd nrinar). Pu clearancm o f  dog5 injcctcd with 
acutely toxic toses of Pu(V1) citrate. Urinary clearance of Pu was very 
high 15 to 30 minutcs post injcction, but dropped rapidly to a minimum 
which pcmistcd froin 4 hours to thc cnd of the fimt day. After the first day, 
urinary clearance rose slightly to a l e \d  that wxs sustained for the next 15 
days . 

The urinary Pu clearances calculated for man revealed a similar pat- 
tern. The vcry high initial clcnmncc could not actudly be dcmon~tratcd, 
because the earliest urine samples were pooled for the first 24 houm. 
However, the first 12 urine specimen$ pnsuxl by Chi-l were analyzed 
sep;ir;itcly, and 8376 of tlic Pu cxcrctcd in tlic first 48 hours was passed 
in the first (0- to 6-hour) specimen.“ In  the face of his rapidly declining 
blood level’s this large urinary output would indicate a high initial Pu 
clcamncc. 
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I n  every case the average Pu clearances by the kidney and the gastro- 
intestind tract were lowest on the first day after injection (the minimum 
]xtcd through &c third day for fccd clcarancc in soinc CXCS hccausc of 
fecal lag). Clcnrancc by either route r w  to a temporary plateau of 5 to 
15 days duration, and was followed by either another incre'ase to a fairly 
stable plateau or a continued slow increase to the end of measurements 
k twecn  days 20 ,and 35. During thc 2 wccks k twcen thc two XIS of cd-  

11.' '  werc forced 
1 ~ 1 1 1  Pu cxcre- 
Io changc, and 
lliciencies or in 

I from plasma 
L rcquires sim- 
.-tmcc of precisc 
10 estimate ex- 

4?., internlittent 

cient as it was during the first 6 days. 
Renal Pu clearance in those persons judged to be ancmk wzs less 

than one-half that in persons considered normal. Fecal clearance in those 
pcrsons judged to have rcduced digestive qstcm function was l s s  than 
one-half that of persons considered to have normally stimulated gastro- 
intestinal tracts. 

i . t ) .  (5) 

, from the three persons judged to be most nearly normal with respect to 
both latent transferrin binding capacity and digestive system 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 h c n  rcjccted for the same reason that their f e d  cxcrction 
was considered low. 

I t  appears that during the fist 30 to 60 days after Pu injection the 
U/F ratio for those persons judged to be most nearly normal was about 
1.0 and possibly as great as 1.3. The ancmic cases with normal gxtro- 
intestini function tended to have U/F vducs less than 1.0. Those per- 
sons with presumably normal plasma protein binding capacity but with 
rcduced gastrointcstinal function tcndcd to have U/F valucs grcater than 
1.0. The anemic cases (in which protein binding capacity was presumed 
to be elevated and gastrointestinal secretion suppressed) exhibited reduced 
urinary ,and fccd clcxranccs of Pu, and thcir U/F vducs wcrc again clmc 

Langham et al.l9 used Pu U/F ratios \ar).ing from 1.8 at 138 days 
to 4.4 at 1750 days to estimate total long-tcnn Pu excretion, but these 
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U/F estimates were bawd entirely on data from Chi-1 and Cal-1, both of 
whom have been considered in this reanalysis to have subnornlally stimulat- 
ed or subnormally functioning gastrointestinal tracts. The  analysis pre- 
sented hen: suggests that immcdiatcly d t c r  injection in man, Pu excrc- 
tion in feces slighlly cxceeded Pu excretion in urine, and that by the end 
of the second week excretion by the two routes was nearly equal, providcd 
that residual transferrin binding, kidney function, li\.er function, and 
gastrointestinal secretion remained within normal limits. Comparison of 
the coeficicnts of the long-term components of the esponcntial urinary and 
fecal Pu-excretion equations (see Table V I )  suggests that at times after 
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 precious analyses 

excretion at time t after injection is 
When excretion rates are expressed as sums of exponentials, urinary 

n -0.693t/U7,, 
U t  (%/day) = Z Unie (6') 

n = i  

and similarly, fecal excretion rate at timet is 
n -O.G93t/l:Ti. 

Ft (%/day) = L Faie ( 7 )  
n = i  

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

S U t ( % )  = Utdt, (8) 

(9) 

(10) 

(11) 

2 Ft(%) = f Ftdt. 

Total excretion at time t is the sum of Equations (8) and (9) .  
X Et ( 7 0 )  = S Ut + 2 Ft 

Rt (%) = 100% - 2 Et. 
and v;hole-Wy rctention at timet k 

Thc fraction of the rcm;lining I d y  burden cxcrctcd daily in urinc at time 
t i s  

ub(o/,/day) = (Ut X IW)/Rt. (12) 
Urinary and fecal excretion rata (Figures 7 .and 8 ! ,  the totnl amount 

of Pu excreted in urine and feces (Tab le  Z'U), \\.hole b o d y  retention and 
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thc fraction of thc lxxI) Lurdcn cscrctcd in a 1-d:~)’ unnc sample (Figure 
9)  were cnlculatcd for tinies after injection from 1 to 14,600 days (about 
40 yeais), using Equations ( 6 )  through (12 )  and the piniiieters of the 
“noma1” Pu urinan and fecal escretion cquntions ,aiven in Table VZ. 
I t  \vas assuincd for thcse calculations that a sisth component with a half- 
time of 13,400 days (sec the discussion of case L.\SL-1 in the section on 
urinary excretion) emerged in both excretion curies about 4000 days after 
injection. Total Pu excretion after a single intravenous injection predicted 
by the sun= of arponcntials derived in this paper is compared in Table ZX 
with that predicted by the power functions dcrived I)? Langham et al.’” 
Suns  of exponentials predicted grcatcr Pu elimination at all post-injection 
times for at least three reasons: ( a )  Esponcntials fitted the first 10 days’ 
data better than the power functions. (b )  Only the individual urine- 
curve and fecal-curve coefficients from cxzse~ judged to be nornial with re- 
spect to the particular excretory function were used to calculate the mean 
cocficients of the exponential equations, and they tended to be higher 
than the nvcragcs of all cascs. ( c )  Thc cocficicnts of the cspncntial cqu;l- 

I I , , , 1 1 1 1  L I 1 1 1 1 1 1 1  I I I I I  

I IO 100 1.000 I0#000 
0.001 :>A, , ! , l , l , l  , I , I  , , , ,  

D a y s  c f l e r  injection 

Fig. 7. Comparison of human uriiinq Pu csrrcliori (fmm 1 day to 40 years) 
predicted by the normal l’u urinc cuwc \\.it11 the Langham equation.19 
Points showti wcrc cnlculnlcd froin thc pal-nmctcis i n  Table 1’1. 
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Fig. 8. Comparison of human fecal Pu excretion (from 1 day to 40 years) 
predicted by the nomial Pu fecal cun.e and the equation given by Lang- 
ham et ai.1u Poiiits shown were mlculntcd from the pal-amctcrs in Table VI. 

Ooyr o f t c r  injectton 

Fig. 9. Cornp.arison of the percent of the Pu body content excreted daily 
in thc urine from 1 day to 40 ymrs predicted by thc nonnal Pu lrrine and 
fecal curves in this paper and the equations of Langham et al.10 Points 
shown wcrc cnlculatccl f i m i  tlic parainrtcrs given in  Table V I .  
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tion of human fecal escretion were adjusted upward to correct for what 
tv.?s comirlcrcd to br unusudly low long-tcrni frcnl diminntion by Chi-1 
and Cd-1 . 

T a b l e  ZX. Comparison of long-term Pu cscrction prcdictcd froni powcr 
functions or sunis of exponentials." 
~~~~~ 

Time after injection Poxer functions, Sums  of exponentials, 
(days) (years) Latigharn et ai." this paper 

10 2.56 4.39 
20 3.17 5.25 
40 3.81 5.95 
60 4.2 1 6.35 
80 4.50 6.67 

100 4.74 6.96 
140 5.10 7.39 
3 GO 1 6.26 8.79 
7 20 2 7.22 10.23 

1,100 3 7.83 11.17 
1,500 4 8.30 12.24 
1,800 5 8.68 13.00 
3,650 10 9.96 15.47 
7,200 20 12.17 18.83 

14.600 40 22.49 

' Scc ToOlcs S and X I V  Tor cscrction equation pamiiivtrrs. 

For comparison with earlier analyses, thc urinar). and fecal excretion 
rntc cquations arc replottcd logarithmically in Figures 7 and 8.  At least 
thrce power functions wcrc needed to describc thcsc equations. The power 
function fittcd to the cnlculatcd urinary escretion in the tinie period from 
30 to 3G0 days \\,IS d i n a t  the snmc that originally dcrivcd by Lang- 
ham et ~ 1 . ' ~  from thc raw a v c r a p  of the dntn froni the Pwinjcctcd cascs 
and sonic nccidc~ltally cspscd pcrsons and more reccntl y rccvaluatcd by 
iii;ichilic curvc fittill: 1)y Ro1)crtson and Coh11.~" 

This papcr, U t  (%/day) = 0.17Tp~'z5 ( 3 0 5 T S  360 days) 

Langh'un et d , 1 9  Y,,,( %/day) = 0.2X-O" ( l O < X <  1750 days) 

Rolxrtson and Cohn," 
Y"(yb/dn}j = 0.193t"'2' 1 LtL 1750 cktys) 
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Figure 9 i s  the log-log plot of the fraction of the remaining Pu 
burden excrctcd dailv in urinc. The  power function fittcd to thc tiiiic pcriod 

using a diflcrcnt analytical mcthod. 
None of the power functions needed to fit the values of human Pu 

fecal excretion calculated from the exponential equation in Table VI 
ageed with the expression deri\*ed hy Langham et al." Most of the 
difference bctwecn thc two methods ariscs from the w a ! ~  fecal data wcrc 
handled and the assumptions about the long-tern1 trend of fecal Pu 
output * 

Predirtioti of long-turn whole-body plutonium retention 
The currently accepted niaximum pemlissible " T u  contents of the 

body of occupntionxl workers, bascd on skeleton and liver, are 0.04 and 
0.4 pCi, rcspcctively.J9 For pu'poscs of dose calculatioits biological half- 
lives are also given; 6.5 x 10' days ( 178 years) for whole body, 7.3 x 10' 
days (200 years) for skeleton, and 3 x 10' days (82 years) for liver. 

The tern1 "retention" is potentially misleading, because it suggests 
a static condition. Once deposited in a tissue, Pu would be understood 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 swine'O' 'I 

released about 3876 of the injected Pu( IV) citrate dose (53% of the 30- 
day bonc dcpasit). Plnsma Pu lmcl and urinary cscrction of Pu rcniaincd 
high. At 600 days the liver contained three times as much Pu (3570 of 
the dose) as it contained 30 days after injection (13% of the dose). 

At this writing thcre 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 lxcaglc 
skeleton of more than 1500 daysQ3 ( pcrhaps xs long as 5000 days). Bone 
remodcling in thcse 14- to 18-month-old dogs proceeded rapidly during 
the first two ycnrs but slowed thereafter. By 3 months post injection nearly 
one-half of the trabecular surfaces that had initially been labeled with Pu 
had disappeared. The remaining one-half had been buried by apposition 
of new bonc, and were prcsuniably less acccssiblc for r~rnodcling.~' At 
thcsc sane low dose levcls, thc half-tinic 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-fcrritin in hepatic cells, and 
eventually to long-lived deposits of Pu-hemosiderin in reticuloendothelial 
cells?Gs 
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Pu dynamics can be summarized as follows: Pu initially present in 
soft tissues othcr than liver is cleared rapidly; the major fraction is rcdis- 
tributed to bonc and liver, and a small fraction is excreted. Pu dcpositcd 
in thc skclcton is iiio1)ilizcd in  thc nominl c o i ~ r ~ c  of h n c  rcinodclin,; f' SOIllC 

is r e d e e t e d  in bonc, some is deposited in liver, and a small fraction is 
excreted. Pu deposited in liver is eventually transformed from relatively 
soluble forms in hepatic cells into insoluble hemosiderin deposits and 
sequestered in reticuloendothelial cells. Therefore, livcr Pu is likely to be 
lost as slowly as, or more slowly than, bone Pu, but at perhaps the same 
rate ;LS deposits of phagocytized Pu-hemosiderin in other tissues. The loss 
rate from the liver may eventually become the rate-limiting process for Pu 
disappearance from the whole body. 

The best estimatcs of the early distribution of Pu in four major com- 
partments-skeleton, liver, residual soft tissues, and cscrcta-are shown 
in Table X for man, dog, and pig. The  original analysis of the tissue dis- 
tribution data is included for c0mpaTiS0n.'~ The pigs were not fully grown 
and the dogs wcrc in the prime of young adulthood, in contrast to thc 
Pu-injected human beings who were all unwell and, except for HP-4, 
middle-aged or older. In the dog and pig ody a small fraction of the Pu 
dosc W;LS in soft tissucs othcr than l iwr (3% to 876) 22 to 30 days dtcr  

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

Injected Pu (%) 
Time after Soft i issu e 

injection Skeleton Liver remainder Excreted 

M a n  
This 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 
Langhnm et all3 4 to 457 days' 65.7 22.5 G.8 5 .O 

Dogd 22 days 51.0 34.0 2.0 13.0 
Pip' 30 days 72.0 14.0 8.3 5.7 

* hvcnge ol Cal-I, Chi-2, HP-11, Cal-3. Livers and slirlricins nT Chi-2 and HP-I 1 

' Avcnges of HP-5, HP-9, and Chi-l. Sce Tables I and I / .  
not included. Scc 7'alIes I and I I .  

.4vengc of all tissues Iron1 all cases in Langham et al." Excretion estimated from 
power functions. Soft tissues calculated hy difference. 
' Stover et al.'" 

Skrleion from Clarke et ai.* Li\.cr from Smith et al." Excreta calculated Iron) 
exponential equations in Table V I .  Soft tissue calculated b y  difTercnce. 
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(10,220 days), reasonably close to the 13,400-day hdf-time that could 
I)c fitted to the long-tcriii urinc data of cnsc I,.lSI,-l. 

The half-time of Pu in the human body was estimated in this 
analysis to be 20.1. years in substantial agreement with the upper limit 
calculated by Langham et al.I9 The iniportant consequence of Pu loss 
from bone faster than from the whole b o d y  is an increase in I i \ w  Pu 
with time. 

Mays et al.'"' have calculated that if the body Pu content were 
partitioned 50% in liver and 50% in bone, the annual risk of developing a 
livcr tumor would be twice that of developing a bone tumor. The analysis 
in this paper suggests that over a 50-year working lifetime 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 al.l0'' are that liver is a5 critical an organ for Pu as is the skeleton. 

DE D I C A T  ION 
This chapter is dedicated to the memory of Dr. Burns B. Cunning- 

ham, Professor of Chemistry, University of California at  Berkeley, and 
Senior Staff Scientist of the Dcpartnient of Chemistry, University of 
California, Lawrcncc Radiation Laboratory, who with L. B. Wcrncr 
first prepared plutonium in pure form and who developed on a micro- 
chemical scale the chemical techniques that were later used in the pun- 
ficntion of lnrgc quantitics of plutonium. I rcmcnibcr with p1c;u;ure ;tnd 
appreciation many con\.ersntiom with Dr. Conningham on mitttcrs of 
plutonium and actinide chemistry. 

APPENDIX 1 
Summary of Plutonium Cases 

HP-1: White male, 67 yr, 70.3 kg, injccted 10/16/45, 0.004 pCi/ 
kg "'Pu( IV) citrate. Nine year history of peptic ulcer, acute hemorrhage, 
Hb = 13.7, RBC = 4.5. Lost to follow-up. 

deposition in the rat that the rat skeleton accumulated both free and protein- 
b u n d  Pit h i t  that the rat livcr did not takc up aiKnificatit ainI1tiiits iif prott - i i i -  

bound l'u. I~ias~nucli  as at times grcater than a few hours alter injection more 
than 90% of circulating Pu is protein bound,", " the deposition pattern of 
recirculated Pu is more likely to resemble that of Pu-transferrin than that of the 
Pu(1V) citrate originally injected. Thus, Pu rcdcposition in bone may he grrat 
Y 80% to 90Cb Icading to a longer calculatcd halftime of Pu in the huiiian 
skelcton,w about 7 0  years, and IO a slower ratc of Pu arcir~nularion in the liver. 

LANL 

I 

1 
I 

I 
I 
i 
! 

i 
I 

P. W. DURBIN 

H P - 2 :  v 
-. 1 u I 11' j citr 
14& RBC =4 

H P - 3 :  If 
pCi,(kg 2 3 8 P ~  
hypoproteinex 
tion, lost then 

H P - 4 :  \ 

pithy with ul 

post injection. 

I I P - 5 :  ' 
23DPu 11') ci 
and adenoma 

* ' , V  > 

&ijkg ::Lipu 

H P - 6 :  7 

239ru(1\7 c: 
Follow-up 52: 

H P - 7 :  ' 
z31Pu( IV) cit 
goiter. Hb = 
withheld. 

NP-8:  
pCi/kg '39Pu 
derma. Hb  = 

H P - 9 :  . 

23sPu(IV) ci 
(derrnatomyc 
of bronchopi 

HP-10:  
231Pui I \ - )  ci 
to folio\\* up. 



OLD DATA 

I hat could 

(d in this 
ippcr limit 

I I I  liver I'u 
I J f  PU 1OSS 

'itent were 
\doping a 
lie analysis 
I ~ A C  lit*er's 

' 1 1  ually ap- 
'ilations of 
I *  skeleton. 

(hnning- 
\clcy, and 
\cisit), of 
; IVerner 
I a micro- 
I the puri- 
. ~ w r e  and 
:Il;ltters of 

:id protcin- 
* i f  protein- 

. * iioii inotc 
pattcm of 
Illat of thc 
iy be great 
' t ic human 

.;I the livcr. 

i H P - 2 :  White male, 49 yr, 69 kg, injected 10/23/ 5,O.OO 

51 5 

H P - 3 :  White female, 49 yr, 69.9 kg, injected 11 /27/45, 0.0043 
pCi/kg 238Pu( IV) citrate. Hepatitis, pruritic dcrnlatitis with edema, 
hypoprotcinci~~i;~. Hb = 14.5, RBC = 4.3. l'ollow-up 1645 days p a t  injcc- 
tion, lost thereafter. 

H P - 4 :  \Vhite female, 18 yr, 55.5 kg, injected 11/27/45, 0.0054 
pCi/kg 2aV" ( I V )  citrate. Cushing's syndroilic, hypcrtcmion, ncphro- 
pathy with uremia, osteoporosis. Hb = 15.0, RBC = 5.3. Died 18 months 
post injection, autopsy withheld. 

H P - 5 :  White male, 56 yr, injected 11/30/43, z 0.0044 pCi/kg 
"'Pu ( IV)  citrate. Amyotrophic lateral sclerosis, pneumonia, renal cysh 
and adenoma. Died 151 days post injection, autopsied. 

H P - 6 :  White male, 45 yr, injected 2/1/46, - 0.0044 pCi/kg 
230Pu (11') citrate. One-year Addison's discsc, infected skin lesions. 
Follow-up 523 .and 1610 days post injection, lost thereafter. 

HP-7 : White female, 59 yr, 68 kg, injected 2/8/46,0.0057 pCi/kg 
231Pu (IV) citrate. Rheumatic heart disemc, cardiac decompcmition, toxic 
goiter. Hb = 12.6, RBC = 3.26. Died 9 months p t  injection, autopsy 
withheld. 

H P - 8 :  White female, 41 yr, 54.4 kg, injected 3/9/46, 0.0073 
pCi/kg 239Pu ( IV)  citrate. Two year histor) of duodenal ulcers and sclero- 
derma. Hb = 13.9, RBC= 4.7. Lost to follnw-up. 

H P - 9 :  White male, 66 yr, 63 kg, injected 4/3/46, 0.0061 pCi/kg 
zs'Pu( I V )  citrate. 18-month history of muscular atrophy and denllatitk 
(derniatoniyositis). Hb = 12.3, RBC = 3.9. Died 456 days post injection, 
of bronchopneumonia, autopsied. 

HP-IO:  Negro nide, 52 yr, 71 kg, injcctcd 7/16/46,0.0053 pCi/kg 
239Pu(I\') citrate. Congestive heart failure. HI] = 13.3, RBC = 5.5. Lost 
to follow up. 
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H P - 1 1 :  White male, 68 yr, injected 2/20/46, + 0.0056 pCi/kg 
r39Pu( IV) citrate. History of chronic malnutrition and alcohdism. Died 
5 days p t  injection, cirrhosis of lil-er, edema, ncites, autopsied. 

HP-12: N e g o  male, 53 yr, injected 4/10/45, + 0.00-14 pCi/kg 
233Pu(IV) citrate. Multiple comminuted fractures. H b  = 8.9, RBC = 
2.85 Biopsy 4 days past injection, lost to follot+up. (.Also dcsipated E. 
C. in Ref. 18). 

Chi-I : White male, 68 yr, 76.4 kg, injected 4/26/45,0.0052 pCi/kg 
*19Pu ( V I )  citrate. Metastasizing bxca l  epithelioma, mild pyelonephritis. 
H b  = 10.9, RBC = 3.56. Mouth surgery 2 days post injection. Died 160 
days post injection, autopsied. (Also desi<pated hlS-100 in Ref. 48a). 

Chi-2: White female, 55 yr, 38.6 kg, injected 12/27/45, 0.15 
pCi/kg 23DPu ( V I )  citrate. hletxtsizing breast carcinoma and lymph+ 
blastoma, both tumors invading li\.er, kidneys, and bone marrow, heal- 
ing pathological rib fractures, Hb = 12, RBC = 3.5. Died 17 days post in- 
jection, autopsied. (Also designated \VX-300 in Rcf. 48b). 

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

170 days post injection, autopsy withheld. (Also designated as hfX- 
200 in Ref. 48 ) .  

Cal-1: White niale, 58 yr, 58 kg, injected 5/14/45, 0.0896 pCi/kg 
238P~,  and 0.002 pCi/kg '33Pu as Pu02(N03)Z. Diagnosed as gastric 
carcinoma, gastrointestinal hemorrhage. Hb = 12, RBC = 4.1. Biopsy 4 
d a y  p.i. revealed huge gastric ulcer and adhesions. Total gastrectomy and 
splenectomy. Followcd for 340 days, died 1/9/66 (21 yr. post injection) 
of cardio\ascular disease. 

CXC Cd-2" 
This case, a 4-yr-10-month-old white male of slight build, was suffer- 

ing from osteogenic sarcoma with pathologic fractures. He was injected 
4/26/46 i.v. with 0.169 pCi of 23DPu(VI) nitrate, and tissue saniples 
wcrc obtained 7 days post injection during a biopsy. Body wcight was 
estimated to be 15.5 kg from hliihlmann's tahle9" and Rayer and Ray- 
ley's of retarded growth. Blood volumc tvas estirnated to he 
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Wet Ash Percent of absorbed 
Samples wl. (8)  wt. (9) dose doselg 

Tumor 29.5 0.37 0.60 0.0203 

Bone and tumorb 31.5 12.6 0.144 0.0046 

0.063 0.0158 Marrow 4.0 0.05 

Normal cortex 50.5 20.0 0.063 0.001 24 

Muscle from 27.5 0.345 0.025 0.0009 
normal bone 

Injection site 69.5 0.87 46.6' 

Whole femur rcconstruction: 

(Bonc + tumor) + (marrow) + (nomial cortex) % 
(Bone + tumor) + (marrow) + (normalcortex)g 

= O.O0313C;O/g 

' Data of J. G. Hamilton and J. C. Co\ricy, unpublished. 
Part of distal femur, patella, and prosimal tibia. 
% of administered dose. 
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PLUTONIUM IN THE EXCRETA OF THREE SUBJECTS l o 4  DAYS AFTER INJECTION 

J .  Rundo, P .  M. Starzyk, J .  Sedlet," R. P. Larsen, R. D. Oldham, 
and J.  J .  Robinson* 

Substantial amounts of 239Pu were found in the daily excreta of two 
subjects who had been injected intravenously with plutonium citrate ( 2 3 9 ~ ~ )  
l o 4  days previously. The urine of a third subject injected intramuscularly 
with 238Pu contained jus t  measurable amounts of this nuclide. 

Introduction 

Three persons who had received injections of plutonium in 1945-1947 

were hospitalized on a metabolic ward in 1973. Complete collections of 

urine and feces were made for periods of 8 to 14 days, and these excreta were 

shipped to ANL for plutonium analysis. Two of the individuals received intra- 

venous injections of about 0.3 pCi of plutonium (N) citrate; the third individual 

received an intramuscular Injection of 0.095 pCi of plutonium (VI) nitrate. The 
intravenous injections were of 239Pu, while the intramuscular injection was of 

The intramuscular injection was made in the gastrocnemius muscle of 
a leg having a bone sarcoma; four days after the injection, the leg was ampu- 

tated. Analysis of a 69-g sample of tissue from what was described as  the 

"injection site" showed that it contained 0.044 pCi. Because of the possi- 
bility that tissue adjacent to the "injection site" also contained unabsorbed 

plutonium, it is impossible to establish an accurate mlue for the initial systemic 

burden. 

This report is confined to the description of the methods used for the 

analyses of these unique and important samples, together with the results. 

Interpretation will be presented elsewhere. For a description of the early 

experiments and their results, the reader is referred to the extensive review 

prepared by Durbin. Some pertinent details of the three subjects ar; set 

out  in Table 1. 
~ 

* 
Occupational Health and Safety Division. 
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TABLE 1 .  Some Detal16 of the Three Subjects Who Survived Their Primary D i s e a s e s .  

CHR Literature (a) Original diagnosis Age in Amount 
case N o .  c a s e  No.  Sex ig73 ,yr  injected,  VCi 

40-003 -1-3 M Osteo-fibro myxochondrosarcoma 62 0 . 0 9 5  (238P") 

40-009 Hp-3 F Hepatitis, dennatltls, hypoproteinemia 77 0.301 (239Pu) 

40-012 Hp-6 M Addison's d isease  7 2  0 .331  (239pU) 

(a)Llterature c a s e  numbers are  those in  Reference 1 .  

Urine: Sample Treatment, Aliquotins, and Analysis 

During each 24-hr collection period the individual urine specimens 

were transferred to a polyethylene bottle; at  the end of the collection period 

the urine was frozen. The samples were shipped to ANL and kept frozen until 

they were aliquoted. 

To aliquot a 24-hr urine specimen, it was thawed and transferred, along 

with several concentrated nitric acid washes of the original container, to a 

tared mixing cylinder. The amount of nitric acid used was such that the final 

acidity of the urine was about 2.0 N .  After the urine had been mixed with the 

acid and the mixing cylinder reweighed, the solution was apportioned about 

equally to 1 2  tared polyethylene bottles. The bottles were then retared and 

their contents frozen. These portions were individually analyzed; the fraction 

factor for each portion was calculated from the weight of each portion and the 

total weight of acidified urine. 

The plutonium content of the urine was determined by alpha spectro- 

metric-isotope dilution analysis using 242Pu as  the spike isotope. The ali- 
quot was thawed, the 242Pu spike was added, the urine was transferred, 

along with nitric acid washes of the container, to an erlenmeyer flask and the 

urine was wet-ashed. The ashing was considered to be complete'if the salt 

residue was white when evaporation was carried to dryness. The salts were 

then dissolved in 2 N nitric acid. 
e 

The plutonium was separated from the other inorganic constituents of 

the urine by first coprecipitating it with cerous fluoride and 

to an anion exchange separation procedure. Hydroxylamine 
then subjecting it 

was added to the 
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nitric acid solution, the solution was heated to reduce the plutonium to the 

trivalent state, cerous nitrate was added, and cerous fluoride was precipitated 
by the addition of hydrofluoric acid. After separation of the cerous fluoride by 

centrifugation, it was dissolved by heating with 8 N nitric acid that had been 

saturated wlth aluminum nitmte. This solution was passed through a column 

of Dowex 1 X 8 ,  and the column was washed, first with 8 N nitric acid and 

then with 12 N hydrochloric acid. The plutonium was eluted from the column 

with 0 . 1  N hydrochloric acid-0.01 N hydrofluoric acid. 

The plutonium was transferred from solution to the surface of a polished 

stainless steel planchet for alpha spectrometric assay by an electrodeposition 

procedure. Sulfuric acid was added to the  eluant solution, the solution was 

evaporated to fumes of sulfuric acid, diluted with water, and neutralized with 

ammonia gas to a pH of 2 . O .  The electrodeposition was camied out for 1.5 hr 

at 1 . 2  amp. The planchets were counted until about 300 counts had been 

accumulated in the 239Pu peak. The amounts of activity in the aliquots ranged 

from about 0.3 pCi to 0.75 pCi; the counting efficiency was about 35%. 

The alpha spectrograms ranged in quality from good to excellent, a 
"good spectrum" being defined as one in which the FWHM of the 242Pu peak 

is 0.12 MeV and an "excellent spectrum" as one in which the FWHM is the 

same as  that obtained in the electrodeposition of standards, i . e . ,  0.06 MeV. 

As the analysis of several aliquots of the urine from case 40-003 showed 

that there was too little plutonium for measurement, the aliquots that had been 

made from each of three 24-hr collection periods were recombined and analyzed. 

In the alpha spectrograms, integration of the 238Pu peak at 5.48 MeV was 

impeded by the presence of a peak at 5.43 MeV. The radionuclide producing 
this peak was identified a s  228Th. By counting the plates after 3.62-day 

224Ra had reached secular equilibrium with its 228Th parent and integrating 

the counts in the  224Ra peak a t  5.68 MeV, we could calculate the 

contribution to the 228Th-238P~ peak. This contribution ranged from 2Ooto 

228m 

25% of the total. It was subsequently established that 228Th as well as 230Th 

and 232 Th were present in the reagents. The hydrochloric acid wash of the 

anion exchange column, although extensive, had not been sufficient to wash 
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all the thorium away from the plutonium. 

I 
I 

Feces: Sample Treatment and Analysis 
A t  the time the fecal samples were obtained they were bagged and 

frozen. They were kept in this condition until the time of analysis. 

To prepare the samples for analysis, they were thawed, the 242Pu 

spike was added, and the organic matter destroyed by first dry-ashing them 

for 16 hr at  500°C and then wet-ashing by repeated additions of nitric acid and 

evaporation to dryness. When the residues from the nitric acid treatment were 

judged by their appearance to contain no residual organic material, they were 
dissolved by adding concentrated hydrochloric acid and heating to 80DC. These 

solutions were analyzed by the radiochemical procedure described above for 

the urine samples. 
For 22 of the 24 samples analyzed, the 242Pu recovery ranged from 66 

to 100%. Although the recoveries in two of the analyses were only lo%, the 

239Pu excretion rates obtained did not appear to be significantly different from 
242 

the rates obtained where the recoveries of Pu were much higher. From this 

it is inferred that isotopic exchange between the 239Pu and 242Pu had been 

established in all the samples during the operations used to destroy the organic 

material . 

Results 

To establish the precision of the analysis three aliquots from each of 
three urine samples were analyzed, and the values were compared. In each 

comDarison all wlues were within the 95% confidence l i m i t s  calculated from * 

the average value and the number of counts in the 239Pu peak. 

The amounts excreted in the 24-hr urine samples are summarized in 
Table 2, while the results for the fecal samples are given in Table 3 .  One 

aspect of the entries in these tables calls for comment. For cases 40-009 and 

40-012 the statistical errors on the results in Table 3 are all substantially 

lower than on those in Table 2 ,  yet the numbers are lower in TabIe 3 ,  This is 

because only small aliquots (5-10%) of the 24-hr urine samples were analyzed, 
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while the whole of each fecal sample was assayed. 

Day-to-day variations in the urinary output of plutonium-239 were com- 

paratively small: the ratio of highest to lowest daily output was 1.48 for case 

40-009 and 1.36 for case 40-012. There were much larger sample-to-sample 

variations in the fecal output. The number of days of excretion represented 

by the sample was determined by identifying the beginning and end of each of 

two periods when a carmine dye appeared in the stool. For case 40-012 the 

results for the two periods were in complete agreement, and the daily fecal 

excretion was 38% of the mean daily urinary excretion. The results for case 

40-009 were not so straightforward; the mean daily fecal excretion was sub- 

stantially higher in the first period than in the second period, and a sample 

voided j u s t  before the start of the first period contained a remarkably large 

TABLE 2. Plutonium in the 24-hr Urine Samples. 

~ 

Plutonium content of urine samples,  pCi/day 

Day C a s e  40-003(a) Case 40-009 Case  40-012 
(2 3 8Pu) 

1 - 6.50 f 0.24 4.62 f 0.25 
2 - 9.00 f 0.34 3.94 i 0.28  

3 - 8.23 f 0.21 4.56 f 0.26 

4 - 7.91 f 0.25 5.33 f 0.26 

5 0.062 f 0.005 7.63 * 0.54 4.42 * 0.32 
6 - 7.72 * 0.37 4.90 0.28 

7 - 7.47 f 0.39 5.35 0.34 
8 - 7.30 f 0.38 4.46 f 0.25 

9 0.059 f 0.005 6.59 f 0.34 

IO 0.055 f 0.010 7.37 f 0.47 

11 - 8.41 f 0.49 
12 7.77 f 0.30 
13 6.09 f 0.43 
14 8.05 f 0.39 

Weighted 
mean 
t S.E.  0.060 f 0.003 7.60 f 0.21 4.68 f 0.17 

Tim- 
since 
Injection, 
d a y s  9474 9934 10,008 

(a’Small allquots did not provide sufficient 238Pu for analysis of 
samples from case 40-003; only 3 of the 11 samples were 
analyzed in toto.  ._ 

amount of plutonium (sample 

2 , Table 3). This patient 

had been suffering from 

diverticulitis with paralytic 

ileus which ended the day be- 

fore sample l was collected. 

It seems likely that the high 

excretion rate of plutonium 

jus t  prior to and during part 

of the first marker period 

reflected the voiding of feces 

containing plutonium which 

had continued to be secreted 

into the  gastrointestinal tract 

during the period of constipa- 

tion. The mean daily excretion 

during the  second periodmay 

thus be our best estimate of the 

tme fecal elimination rate; 

it was 42% of the mean daily 
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TABLE 3. Plutodum In the Fecal Samples f rom the Two Patients Who Received 239PU 

Weights and plutonium m t e n t s  of fecal samples 

Sample Case 40-009Q) Case 40-012(a) 
No. Wet weight, 9 PCi Wet weight, g PCi 

1 20 1.94 f 0.06 33.5 0.43 f 0.02 
2 222 18.7 t 0 . 4  50.5 0.77 f 0.03 
3 135.5 9.18 f 0.30 178.5 1.87 * 0.06 
4 75 2.92 0.11 217 2.09 t 0.08 

5 167 4.96 f 0.16 269.5') 1.46 f 0.08 

6 161.5 6.27 f 0.10 90 ') 0.91 f 0.06 
7 95.5 2.79 f 0.11 98 2.21 f 0.09 

8 170 3.90 f 0.10 53 0.85 f 0.03 
9 94.5 3.10 0.15 125 1.72 0.06 
10 83 2.51 0.08 132.5 2.29 f 0.10 

11 324 7.34 * 0.50 
12 54 2.18 f 0.10 
13 143 3.30 f 0.10 
14 53.5 1.35 f 0.08 

Mean for period 1 1.78 pCi/day (4 days) 
Mean for period I1 1.77 pCi/day (4 days) 

(a)'l%e horizontal lines indicate the starts and stops of time periods defined by the 

"Combinations of 2 or 3 smaller samples voided at  short intervals. 

5.22 pCi/d (5 days) 

3.17 pCUd (6 days) 

appearance of a dye marker in the stool. 

urinary excretion. This is similar to the result for case 40-012. 

Because of the importance of these analyses, large numbers of aliquots 

of the urine samples were analyzed by two of us independently, and also by 

the Bio-Analytical and Chemical Section of the Industrial Hygiene Group at the 

Ins Alamos Scientific Laboratory. With only two exceptions all the values 

from the aliquots of one 24-hr urine sample agreed within the statistics of 

counting. The averages of the three sets of values also agreed within this 

l imit .  
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