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ABSTRACT: I n  ordrr to dcttrmine [he relalionships belrccen urinary PU 
excri:icn cnd bod? PI: contcn t .  18 prrsons (15 O;*ET  tire age of 4Sj were 
inj fct t -2  in  19$5 and  194G x i f h  tracer doses of rJsPu .  T h e  orizinal data 
ha:  r bcrn crifi:o!!j* r i ; . i c icr :d  a n d  re-analyzed. 

..i f?u, do;,: u f f r r  injt-ction, huntan soft tissues (other f h a n  blood 
and li:.<rj c o n ( n i u i d  as much cu 20:; of the P u  dose. Fi;.e fo 1.5 months 
aJ:rr  inji::icn thr  att-rage l i i .rr Pu conlent z a s  315- of !he dost for three 
ca.crr u i t h  prcsun id ,b l y  norliinl li;.er funclion. Four to  457 days af lu  in- 

or; 7:1tan io:ul sl:clr~al Pu was 49% for !he sc;*rn cases j i cdpd  lo  Lave 
?icar/j. 7 ; a r ? t i ~ I  1 i ' ; w s  and skrltlons. 

2rotciR. and is  s!orzd in the li;,er i n  auociation rcirh stored iron. .4/ler 
bouni! I O  trr;ns/crrin. P u  par l ia : l j  fraccs the  behuvior of the  carrier 

T h e  E C I I J .  phascs 01 Pu {runsport u h i c h  are apparentl? associafad 
fluid mixing, xcre prolonged in indir*iduals with im- 

urinary excretion coincided with t he  lime of 
Thcse ohserrafions were taken to  mZan 

i n  the Iorm of a lox-molecular- 

P u  ic tronx/.orfcd in blood combinzd u , i ~ h  lranrferrin, t he  iron-trans- 

,\faximum urinar? Pu  pxcrrfioti occurred before the bulk 01 PU was 

Dkision of Bioloqy and hlrdicine. La\r.rcnce Berkeley L&r;ltory, Univcnity 
of California. Berkeley. Ca!iioiiiia 9tiLO 
Work sponsarcd by tlic U. 5. ..\tomic Energy Comnkion .  I 

r .. - ... . 
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weight chclatc. Urinary Pu excret;on was reduced by onc-half in th05e 
persons u h o  u w e  anemic, presumably because of thcir more eficienl Pu- 
trarisfcrrin binding. 

Feral excretion of Pu apparently represents secretion in bile and 
other d ips t i ce  juices. Fecal excreiion was reduced b y  onc-half or more 
in  those pcrsons uehosz gartrointestinal tracts were judged not to be 
normally sfitnulated. 

Semilogarithmic curces of Pu disappearance f rom plasma and of 
daily P u  cxcrction u’ere Irepared for each indicidual. “n’ormal” human 
P u  plasma and excretion equations ( i u m  of exponentials) were con- 
structcd f rom the t n m n  half-times and intercepts for the indicidual cases. 
All c u e s  were included in the mean half-times - rates were apparently 
not aflccted b y  f h c  indiriduals’ can’ous illnesses. Only the  intercepts for 
those persons for u-hom a particular function was judged to be within 
normal liniits were inrludcd in  the mean intercepts. 

Daily P u  excretion rates and total cumu1atir.c P u  excretion predicted 
f rom exponential equations were somewhat greater than predicfed from 
thc  pou.cr functions of Langham et al., chiepy because only data front 
normal!j. functioning excretory s y s t e m  were included in the coeficioits,  
but  also brcause the fecal excretion assumed in  the e.xponentia1 model is 
higher thon in other modelz. 

Turnoucr of Pu in bonc and soft tissues, storage of Pu in  liver of the 
dog and pig,  and storage of iron in m a n  were revieued. A t  tracer lecels 
ncl loss of P u  f r o n  soft tissues and bone exceeds whole-body Pu loss, in- 
dita1ir.g continuous accumttlation of P u  in the licer. dccrage soft-tissue 
rtlease half-tivic u’aj estiniated to be not less than 480 days, and bonc 
m d a c e  turno:.cr for the whole adult h u m a n  skeleton was estimated 10 be 
about 570 per year. For an indi:iduol o n  a diet adequate in  iron and with 
normal iron stores, this model predicts that bone and h e r  udl contain 
equal amounts  of Pu 15 years after exposure. 

INTRODUCTION 
Plutonium was rccognized as potentially dangcrous even when the 

total amount of Pu in csistcncc was only a few milligrams.’ If the Metal- 
lurgical Labontory efforts were succezsfu1, enormous amounts of plu- 
tonium - hundreds of t ima the world supply of radium - would bc 
p d u c c d .  The urgent need for biological stud& of Pu was apprccirrtcd, 
and rhcsc \\-ere b c p n  x, soon ai Pu could be spared from cscn t id  
chemical invatigations. On Kovcrnbcr 4, 1943, .A. H. Compton’ an- 

. 

/ 



I 

IRV LOOK AT THE OLD DATA 

rcduced b y  one-hnlf i n  thoje 
 use of their more ef icienf  Pu- 

*presents recre!ion in bile and 
r rcducrd bjs one-half or more 
Iracts werc judgcd not t o  be 

pcarance from plasma and of 
I in di:.id ual. ".Yor?nal" human 
VJ of e.rponcntic!s,l u'ere con- 
rrcepts for the indi:*idual cares. 
-times - rates u't-re apparcn//>-  
Inesses. Only the inlrrccpts for 
:lion was judged t o  be xi thin 

nulafi:v  Pu excrrtion prcdi t!ed 
i i  greater than predicted from 
*hiefly because only data from 

'-tcluded in the roefijrients. 
n the cxponcnfial model is 

es, storage of Pu in lii.cr of !he 
zer'c re;.ieu,cd. .-it traccr l c x l s  
xcecds u.hole-bo&y Pu loss,, in-  
n the l ircr.  .-lL,eragc sofl-tusue 
less than 489 daj*s, and bone 

:n skcleton u'm esfima!cd t o  be 
dicf adequate in iron and ri th  

ct bone and lirer u,ill contain 

I 

I 

! 

'ercepts. i 

1 

dy dangerous c \ r n  when the 

471 P. W. CURBIN 

noEnccd to the Metallurgkal La'uorntoq Projcct Council that the Clin- 
(011 pile had "taken off.'' B!. J m u q  19, 1944, 0.5 g of Pu had been 
=qnr;\ted,' and three week later, on February 8, 1944, Hamilton's group 
:it Bcrkdey reccii.ed 1 1 rng to bcgn tracer studies in rats? 

Pu contaminntion of Metdlurgical Laboraton. installations and per- 
wnnd \\.= a chronic problem:. ' and one of the Health DiiGion's pressing 
t3fb \\'as to deiGe a niethod of dctermining \\,hcther a Pu burden had 
\Ken acq&rcd. The first approach \\*as analysis of Pu in urine,'-* and 
m c c r  data from rodents' \\.ere used to relate Pu in urine to the body 
burden. If urind!.sis ~\YLS to be a reliable assay for Pu, characterization of 
it.< bchaiior in m m  wxq essential. For this rca..on, 18 hospitalized ~ C I Z A ~ S  

\\ere injected \\.ith traccr amounts of Pu in 1945 and 1946.'' 
The poi\.er-function c u n r s  of human Pu cscrction constructed by 

Lanzham e t  a].". :' used data from both the hospid  patients and from 
smrrd occupntionally e s p d  penom, and proiidcd a method of pm- 
dictirig Pu body content bx<ed on urinal!sis. Lnngham's method has been 
rculal!zed nian!. There have been mathematical refinemcnts, 
.ind and!tical cheniical afid a-pat ir le  detection tcchniques have been im- 
pro\.cd.'" * .  but the underlying asurnpions are unchanged. 

It secmed appropriate that this anniversary volume include a re- 
examination of the originnl data., gathered nearly 25 ! e m  ago, because 
n v q c r  as they are. the!. represent nearly d our human Pu cspencnce. 
Study of th'c b:hai:ior of Pu in cach patient might r c \ d  diffcrcnca in 
PU nictibolivn (as a result of their various illnases) that could be used 
t o  prcdict the  bchniior of Pu in hcallllhy persons. 

-4 retrospectii\.e study has the advantage of being able to draw on 
n w e r  I;no\vlcdge. Long-term e::.-rction data arc now available from the 
l ! ~ ~ ~ c r - d c ~ :  d o p  in the I:tah experiment.". '' The protein that binds Pu in 
p k m a  hu becn identified as transferrin, the iron-tra.nsport .protein.'*'' 
The  kinetics of iron, the clcnicnt normally carried by transferrin, have 
h e n  worked out in detil.'+'' Sow, there is also some information on 
t h e  bc.ha\ior of Pu in two other large animals, thc sheep"-" and the 
pi q .'-l 

..- 

T h e  rodent tnccr  studies and inb.dation cxperimcnu (Hamilton et d.'" 'I) 

and attempts at Pu decontamination (Copp et d.=) by the Berkeley group, 
a d  the tracer and toxicity and inhalation studies in several species by Gale's 
proup in Chicago (Finklc et  al.,u Painter et al.." BNCS et d.," Bloom" and 
.-\hams et al.") am the foundation of our  )inn\rlcdge of the biological behavior 

a\?ilable at cost from the Di\ision of Technical Informruon, P. 0. BOX 62, 
O a k  Ridge, Tennessee, 37830. 

fm ~ ~ U ~ , O T X T S . '  If the l i e d -  
J, cnormous amounts of plu- 
"PPI!' of radium-would bc 
fludies Of PU w j ~  appreciated, 

19-13, -4. H. Compton: an- 
. *dd  s p u d  from txvnt ia l  of h. Photocopier of the unpublished hleiallurgicrl Laboratory ~ p o n ~  

t 
4 6 'r= p E.;i 

h w  

I 
. . . .  . ..a->.. * .- . 

. .  
e ' P ' y * f T I . ~ ~ , ; -  P - -- - A'- r. .- -., -: -*.*..:-*.- 
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! 
hiXTERIALS .ASD J I E T H O D S  I 

cluded to eliminntc confuzion about t!e Bcrkelcy and . :,icago cxcs for 
The followins bricf dcscription of the original 8.' .-: sources is in- 

which fragmentan. repom ha\.e appeared more than once. Summaria of 
the hictories of thc publirhcd casts and histories of two pre\iously unpub- 
lished c w  arc also included in Appcndix 1. 

Lungham et ui." Case HP-1 through HP-12 arc dcscribcd, includ- 
ing mcdical histories, injection data, hematologic data, blood chemisF, 
and Yu anal>.ses of b l d .  urine, feces, and t isue specimens. Pu analyscs 
of urine, fcca (fecal data from Cal-1 were not included), and ticsuc 
spccimens are reponed for Cal-I, Chi-I, Chi-2, and Chi-3. Pu uiinalysa 

I 

* 

I 

are rcportrd for -three occupationdy cspcsed pcnons. Pu  radiochemical 
methods are reponed in detail else~vhere."+' 

Russctl and Kickson". "* '' -411 thc  original data from Chi-1 and 
Chi-2 are containcd in Ref. 47, which includcs case historia, injection 
data, hematologic examinntiom, and Pu analyses of urine, feces, and 
t isue specimens. Ref. 48 contains the ori@nal data for Chi-3 and frag- 
~ i c n b ?  dam from the other tu'o cases. (.Additional information ws 
obt ined  Irorn E. R. RuveU for Chi-3.) Pu radiochemical techniques can 
k found in Refs. 49-5 1. 

Croulfej el 01." l l a t  of the information obtained from Cal-1 is 
included in this report. \\.hich includes a bricf medical history, injection 
data, and Pu ~la ly -ses  of urine, feca,  blood, and biops!. spccimcns. Radic+ 
chcni icd  techniques are aLw included. .Additional 'information W;LS 

obtained from raw data sheets, hospital records, and death certificates. 
F o r m a l :  ct al." This report contains aU thc idormation from a case 

of occupational Pu expowre (designated herein as L.ASL-1) .* Included 
art Pu exposure histo? and Pu analyses of urine and autopsy specimcns. 

Data from the labontor? animals were obtained from published 

J. Stover and D. R. ;Itherton kindly supplied original d a w  for PU exert- 
tion of individual dogs. 

Radiocheniical techniques are dscribcd elsei\~here." 

cunes and tabla:  dog,". :'. s+'' sheep,lS. J I  swinc4C+4J and mt.lO* I T .  sa B. 

i 

i 

I 
I RESULTS 

Plutozium in soft tissues I 
Organ and tissue weights were atimatcd from the morded  body  

&OW designated as L.4SL-1-038 by the L o r  Alamor Scientific Laboratory. 
I 
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weight and the ivcizht proportions of "Stnndsrd ,\lan."sg9 '' T h e  analyti- 
d rdults and cdculated wights of t k u a  and organs and thcir total 
calculated Pu contents arc shoscn in T a b l e  I .  

T h c  calculated Pu  content of the soft tissues" of the six human 
b'ngs is comiderabl! grcatcr than thc 3% rcponed pruent in soft tissues 
of the b c q l c  33 d;l>s after intm\.cnou injection." It \\.x p i b l c  to cd- 
cuh te  from the  d a u  of Smith et al." thst the soft tissues of yearling minia- 
t u n  swine contincd as much a 2 5 5  of the injected dose 6 days after 
intrn\ cnous injection of Pu,  11.) citrate. 

The mo\.ement of Pu out of the soft tissua of the si. human c3ses is 
sho\\n in Fi21rrt. I. Estnpolation of thc initial stccp portion of the cune 
indicates thnt about 24% of the injected Pu was praent in thcsc tissue 
(arid their containcd blood and cstmccllular fluid) 24 hours after injec- 
tion. Xie equation of the exponential cunx  in Figure I is 

\\k.crc t i$ d3)s. The initial mte of Pu Iw from the soft tissues of the 
~ . + - ~ I - L ! ~ : ~ c  drys siudicd by PGnter ct  al." and from rats", '' appe3rs to be 
: L i b  )::I dac mnie as &nixed for man. There is some indirect ciidcnce from 
L'ir I-t:h d i p  that  Pu continued to be deposited in l i trr  and bone dur- 
iny t h c  f i p t  fe\\  days after injection. Thus, thc amount of Pu initially in 
t!ic v j f t  t i w m  of the  dog (3t least 205  can be accounted for in b l d  
.i!:cC submntidly morc than thc 37; measured at 22 da!s.'' >fast 
(!f LI:L Pu  that lw\rs the soft tissues of either dog or m3n does not leave 
t!::. LA!)., but is rcdistnbuted io the Liver and skeleton. It 3ppc3rs that 
n i w  of the Pu on$ndly in the soft tissues of the dog is sufficiently labile 
to pmicipate in thk redistribution, but that nearly two-thirds of the Pu 
i r i i L l i : ,  found in thc soft tissues of nian is morc firmly bound. 

P11:lonium in thr  skeleton 
T h e  initial Pu content of the  cntirc human skdeton was originally 

cdculated by multiplying the mcan Pu concentration of all the bone 
smples by 10 kg, the a t h a t e d  avcragc bonc mass of "Sundard I\ian","g 
)icldng a calcuhted total skclctal Pu of 65%. 

Since 1'951, when the human Pu cases were reported, Pu  has been 
measured in all thc inchidual bona of the dog,'6 and in several bona of 

U n l e s  othcmiw specificd. >oft tissue includes rnusclc, skin, connective, lymp 
phatic, and nemous tissue, fat. slandr, dl orpani except liver, blood and other 
body fluids u c e p i  bladder urine, and gzrtruinicstinal contenu. Thus the whole 
bcdy conriiu of liver, bone and soft tissue. 
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the rat," rabbit," and pig." T h e  results are all the same: vertebrae, ribs, 
and stcrnum - the bona  sampled in the human c3scs - have higher 
initial Pu concentrations than the skeleton as a whole, which means that 
the totid skeletal content of the human Pu cases \\*as probably over- 
atimated. 

One method of estimating skelctal Pu uses the material balance, 

where Pusr, P,, Pus,, and Pu, are the percent of injected dose i n  the 
skeleton, liver, soft tissues, and cscrcta, rcspcctivdy. The  maximum Pu.L; 
- that is, thc m o u n t  of Pu left over after accounting for Pui, Pu.~, 
and Put of each indiiidud hunim Pu case - appc;us in the bottom row 
of Table I.* 

The mcin PU.L for all s k  cas=, regardless of their health status, W ~ S  

55% - 10% l m  than was originally calculated. .Some of the reasons 
for this chAnSc arc that &e follo\\.ing have no\$* been accounted for: (a) 
acrction bct\\.ecn the end of collections and deat!!; ( b )  Pu in all soft 
t k u c s  \chether sampled or not: and ( c )  Pu remaining in the circulation 
of die t\\.o ~ 3 x 5  from whom tissue samples \$.ere obtained 4 to 5 days 
after injection. 

T h e  liiw-s of tk.0 cases were not normal. The  liver of Chi-2 had been 
almcxt completely replaced by tumor. \\'hen HP-1 I \\.as injected, he W;LS 

dying of hcpatic failure ;cirrhosis resulting from chronic alcohoIism and 
malnutrition). If only the three cascs with presumably normal liven arc 
considered, the mean PUI  is 3 1 . 2 5 ,  and the m a n  Pu,k is 47% - nearly 
1 8 5  Icu than originally estimated?' 

Total skdctd Pu,~; can aLs0 be atimated from ( a )  t h e  concentration 
in indiiidual bones, ; b )  the ponderal (weight) relationships between in- 
ditidual bones and the whole skeleton, and IC) the distributional da t ion -  
ships between a radionuclide in bdhidual  b o n e  and in the entire skdcton 
according to the equation 

1 (3)  
B\$' X fsk X f b i  X ( P u I )  

frr Pumk = 

whcre B\I' is the body weight in grams, fsk is the fraction of the bod!. 
waght contributed by the  skdcton, fbi is the fraction of the skeletal 

Pu, w u  not measured for CaI-1, so the range of Pu.. shown for him uses a1 
limiu the highest and loweit measured values of Put from three other c u t s  
that were conridcrrd to have approxirmuly normal liven. 



1 

, 
. .  

u 
0 
n 

.. 
V 

E 
-5 

hcdth statu<, \\.a< 
mc of hc m:i.wn\ 
P-quntcd for: ( a  

Pu  in dl s o f t  

. ; ,,I thc  circulation 

. ;uncd 4 to 5 d.1). 

P 

8 8  
0 0  

C 
C 
P 
C - 

n 
I. 
2 

h C  



‘ 
I 

* a  

.i . 
I 

N 

2 

T 

L 
tc 

3 L 

l.1 hl m 
C9c9-y 9 
- 0 0 -  0 
N 

” 
cl 

. , . . , . . . . .  



g g  
0 0  

9 9  
0 2 -  
O1 co 

I 



' .  

. -  

I 

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

i 
1 

i 
i I' 

t O b b 0 4 3  

'oar----- 
rc 
0 

$? 
Y 

- 
c 
0 
v, 

C 

3 

- 
n 

- Al l  soft t issues ,  
Beagle dogs 
T,,*= 900 days 

\ 

1.01 I I 1 I I 
IO0 200 300 400 500 0 

D o y s  o f t e r  i n j ec t  ion 

I 

30 

rig. I .  Pu loss from soft tissue (other than liver) after intravenous injection 
of Pu(IV) citnte or Pu(V1) ciuate. Rat data arc from Scott et a1.lo and 
Carritt et al.":; toduty dogs \\.ere those of Painter et dl'; mongrel dogs 
iniected with P u ( S 0 , )  , \vcre those of Rgsina and Erokhin"; beagles were 
thm of Stover et alz8 

i 
I 

I 

i I 

i 
I 

t 
I 
! 
4 

i 

i 
i 

i 

i 

I 

i 

i 
! 

I 

1 

! 

t 

! 

I 



I 
500 600 

ntnvenous injection 
ZI Scott et al.'" and 
a1.I'; monpel  dogs 

Lhin'' ; beagles \\.ere 

i 
1 
I 

i 

1 
I 
i 
1 
i 

! 

! 

I 

I 
i 
! 
I 

I 

P. W. DUEBIN 479 

weis!it contributcd by thc  individud bone i (or 3 group of similar bones), 
(Pu,) is the nicssurcd PU concentration ( % / g )  in bone i, and fri is the 
fraction of thc skclctd radionuclide contributed by bone i. 

&ne specimcns werc obtincd from nine cases. The analytical results 
are shown in Tob!z IZ. Thc bone samples of the two Chicago cases and 
thc thrcc Califomin c x a  had bcen subdi\ided into scscral par", e.g., 
pcrimtcun, marrot\.. spicules, cortex, etc. I n  order to m d e  use of 
put?>hcd \ \  hole-bone \\.eights and jntraskeletal radionuclide distributions, 
it \VL< nccewT\' to reconstruct \\-hole-bone samples from the reported 

T h c  litcrnture conuins records of 29 complete dissections of fresh 
skelctom frog t\.ri;hed cada\.en.G'* 'xO T h e  best estimates of fsk for the 

humnn skcicton are 14.6 5 35'" and 11.9 & 1 . 7 2  of the body weight 
for t!,c adult  n i d c  aGd fcmde.  rcsptisely.  The i\.eights of the individual 
&C!C:(CL< of thr Pu crrvs \\.ere calculatcd and appear at the bottom of 
T c !  .*< I. JlArci and Gorkot." dissected seven male and six female cada\.cn 
cl! pc:".~:'~; v 8 h 9  dicd in 1?G7. Group., of bones \\me u.ci,ahed on modern 
eq:ii;l.TcE!: 2nd  dn ing  asoided. Their dissections included only 
l a u  _. .cr, .-. . I  prdi:t inan rcmotA of soft tissue", about what might be ex- 

p c ! d  in thc  CLCC of autopjy samples. The  hi's deri\xd from thae data" 
wt:c niulLlil!icd by h ,e  cdculated \\.tights of the  skeletons of thc'pu ~ 3 s e ~  

tcl o k i : : ~ ~  csfGn:atcs of the \\.et \\-eight of each sampled bone or group of 
Lc,:;m. 

FracGond distribution of Pu in the human skeleton introduces the 
c n a t r : - t  un';ert.inV into thc ponderd calculation, because it has not been 
c\dcatcd. Dktribution of Pu in all the indhidual bones has bcen meas- 
crcd only in the dog.", 7i The use of the dog data to describe Pu distri- 
bution in the human skeleton has serious disadvanuges. Differences in 
bone weight distribution, and presumably also the functional differences 
rau!ting from different patterns of \\.eight bar ing,  are likdy to be reflected 
in thc radionuctidc distributions in thc skeletons of man and dog. T h e  
skdeul distribution of 2'1.4m h.u been determined in the dog," and the 
raults compare reasonably \vel1 with those for '"Pu in the same species 
and with 2 ' 1 . ~  in t h e  monkey \P. 11'. Durbin, .\I. H. IY~~I~zuIIs, and K. 
Jeung, unpublished). .At l e s t  one alkaline earth clement has also been 
studied in cach of t hae  animal; '"Ra in the dog skdeton," and ?5r 
in the  m o d e y  ~li~lcton.'' Data \\'ere found from which it W;LS @ble to 

p.3I-LS.U 

. .  

Mean 2 standud deviation (S.D.) .  
SD. = F (de~)'/c.-r,]'.". 
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I Tat./c 11. S u n m n n  of Pu concentration in human bone snmpla (Put) 
and cdculation of totd Pu in the sampled bones and total skeleton based 
on intraskelctd distrihrition of Ra and Sr in man, .4m in m o n k s  and Pu 
in dog.' I 

i 
I 

% of Pu in  total 
skeleton, bused on. 

(Pu i )  "/o of Pu R a ,  Sr A m  Pu hlatrrial 
Cacc Bone rampIcd yc'c/g (calc.) man monkey dog balance 

! 
HP-5 

HP-C' 

111'-1 I 

HI'] 3 

a- 1 

ch i -2  

a- 1 

G I - 2  

Cal-3 

Sternum 
hican 

Radius end 
Patdac 

h i a n  

Rib' 
Stcmum 

hican 

Rib' 

Rib' 

Femur' 

Femur 
(cortex 1 ' 

0.0096 

0.0187 
0.0109 

0.0079 
0.0047 

0.0200 

0.O8 I 

0.0436 

0.003 1 

l'crtebra 0.007 1 
Rib (whole) 0.0070 
Sternum 0.0050 

hiean 

l'crtebra 0.0080 
Rib (\\.hole) 0.0038 

hican 

1.c rt e b ra 0.0070 
Rib (whale) 0.0068 

13.6 
4.47 
0.72 

13.6 
2.16 

13.4 
4.34 
1.38 

2.36' 
0.784 

56 47 38 
36 76 38 
40 48 40 
44 57 38 42 

56 47 39 
17b 37 183 
56 4 2 ,  39 52 

55 46 38 
35 74 37 
77 92 77 
56 71 51 . E 

- - 

- - - 

- - 

103 
162 
132 

5.44 44 92 46 
0.73 40 49 40 - - - - 

42 70 43 49 

8.84 71 150 76 81 

4.73 38 80 40 

12.5 >IO0 
6.09 57 

i ' S e e  Lext and Rcfs. 72-77. 

' End, of radii and ulnae of adult rhesw monkeyl contribute 33% of the whole- 

' h:euurerncnt of paicllsc separate fiam Icg bones w a  made only for Sr in the 

Resulu published for subdivided samples. \\'hole bone reconstructed, see Ref. 64. 

' Omittcd from average. I 

bone wet w i g h t .  

munkcy and reprcsenicd 0.48% of the skeletal burden. I 



. 

A<)* doc haloti, I 
- .  

7 38 
6 38 
8 40 

7 39 
7 18' 
2 39 52 

38 
37 

02 ' 77 
1 51 G5 

- - 

- - - 

9 
;2 
;2 

12 46 
I9 40 
10 43 49 

io 76 81 

m 4 0  

- 

c - - 

P, W. DURBIN 48 1 

cdculnte the  distributions of '"Ra and 'OSr in the human skeleton.'bT' 
(Details are publkhcd elrc\vhere.") The  estimates of the skclcta1 distribu- 
tiom of 22sRa and '"Sr in man agreed well. They also agreed gcncrdly 
(depitc somc specific s p e c k  diflercnca) \vith the distributions of ?'%a 
.md %ir in the aninids and qualitati\-cly with thc distributions of the 
actinidc clctnents in the aninials. The csistence of 3 common intraskclctd 
distribution pattern amon$ seemingly dissimilar elements is not too sur- 
prising, bccauc the initial site of deposition of all the bone-seeking cle- 
mmts is on surfaces and initid dcp i t ion  is related to vascularization and 
b l d  flat\'." 

Tallc II contains the solution of Equation ( 3 )  for each bone spcci- 
mcn, bxwd on fr, taken from alkaline earths in man, '"-4m in the monkey, 
or :'"3'u in the d q , *  The P u , ~  of each human case calculated from Equa- 
tion ( 3 )  is compared in Table II with the rcsult obtained from the 
nmtcn'n] b d ~ n c c .  T h c  best ag-eement bet\\.ecn thc  t1s.o methods of cd- 
ciilntinp PuSr \\.as achie\.cd when fr, wx based on the alkdinc earth 
dktribution in man. 

T h e  calculated PUG w s  grcatcr than I005 'for HP-12, an im- 
pcrisibilit!.. The bonc zpccinlcm from that case were fmgnlents removed 
durinz surgical r ep i r  of comminuted fractures. SurgeF occurred 21 days 
nftcr thc b n c s  \\.ere fractured and 5 da)s after thc Pu injcction. C d u S  
fornution and rccorption of damaged bone \\'ere probably I\.cII under \vay 
whcn die Pu UYS injected. \*an lliddles\~~orth" showed that PU ilptake 
in a t id ing  fracture was about four times as great as in thc contralateral 
nonrinl bone \r.hcn partial healing had been pcmutted to occur before P u  
injcction. 

Thc small picce of femoral metaph!.sis from Cd-2 ( d a i p a t c d  as 
COflm) e\idcntly not normal. Escn assumins uniform skeletal PU 
(!ryeition during mpid growTh, the P u , ~  calculatcd from this sample 
c ~ c c d c d  100Sb. Nthough not stated, the biopsy specimen may have been 
L d x n  from t h e  distal fcmord metaphysis, the site of a pathdogicd f n c -  
m c  thrce months earlier. 

I f  th'w two cxcs arc &cludcd, the mean skeletal Pu  of the remining 
dx CZICS 49 2 8.3c0. 
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the Pu-injected indi~idu.lls.'~ The  first sample tvas taken 4 hours after 
injection in all but one case, Chi-1." The longest past-injection time 3t 
which a reliable blood sample was obtained \vas 46 days. -4 semilog- 
arithmic cun'c of Pu in the blood \\*as prcparcd for cach of the ten 
indiiiduals from \\,horn niore than thrce blood samples were taken. Details 

Indi\idual Pu blood cun'es 3re shown in Figure 2 along with the 
curies for do2 and sheep." Cnsc HP-2 was typical of the cun-es of most 
d thc casts. Cxw HP-4 N'X the most unusual - rapid componcnts wcrc 
k i n g .  and Pu rernaincd in the blood for a much longer time. The  blood 
c u n e  of HP-7 is bho\\.n to demonstrate the le\.eling trend 'after the fifteenth 

I n  spite of the varicty of thcir illnesses, the blocd c u m a  of these in- 
dividunls re\u.lcd a common pattern. .h it moves out of t he  circulation, 
F'u is ci.idcntly tracing fund.mental processes that are little disturbed by 
the s,wific p t h o l c ~ c d  conditions. There was an equally rcmarkablc 
simil.?rity amon: t h c  dificrent cpecics. The  indi\idual in:ercepts .and half- 
timcs of t l : c  components dcsi,nned Pz, P3, and P, (see Table 111) \\.ere not 
normdl!. dktrihited about thcir m a n s ,  and it was nccessa? to xek some 
aspcct of the chcmicnl status of Pu or the physiological status of the  
p a t i c k  (or both) thnt would account for (hoc  variations. 

u(I\ ') '  has been sho\\n to combine with proteins in the plasma of 
thc ~ t ; ~ ' . * :  doS.32*J' and man '* - in particular the iron-transport 
pro: n, t rxder r in .  The  propenia of transferrin and its metabolism, 
and hc  tmrsport of iron nnd its relcarc into developing red cells have 
k e n  rcccndy rc\.ie\\.cd by Katz." Plasma clearance of pre-equilibrated 
'"Fe ravfcnin  has an a\.crage half-time of 96 minutes.'4. '' Once bound 
to t i insferrin: Pu;I\ ') appcan to bc released much more slowly than 
iron and thc mechanism of rclcxe remains to be clucidnted. However, 
bcca LV such a large fraction of Pu(  11') introduced into the circulation 
in n inomcric form is quicNy bound to transferrin - 8570 in 1 hour in 

thes' \\*as adoptcd that Pu bound to tmwfemn traces, a t  least in part, t h e  
m .i mlism of the camcr protein. 

of the construction of the blood cunes  appe3r elsc\vhere." 1 

day. i 

' 

' the It and 9G5 by the scvcnth hour in the dog" - the working hypo- 1 

! 

-~ ~~ 

The Pu blood cun'e for the dog w a  constructed for the data given in Fipvrri J 
and 2 of Stover et aI.% Pcrcent Pu per ml plasma was convrr:ed to ';o Pu 
in total blood volumc by urinq the blood volume for the Lonq-term 
data were obtained from Toblr I in Stover CI d.= Data for the sheep were mad 
from Figure 3 of .\IcClellan et id." 

6 
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The  intercepts and the hdf-times of the unandyzed indhidual Pu 
b l d  curi'es are shown in Tnblc ZZZ. In  the subsequent discussions of data 
prcscntcd as sendopid inuc  plots, t h e  slopes of the se,ments of t he  cx- 
pxLiientaI cun'es arc prwntcd in terms of thcir half-tima: half-time = . 
0.693/X, \\.here is in units of time-'. Half-timo of raw c u n . a  are de- 
s i p i t c d  as s, and half-timcs of the espnent ia l  equations of these cuncs 
are dtsipatcd as 7 .  Intercepts of rat\ cun-es are designated as -4, and the 
c d c i c n t s  Gf the exponential equations as a. 

It can be inferred from thc rapidity \vi& \\,hich Pu initially IC~VCS 
the circulation uithout appmring in si,gnificant amounts in the escrcta or 
the major organs of deposition," that some of the Pu not promptly bound 
to protein rno\.u into the estracellular fluid. Half the body tr.znsfemn 
and the iron bound to i t  are estrava~cular.~' The  do!\* return of Pu to the 
arculntion and i& nearly complete protein binding after the first hour 
strongl! s u ~ g ~ t  th3t mnie of the Pu that escapes into the estraccllular 
fluid r c t u m  in boxnd form. The rates of movement of ( a )  unbound Pu 
out of thc c i rcul~ion and into the extracellular fluid, ( b )  Pu returning 
to the circuhtion bound to trancfemn, and ( c )  Pu-transferrin into extra- 
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x fluid" and excreta'" " should all be influenced by the cflicicncy 
: circulation. 
Your ~ C = K O I V  \ \ w e  suffering from various heart and [or) circulatory 
,rib, all of which are xsociatcd with incre,ued t k u e  fluid retention 
decrcmcd \'cnous return. HP-3 \vas edematous, and her rate of 

fluid niovemcnt was .probably depresxd. The parameters of the 
I Pu c u n e s  of these five caxs wcrc compared \\.ith those of the rc- 
ing fi1.c c3-ccs, \\.hose cardiovascular systems \\.ere apparently normal 
ieir  a p .  T h c  b l d  volumes of those patients \ \4h circulatory im- 
icnts Imt Pu more slowly;+ the half timcs of P2 [PS: (nomzl]  = 
-C 3.6 hour, and PSZ ( i m p ~ r c d )  = 19.1 2 2.5 hour] were siSn;fi- 
y different ( P  = O.Ol)." Component P, was slowcr in the pen on^ 
p o r  circulaticn, but the differcnce was not significant. KO effect of 
laton impairment on component P, kas detected, suggesting that 
md later coniponents arc only minimdly influenced by circulator). 
i. Intcrccpts P;L. P=\,, and P.4, WCTC higher when the  circulation 
iot normal, but the scatter was so s c a t  that these differences wcrc 

I 

gnificant 

Although thry could not bc cxunincd, the earliest components (combined hcrr 
iu Pa) w c r r  probabl) also rlo\rcd by circulatory impairment 
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a loris enoush time to perniit identification of ;I v c q  slow componcnt 
(b.Lf-tinx about 5500 da!s), which may be rdated to release of Pu from 

liver as \sdl  as from slo\\.ly metabolizing portions of the skeleton. 

.fiat excrrtion of plulonium 
T h e  daily urina? exrction of wch Pu-injected indiLidua1 \ V ~ J  given 

*rough the cnd of collcctions or through 138 days aftcr Pu injection in 
T,ablr 1'1 of Langham ct d." .Additional cscretion data for Chi-I, Chi-3, 

d Cd-1 through 153, 163, and 34 1 da!s, respccti\dy, were asailable in 
original rcfcr~nccs.~'* '"* '' There is a grmt deal of scatter in the in- 

dL-idual data; it could be cauxd by incomplete collection, analytical 
urors, or fluctuations in the ph)ical condition of the patients." The bcst 
st-aight-line s e p c n t s  \\.ere drawn on scmilopithmic plots of daily 
u . i q  cxcrction, and thc raillting curves (shown in Xppendiz; 2 )  werc 
ai:al}zcd graphically. 
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I t  is appropriate a t  this point to summarize what is known or can be 
inferred about the rcnnl cscrction of iron. Under normal physiological 
conditions only a tiny fraction of plxsma iron exists in forms othcr than 
bound to trmcfcmn. Urinan escretion of iron is only 0.1 mg to 0.2 mg 
da i ly  equiidcnt to a urinx-y clcarance of about 370 of plasma iron:' 
T h e  normal mcchnnisms of urina? iron excretion probably include 
(a) filtration of lo\\.-moll.cular-\\eiSht chclates, (b)  edoliation of kidney, 
bladder, or urethra cells all of ivhich contain small amounts of iron, 
and ( c )  I d a g c  of transfcmn-bound iron through the glomerulus or 
tubules. .-Inother F i b l e  source of urina? iron may arise during trans- 
fcmn cata!dism in the Ldncv. The ability of t h e  kidney to escrcte un- 
bound iron can bc inferred from the obsenation that 1% to 25 of in- 
jccted "Fe-xcorlntc could be found in t he  carliest urine samples." 

The arnount of Pu  escrctrd in the urine at m y  time should depend 
a t  lest in put upon the extent of Pu-transferrin binding (or binding to 
other pro:eirsj and the fi1teral)llity of lo\~.-moleculnr-i\.ei_cht Pu chelates, 
T h c  ra ta  of production and dc.:tniction of tmnsfcmn, hcnce, the amount 
of uan<fi*rr:r. c i r ~ u l ~ t i n g ' ~  and &e latent binding wpacity ibinding sits 
not alrc:id!. occupied L!. iron) are related to hematopoiesis and dict&u\. 
iron i n ~ A c . ' ~  Both the 'mount .&d latent binding capacin- of tramfcmn 
arc' i n c r c i y d  fdlowing acute hemorrhage and in iron-deficient anemia, 
and bo:h arc'rcduced in heriiol!tic ancrnjas, acute hepatitis, and h e m e  
c h m ~ t m k 2 5  The extent of Pu-trancfcrrin binding and the rate of its 
rdus: appeu  to bc related to and affected by the status of hema- 
topoicsis. 

Sornc indiiiduals consistently escrctcd more Pu than others. In  order 
to discoirr u.hcther urinan. Pu excretion could be related to physiological 
status, urinary Pu w x  summed for the earliest and latest 6-day intenals 
in which excreta were collcctcd from all the patients. Medical histons 
wcrc csamincd for information on rcnd function, hcpatic protein synthetic 
capacity, and hcrnatologic status. 

The influence of anemia asociated with an clcvatcd latent iron 
binding a p a c i v  (reduced transferrin saturation) on un,nary Pu ex- 
crction was clear, During thc fint 6 da!-5 post injection t he  four anemic 
Pu(n')-injccted patients eycrcted si,&can& less Pu in their urine 
(0.60% -C 0.155) th.m did thmc whose hcmogram were presumably 
normal (1.05 t 0.255.) Lower initial Pu cscredon is what would be 
ocpccted on the basis of the incrwsed binding capacity of transferrin as- 
d t c d  w i t h  most anemias." During the i n t c n d  of 19 to 24 days, the 
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Id 6 dzys for \\.hich excreta i+wc collccted from all the Pu(1V)-injected 
pticnts, t h c  urinnn Pu of the anenic paticnts (0.13% 2 0.067~) 
slightly more than that of the hcmato10,icdy normal psticnts (0.1 1% t 
0.055 ), thc?ugti not significandy so. 

T h e  u r i n e  c u n a  of the four p c ~ o n s  studied longest and the best 
c u n a  that could be draism for the dog snd the pig are sho\t.n in Figure 3. 
Tt ic  majorih. of the indkidunl Pu urine cunxs conwined two to four 
distinct wpiciits, depcndin? u p n  hotv long cscrcta \\.ere collect~d. 

T h c  m u m  t stxidnrd dointion of the raw intercepts and half-tima 
\ v u e  calculated (SCC TaLlr 1- j  for the ten Pu(I1')-injected pc~som, Si 
judsed to hn\-e nonnd kidnc) and hematopoietic function, and four 
judged to be ancmic. The inlcrccpts of the first 0t.o components, U.41 
and LT;4:, of ~Iic Pu urine cuncs of the praumably n o m d  persons \ ~ e r c  
alrnmt tuicc as larse s U-i1 and U-A2 determined for the ancnlic cases. 
L1.4, of thc normnl :roup \\'ns suktantidly lotvcr than U;\J of the anemic 
group. Thc hnlf-tinirs of thcsc thrce components of the Pu urine cunr s  
were not afiected b?. zncnua or kidney disease. .Although the amounts of 
Pu mcretcd in thc urinc \\.ere altered as a d t  of the various physiologi- 
cal procc-ixs socinted \\.ith anem& t h e  r a t a  were apparently un- 
affcctcd. 

The a\.trage intercept, U.41, of the, Pu(\'I)-injected C;LSCS was 
grcatcr, and  the hdf-time, US,, UYLS lers than the values of t h a c  para- 
rnctcrs determined for either the normal or ancmic Pu(I1')-injected 
group. The Srcnter a r l y  urin3.r). excreticn of Pu(1'I) citrate suggests 
that Pu in this form is more rmdily filtcrcd by the kidney than is Pu(  IV) 
citrate. T h e  more rapid decay of thc initial u n n q  component is in 
accord \tith Bruenser's suggc+tion56 that Pu(V1) protein binding is more 
stable than that of Pu ( I \ * ) .  Thc a i ' e r q  intercepts and hd-times of Ut, 
Us, and U, of the Pu(\'I)-iinjected pcmns were either the same as, or 
not VCT)' Meren t  from, the values of thcsc parameters detcnnincd for 
the group of Pu(I\')-injcctcd c3ses with normal kidneys and normal 
hematopi ais. 

For radiological protection pu'po5er thc'nced is characterization of 
a h urine c u n e  rcpraentative of .an adult human being in reasonably 
g d  h d t h .  Thcrcforc, in Lhi analysis data \\'ere cscludcd from thme 
Persons judscd to have obi iwly  abnormal kidney function or abnormal 
plasma Pu binding (the anemic persons). -A fivc-componcnt exponentid 
CWc was constructed; the raw intercepts and hall-tims ar.c shown in 
Tabkc l', and the pnramctcrs of its equation nppcnr in Table V I .  
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. 
D a y s  o f t e r  injection 

Fig.  3. Daily urinav Pu excfition by several Pu-injccted persons, d o 5  and 
miniature suint. Suine dat3 are from Clarke et al.*O; dog data are from B. J. 
Stover and D. R. Atherton (original data) 0.1 pCi/kg groups only. 
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T h e  half-tinics of the cirly components of the Pu urine c u n c  were 
got noticably ,affected by the ph!xical disabilities of the inchidual 
patients, and t h c  h a - t i m a  of al l  the Pu(  11') urine cumcs were included 
in the calculntcd a\.era:es for each component. Pu(11') is deemed most 
likely to be the c h c m i d  form of Pu encountcred in an  occupational -CY- 

~ U R ,  and for this r e m n  the Pu(1.I)-injected czscs \vere omitted from 
the calculated mean of US,. T h e  half-times of the later components 
of the urine c u n a  of the Pu(1'1)-injected indi\.iduals \\'ere not different 
from t h s e  deternuned for the pcnons given Pu(I1 . ) ;  therefore, all half- 
t i ~ c  dctcmlinztions h2t.e been included in calculation of US, and USI. 
On!:. ctii-3 and Cd-1, who \\.ere both injected \h.h P u ( V I ) ,  proiide an). 
6 5 C i n t c  cll but neithcr \vas follo\\.ed long enough to define it c l ~ ~ e l y .  

T h c  on!? hurnan Pu iirine measurements at post-injection inten.& 
su!Txicnd! loris to permit estimation of the slope of the nest component, 
VS;! nrc I:;O s.w;plcs ~1):aincd from HP-6, 525 and 1610 days post injcc- 
ti?:.. Tk.3 linc joinin: t h s c  tsio points h s  a half-time of 1250 da\s, only 
olic-'l :- 1 t i : c  \.:JLIc of USs in h e  Pu urine cunx of the dog. US3 and US, 
w r r  r , ~  dcf:ncl? for HP-6 bccaw collcctions were terminated too soon, 
b2: i f  1.5; and CS, for HP-6 are similar to the other C~SCS,  then t h e  
urir,.: c u n  c fo: HP-6 should bend bct\\*cen the nvo late sample points, and 
1-S-  s?i-lu!d bc ycn te r  than 1'30 d q s .  

Some lox;-temi urine dat i  from four occupzdonally esposed persons 
are s!.za\.n in Figurr 4 :  \\'BG, DL\\', and IVziB, from \+*horn urine speci- 
mcr.: wcrc oS:?.incd periodicnlly for as long as 1698 days after tcrmina- 
tion of I'u espsure;: '  and L.4SL-I who \vas follonxd for 3500 days after 
ccs?tlcln of I-& initid high levcl Pu ~sposure .~ '  T h e  latter case is com- 
plicatcd because thc indi\idud returned to u.ork \\-ith Pu, but at much 
h e r  lc\.els, 2350 da!s after t he  end of his first Pu espwurc period. T h e  
occupxtiond d a t i  sugsest that the longat half-time of the human PU 
unne cun.e is perhaps ;LS long as 13,400 da!s - the last-squarer-fitted 
slope of the L.4SL-1 urinalysis data.* I n  the absence of reliable human 
data, and becausc of the half-tirna of comparable early portions of the 
h u m n  Pu u h . e  cun ' a  are similar to those in t h e  dog and pig, 4000 dais 
( 1 I )cars) selected as a s\.orl;jnS value for US, for man. 

. 

T h e  data points sh0u.n in FIlvrr # for L.lSL-1 arc a v e ~ a ~ c  of all the urinalyses 
taken durins c i r h  6-inonth intcn.al: the oriTina1 data appear in Table 3 of 
Foreman et  aL3 Tticse avcrapcs WIT not wcightcd for the number of analyses, 
and m u  \ d u e s  were ignored. 
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