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I. INTKODUCTrON 

The p o t e n t i a l  h e a l t h  hazards of plutonium (Pn) have been recognized 

since t h e  e a r l y  1940’s, when small q u a n t i t i e s  of t h i s  radioelement w e r e  

- first, prodnced. -Concern O b O a  human exposure to Prr has cen te red  mainly _. . - 
- .  

~ . -  - around i n d u s t r i a l  s i t u a t i o n s  invorving its l a r g e  scale handling: _ _  -‘- 

Beciuse- of growing inventor ies  of Pu a r i s i n g  from i t s  production in both 

thermal _ _  and b reede r  r eac to r s ,  there  have been increasing concerns i n  

r e c e n t  y e a r s  over  environmental a s  wel l  a s  occupational exposures t o  

t h i s  element,l-* 

- .  .. - - -  - _ _  
-_ 

-. - 

The m o s t  common and useful  method of quant i fying occupational expo- 

sures t o  Prr has been the est imat ion of the systemic burdens from 

a n a l y s i s  Of urine.s-’ Problems a r i s o ,  however. because of inadequate 

knowledge of p a t t e r n s  of hman r e t e n t i o n ,  t rans loca t ion ,  and exc re t ion  

I of Fo. P r e s e n t  methods f o r  es t imat ing the  systemic burden from urina- 

l y ses  were de r ived  t o  a large extent  from p a t t e r n s  observed i n  the f i r s t  

few months a f t e r  exposnre,”6 and the re  is now evidence tha t  these same 

p a t t e r n s  do not  p e r s i s t  over long periods.*-%* Thus i t  i s  important to  

o b t a i n  a b e t t e r  d e s c r i p t i o n  of the r e t e n t i o n  of t h i s  element in the 

human body. 

In this r e p o r t  we c o l l e c t  and d i s c u s s  da ta  needed f o r  i n t e r p r e t a -  

t i o n  of b ioassay  r e s u l t s  for Pa. These d a t a  a r e  used for the develop- 

ment of a model t h a t  descr ibes  the movement. re ten t ion ,  and e x c r e t i o n  Of 

systemic h i n  the human body i n  terms of e x p l i c i t l y  i d e n t i f i e d  anatomi-. 

c a l  compartments. 

models and/or case-specif ic  i n f o m a t i o n  concerning the  t r a n s l o c a t i o n  Of 

PO from tho r e s p i r a t o r y  o r  g a s t r o i n t e s t i n a l  t r a c t  or fzom wounds t o  the 

bloodstream. A d i scuss ion  of these th ree  modes of exposure. along with 
numerous r e f e r e n c e s ,  is given by Nenot and S t a t h e r . l  

report  a t t e n t i o n  is r e s t r i c t e d  t o  the behavior  of Pn a f t e r  i t  has gainsd 

access  t o  the bloodstream. 

This  model may be used i n  conjunction w i t h  e x i s t i n g  

In the present  

While we b e l i e v e  there  i s  now s u f f i c i e n t  information on the move- - 
.--=---- - .  - - - ~ -- - - - - _ _  - -  

I ment of P i  amon; t i e  var ious spstkmic S m p s r  ts to inprove previous 

r e t e n t i o n  models f o r  Pn, there  remain s i g n i f i c a n t  u n c e r t a i n t i e s  CODCerP- 

ing some a s p e c t s  of the movement of PP. p a r t i c u l a r l y  i ts  t r a n s l o c a t i o n  

from the. f i v e r .  An attempt has been made t o  construct  the node1 i n  such 
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a way a s  t o  e i u c i d a t e  those a reas  needing f u r t h e r  a t t e n t i o n .  

11, BACKGROUND 

- -  - -  
- .- - -  Biomedical - - - ~ . --- s tud ie s -wi th  - -  Po were . beganl in  . - -  1944, rhen 11 m i l l i g r a m s -  I- .  _. 

* were a l l o c a t e d  for s t u d i e s  in r a t s .  Within a few years a f a i r l y  c l e a r  - 

p i c t u r e  of $he behavior of Pa i n  rodents had 

removed f a i r l y  -quickly from the bloodstream and was depos i ted  p r inc i -  

p a l l y  i n  the  ske le ton ,  with a s i g n i f i c a n t  f r a c t i o n  a l s o  depos i t i ng  i n  

Pn was 
- .  

t he  l i v e r ,  Moreover, i t  w a s  c l e a r  tha t  Pa had a long b i o l o g i c a l  half-  

time, a t  l e a s t  i n  the  skeleton,  Only a small  f r a c t i o n  of i nges t ed  h 
was absorbed i n t o  the  bloodstream, but  a muc-z l a r g e r  f r a c t i o n  of inhaled 

Pn could reach the bloodstream a f t e r  r e t e n t i o n  of a few days t o  several  

months or y e a r s  i n  the  fangs. 

In  1945 and 1946, 18 se r ious ly  ill persons were i n j e c t e d  with 

t r a c e r  doses of plutonium c i t r a t e  or n i t r a t e  in  order  to determine the 

r e l a t i o n s h i p  between u r ina ry  Pn excre t ion  and body Pa con ten t  i n  

Although the l i f e  expectancies of these persons were jadged t o  

be shor t  a t  the  time of  i n j e c t i o n ,  e ight  of them sumived a t  l e a s t  eight  

y e a r s  and f o u r  were s t i l l  a l i v e  i n  1975.1' Measurements of h i n  excre- 

t i o n  and t i s s u e  samples of these persons c o n s t i t u t e  a major po r t ion  of 

our d i r e c t  human experience concerning the  metabolism and e x c r e t i o n  of 

p l a t  oniarn e 

Numerous measurements of Po i n  ur ine  and f eces  of these persons 

were made i n  the f i r s t  few weeks a f t e r - i n j e c t i o n .  and some measurements 

were made i n  two of the p a t i e n t s  up t o  1645 daysIs.X7 Langham e t  al.s used 

these  da ta ,  t oge the r  wi th  l imi t ed  da ta  from workers a c c i d e n t a l l y  contim- 

ina t ed  wi th  Pn, t o  determine ur inary  and f e c a l  excre t ion  cu rves  for h: 

- - --. - . - 
(1) 

.... ... ... - - - .- . . - . - . ._ 
- 0 = 7 4  ( t  > 1) , 

. . .  . ....... . . . . . . .  . . - -  - 
Y = 0 . 2 0 t  

. .  -. . .  

~- . . . . . . . . .  .. - -..., . . . . . . . .  .. : ~ ._ -. _,_- _ _  - .. ____.._. . . .. .  - .  . .  . .  

Yf = 0 . 6 3 t  -1*09 ( t  > 1) . (2) 

. 
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Here yu (Yf) i s  the  percentage of the i n j e c t e d  amount i n  u r ine  ( f eces )  

d a r i n g  day t a f t e r  adminis t ra t ion.  

Since about 1950 Langham's equation f o r  Yu has  served as t h e  basis 

f o r  e s t i n a t i n g  Pn body burdens from measurements of Pn in ur ine .  I n  

r e c e n t  years .  however, evidence has accumulated t h a t  t h i s  equat ion may 

l e a d  t0:iarge overes t ina tes 'o f  ' t h e ' h  'body burden a t  times longer  than 

S - y e a r s  a f t e r  exposure. This  i s  evident from Table 1, which shows two 

tppes?6f 'estimates of. t he  systemic burden of PP i n  ptntoninm workers. 

One based on a p p l i c a t i o n  of Langham's equstion t o  observed va lues  of h 
in u r i n e ,  and a second based on t i s s u e  analyses performed on these samo 

workers a f t e r  t h e i r  deaths .  The da ta  in Table 1 were taken from Refs. 

13 and 18 and exclude workers whose u r ina ry  Pu measurements were b e l o r  

the minimum d e t e c t a b l e  l eve l .  For the most p a r t ,  t h e  workers received 

exposures beginning 8 to 30 years  before death. 

burdens, Langham's equat ion l e a d s  t o  an est imate  of Pu body burden that  

is a s o a l l y  2 t o  10 t imes the  value determined from autopsy. It should 

be noted  that  the es t imates  of t o t a l  body Pn obtained from autopsy nay 

t e n d  t o  be s l i g h t  overest imates  a l so .  s ince  s k e l e t a l  da t a  a r e  general ly  

t a k e n  from ver t eb rae ,  sternrun, or ribs, a l l  of which tend to  show con- 

c e n t r a t i o n s  higher than the  s k e l e t a l  average.f7nxsn10 

- -  

- .  

For such long-term body 

A problem inherent  i n  Eq. (1) i s  t h a t  i t  is  simply a f i t  t o  urinrrrp 

d a t a  over a r e l a t i v e l y  s h o r t  per iod  a f t e r  exposure and. i n  e f f e c t .  

asswats t h a t  the cont inua l  removal of Pa from organs t h a t  occurs  during 

this t ine  per iod w i l l  main ta in  the same p a t t e r n  throughout the  exposed 

person's l i f e t i m e ,  As we s h a l l  d i s c u s s  l a t e r ,  however. -some of the h 
buried i n  +&e ske le ton  w i l l  become uncovered a f t e r  a few years due t0 

s k e l e t a l  remodeling. and Pn throughout t h e  skeleton may begin  t o  become 

uncovered a f t e r  the age of 40 o r  50 yea r s  due t o  normal bone lo s s .  

Eq. (1) becomes l e s s  a c c u r a t e  wi th  inc reas ing  t i m e  and age. 

i l l u s t r a t e d  by data  of Hempelmann e t  a l O Z Z  for Manhattan P r o j e c t  workers 
exposed t o  Pa around 1945, 

renained f a i r l y  cons t an t  during the period 1953-1957 but began t o  

This is 

Urinary exc re t ion  of Pu by these persons 
_ _  

i n c r e a s e  sometine a f t e r  1957 and continued t o  increase s u b s t a n t i a l l y  

( a s n a l l y  by a f a c t o r  of 2 t o  5 )  over  a f i f t e e n  yea r  per iod ( see  Table 4 

of Ref. 11). Since these persons r epor t ed ly  experienced l i t t l e  o r  no 

occupat iona l  exposures t o  Pa a f t e r  about 1946, t h e i r  body burdens uould 
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be expected t o  de 

In 1973 hrli 

c o n s t a n t l y  throughout the ' indicated per iod.  

u r i n a r y  and f eca l  excretion of Pa in two Of 
i 

r 

-.. 

the  persons i n j e c t e d  r i t h  Pu i n  1945-46.9-10 The urinary e x c r e t i o n  r a t e s  

a t  lo4 days a f t e r  i n j e c t i o n  r e r e  6.4-11.5 times higher than p r e d i c t e d  by 

Eq. (11, and the f e c a l  excre t ion  r a t e s  were 18.9-37'.5 times h i g h e r  than 
. .  _ _  - . - . . ... -_ . .  - 

pr-edicted-by .Eq. y(2) l-zIt. ,becomes ee ident  from L- - considerat ion . .  of these _- - .- 

and the previously discussed da ta  that :  an improved d e s c r i p t i o n  of the 
. J  

-- I_ =- - - ~ .. .--_ .- ~ . - - - . . . .. . 

- . -  
r e t e n t i o n  and excret ion.  of qu.bk'-&umaqs . i s  -needed, . - . . . -  

_. - ... " . .  . .. - - - .  ~ . .- . .. - . . . . . . . .  _ _  - -  -. _-_ ,?- . 
. -  - .  

111. PHYSICAL AND BIOCHEMICAL PROPERTIES OF Pn 

Of the 15 known isotopes of hr, there  a re  eight which a r e  s o f f i -  

c i e n t l y  abundant t o  be of concern as a p o t e n t i a l  hea l th  hazard.  

the p h y s i c a l  p r o p e r t i e s  of these e igh t  isotopes a r e  l i s t e d  in Table 

Some Of 

The terns "monomeric" and "polymeric" a r e  of ten  used i n  metabotic 

s t a d i e s  to  descr ibe  tha physical  s t a t e  of Pa compounds. General ly ,  

'*monomeric'' r e f e r s  t o  labora tory  prepara t ions  i n  which any p a r t i c u l a t e s  

formed a r e  below about 0.01 pm i n  diameter. while "polymeric" p a r t i c l e s  

a r e  those of diameter 0.01 p o r  g rea t e r .  

a strong tendency toward polymerization, and much or a l l  of t h a t  h 

Pn deposited in the body has 

which e n t e r s  the body i n  monomeric form may become converted t o  a t  least 

minimally polymeric fonn.21 

. Plntoniam can e x i s t  in s o l u t i o n s  mainly i n  four valence s t a t e s :  

Pa(III), &L(IV)~ h ( V ) ,  and Pa(M). The tendency t o  r e a c t  w i t h  water 

(hydrolyze) decreases  i n  the  o r d e r  Pn(Iv) > Pu(V1) > P d I I I )  > 
h ( V ) . 2 a , a 3  Hydrolysis of &(IT) may r e s u l t - i n  a change frbnr ths - - - - 

... . - 

. _ -  

monomeric form t o  an inso luble  polymeric form of Pu, 
t i o n s ,  h may begin t o  polymerize a t  pH 1. 

In high concentrn- 

I n  f a i r l y  d i l u t e  s o l u t i o n s  

such a s  those thaf might be expected i n  body f l u i d s  i n  t y p i c a l  exposure 

s i t u a t i o n s s  pseudocolloidal formation begins  a t  pH 2.8,  and gennine 

aggrega te s  form above about pH 7 . 5 . t S I f 3  I n  the human body, t h e  pH@ J 
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Biological evidence and chemical properties of Pu suggest that most 
systemic PP would be in the (IV) However, Pa(VI), for example, 

may be absorbed mote rapidly than P u ( N )  from t h e  GI tractr lungs, or 

wounds because of its tendency to hydrolyze less rapidly than Pu(N).ra 

Although - it is conceivable that Pn in the body could exist in a 

* - ride hiitribation of solubility-classes, we shall-distinguish only tvo 

relative solubility classes for systemic h, namciy, soluble Po and par- 

ticulate or colloidal €%. =en soluble Pn reaches the bloodstream, 
skeletal deposition is favored, and when particulate Pu enters the 
bloodstream, uptake by the phagocytic cells of the liver and other 

organs is There is evidence that insoluble particles con- 

taining Pu can reach the bloodstream from the lungs or from wonnds.l~”~a‘ 

For simplicity, we shall refer to the solubility of systemic Pn only 
when we a r e  discussing a sitnation in which Pa is thought to be insolu- 

ble . 

- .- 

IV. PROCESSES GOVERNING RETENTION AND TRANSLOUnON OF Pa IN THE BODY 

Apparently Pu and Fe bear sufficient chemical resemblance that Pu 
is able to penetrate some iron transport and storage systems. It has 
been shown &at Pn(IV) in blood serum complexes with transferrin, the 
iron-transport protein.’7,fa Thus Pu will partially trace the iron path- 

ray. with the result that a substantial fraction of systemic Pn is car- 

ried to the bone marrow and to the liver.s,1’Daz,a9-34 Apparently much Of 

the PP is released from transferrin at these sites. It has been shown 

that Pu(IV) may transfer from transferrin t o  ferritin, the major iron 

storage protein in the liver, in vitro at physiological pH, and that  the 

ferritin complex may be more stable than the transferrin 

the skeleton, Pn may be released mainly at sites of developing red 
cells, 3 4  

. -  

In 

A. Disaomarance jrom Blood 
- - -  _ _  - - - _  - -- - . -  - __ __ 

- _ _  - _ _  - -  ._ _ _ _  - _ _  - ._ - 

A large fraction of Pu(IV) introduced into the circulation in 
mononeric form is quickly bound to transferrin.17-aar36 Since Pa leaves the 

circulation more rapidly than it is bound to transferrin plus excreted. 
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it would appear that some of the Pu not promptly bound to protein moves 
into t h e  extracellular f1uid.f' Apparently PP slowly returns to the cir- 

culation; since it is nearly completely bound to protein after 1 hr, 

much of the binding may take place in the ertravascalar spaces, which 

It appears from experimental results for laboratozy animals that Pn 
injected in particnlate or colloidal form is cleared very rapidly from 

blood and is deposited in cells of the reticulo-endothelial (RE) sys- 

tez~.~~~s7,3* In fact, colloidal particles of any composition are rapidly 
taken up by BE cells.'z These cells are found in a l l  tissues but are 

most concentrated in liver, spleen, lymph nodes, erythropoietic ParrOwm 

and lnng tissues.'= 

Data describing the rate of disappearance of intravenously injected 

PII from blood in four species are summarized in Table 3 ,  where the 

assumption is made that retention in blood can be adequately expressed 

as the sum of at most five exponential terms. The exponential tenns 

used to describe short-term removal from blood should not be interpreted 

as  representing a corresponding number of discrete physical compart- 

ments; this is simply a convenient mathematical description of the total 

result of several processes. These processes may include: (1) binding 

of Pn to transferrin and transfer of Pa-transferrin to the skeleton, 
l i vers  and other iron depots; (2) return to the circulation _ -  of - that -- Po. 
reIeased from transferrin in the bone marrow and not attaching to bone; 

- - _ _ _  - - -- 

(3)  movement of both bound and unbound Po i n t o  and out of extracellular 

fluids; (4) removal of a small portion of Pn into urine and bile; 
( 5 )  removal of polymerized Pa by the reticulo-endothelial system. 

B. Distribution Among Orizans 
-.. - - . -  

_. 
- 

. . -  - _. -. - - - - -  _ -  _-- - - - -  _ - - _ - - . - _ _ I  - 

Three principle compartments will be considered: skeleton, liver. 

and soft tissae. where the soft tissue compartment includes only soft 

tissue not in the liver and skeleton. h addition to these three main 
compartments, several sobconpartnents will be considered, snch as 



\ . I  t r a b e c u l a r  bone volrutieD and compartments contai- ,ng t rabecular  marrow 

and c o r t i c a l  marrow. 

Within a f e r  days a f t e r  so luble  Pa reaches the bloodstream of 

hanans, approximately 80% of the a c t i v i t y  i s  divided between the s k e l r  - _ -  - -  _ - -  
- - t on  a i i d l i v e r ,  and-host of the-re%ainder is i n  s o f t  Only a - - 

small  amount, perhaps 1%, i s  excreted i n  ur ine  and feces  during t h e  

f i r s t  2 o r  3 days. 

t i o n  da ta  f o r  s eve ra l  of the  persons i n j e c t e d  with Pu i n  the 1940 's . '  

. -  -. 

_- 
These values  are est imated from autopsy and escre- 

- 

The values a re  i n  c l o s e  agreement with r e s u l t s  of experiments wi th  be.- 

g l e s , 3 f , 3 9 r 4 0  except t h a t  the beagles  excreted Pa more r ap id ly  than 

h m a n s  a t  e a r l y  times a f t e r  exposure. 

In the  beagle experiments. the  d i v i s i o n  of Pn between the ske le ton  

J and l i v e r  was age-dependent, with i n i t i a l  uptake by the skeleton averag- 

ing 68% in  j u v e n i l e s ,  50% for young a d u l t s ,  and 408 f o r  mature 
A 

a d u l t S . J z , 3 9 ~ 4 0  Langham e t  a1.S es t imated  tha t ,  in humans i n j e c t e d  with 

Pa, approximately 66% was deposi ted i n  t h e  ske le ton  and 23% i n  t he  

l i v e r .  Dorbinf'  

un i formi ty  of Pn 
the  ske le ton  and 

few y e a r s  ago, a 

persons, a young 

l a t e r  (case Hp-4 

reanalyzed the human da ta  t o  account f o r  the non- 

i n  samples of bone; she estimated t h a t  about 4% was in 

31% i n  the l i v e r  a t  4 t o  457 days a f t e r  i n j ec t ion .  

major po r t ion  of the  ske le ton  of one of the  i n j e c t e d  

woman i n j e c t e d  a t  age 18 years  and dying 17 months 

of Ref. 5 1 ,  was analyzed and found t o  con ta in  about 55% 

A 

of t h e  i n j e c t e d  amount.zo 

t i o n  of the Pu t o  be t r ans loca ted  from the  ske le ton  before  t h i s  woman's 

death ,  the f r a c t i o n  o r i g i n a l l y  depos i ted  i n  he r  ske le ton  may have been 

h ighe r  than 55%. 

a h ighe r  s k e l e t a l  d e p o s i t i o n  than was est imated for the  o l d e r  pa t i en t s .  

a l though this i s  only con jec tu ra l .  

Since there  was ample time f o r  a small p o r  

~. - 

It i s  poss ib l e  t h a t  the woman's age a t  exposure l e d  to  

C. S k e l e t a l  Uptake and Trans loca t ion  

- - -- - - - - . ___ - - - __ - - 
To desc r ibe  the r e t e n t i o n  and t r a n s l o c a t i o n  of plutonium i n - t h e  

ske le ton ,  i t  i s  convenient t o  view the  ske le ton  as cons i s t ing  of t w o  

p r i n c i p a l  compartments: c o r t i c a l  (or  compact) bone and t r abecu la r  (or  

spongy o r  cancel lous)  bone. 

- . 

These two bone types a r e  usually defined by 



t h e i r  s a r f ace  t o  volume r a t i o s ,  which a r e  much l a rge r  

bone.4=-4* Both bone types a r e  found i n  a l l  bones, 

8 

-.. 

amounts of eacy vary g r e a t l y  from one bone t o  another, Much of the 

c o r t i c a l  bone i n  the body is  found in the  s h a f t s  of the long bones, 

. .  where i t  surrounds ths  marrow c a v i t i e s .  Trabecular bone i s  made up of . a . . . - - . . - ... .C. 

. . . -. . ._ . . . - -  -. 
- .  . .  

. - - _._._ . .-. . . ... - -  . . _ - . .  .... 
network of f i n e  in t e r l ac ing .  p a r t i t i o n s -  ( t rabeculae)  e n c l o s i n g - c a v i t i e s '  -:- - ._.-_--- _. -c . - .t ._ . -  . - -. -- .-. . 

. .  
- .  

.. . . 
con ta in ing  r ed  or  f a t t y  marrow. - -  Trabecular  done is  found mainly i n  the 

. . 

ver t eb rae ,  i n  the f l a t - b o n e s ,  and i n  the  ends of the long bones.44 . ._ e ..-- 

Each of the two p r inc ipa l  compartments of the skeleton is f u r t h e r  

subdivided i n t o  three  pa r t s :  bone su r face ,  bone volume, and bone c a v i t y  

con ten t s ,  excluding blood and blood v e s s e l s  (mainly bone marrow) For 

purposes  of descr ib ing  the t r a n s l o c a t i o n  of Po i n  skeleton, i t  s u f f i c e s  

t o  cons ide r  bone surface as an n f l n x t e l y t h i n  layer.  Bone surface 

inc ludes  the  endosteal ,  p e r i o s t e a l .  Haversian, and Volkmann surfaces of 

c7-y 
c o r t i c a l  bone and the endosteal su r f aces  of t rabecular  bone. Bone 

volume is  the  mineral ized ske le ton  bounded by bone surface; i t  does not 

i nc lude  the marrow or the space wi th in  Baversian or Volkmann canals.  for 

example (cf. Ref. 41). Bone marrow c o n s i s t s  of both red ( a c t i v e )  and 

yel low o r  f a t t y  ( i n a c t i v e )  marrow. 

s t i t a e s  a s i g n i f i c a n t  po r t ion  of the  marrow i n  both c o r t i c a l  and trabec- 

u l a r  marrow c a v i t i e s ,  but  by the  t h i r d  o r  fou r th  decade of l i f e .  almost 

In young chi ldren,  red marrow con- 

a l l  of the  c o r t i c a l  marrow and about h a l f  of the t rabecular  marrow i s  

I n  general ,  a r eas  of a c t i v e  marrow a r e  more h igh ly  vascular- 

i z e d  than  a r e a s  of i nac t ive  marrow.44 

C o r t i c a l  bone comprises aboot 80% of the  adn l t  mineral ized ske le ton  

and t r a b e c u l a s  bone about 20%, by volume, by massD and by mineral con- 

tent.4i,47 

i n v o l v e s  the e l imina t ion  and replacement of bone ~ n i n e r a l . ~ ~ - ~ ~  

Both bone types a r e  c o n s t a n t l y  undergoing remodeling, which 

1. F a c t o r s  a f f e c t i n g  the d i s t r i b u t i o n  on s k e l e t a l  surfaces  

Plutonium i s  deposi ted monuniformly on bone surfaces,  w i th  h ighes t  

depos i t iGn . - _. . I -. b e i n g t i t  -- s i t e s  - - - with - - red _ _  - (hemaiopoiet ic)  ___ - - -_ - - -_ marrow _ _  --_ - and _ - _ _  lowest - 
d e p o s i t i o n  a t  s i t e s  of yellow ( f a t t y )  marrow.46 

h igh ly  vascular ized  than yellow marrow, and the degree of v a s c n l a r i t y  

nay p l a y  a r o l e  in the amount of Pu deposi ted a t  B given l o c a t i o n .  

Red marrow i s  more 

For 



W m p l e ,  Bnmphreys, F i s h e r ,  and T h o r n e ~ ~  showed tha t  the blood flow ra t e  

i s  n e a r l y  l i n e a r l y  r e l a t e d  t o  the Pn depos i t ion  i n  mouse femurs 

(Table 4) .  

a t e d  from t r a n s f e r r i n  t o  a la rge  ex ten t  i n  the  red marrow, s p e c i f i c a l l y  

a t  the su r faces  of developing red c e l l s .  Pu atoms released from 

t r a n s f e r r i n  in marrow-could e i t h e r  ( a )  d i f f u s e  t o  the neares t  bone sa; 

f a c e  a n d  be bound the re ,  (b)  recombine wi th  o ther  t r a n s f e r r i n  noleculer  

and rec i rmxla te .  or ( c )  r een te r  the  c i r c u l a t i o n  as  unbound Po and posri-- 

b ly  b ind  t o  bone su r faces  a t  o ther  s i t e s .  It has been proposed tha t  the  

r e l a t i v e l y  small  depos i t i on  of Pu on e x t e r i o r  (pe r ios t ea l )  su r f aces  may 

r e s u l t  from the c e n t r i f u g a l  flow of blood from the bone cavi ty  car ry ing  

some of the  Pu r e l eased  i n  the marrow and not deposited l o c a l l y  on bone 

surfacos.52 

Dnrbin, Borovi tz ,  and Close34 proposed tha t  Pn is dissoci-  

- - _. - .  _ .  .. - _ _  - 
- 

_ -  - - -  . -- -_ 

T h e  s t rong  a s s o c i a t i o n  between sites of s k e l e t a l  depos i t ion  of Pu 

and of Fe is i l l u s t r a t e d  i n  Table 5,  which is derived from data of 

Bosenthal e t  al.38 and compares e a r l y  depos i t i on  of Fe-59 and Pu-239 a t  

va r ious  l o c a t i o n s  i n  the  ske le ton  of the mouse. With some poss ib l e  

except ions  sac& as the head, the f e e t ,  and the  t a i l ,  the f r a c t i o n  of 

s k e l e t a l  Fe deposi ted i n  a p a r t i c u l a r  bone would appear t o  be an excel- 

l e n t  p r e d i c t o r  of t he  f r a c t i o n  of s k e l e t a l  Pa i n  the same bone. f o r  I?a 

i n j e c t e d  e i t h e r  i n  monomeric o r  polymeric form. 

The s k e l e t a l  d i s t r i b u t i o n s  of Pu and a c t i v e  marrow i n  humans a r e  

coapared i n  Table 6. 

s k e l e t a l  remains of a woman i n j e c t e d  w i t h  Pu in 1945 a t  age 18 yea r s  sod 
dying 17 months l a t e r  ( subjec t  HP-4 of Ref. 5 ) . 2 O  Although t h i s  subject 

was suffering from Cushing's syndrome, a d i sease  charac te r ized  by O S t e W  

porosis. i t  would appear t h a t  the  d i s t r i b u t i o n  of PP i n  t h i s  ske le ton  

was no t  abnormaf, s ince  l imi t ed  measurements on the  skeleton of a man 

( s u b j e c t  HP-9 of Ref. 5 )  i n j ec t ed  i n  1945 a t  age 65 years  and dying 

IS months l a t e r  i nd ica t ed  a very s i m i l a r  d i s t r i b u t i o n  of Pu.20 The dis- 

t r i b u t i o n  of a c t i v e  marrow i n  a 20-year-old human i s  estimated from data 

of Cristy.4s  These d a t a  were c o l l e c t e d  from marrow c e l l u l a r i t y  s t u d i e s  of 

var ious  au tho r s  and a r e  not  based on> s tudies .  

u n c e r t a i n t y  inherent  i n  the mouse s t u d i e s  discussed e a r l i e r  i s  not 

p r e s e n t  here.  

ske l e tons  of hnmans a r e  s imi l a r ,  with l a r g e s t  d i f f e rences  a r i s i n g  f o r  

The data  f o r  Pa a r e  from measurements made on the  

- - _ _ _ _ _  _ - -  - - -~ 7 7 -  - 

n\-- Thus an element Of 

Again, t he  d i s t r i b u t i o n s  of Pa and ac t ive  marrow i n  the 

.- 



10 

the s k u l l  and sacrum. 

Bosenthal e t  a l . s 3  repor ted  t h a t ,  in r a b b i t s ,  almost none of the 

monomeric Pu i n  the  ske le ton  was loca ted  i n  marrow a few days a f t e r  

i n j e c t i o n ,  while most of t h e  s k e l e t a l  burden of highly poIymeric Pn was 

i n  marrow. Moreover, polymeric Pa was as  much as  30 times more concen- I .  

t r a t e d  in red  marrow than i n  f a t t y  marrow, while monomeric Pa w a s  1.3- 
- -  
-I - -- 

2.8 times-more concent ra ted  i n  red than f a t t y  marrow. . .  
. -  . .  - - ’ . -- 

g e i a t i v e  d e p o s i t i o n o f  -Po on’varions types of bone sur faces  (endos- - 

teal  su r faces  of t r abecu la r  bone and endosteal ,  Haversian. and perios- 

t e a l  su r f aces  of cor t ica l .  bone) has  been measured i n  non-human animals 

as  w e l l  i n  h m a n  s u b j e c t s  HP-4 and HP-9 as discussed e a r l i e r .  In rab- 

b i t s  and dogs, the depos i t i on  onto endosteal su r f aces  of a bone is US=- 

a l l y  about 3 t i m e s  heav ie r  than on p e r i o s t e a l  sur faces  of t he  same 

b o n ~ . ~ ~ , ~ ~  I n  the d i s t a l  end of the beagle femur, the r e l a t i v e  concentta- 

t i o n s  on bone su r faces  a r e  metaphyseal t rabecular .  3; endosteal ,  2.6;  

epiphyseal  t r abecu la r ,  1.5; Haversian, 1.2; and p e r i o s t e a l .  I-’’ 
I n  consider ing the  d i s t r i b u t i o n  of Po on bone sur faces  of human 

s u b j e c t s  Bp-4 and HP-9, it must be kept i n  mind t h a t  these  persons l i v e d  

15-17 months a f t e r  i n j e c t i o n .  Thus some b u r i a l ,  removal, and r e d i s t r i -  

bution of Pu probably occurred. 

t i n c t  types of b i s t i n 9 b o n e  s a r f a a i n  these subjec ts ,  namely, sur- 

f a c e s  of l abe led  volume and sur faces  of unlabeled volume. Labeled 

volme (LV) i s  t h a t  bone volwne formed while Pn was in the  blood. Unla- 

be l ed  volume (W) vas  formed before i n j e c t i o n  and remained nndis tnrbed 

until death. Also, b u r i e d  su r face  depos i t s  were i d e n t i f i e d ;  these a r e  

a s soc ia t ed  w i t h  bone su r faces  t h a t  were exposed t o  Po and were subsa- 

qnent ly  covered by the  formation of new bone. 

would probably be su r faces  t h a t  were a l ready  covered by os teo id  a t  tho 

time of in j ec t ion .  

Schlenker and Oltmanss descr ibe  two dis- 

. T 

_- 

Included i n  t h i s  category 

Schlenker and co-workersss ,~‘  found t h a t  p e r i o s t e a l .  Haversian canal. 

and endos tea l  su r f aces  of unlabeled c o r t i c a l  bone volume in long bone 
- -  - _  -__._ - - midshaf t s  shoved about eqnal concent ra t ions  of Pu. Buried endosteal  

._ - - - -- - - -  
su r faces  tha t ‘kay  have been covered with os t eo id  a t  the time of injec-  

t i o n  showed about 12 t i n e s  a s  much Pu as e x i s t i n g  surfaces .  



Rela t ive  concent ra t ions  of Pu found on the var ious types of bone 

su r faces  i n  subject  EP-4 a r e  l i s t e d  i n  Table 7, based on a concent ra t ion  

of 1.0 f o r  Haversian cana l  sur faces  of unlabeled volume of long-bone 

midshafts .  It appears from t h i s  t a b l e  tha t  the o r i g i n a l  depos i t ion  nay 

have been an order of magnitude h igher  on endosteal sur faces  of the _ -  - _  _ - _  - -- - - 
-_. a x i i l l s k e l e t o n  than on- su r faces  of fong-bone midshafts.  I n  f a c t ,  in- - 

measuring the  Pu concent ra t ion  i n  whole bones of HP-4, Larsen, Oldham. 

and Toohey'O found t h a t  about two-thirds of the s k e l e t a l  Pn was i n  t h o  

a x i a l  skeleton.  and only about 16% was i n  the appendicular  ske le ton  - - - 

(Table 8 ) .  These da ta  on whole bones ind ica t e  tha t  the r e l a t i v e  deposi- 

t i o n  per gram of bone ash in the  a x i a l  skeleton was about 10 times that 

i n  t he  appendicular ske le ton ,  assuming t h a t  there  was i n s u f f i c i e n t  time 

f o r  a s u b s t a n t i a l  p o r t i o n  of s k e l e t a l  Pn t o  move from one bone t o  

another .  The data  in Tables 7 and 8 a r e  in general  agreement with 

r e s u l t s  of beagle  s t u d i e s  (Table 91." 

- -  

For our purposes an important d i f fe rence  i n  the d i s t r i b u t i o n  of 

s k e l e t a l  Pn is t ha t  between t r abecu la r  and c o r t i c a l  bone. These d i f f e r -  

ences were measured i n  sub jec t  HP-9 (Table 10).zo 

t i o n  on each type of sur face  va r i ed  widely from one bone t o  another. the  

r a t i o  of PP i n  t r abecu la r  bone t o  Pu i n  c o r t i c a l  bone remained between 

1.9 and 4.8 i n  a l l  bones (mean &S.D. = 3.3 2 1.1). Since the re  is about 

4 t imes as much c o r t i c a l  bone as t r abecu la r  bone by mass, t h i s  suggests  

t h a t .  a t  1.3 years  a f t e r  i n j e c t i o n .  t he  t o t a l  amount of F'n i n  t r abecu la r  

bone may not be any g r e a t e r  than the  t o t a l  amount i n  c o r t i c a l  bone. 

d e s p i t e  i n i t i a l l y  h e m i e r d e p o s i t s  on some t r abecu la r  su r f aces -  

While the concentra- 

- 

2. Attachment t o  bone su r faces  

There a r e  severa l  substances on bone sur faces  capable of binding 

PO, inc luding  exposed mineral ,  co l lagen ,  and glycoproteins.  Houever, 

t he  mechanisms by which PIX i s  r e l eased  from t r a n s f e r r i n  and binds t o  
- .. bone su r faces  a r e  not completely - understood, Herring, Vanghan. and W i l -  -*-  

_. - .  _ _  - 
l i a m s o ~ ~ 7  found t h a t ,  i n  dogs; Pn-concentrations on endosteal  sur faces  

decrease i n  the order:  resorb ing  > r e s t i n g  ) growing. 

t h a t  lysosomes a re  e j e c t e d  i n t o  resorbing regions along wi th  c i t r i c  a c i d  

and o the r  organic ac ids ,  and i t  i s  known t ha t  Pa can be taken UP by 

It i s  thought 
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lysosomes. a t  l e a s t  i n  the l i v e r . ~ a - ~ ~  Moreover. increased concentrat ions 

of c i t r a t e  i n  serum may f a c i l i t a t e  the r e l ease  of Po from p r o t e i n s  such 

a s  t r a n s f e r r i n .  PB re leased  from t r a n s f e r r i n  could be t ranspor ted  to 

-bone s u r f a c e s  by a s s o c i a t i o n  with the  e j e c t e d  lysosomes.s9r60 Any or a l l  of 

these  processes  nay be involved i n  the r e l ease  of Pu from t r a n s f e r r i n  

r n d . i t s  . t r anspor t  t o  tesorbing - -  suzfaces.--but they do not expla in  fhe 

r e l e a s e  and t r a n s p o r t  of Pu near r e s t i n g  and growing sur faces .  

. .  - .  > .  

-i a a c 2 .  . _. _. . _ _  

. . . .  - .. - .  . 
. .  - - -. ._ .- _ .  -. - .  

: .-._ 
. .  

. _ - .  . . -. . . . . . , .  . 
. .  . . -  

. -  - -  -.. --.-_. ... - . - - , i. - . 
3. T r a n s l o c a t i o n  from bone sur faces  

Deposi ts  of Pu remain on bone s u r f a c e s  u n t i l  removed by bone 

r e s o r p t i o n  or bur i ed  by bone appos i t i on  during the bone growth and remo- 

d e l i n g  processes.a’r30 

p r o g r e s s i v e l y  concentrate  the P U . ~ ~  Measurements i nd ica t e  t h a t  Pn is 

r e t a i n e d  i n  o s t e o c l a s t s  of r a t s  with a half-time of a few days ,43  Some Prt 
r e l e a s e d  from the o s t e o c l a s t s  may be recycled t o  blood. b u t  much of it 

i s  concen t r a t ed  by macrophages which may be found i n  the bone cav i t i e s .  

p a r t i c n l a r l y  i n  marrow.3° Since there  is no evidence t h a t  Pn-c i t ra te  o t  

P n - t r a n s f e r r i n  i s  concentrated by macrophages. it i s  suggested t h a t  PIX 

is r e l e a s e d  from o s t e o c l a s t s  in a p a r t i c u l a t e  form that  would be phago- 

cy tosed  by macrophages.64 In such an event Pa would probably remain izt  

the  macrophages u n t i l  the complex i s  digested.64 The length  of time t h a t  

Pn remains i n  macrophages in  the  marrow i s  not known with c e r t a i n t y .  b a t  

experimental  evidence suggests  t h a t  the half-time is much l e s s  than b o  

y e a r s  i n  beagleseJo 

O s t e o c l a s t s  resorbing bone contaminated with Pu 

Pa reltaosed from macrophages may be c a r r i e d  back. te the b l o o d s t X O . P - -  

and r ecyc led  t o  bonep l i v e r s  or s o f t  t i s s u e r  o r  excreted. Also. antora- 
d iograpb ic  evidence suggests t ha t .  if h is re leased  nea r  a bone s a t f 8 C h  

and in a poor ly  vascular ized  area.  then most of the Pn r e l e a s e d  from 

macrophages will be redeposi ted l o c a l l y  onto surfaces .46.63 

D. Uptake and Trans loca t ion  by the L ive r  
- 

_- - -- - _- . - 
PB p i c t i a l l y  t r a c e s  the ‘;ron-pa?hway -in the -1iver.65-69 althongh the 

t i n e  course may be d i f f e r e n t  f o r  the two elements. 

with b e a g l e s  

uptake and t r a n s l o c a t i o n  of Pn reaching the bloodstream i n  s o l u b l e  form. 

Resul t s  of s tud ie s  

and r a t s  6 d - - 1 p  suggest the following scheme f o r  hepa t ic  



those with dep le t ed  c i r c u l a t o r y  ir0n.l’  T h e i r  

n e  nuc l ide  i s  f picked up by t r a n s f e r r i n  and t ransported t o  the  

l i v e r ,  where i t  m q  be released a t  the membranes of the parenchymal 

13 

Within these c e l l s  Pu is assoc ia t ed  a t  f i r s t  with the soluble  

i ron-storage p ro te in ,  f e r r i t i n .  Within a few weeks Pu leaves the  cgto- 

sol  and becomes assoc ia t ed  w i t h  s u b c e l l u l a r  s t ruc tu res ,  p r i n c i p a l l y  .. 

lysosoaes,  microsomes; and mitochondrial6 7 . 6  8 ~ ‘ 1 ~ ~ 7 3  

h e p a t i c  c e l l s  d i e  and t h e i r  debris ,  inc luding  Pur is taken up by the  

r e t i c u l o e n d o t h e l i a l  (RE) c e l l s . ‘ f ~ 6 #  In the  d o g  l i v e r ,  Pu i n  R E  c e l l s  is 

assoc ia t ed  wi th  hemosiderin, an iron-storage compound.” Pu may e i t h e r  

be r e t a i n e d  f o r  long per iods  wi th in  the  RE c e l l s r  or may be r e l eased  and 

re-engulfed repea ted ly .  

- -- - . _--_. - After s eve ra l  months t h e  
. _  

I 

. -  - 9  - - 

There appear t o  be p o t e n t i a l l y  two rou te s  of l o s s  of h from t h e  

l i v e r :  (1) i n  f eces  v i a  b i l e  produced i n  the  l i v e r s  and (2) through the 

c i r c u l a t i o n .  I n  rodents ,  much of the Pn in f eces  i s  apparent ly  l o s t  

from the l i v e r  v i a  bile.14 

incorpora ted  i n  b i l e  a r e  not understood. bu t  i t  is  known t h a t  a s u b s t a r  

t i a l  p o r t i o n  of systemic Fe i s  excre ted  i n  bile.17 

The b i o l o g i c a l  mechanisms by which h beconrat 

It is a l s o  not completely understood how F’n leaves the l i v e r  

through the c i r c u l a t i o n .  

(perhaps 90%) of o r i g i n a l l y  p a r t i c u l a t e  Pu which was mobilized from the 

phagocyt ic  c e l l s  of the  l i v e r s  of beagles  was t r ans fe r r ed  t o  the  

bloodstream, 

of Pa i n  t h e  ske le ton ,  corresponding t o  a gradual decrease of Pu in 
phagocytic c e l l s .  The r e t e n t i o n  time of o r i g i n a l l y  monomeric Pu in the 

l i v e r  of beag les  v a r i e s  widely a f t e r  the  first year  from one ind iv idua l  

t o  snother.3J 

i r o n  s t a t u s  of t he  animals. 

r e t a i n e d  longe r  i n  the  l i v e r s  of r a t s  w i t h  excess storage iron than i n  

Bruenger e t  al.75 est imated t h a t  nea r ly  a l l  

This  was est imated on the b a s i s  of a gradual accumulation 

- 
This v a r i a t i o n  m a y b e  due t o  a - s i m i l a r  v a r i a t i o n  in tbe 

P r i e s t  and Haines have shown t h a t  PIX is 

i ron-depleted r a t s  may 

may be r e l eased  t o  the 

/- E. Reten t ioniPn  i n  the 

/! 

~ Tq 
I 

be t ranspor ted  from the 

blood i n  so luble  form, 

Soft Tissae -Compartment 

r e s u l t s  suggest,  t h a t  PP in 
l i v e r  by macrophages and 

... 
- 
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Concentrat ions of Po i n  var ious  s o f t  t i s s u e s  were measured i n  six 
h - i n j e c t e d  persons who d ied  from 4 t o  456 days a f t e r  

These concent ra t ions  a r e  l i s t e d  i n  Table 11 €or var ious organs i n  the 

soft t i s s u e  compartment. along wi th  the percent  of t o t a l  body i ron  per 

g r a a I t i s s a e  in-each organ of a t yp ica l  a d u l t  hnman." It appears fro= 

t he  da t a  i n  Table-11  t h a t  the  d i s t r i b u t i o n  of Pn ip s o f t  t i s s u e  a t  ea r ly  

t imes i s  ve ry  - s i m i l a r  _ -  - -  t o  the  d i s t r i b u t i o n  of Fe. 

t h a t  a s u b s t a n t i a l  po r t ion  of Pu i s  l o s t  from s o f t  t i s s u e s  during the 

f i r s t  5 months a f t e r  i n j ec t ion .  

- _ - .  - . c .  
- _ -  - 

- -  - . - -  
Also. i t  i s  apparent _.  ..- .. 

. __  

F. Excre t ion  

PlntoniPm is excre ted  i n  both ur ine  and feces ,  with the r a t i o  U:F 
varying wi th  time a f t e r  contamination of blood1s,17,33 where 13 is the 

amount of Pu exc re t ed  pe r  day i n  ur ine  and F i s  the  amount excre ted  i n  

feces .  It is convenient t o  r e l a t e  U and F t o  the  amount of Po i n  blood 

and express  c l ea rances  as f r a c t i o n s  of c i r c u l a t i n g  Pu. This  is done in 

Table 12, which summarizes the  r ena l  and g a s t r o i n t e s t i n a l  c learance  of 

c i r c u l a t i n g  PP in Langham's sub jec t s  during the  f i r s t  few weeks a f t e r  

i n j ec t ion .  

ou t  t h a t  the  r e n a l  c learance  of Pu was i n i t i a l l y  lower f o r  persons with 

Th i s  t a b l e  i s  taken from an a r t i c l e  by DarbinDX7 who pointed 

anemia o r  abnormal kidney func t ion ,  and t h a t  f e c a l  c learance  was lower 

for persons on r e s t r i c t e d  d i e t s  or having abnormal l i v e r s .  

Voelz e t  a l . f a  r e c e n t l y  inves t iga t ed  the  u r ina ry  and f e c a l  c lear -  

ance of Pu in seve ra l  persons who worked w i t h  Pn during the Manhattan 

P r o j e c t ,  A sarrrmary of r e n a l  and GI c learance  of c i r c a l a t i n g - P u  f o r  - 

t hese  persons i s  given in Table 13. 

c i r c u l a t i n g  Pu) was not  markedly d i f f e r e n t  in these  persons, who had 

Urinary c learance  ( a s  a f r a c t i o n  of 

been exposed approximately 30 years  e a r l i e r .  than from Langhamjs 

p a t i e n t s  a t  3 weeks a f t e r  exposure. Fecal  c learance  a t  l a t e  times. h o r  

nary and f e c a l  c learance  r a t e s  in these two persons conpare reasonably 

wel l  with those es t imated  f o r  the Manhattan P r o j e c t  workers. The uri-  

nary  c learance  was about  0.04 and the f e c a l  c learance was about 0.015; 
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again,  these are  expressed a s  f r a c t i o n s  of c i r c u l a t i n g  Po- 
Iron may be excreted i n  ur ine  a f t e r  f i l t r a t i o n  of low-molecular 

weight che la t e s ,  e x f o l i a t i o n  of kidney, bladder ,  o r  u re th ra  c e l l s .  leak- 

age of t r a n s f e r r i n  bound i r o n  through the glomerulus o r  tubules .  and 

Fecal  c learance  of i r o n  may be near 0.10 times plasma iron,%.' which 

i s  h ighe r  than f e c a l  c learance  of RL.',10D~tD~7 p a r t i c a l a r l y  ae times long 

after i n j ec t ion .  About one-third of f e c a l  i ron  stems from b i l i a r y  

s e c r e t i o n s ,  with the remainder a r i s i n g  from desquamated i n t e s t i n a l  

e p i t h e l i a l  c e l l s D  and other d i g e s t i v e  I n  roden t sD much of 

the  f e c a l  Pn comes from b i l e . 7 4  
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V. A MODEL FOR EETE.NTION AND EXCRETION OF Po BY HDHANS 

In  this s e c t i o n  a mathematical model i s  described tha t  q u a n t i f i e s  

the  processes  descr ibed i n  the  preceding sec t ion .  A schematic d i a g r m  
- _  - - 

-.- . of the m j o r  compartments in the model and the main pathways among those 
. -  

compartments i s  given i n  Fig.  1. 

of age' and 'older .  

t i f i c a t i o n  f o r  model components and parameters can be found i n  Sec t ion  

IV. I n  this s e c t i o n  we attempt t o  a s s i g n  a most l i k e l y  or  most reason- 

a b l e  "base case"  valne t o  each model parameter, and i n  the fol lowing 

s e c t i o n  we examine t h e  s e n s i t i v i t y  of the model t o  those  parameters  that 

appear  t o  be the  most uncertain.  Whenever a paranoter  appears to be a 

f u n c t i o n  of t h e  adu l t  age, a separa te  value is assigned to  the s e t  Of 

ages 18, 24, 30, 40, 45 ,  55, 6 5 ,  and 75 years ;  intermediate v a l u e s  8ro 

estimated by l i n e a r  i n t e r p o l a t i o n  between va lues  a t  bounding ages  from 

t h i s  s e t .  

f h e  nodel appl ies  to persons 18 years 
.- - 

Except where ind ica t ed  by additionaf r e fe rences ,  j& 
- 

A. Disappearance from Blood 

Blood i s  regarded a s  a t r a n s f e r  cGpartment  which feeds t h e  skele- 

ton, l i v e r ,  and s o f t  t i s s u e  compartments, and which rece ives  PP l o s t  

from those compartments (except  f o r  8 small amount of Pu I o s t  in ercre- 

t i o n  from the  l i v e r  and o t h e r  soft t i s s u e s ) .  

as a single pool, removal of Pn from blood cannot be approximated by a 

s i n g l e  exponent ia l  term; t h i s  may r e s u l t  mainlp from the  movement of R! 
i n to  and out of the e x t r a c e l l u l a r  f l u i d s ,  and t o  a l e s s e r  e x t e n t  fro= 

r e c y c l i n g  of Pu from the major organs. Retent ion R(t) of Pa i n  blood t 

days a f t e r  in t roduct ion  is est imated a s  

Although blood i s  regarded 

B ( t )  = 0.52 exp(-50t) + 0.271 exp(-2.28t) + 0.172 exp(-O.SSt) 

._  -_ ---. + 0.033 e x p ( 4 . 1 4 t )  + 0.004 exp(-0.0087t) i - -  . 

T h i s  r e t e n t i o n  func t ion  i s  based on data  for hnnans 85  given i n  Table 3 ,  

b o t  t h e  c o e f f i c i e n t s  were ad jus t ed  t o  s m  t o  1.0, and a long-term hslf 
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would produce an apparent long-term h a l f  time of about 88 days when 

r ecyc l ing  from ske le ton ,  l i v e r ,  and s o f t  t i s s u e  is considered expl i -  

c i  t ly -. . 
- -  - - _ .  . .- -~ . I  - , -  

- -  - -. 
I .. - -  - ,  . - -. . ._. - 

B. I n i t i a l  Deposi t ion F rac t ions  i n  the  Three Main Conpartments -. - 
- ----- . - -  - 

For‘a-g iven  g a a n t i t p  of Pn’reaching the  bloodstream. a smkll frac- 

t i o n  is excre ted  i n  u r ine  and feces .  It is assumed t h a t  e igh ty  percent  

of t h e  non-excreted Pa i s  divided between the ske le ton  and l i v e r .  w i t h  

the  remainder going t o  soft t i s sue .  

The s k e l e t a l  depos i t i on  f r a c t i o n  is assPlned t o  vary s l i g h t l y  with 

This  f e a t u r e  i s  of marginal s ign i f i cance  for age befo re  age 30 years .  

p re sen t  parposes but is incInded for the sake of consis tency w i t h  an 

extens ion  of t h i s  model t h a t  app l i e s  t o  chi ldren .  (This extens ion  w i l l  

appear elsewhere 1 

It is assumed t h a t  the s k e l e t a l  depos i t i on  f r a c t i o n  decreases  

l i n e a r l y  from 60% a t  age 18 years  t o  50% a t  age 30 years  and remains a t  

50% t h e r e a f t e r .  

t r a n s l o c a t i o n  from ske le ton ,  l i v e r ,  and s o f t  t i s sues .  

These values  a l s o  apply t o  Pu recycled from blood a f t e r  

C. The Model for Po i n  the Skeleton 

Processes  governing the  uptake and t r a n s l o c a t i o n  of Pu i n  the 

ske le ton ,  as discussed i n  Sect .  IV, a r e  summarized schematical ly  i n  

F i g .  2, 

and t h e  pathways among these compartments. The model of t h e  ske le ton  

w i l l  be descr ibed  through reference t o  the pathways ind ica t ed  i n  this 
f igure .  

This f i g u r e  shows tho s k e l e t a l  compartments used in the model, 

1. Pathways L and K 

It is assuzted t h a t  60% of the i n i t i a l  depos i t  i n  ske le ton  i s  on - - - __--I- - - - - - . - - - - - - _ _  - -_ - - -  __ - - - -- -2-z . - -  - - -_ 
- _ -  -~ 

t rabecular - - sur faces  and 40% i s  on c o r t i c a l  sur faces ,  These values  

involve some a r b i t r a r i n e s s  b a t  r e f l e c t  the following cons idera t ions .  

There is a t  f e a s t  a s  ranch t r abecu la r  snr face  i n  the ske le ton  a s  c o r t i c a l  

sn r f ace ,  and possibly more.41-43 Thus, i f  Po deposi ted uniformly on a l l  

su r f aces ,  t h e n  at least 50% of the i n i t i a l  deposit in the  skeleton 
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should be assigned t o  t r abecu la r  surfaces.  Since i t  is  known t h a t  PO 
d e p o s i t s  more heavi ly  in a reas  of a c t i v e  marrow, and almost a l l  ac t ive  

marrow i n  a d u l t s  i s  in t r abecu la r  bone. then i t  seems reasonable  to  
- .  - - -  - _ _  _ -  _ _ - _  .- _ .  

.assign n o r e  th& 56% of the i n i t i a l - d e p o s i t  t o  t r abecu la r  surfaces ,  On _ _  
% t he  o t h e r  hand, t he  d a t a  i n  Table 10 suggest t h a t  t r a b e c u l a r  bone may 

not c o n t a i n  any more Pa tEan c o r t i c a l  bone a f t e r  1.3 yea r s  i n  a 65- 

year-old man. Although the re  has been time f o r  some t r a n s l o c a t i o n  t o  

occur  (c f .  Table  9 f o r  beag le s ) ,  the  turnover r a t e  f o r  t r a b e c u l a r  bones 

i n  humans (as  discussed  l a t e r )  i s  probably not high enough t o  have l ed  

t o  8 massive r e l o c a t i o n  during 1.3 years.  

between t r a b e c u l a r  and c o r t i c a l  su r f aces  seems reasonable. 

- 
x 

Thus a 60%-40% d i v i s i o n  

2. Pathwavs 4. CW and 

Plutonium may be removed from su r faces  e i t h e r  through b n r i a l  by 

formation of new bone (A and C) o r  through r e s o r p t i o n  by o s t e o c l a s t s  (B 
and D). 

depends on the age of the  ind iv idua l  and on the bone su r face  type ( t ra -  

b e c u l a r  or  c o r t i c a l ) .  

turnover  r a t e s  in  a d u l t  humans average near 3 2  p e r  year  (but may v a v  

w i t h  age) and t h a t  t r a b e c u l a r  turnover r a t e s  a r e  a t  l e a s t  4 times higher 

The r a t e  of removal from su r faces  by b u r i a l  o r  r e s o r p t i o n  

There seems t o  be general  agreement t h a t  c o r t i c a l  

than c o r t i c a l  ra tes .4fr4B,s4 These a r e  v o l m e  turnover r a t e s ;  i t  is 

assumed throughout t h a t  t he  surface turnover r a t e  is  the  same as the 

volume turnover r a t e  f o r  a given bone type. 

Bone formation rates used in this model a r o  listed in  Table  14 f o r  

v a r i o u s  ages. 

te t racycl ine studios of F r o s t  f o r  the  s i x t h  human rib." 

t i o n  r a t e s  i n  the  r i b  may be higher  than i n  the  long b 0 n e s . l ~ n 4 ~  and not 

much d i f f e r e n t  than i n  the  i l i u m . 7 9  The r i b  may b e  a f a i r l y  representa- 

t i v e  bone f o r  our  purposes. consider ing t h a t  most of the  i n i t i a l  deposi t  

of Po i s  i n  the  a x i a l  skeleton.  

Formation r a t e s  chosen for cortical bone are based on 

C o r t i c a l  fozlfm- 

- - - - -  - _ _  - .  _ _  - - 
For ages 30 years and g r e a t e r ,  i t  is  assumed t h a t  t r a b e c u l a r  bone 

f o r n s  a t  a r a t e  5 t imes t h a t  of c o r t i c a l  bone. This  approach is s i m i l a r  

t o  t h a t  used i n  P u b l i c a t i o n  23 of the I n t e r n a t i o n a l  Commission on Radio- 

l o g i c a l  P r o t e c t i o n , 4 1  where i t  was assumed t h a t  t r abecu la r  formation 

r a t e s  a r c  4 ticrts c o r t i c a l  formatiox r a t e s  o z  t he  b a s i s  o f  s i i n i l a r  
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differences in surface-to-volume ratios in the two bone types. The 

higher value of 5 used here considers that some researchers now estimate 
an men higher surface-to-volume ratio for trabecular and 

-. 
-- ~ 

also leads to reasonable agretment with trabecular turnover rates 

estimated using other a p p r o a c h e ~ . ~ ~ , 4 l ; ~ ~ , ~ ~ D ~ ~  For ages younger than 30 
_ -  

.. 

years, the .ass=ption -that the ‘trabecular formation -rate is a constant 

_ _  _ _  multiple of the cortical formation rate at all ages does not ‘seem valid. 

For ages 18-30 years we have used trabecular formation rates based 
indirectly on strontium turnover rates in vertebrae (see Refs. 8 0 ,  81). 

Bone resorption rates are calculated from Table 14 as bone forma- 

tion rates plus n e t  bone loss as estimated from various Thus 

net bone loss is assumed to steln from resorption rates being higher than 

formation rates. Cortical bone loss is assumed to equal trabecular bone 

loss, and t h e  preponderance of bone is assumed to be lost from the mid- 

dle of the fifth decade to the middle of the seventh decade of 

TO estimate rate constants for pathways A, B, C, and D, i t  is * 

necessary to understand the relationship betueen bone formation and bone 

resorption. There are two somewhat different pictures of this relation- 

ship presented in the literature, depending (perhaps) on the focus of 

the articles. In some articles, bone addition and resorption are 

described as occurring on opposite sides of a bone (or bone trabeculus). 

SO that the bone is continually “drifting” in a given direction.4’,*7 

Other authors describe resorption and addition as occurring in the same 

location; first an area of bone is excavated by osteoclasts, and then 

the same area is refilled with osteoid which is later mineralized.4a.** 

The actual events may involve some combination of these models. 

drift may be tbe predominant process during growth and perhaps into 

young adulthood, but may diminish considerably after the skeleton has 

matured fnt ly. 

Bone 

If bone fornation and resorption always occurred on opposite sur- 
_ _ _ _  

faces of a-’bOne segnent; then tkt remmal rate- for h - o n  bone sUrf8Ce - = 

would be approximately the sum of the resorption rate XI and the forna- 
tion rate 12. 

immediate replacement of resorbed bone, 

approxinately ll and PU would  be buried in volnme only by depositing in 

unnineralized o s t e o i d  and moving to the mineralized surface underneath 

2 - -- -3; - _- 

On the other hand, if formation represented only the 
then the renoval rate would be 

I I b e v *  1 
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t he  os t eo id .  In t h i s  model, an in te rmedia te  scenario is assumed a s  a 

-.. 

“base case.’’ with the b u r i a l  r a t e  i n  bone volume being es t imated  as  

0.5 A2, and the  removal r a t e  from bone sur face  being est imated a s  - 
AI + 0 . 5  A*. - 

. Plutonium resorbed by o s t e o c l a s t s  may be re leased  and concent ra ted  

by macrophages i n  bone c a v i t i e s .  p a r t i c u l a r l y  i n  marrow.29 

t ime & a t  

r e a e i v i n g  low doses of h, peak l a b e l i n g  of macrophages i n  bone marraw 

was a t  two yea r s  p o s t  i n j e c t i o n ,  and a l l  l abe led  macrophages had d isap-  

pea red  a t  fou r  years  pos t  in jec t ion .30  This suggests  a half-t ime i n  

b e a g l e s  t h a t  i s  sho r t  compared wi th  two years .  

t i m e  of 90 d a y s .  Some f r a c t i o n  of the Pa i n  resorbed bone may be dis-  

so lved  and recycled sys t emica l ly  without being taken up by macrophages. 

and w i t h  l i t t l e  o r  no sojourn time i n  the marrow. 

n e l s  a l l  resorbed Pa through the  marrow wi th  the  same half-t ime, t he  

assumed 90-day half-t ime may be conserva t ive  with respect  t o  i n t e g r a t e d  

a c t i v i t y .  

The length  . .  of 
remains i n  these  macrophages is  not known. I n  beag le s  

- 

Our model assumes a ha l f  

Since our model c h ~  

3. Pathwavs E E 

h bur i ed  i n  bone volume may even taa l ly  become volume d i s t r i b u t e d  

as t h e  bone s e c t i o n  d r i f t s  due t o  remodeling. The time r equ i r ed  for h 
t o  become volume d i s t r i b u t e d  i s  assumed t o  depend on the  bone turnover  

time. 
some b u r i e d  Pn might be resorbed in about l / k  years ,  and it i s  assumed 

If  t h e  r e so rp t ion  r a t e  f o r  t r abecu la r  bone i s  k p e r  year .  - then - i. - . . .  - -  

t h a t  a l l  b u r i e d  Pa i s  equa l ly  l i k e l y  t o  be resorbed by Z/k y e a r s  a f t e r  

exposure.  (Account mast be taken of the  f a c t  t h a t  h v a r i e s  wi th  age.) 

Because of the  slow turnover  time f o r  c o r t i c a l  bone, much of the €’u 

b u r i e d  i n  c o r t i c a l  bone may never be recycled.  

- - - -_ ~ - -_ - 5 -------- - 
I - - --_ _ _ - ~ ~ -  _- _- -  ._ A- - - 4 Pathwavs ,G, II, 1. and J - - - - - - - - - - - - - 

. - - --*- 

Autoradiographs suggest t h a t  bo th  l o c a l  ( G  and H) and systemic (I 

and J) r edepos i t i on  onto bone s u r f a c e s  occurs.46,63 

a h i g h l y  vascular ized  a rea  and more remote from bone sur faces ,  then sys- 

temic depos i t i on  is l i k e l y .  If Pn is r e l eased  i n  a less v a s c u l 3 r i z e d  . 

If Pn is r e l eased  in 

area , , . . i t  i s  likely t h a t  some local r edepos i t i on  w i l l  occur. For our 
I I b 8 4 3 2 
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- _ -  

"base case'* we assume tha t  100% of the  Pn in the  

i s  c a r r i e d  back t o  the  bloodstream, from where i t  

on bone sur faces .  Because of the recyc l ing  of h 

t r a n s f e r  compartments 

may s t i l l  be deposi ted 

from the bloodstrearno 

any e r r o r  i n  t h i s  assnspt ion  i s  automatical ly  ad jus ted  to some extent.  
-. '5 .. ., 

- I  

* .  - 

D. ThsMode1 f o r  & i n  the Liver - 
- - - -  .- - . - - _  .- - - -  

The r e t e n t i o n  and removal of Pn by the  l i v e r  cannot be quan t i f i ed  

w i t h  much confidence.  

these  pathways a r e  shown schematical ly  i n  Fig.  3 .  It i s  bown from 

animal s t u d i e s  t h a t  some Prr may leave the l i v e r  i n  bi le ,  t h a t  Pn is 

The major pathways for Pu i n  the l i v e r  a r e  known; 

taken ap by hepatocytes  but l a t e r  t r a n s f e r r e d  t o  RE c e l l s ,  and t h a t  h 
may r e s i d s  for y e a r s  i n  the RE system, with the  residence time poss ib ly  

depending on the  i r o n  s t a t u s  of the  It is a l s o  suggested bp 

au tops i e s  of persons exposed t o  Pa seve ra l  yea r s  previously tha t  t h i s  

nuc l ide  may r e s i d e  for many years i n  the human l i ~ e r - ~ ~ ~ l ~  

In this model th ree  snbcompartments a r e  a s soc ia t ed  w i t h  the  l i v e r ,  

two a s s o c i a t e d  wi th  the hepatocytes,  and the  t h i r d  w i t h  the ret icnloen-  

d o t h e l i a l  system. Pa is t r ans fe r r ed  i n i t i a l l y  from the bloodstream to  

the  hepa tocytes ,  where i t  nay be r e l eased  and taken ap by the f i r s t  sub- 

cornpartneat, c o n s i s t i n g  p r i n c i p a l l y  of the  cy toso l  bu t  a l s o  including 

the  c e l l  membrane and e s t r a c e l l a l a r  spaces. PP may leave t h i s  subcom- 

Partment e i t h e r  i n  b i l e  a t  some r a t e  a day-=, o r  through its movement 

I , i n t o  the second subcompartment, c o n s i s t i n g  of the s u b c e l l u l a r  o rgane l l e s  
+ J 17'; __/--- - 

- rJ,,,- ( p a r t i c u l a r l y  t h e  mitochondria, &crosomes, and lysosanss) , a t  a r a t e  of 
/ + about 28a day-;. The r a t i o  of removal r a t e s  (1:28) was determined frm- 

the  assumptions t h a t  (1) one-third of f e c a l  Pn a r i s e s  from l i v e r  b i l e  

formed from Po i n  cy toso l ,  c e l l  membrane, and e x t r a c e l l u l a r  spaces; (2) 

the  d a i l y  c learance  of Pn i n  feces  r e p r e s e n t s  about 0.024 time; the  

a c t i v i t y  i n  blood a t  tines remote from i n j e c t i o n .  

arises from the  cons idera t ions  t h a t ,  even i n  rodents ,  much of t h e  

The f i r s t  assampt i?  

. . i n j ec t ed .Pn  - -. reaches -. ;fece.s._by - no.n--bi!ialy se . c re t ions :  . a~d . , - in  - . hcmans, ~ .. . . __. - .  . . - -  
. .  

. .. 
about one-third of f e c a l  i ron  stens f r o m  b i l i a r y  secre t ions .  (Whenever 

ove r r id ing  evidence i s  absent ,  i t  i s  assumed t h a t  Pu behaves the  same as 

Fe.) 

Data on beagles i n d i c a t e  that the  renova1 of Pn f r o s  cytosol occurs w i t h  

The second assnmption i s  based on da ta  i n  Refs. 5 ,  9 ,  10, 12, 17. 
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a half-time of a few days o r  w e e k s . ' l . ~ ~  Since the  p a r t i c u l a r  choice of u 
i s  not important as long a s  the removal r a t e  from the f i r s t  compartment 

i s  l a r g e  compared w i t h  t h a t  from the RE c e l l s .  we have a r b i t r a r i l y  

.- -- -__ apsaxnrd..that .the- f i r s t  compartment c l e a t s  t o  .$he subcel lular .  organel les  , , . _ _  .-.-.  . I  - -  
- _  . .  . -. ~~ 

. ,-. .~ . .  . . - . r _ .  . -  . . . .* . 
- .- - .. . .. . - 

~ ~ ._... . . _ .  - 
. .  * .  - .  . 

- .  .. . k t ' a - r a t e  . . . - - . o€ . 20 t imes p e r  year, . .  ':It is assumed~ t h a t  €% leaves the sub- - .  
* -  . 

Y- 

ce l lb i . a t~ .o rgane l l e s ,  and - -  e n t e r s  - .  the  t h i r d  subcompartment. . .... the BE system - ,. . .  . L.- - . -  .. 

i n  the l i v e r .  upon death of the hepatocytes.. which is.assnmed to. occur- . . 
- ._. -_ , . .  - -  

-~ . .  

- .  w i t h  a 'half- t ime of pns .year;  this approximates the turnover time of - .  

h e p a t i c  c e l l s  i n  r a t s  and mice.aa.89 

t i m e  in t h o  s u b c e l l u l a r  organel les  i s  a l s o  not p a r t i c a l a r l y  important. 

The value chosen f o r  r e t e n t i o n  half-  

as long as i t  remains small compared with t h e  half-time i n  the RE ce l l s .  

The b i o l o g i c a l  half-time of Pn in t h e  l i v e r  in general ,  and i n  the 

c e l l s  i n  p a r t i c u l a r ,  is not known but appears t o  be a t  l e a s t  5 o r  

10 years and p o s s i b l y  more. based on autopsy data.  

Po in t h e  l i v e r  of beag les  exposed t o  low l e v e l s  of Pa is  about 

10 ytars.)O and cons ide r ing  t h a t  the l i v e r  may rece ive  PIX re leased  from 

The net  half-time of 

the ske le ton  and o t h e r  organs ( including the  l i v e r  i t s e l f ) ,  the ac tua l  

half-timo f o r  a s i n g l e  sojourn in the  l i v e r  may be much l e s s  than 

10 years .  In t h i s  model we assume t h a t  Pu is re leased  from the RE c e l l s  

t o  the bloodstream with a half-time of 10 years.  a s  a "base case" esti- 

mate (cf. Ref .  7 5 ) .  

E. The model for PP i n  Soft Tissue 

- _. Soft tissue is assmed t o  consist of a s i n g l e  compartment which . _ _ _  

r e c e i v e s  approximately 20% of the  Pu i n  the blood compartment. h is 

of 500 days (cf.  Refs. 5 .  17). 

F. The Model f o r  Recycling of Systemic Pu 

s o f t  t i s s u e  is assumed to  behave the same as the  i n i t i a l  deposi t  i n  

blood. 

G. The Ifode1 for Urinary and Fecal Excretion of Pn 
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PP in ur ine  i s  assumed t o  come from two sources. Each day 2% of 

t h e  in t eg ra t ed  a c t i v i t y  i n  blood is assumed t o  pass d i r e c t l y  i n t o  urine, 

and 4% of t h e  i n t eg ra t ed  a c t i v i t y  i n  blood i s  assumed t o  move i n t o  tis- 

. -  Sues of the  u r ina ry  pathway (kidneys,  bladder,  u r e t h r a ) ,  fron which h 
~ . ’ .  

-I_ - _ -  i s  -eVe!htually-removed - _ _  _ _  - -  t o  w i n $  kith  - -  8 half-time of - -  500 days ( t h e  ha l f -  _ .  

t i m e  of t h e  soft t i s s n e  compartment). These values  a r i s e  from the  - . -  
- obssrvatioans t h a t .  a t  eqa i l ib r iwn,  perhaps 6% of the  a c t i v i t y  of blood 

is exc re t ed  d a i l y  i n  u r ine  ( see  Table 13). but  soon a f t e r  i n j e c t i o n  only 

2% of t h e  a c t i v i t y  i n  blood i s  removed da i ly  i n  u r ine  ( s e e  Table 12). 

Although removal from blood t o  n r ine  i s  assumed t o  be independent of 

ago, t he  marked decrease i n  renal. blood flow and glomerular f i l t r a t i o n  

rate t h a t  begins  a t  about age 30 y e a r s s l , ”  could l ead  t o  some age depen- 

dence i n  t h i s  process. 

in f eces  i s  assruned t o  come from two sources. F i r s t .  1.6% of 

t h e  i n t e g r a t e d  a c t i v i t y  in blood i s  assumed t o  be removed v i a  feces .  

Secondly. about 3.6% p e r  day of the  a c t i v i t y  i n  t h e  cy toso l  compartment 

of t h e  l i v e r  i s  assumed t o  be removed t o  feces  v i a  b i l e ,  Removal r a t e s  

from blood t o  f eces  and from cytosol  t o  feces  were determined from the 

cond i t ions  t h a t ,  a t  times remote from in j ec t ion .  (1) two-thirds of t h o  

PP i n  feces  should a r i s e  from non-bifiarry secre t ions .  and (2) an amoant 

equ iva len t  t o  2.4% of the  in t eg ra t ed  a c t i v i t y  i n  blood should be removed 

each day in feces. These condi t ions  were discussed e a r l i e r .  

.- . . . .  ._  .- . . . .  
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VI. SENSrrrVITY ANALYSIS 

The model describing the retention, translocation, and e x c r e t i o n  of 

~ . -  
Pn is a mechanistic model as opposed t o  a model derived simply from 

- curve-fitting techniques. We first identified the processes governing 

- -  - the translocation of Pn, and w e  then identified several physical enti- 
- .  ? -  . 

ties, called compartments. that pray some pa& in these processes. 

Finally, we appealed to experimental data and physiological considera- 

tions to quantify the movement of Pu among these compartments. There 

are sufficient experimental studies on both humans and non-humans to 

justify the basic framework of our model, bat in many cases there arc 

substantial uncertainties involved in assigning a rate of movement of Pa 
from one compartnent to anothar. 

is, it is necessary to first determine how sensitive model output is to 

the various model parameters, particularly those that are most uncer- 

tain. 

To understand how reliable the model 

In Figs. 4-12 we have attempted to illustrate graphically the sen- 

sitivity of model output to the various model parameters, In each case 
re have allowed one or two model parameters to vary among conceivably 

realistic values (indicated in the legends) while holding all other 

parameters at the "base case" values given in the preceding section, 

Clearly this method does not give a complete picture of the uncertain- 

ties associated with model predictions. Houever, the model involves 

J 

seyeral parameters. and it would be prohibitive-to-vary more of tho 

node1 parameters simultaneously in any meaningful way. 

- -  

In each of the figures. the ''base case'' value(s1 of the varied 
-. -- 

parameter(s) is given first, andahis /--- values -- is, used to produce the - 
solid curve in the figure. Thus. in each of the  figures, the solid 

curve represents model 

ter values. Model are expressed as fractions of an original 

act iv i tp . -o f  1.0 nnit in blood  (of a- young adult, agel25-years) at time- 

zero. 

r, dictions based on a11 the "base case" params- 

- _  - -- 
* 

- _ _  _ _  .'- 

The names of the input parameters in the following discussion 

correspond to the  names in Figs, 4-12 and in the computer program used 

to calculate model output. These names are descriptive to some extent. 

An " A "  a t  the  beginning of a name indicates that the p s r a x s t e r  is 
i i: .; :: ; ; 
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' assumed t o  be ageTdependent. 

c a t e  removal r a t e s ,  and the  l a s t  l e t t e r  i n  such names ind ica te  a pathway 

Names involving "LAM'' ( f o r  lambda) indi-  

. -  - . _ .  
ABFRAC (Fig.  4) is the f r a c t i o n  of (non-excreted) a c t i v i t y  in  blood 

depos i ted  i n  the  skeleton.  It is not  s u r p r i s i n g  t h a t  an increase or 

decrease in ABF'RAC t e s a l t s  i n  a corresponding increase  o r  decrease in 

the  a c t i v i t y  i n  the  ske le ton  throughout l i f e  following exposure. 

A c t i v i t y  i n  the  l i v e r  would vary i n  the  oppos i te  d i rec t ion .  s ince  i t  it 

assumed t h a t  t he  sum of the  s k e l e t a l  and h e p a t i c  deposi t ions i s  constant 

a t  a l l  times. Var i a t ion  i n  ABFBAC has l i t t l e  e f f e c t  ove ra l l  on a c t i v i t y  

i n  u r i n e  o r  t o t a l  body under our assumptions, becaase of the la rge  

amount of recyc l ing  between ske le ton  and l i v e r  and the f a i r l y  s i m i l a r  

b i o l o g i c a l  ha l f - t i nes  f o r  a l a rge  po r t ion  of a c t i v i t y  i n  the two organs- 

TFMC (Fig.  5 )  i s  the f r a c t i o n  of a c t i v i t y  deposi ted i n  the s k e I c  

ton that  goes t o  t r abecu la r  bone. Higher va lues  of TFRAC r e s u l t  i n  more 

r ap id  l o s s  of a c t i v i t y  from ske le ton  and t o t a l  body but genera l ly  higher  

a c t i v i t y  in  l i v e r ,  

r a t e  for t r a b e c n l a r  bone than f o r  c o r t i c a l  bone. The l a r g e r  the frac- 

t i o n  that goes t o  c o r t i c a l  bone (1.0 - " R A C ) .  the  longer a c t i v i t y  p r i l l  

be r e t a i n s d  i n  the ske le ton  and kept out of the recycl ing and excre t ion  

pathways . 

Theso e f f e c t s  stem from t h e  much higher  turnover 

c. X F M C .  JFRAC 

- . .  WRAC i s .  the  f r a c t i o n  of r e s o r h e d a c t i v i t y  leaving c o r t i c a l  - -  _ _ _  marrow - - - - - - . - - .- - - _ _  - -  
and spaces and being returned t o  blood. with 1.0 - IFRAC being redepo- 

s i t e d  l o c a l l y  on c o r t i c a l  surfaces ,  This  is the pathway f r a c t i o n  

corresponding t o  pathway I i n  Fig.  2. n R A C  i s  the analogous value for  

a c t i v i t y  removed from t rabecular  marrow and spaces, Only q u a l i t a t i v e  

i n f o m a t i o x  is a v a i l a b l e  concerning IFMC and JFIUC, and  it is suggested 

t h a t  bo th  IFRAC and JFRAC a r e  c loser  t o  1.0 than to  0.0. As "base case*' 
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values.  we have chosen IFRAC = JFRAC = 1.0. Because of recyc l ing  from 

blood t o  bone, any e r r o r  i n , e s t i m a t i n g  l o c a l  redepos i t ion  as  z e r o  i s  

overr idden t o  sone exten t .  Decreasing both IFRAC and JFUC l eads  t o  

higher  a c t i v i t y  in the ske le ton  and t o t a l  body and lower a c t i v i t y  is 

l i v e r  and._urine (Fig. 6). 
.- 

D. - A C E I  

(Fig.  7 )  is the  f r a c t i o n  of remodelling a t t r i b u t e d  t o  "drift-" 

Thns, i f  ACHI = 0 . 2 ,  then 80% of bone remodelling presumably woaXd 

involve bone add i t ion  a t  a r ecen t ly  resorbed loca t ion ,  while  20% would 

involve a d d i t i o n  on one s ide  of a bone element (such as  a t rabeculus)  

and r e s o r p t i o n  on the  opposi te  s ide.  

l o c a t i o n  of a c t i v i t y  a s  a func t ion  of time a f t e r  exposure i s  a f f e c t e d  

only s l i g h t l y  by the  assumption concerning the  p a r t i c u l a r  form of bone 

remodelling. 

Perhaps su rp r i s ing ly ,  t he  general 

E. 

ALAw\. is the  formation r a t e  (yr-1) of c o r t i c a l  bone and ALAMC is 
the  formation r a t e  (yr-1) f o r  t r abecu la r  bone. Ac t iv i ty  in ske le ton  and 

l i v e r  a r t  f a i r l y  s e n s i t i v e  t o  these parameters (Fig. 81, which a r e  LnOrm 

only wi th in  a f a c t o r  of perhaps two for most ages. It would not be 

su rp r i s ing ,  for example, i f  the  model p r e d i c t i o n s  f o r  activity in shere- 
ton a r e  too h igh  o r  too low by a f a c t o r  of 1.5 a t  times remote from 

exposure because est imated bone tarnover  r a t e s  a r e  t o o  lor or  t o o  high 

by 2 corresponding f a c t o r .  

F. ACLOSS, ATLOSS 

_ _  -- ACLOSS-is the r a t s  of net  loss ( j r -1 )  of c o r t i c a l  bone; i t  i s  _ _ _  - -_ - _. - -. . . - - -_ _. - - .- . - 
. __ assumed- t o  6e the  difference-bet~eenorti~a~-for~a~ion- and resorption 

r a t e s .  ATLOSS i s  the  analogous value fo r  t r abecu la r  bone. Bigher 

va lues  of  ACLOSS and ATLOSS lead t o  lower a c t i v i t y  i n  ske le ton  and t o t a l  

body and h igher  a c t i v i t y  i n  l i v e r  and ur ine  a f t e r  age 40 yea r s  (Fig. 9 ) -  

G. ALAVY 
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AUMX (Fig. 10) is t he  removal r a t e  (yr-l) of a c t i v i t y  from both 

y e l l o n - a n d  red  marroa. Within-a reasonable range of values,  a c t i v i t i e s  

i n  skeleton, l i v e r ,  t o t a l  body, and ur ine  a re  a l l  f a i r l y  i n s e n s i t i v e  to 

ALA3IzT since removal r a t e  from marrow is f a i r l y  rap id  compared with remo- 

val r a t e s  from the major conparb-ents .  
- --  - .  

. .  - - 

ALAm H- - 
ALWN (Fig. 11) is t he  r a t e  of removal (yr-1) of a c t i v i t y  from soft 

t i s s u e .  Within a reasonable  range of values  of ALAMN, model output is 

not  p a r t i c u l a r l y  s e n s i t i v e  to  ALAMN s ince  t h i s  value is s h o r t  compared 

with  removal r a t e s  of the preponderance of a c t i v i t y  i n  ske le ton  and 

l i v e r .  

W A U  ( F i g .  12) is t he  r a t e  of removal (yr-x) of a c t i v i t y  from the 

l i v e r  (BE system) t o  blood. The value of LAMDAU i s  perhaps t he  most 

s i g n i f i c a n t  uncer ta in ty  among a l l  model parameters. 

l i v e r .  ske le ton ,  t o t a l  body, and u r ine  a r e  a l l  s t rongly influenced by 

LAW)AU. 

A c t i v i t i e s  i n  
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VII. COMPARISON OF MODEL, PREDICTIONS WITH HUWIN DATA 

There are three main sources of human data on the distribution, 

retention. and excretion of plutonium: excretion and autopsy data for 

huaans injected with Pn for experimental purposes; excretion and autopsy 

. data €or persons occupationally exposed t o  Pu; and autopsy data for per- 
r- - 
- 

sons exposed only to extremely low levels of plutonium fallout from 

nuclear weapons tests. Mach- of this collection -- of data,- particuIarIy 

that from the experimental injection cases. was used in choosing values 

of modal parameters. Thus. in evaluating the model on the basis of COP 

paring obsemed data with model predictions, the dependence (if any) of 

predictions on corresponding observations must be kept in mind. 

A. The Ratio of Pa in Skeleton to Pn in Liver 

A crude estimate of the ratio of activity in the skeleton to 
activity in the liver several years after exposure to Pu can be made 
from autopsy data for persons occupationally exposed or exposed only to 

low levels of radioactive fallout. Of course, these data have the prob- 

lem that the exposures were generally not acote and the time-course of 
exposure is not  bnown with much precision, (The preponderance of the 

exposurt to fallout occurred in the mid-19608s, and some estimate of the 

time and amoant of occupational exposure is sometimes available.) 

related problem is the inhomogeneity of Pa distribution in the skeleton- 

Autopsy samples from the skeleton are generally small and are usually 

taken f r o a t h e  vertebrae, ribs.  or sternum, Depending on the time Since 

exposure. the concentration of Po in these bones map be much higher than 

the skeletal average, or they may be fairly close to the skeletal aver- 

age. 

A 

In fact, data for beagles indicate that the distribution of skele- 

tal Pa tends toward uniformity within a f ew years of e x p ~ ~ u t e ; ~ ~ ~ ~ ~ ~ ~ ’ ~ ~ *  8 

similar occnrrence in hamaas might be expected t o  require 2 or  3 

decades, however. Some estimates of skeletal burden of Pu have been 
- adjusted f o r -  skeletal inhomogeneity-nsing data from humans. monkeys. and - I. -: 

dogSD*’~x’~20 while others have been based on the assamption of a Miform 
distribution in the skeleton. Thus it would not be surprising if any 

estimate of the ratio of skeletal burden to liver burden were in error 

by a f a c t o r  of as much as  2 .  (The estimates for the human injection 
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cases  should be reasonably accurate ,  cons ider ing  the  extensive theoreti-  

c a l  and experimental  analyses  tha t  have been done f o r  those 

cases.  ,f7,2° 8 A t h i r d  problem i s  t h a t  Ra concentrat ions i n  the autopsy 

Samples, p a r t i c u l a r l y  those for esposares from f a l l o u t .  a r e  extrezlely 

small-and may approach limits of d e t e c t a b i l i t y  i n  many cases. Because 

of t hese  va r ious  problems, i t  is c l e a r  t h a t  one should not attempt any 

d e t a i l e d  - comparison of model p red ic t ions  wi th  these autopsy d a t a ,  

al though some broad comparisons may be i n s t r u c t i v e .  

- 

- 
._ . -  

Nenot and Sta ther ’  compiled a t ab l e  of h concentrat ions i n  autopsy 

t i s s u e s  of occupat iona l ly  expased workers. 

t h e i r  raw d a t a  t h a t ,  a s  an average, t he  ske le tons  of these autopsy cases  

contained about 1.6 times as  much Pa a s  t h e  l i v e r s ,  assuming uniform 

d i s t r i b u t i o n  of Pn i n  t h e  skeleton. Since the time from poss ib l e  first 

exposure to death var ied  from 1 t o  30 years ,  it i s  probable t h a t  the 

assumption of uniform d i s t r i b u t i o n  i n  the ske le ton  leads t o  an overest i -  

mate of the s k e l e t a l  burden i n  many of these cases  (those whose primary 

exposures occar red  only a few years  before  dea th) .  

It can be est imated from 

An extens ive  study of the d i s t r i b u t i o n  of f a l l o u t  plutoninm in pcr- 

sons i n  the United S t a t e s  was performed by McInroy e t  al.9s~s6 It is 

apparent  from these s t u d i e s  tha t  the r a t i o  of F’n i n  skeleton t o  Pa in 

l i v e r  depends on the s tage  of l i f e  a t  which exposure occurred, being 

near  1.0 for persons whose median age a t  death was about 60 y e a r s  bat  

lying between 2.0 and 4.0 (depending on assumptions concerning anifor-  

n i t y  of d i s t r i b u t i o n  in the  ske le ton)  for persons whose mean age a t  

dea th  w a s  near 28 years ,  

found by Fisenns  e t  al .97 

S h i f a r  r e s u l t s  for median age 28 y e a r s  were 

The autopsy da ta  suggest the following: for persons exposed t o  h 

during childhood o r  e a r l y  adulthood, the  quo t i en t  B = F’u i n  s k e l e t o d h  

i n  l i v e r  may remain much g r e a t e r  than 1.0 f o r  s eve ra l  years;  f o r  persons 

exposed a f t e r  e a r l y  adulthood, R may not vary t o o  f a r  from 1.0 a f t e r  

most of the a c t i v i t y  has f i r s t  reached blood. As ind ica ted  i n  F i g .  13, 
- -  - -  

, .  
I - - these  rathekaeak  conditfons e re  met by the model-predict ions.  - 

-.. - -  
. . ..- 

B. Pa i n  Urine and Feces 
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I 

Parameter va lues  f o r  c learance of Pn i n  u r ine  and feces  were based 

on da ta  f o r  Manhattan P ro jec t  workers taken approximately 30 years  a f t e r  

exposure, t oge the r  with da t a  for i n j ec t ed  humans taken the f i r s t  several  

weeks a f t e r  i n j e c t i o n .  Comparison of nodel p red ic t ions  for t h e  first 

- - - . -  "138 days 'mf ter  i n j e c t i o n  with da ta  from the i n j e c t e d  p a t i e n t s  a r e  shorn 
* . .  

-* - i n  Figs: i 4 - a n d -  15, Since data  po in t s  i n  these f igures  glayed sone race 

i n - t h e -  choice of nodel parameters,  the curves (p red ic t ions )  a r e  not COEP 

- -  - _-- - I 

. .  _ .  
--- 

p l e t e l y  independent of the  data.  On the  o the r  hand, the curves are  pro- - - - -  
~ 

. -  

. - - -  . daced by a mechanis t ic  model and involve cons ida tab ly  more information 

than is furn ished  by the  da ta ,  so t ha t  the curves shonld n o t  be  con- 

s ide red  empir ical  f i t s  t o  the data.  

Urinary and f e c a l  c learance  data have been obtained from one of tho 

i n j e c t e d  p a t i e n t s  a t  approximately 1.5, 4.5,  and 27 years  a f t e r  injec- 

t i c n  and for a second p a t i e n t  a t  approximately 4.5 and 27 years a f t e r  

i n j ec t ion .S r l0  Measured va lues  a r e  compared wi th  model p red ic t ions  i n  

Table  15. 

reasonably good p r e d i c t o r  of Pn excre t ion  through 27 years  a f t e r  expo- 

sure. 

It appears  from these l imi ted  comparisons t h a t  the  model is  a 

Voeltz e t  a l . l z  es t imated  body bnrdens. amounts i n  blood, and u d -  

nary and f e c a l  c learance  of Pu i n  Manhattan P r o j e c t  workers a t  approxi- 

mately 32 y e a r s  a f t e r  exposure. 

a c t i v i t y  were based p a r t i a l l y  on Langham's equat ions,  " ca l cn la t ions  were 

rev ised  t o  g ive  a more favorable  comparison of body burdens based on 

u r i n a l y s i s  d a t a  and on a v a i l a b l e  autopsy t i s s u e  ~ a l u e ~ . " ~ ~  

Although es t imates  of t o t a l  body 

Voelz and 

co-workers e s t i n a t c d  t h a t  d a i l y  u r i n e  exc re t ion  of PP-ranged from 

0.0002% t o  0.0015% and averaged 0.0007% of the  cu r ren t  body burdens. 

Assuming approximately 75% of the o r i g i n a l  body burden of Pu i s  s t i l l  

r e t a i n e d  th ree  decades a f t e r  exposure ( c f .  the  '#base case" f o r  t o t a l  

body r e t e n t i o n  in Fig.  41, these es t imates  would correspond t o  a range 

of 0.00015% t o  0.0011% of the o r i g i n a l  body burdens cu r ren t ly  being 

c l e a r e d  each day i n  a r ine .  Onr model would p r e d i c t  a da i ly  u r ina ry  

c learance  tha t  i s  near  the upper l i m i t  of the es t imates  by Voelz and 

co-workers. 

- - - _  . 

It is i n t e r e s t i n g  that  our model p r e d i c t s  a tenporary rise i n  

exc re t ion  of Po beginning a few years  a f t e r  in t roduct ion  to  blood. 

f a c t ,  such a r i s e  has been observed i n  b n b n t t a n  Pro jec t  workers. 

In 
A 
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comparison of the trend i n  the observed data for one subject”  w i t h  that 

p r e d i c t e d  by the model i s  made in F i g .  1 6 .  Since the t o t a l  body burdons 

of the  Manhattan Project  workers i s  not b o r n  very  accurate ly ,  w e  have 

normalized the curve t o  agree wi th  tho data a t  age 40, which i s  near tho 

m i n i m u m  value  -of both .. observat ions  and pred ic t ions .  - - -  .. 

- . .. -- 
.. . 

. . . . . . - . . 

. 

. . . .  
_... . 

. .  . .  . 

,I . 
. . .  
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VIII. SUHXARY AND CONCLUSIONS 

-.. 

~. 
For several years  occupat ional  exposures t o  Fu have been est imated _ -  

. . .  . - .  
, . . . . -- . . . . . ..- 

us ing  Langham's urinary exc re t ion  carve 
- -- e-.. . '-.--'..--.-;-; .~ . . . .  . .  . .  

. . . -  . . ~ - - - .  - Ai 
. .  . .  

_ . -  - - .  . _- . ... . - . .  
. -  ._. . ~ . ~ . _ _ _  ._ . -- =- - . .-I-- . . L .  _ -  _ .  . .  

.Yu = 0.20t ( t  > i) , 

ing  day t a f t e r  i n t roduc t ion  t o  blood. 

i c a l  f i t  to  d a t a  obtained p r i n c i p a l l y  from i n j e c t e d  humans up t o  138 

days a f t e r  exposure and t o  a l e s s e r  e x t e n t  from occupat ional ly  exposed 

p e r s o n s  up t o  1750 days a f t e r  exposure. Thus t h i s  curve should y i e l d  

f a i r l y  accn ra t e  es t imates  of systemic burdens of Pn a t  times up t o  a fer 

months and reasonable e s t ima tes  a t  times up to  a few years a f t e r  Po. has 

f i r s t  reached the bloodstream. 

This power function i s  an- e m p i r  

In r e c e n t  yea r s  i t  has become evident  from a va r i e ty  of e x c r e t i o n  

and autopsy d a t a  t h a t  Langham's equat ion  w i l l  usual ly  y i e l d  l a r g e  

o v e r e s t i m a t e s  of the  systemic burden of Pn a t  times much g r e a t e r  than 

f i v e  years a f t e r  exposure, The f a i l u r e  of this equation a t  t i m e s  remote 

from i n j e c t i o n  r e s u l t s  from r a d i c a l  q u a n t i t a t i v e  changes w i t h  time i n  

the  processes  governing the  r e t e n t i o n  and exc re t ion  of Pu. 
I n  the f i r s t  few months a f t e r  i n j e c t i o n  most of the i n j e c t e d  Pa 

r e s i d e s  on the  bone su r faces  and in t h e  parenchymal ceIIs of the  l i v e r  

(hepa tocytes ) .  Ac t iv i ty  on bone s u r f a c e s  is gradaally removed by bone 

remodel l ing which serves to  bury p a r t  of the a c t i v i t y  i n  bone volpme and 
remove part of the  ac t iv i ty  t o  blood. A c t i v i t y - i n  the hepatocytes  grad- 

u a l l y  t r a n s f e r s  t o  the  r e t i c a l o e n d o t h e l i a l  system of the  l iver ,  although 

a sma l l  f r a c t i o n  of t h i s  a c t i v i t y  may be lost in feces v i a  b i l e .  

Act iv i ty  i n i t i a l l y  taken up by o t h e r  s o f t  t issues i s  r e t u r n e d  t o  blood 

wi th  an average half-time of perhaps EL few months o r  years.  and t h i s  

a c t i v i t y  i s  a v a i l a b l e  f o r  e a r l y  u r i n a r y  o r  f e c a l  excretion. o r  f o r  

transfer to  skeleton,  l i v e r ,  o r  o t h e r  s o f t  t i s s u e .  
- - - -  --_ - I - _- - -- _.__-_ -. 

Langham's equation was derived from data  obtained p r i n c i p a l l y  dur-- - 

i ng  the  time t h a t  these i n i t i a l  p rocesses  were dominating, S O  t h a t  t h i s  

e q a a t i o n  r e f l e c t s  a gradual receding of much of t h e  a c t i v i t y  from poten- 

t i a l  e x c r e t i o n  pathways i n t o  the  bone volume and l i v e r  RE system. After  

a few years, however, mcch of t h i s  " b u r i e ? "  Pu nay r e g a i n  z c c e s s  to 
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blood, thereby increasing the urinary and fecal excretion rates. In 
particular, the continual remodeling of bone gradually resul ts in the 

uncovering of Po buried in the thin trabeculae on which much of the 
skeletal Pu first deposited. Also, depending on the age of the exposed 

_. - - - --person, -there nay-be a significant auoazlt of osteoporosis (net bone _ _ -  -- - 

loss) that leads to removal of Pn from both cortical and trabecular ~ 

bone. Less is known about the removal of Pn f r o n  the RE cells in the 
liver, but evidence suggests that, eventually, much of the activity will 

be removed from these cells to blood, perhaps in response to iron needs. 

In this report we have attempted to develop a mechanistic model for 

-. 

the retention and excretion of systemic €31 that quantifies these con- 

trolling processes thronghoat adult life after introduction of Pn into 

blood. It is evident  from our discussion and sensitivity analysis that 

there are substantial uncertainties related to some model parameters. 

However, with oat "best estimates" of model parameters, model predic- 

tions compare well with observations at times from one day to 32 years 

after exposare. 

OPT model predicts a total body retention of h that agrees well 
with that predicted by Langham's equations up to about one year after 

exposure. Beginning at about one year after injection, our model 

predicts a higher excretion rate than do4angham's equations. 

ison of total body retention of h over several years as predicted by 
our model and Langham's equations is made in Fig. 17. 

As we have indicated throughoat this report, the fraction R(t) Of 

A compar 

- _ .  

systemic Pu retained t days after introduction into the bloodstream 
depends to some extent on the age of tho individual at exposure. 

Differences i n  R(t) with age at exposure, as estimated using our model, 

are indicated in Fig. 18. 

accounted for in our model) are the decreased bone resorption rate in 

the fourth decade of life and the increased net bone loss after the 

fifth decade, both of which result in generally larger values of R(t) 
for younger (adul t )  ages -at exp<sore,- HGwever-, since -much -of --the -e 

decrease in R(t) occurs during the first year after exposure, due 
largely to processes which are assumed t o  be independent of age, the 

effect of age at exposure on R(t) is not great. 

The major differences with age (that are 

. - _-  _ -  .- _ -  _ - -  - 
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I 

It will be convenient for many purposes to provide a single expli- 

cit retention function R(t) for systemic Pn that is fairly representa- 
tive of all adult ages at exposure. The function 

. - -  
is a good approximation to model predictions of the retention of ~ y s -  

temic Pn any time t days after an injection which occurs during the mid- 

dle years of life. Thus this expression night be assumed t o  hold for an 

average adult. Ve emphasize strongly that this expression is simply a 
fit to model predictions and that the individual terms have no apparent 

physical meaning whatever. The last term. which accounts for 92.6% of 

the initial activity, would indicate a total body retention halftime of 

about 90 years for the preponderance of injected Pu. 
In this report we have dealt only with the retention and excretion 

of P u  after its entry into the bloodstream. Typical occupational or 

public exposures t o  Pu will be through inhalation or ingestions or 

through wounds. 

reaches the bloodstream. In the case of ingestion this delay is short 

and may be ignored. However, the fraction of ingested Pa that is 
absorbed into the bloodstream appears to depend strongly on chemical 

form and other factors, and is not known very accurately even under t h e  

most favorable conditions. In  any case of exposure through wounds. the 

delay in reaching the bloodstream and the amoxmt that reaches the 

bloodstream depend totally on the conditions of the given case and can- 

not be discussed meaningfully in 8 general setting. 

far the most common and inportant exposure pathway for Pn. 
three different solubility classes of Pn in the respiratory tract and 
their translocation to blood can be estimated using the Task Group L m g  

Thus, after exposure there will be some delay before h 

Inhalation is by 

Retention of 

Model-of the IC=, which was described in Ref. 98 and modified ICRP ._ _ _  
. . .  

Publicafion-19.Jf Discussions of the transport of Pa from the respira- 

tory or gastrointestinal tract or from wounds t o  the bloodstream (along 

with nunerons references) can be found in Refs. 1, 21, 22.  
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Table 1. Comparison of systemic burdens a s  
estimated from urine  and autopsy samples 

Rat io  of estimate 
from u r i n a l y s i s  

t o  estimate .- _ _  . - From From - from autopsy 

Estimated s y s t e z i c  
burden (% MPSB 1 

autopsy urine 

6.4 40 6.3 
- -. - 0.68- 3.4 . .  5 .O 

0.16 1 ‘6.3 

0.9 110 200 1.8 

. _  

105 90 

2.3 13.5 5.9 
3.8 8.0 2.1 

156 5 41 3.5 

2 -0 6.4 3.2 
8.7 19 2.2 

8.8 30 3.4 

0.05 6 120 0.63 6 .3 10 
1 .o 4.5 4 -5  

1.8 13.5 7 -5  
1.9 ’ 18 9.5 
23.3 77.5 3 .3 

1.5 5.4 3.6 

46 65 1.4 

25 2.4 10.5 

2.3 5.5 2.4 

a Maximum permiss ib le  s y s t e n i c  
burden (40 nCi). Data from Nomood 
and Newton18 and McInroy.1’ Table 
exc ludes  workers whose urinary PP 
was below the min immm d e t e c t a b l e  
l e v e l .  

- 
. .  . .- . .. . 
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Table 4. Comparison of blood flow rate with 
Pn-239 deposition in mouse femurs 

(2 standard errorIJ1 

Pn-23 9 concentration 
24 h after injection Blood flow 

(% of injected amoant b g / g  ashimin) Bone section 

per  gram ash) 

. _  - .--- - 
. - .  . 

. .  . -  
. .. 

Whole femur 46 5 4 510 5 21 
Proximal end 38 2 5 470 2 21 
Distal end 73 2 6 700 5 34 
Shaft 20 2 2 320 It 14 

.- 



Table 5 .  Comparison of deposition of Pa and Fe 

- --  - . . -  - -  
_ _  - .-- - - -  

- _  -- - _  - .  . .-< - 3  Percent of Pa-239 . -  - 

Percent of Fe-59 in bones a f t e r  15d 
in  banes a f t e r  5h Bone ( s 1 

- - -- -_ Monomeric Polyneric  
~ ~~ 

Head 
Dorsal r i b s  
Ventral r i b s  
Sternum 
Clav i c  1 e 
Scapula 
Bumeri 
Femora 
Radius and ulna 
T i b i a  aod f i b u l a  
F e e t  and ankles  
Cervical  vertebrae 
Thoracic vertebrae  
Lumbar vertebrae 
Sacral  vertebrae 
Tai l  vertebrae 
P e l v i s  

To t a l  

2.7 
2.3 
0.3 
1.2 
0.1 
0.86 
2 .o 
4 .l 
0.34 
1.9 
0.4 
1 .o 
2.5 
4.2 
2.5 
1.3 
3.6 
31.3 

5.2 
2 -1 
0.25 
0.77 
0.16 
1-0 
1.4 
2.8 
0.64 
2.0 
1-1 
1.4 
3.3 
3.9 
2.3 
3.2 
2-3 
33 - 8  

4.1 
1.7 
0.24 
0.44 
0.11 
0.68 
1.1 
1.9 
0.53 
1.4 
1 * 2  
I .O 
2 .o 
2.6 
1.6 
3.2 
1.8 
25.6 



. . .  -. - . Table.  6, Comparison of the  d i s t r i b u t i o n s  of a c t i v e  
. . . . .  

. . _  ,=rgaew-and.  s k e l e t a l  Pu d e p o s i t i o n  - in  humans - .  
. . .  . .  -- ... -.-_ - ............. 

. . . .  -- - _. - - .  . ,- 
. - .  ~ Percent of pa” Percent  of a c t i v e  marrow 

- - . - . ._ . 
. _ _  . . .  . ~. . ...... . Bone .- 

- .  . 
. -  - - _ _  - a f t e r  1 .4  y est imated from c e l l u l a r i t y  data 

- . . . . . . . . . . . . . .  . .  - . . .  
* -  

. .  
- .- . .- -- 

.. - . -_ _-- - _.. . . . .  
Sku1 1 16 .3  8.5 
Mandible 0 . 8  0.85 
Innom i n  a t e 23 .4  19.0 
Vertebra e 2 0 . 7  29.1 
Ribs 11 .8  14.4 
Scapula 4.7 3 .I 
C1 a v i c  1 e 1 .1  0 -9 
S a c r a  2 . 9  8.9 
Sternum 1 . 8  2 .9  
Femur 8.5 9.3 
Hmerus 2 .o 3 -15 

a 

bFrom data  of Cris ty .45  
From data of Larsen, Oldham, and Toohey.zD 

Only bones assigned non-zero 
a c t i v e  marrow va lues  i n  Ref.  45 are  considered,  



;-- -Table 7. Concentrations of Pn on buried and existing - -  - - ~ -. -- . 

bone surfaces of snbj ect EP-454 
~~ ~ 

Relative concentration -_ Type -.  of bone _. Type b f  surface 

Long-bone midshaf t Haversian cana l  (W) 1 .O 
Long-bone midshaft Endosteal (W) 1.1 
Long-bone midshaft Periosteal (W) 1.4 
Proximal f ernur Me t a php s i s 1.5 
Axial skeleton Endosteal (W + LV) 4.2 
Axial skeleton Endo s t ea1 (bur ied 1 9.7 
Axial skeleton Endosteal (LV) 1.7 



Table 8. Summary of plutonium d i s t r i b u t i o n  in the ske le ton  of HP-4'' - 

Re1 a t  i v e  
PR concentrat ion 

Percent of total 
Bone 

pa Ash 

a Fronta l  - g a r i e t a l  
O c c i p i t a l  - p a r i e t a l  
Temporal sqnanoas 
S inas= 
Mandible' 

5.7 
3.6 
1.6 
5.4 2 1.3 
0.8 

Skal 1 a 

Innominate 
Vert eb t a e a 
Ribs 
Scapal a 
C1 a v i c l  e a Sacran a Sternum 

Axial  

Femur 
Pat e l  l a  
T i b i a  
F ibu l  a 
Foot  
Humerus 
Radius 
Ulna 
Hand 

Appendical a r  

17.1 2 1.7 

23.4 
20.7 
11.8 
4.7 
1.1 
2.9 
1.8 

66.4 

8.5 
0.2 
2 .O 
0.5 
1.8 
2 .o 
0.4 
0.4 
0.5 

16.3 
___. 

5 . 6  
3 .O 
1.7 
5 .O 
1.8 

17.1 

7.2  
6.2 
5 . 6  
2 .5  
1 .o 
0 - 8  
0.4 

23.7 

20.3 
0.6 
13.7 
3.4 
6.2 
7.2 
2.2 
2.8 
2.7 

59.1 

7 

- 

- 

1 .o 
1.2 
0.9 
1.1 
0.4 - 

Mean 1.0 

2.1 
3.3 
2.1 
1.9 
1.1 
3.6 
4 * 5  

Mean 2.8 

0.4 
0.3 
0 -15 
0.15 
0.3 
0.3 
0.2 
0 *15 
0.2 - 

Mean 0.27 

%alaes g iven are  for h a l f  of t h i s  bone. 

. -  



Table 9 .  Variation i n  t i c  concentrat ion of Pu on 
trabecular sur faces  in  the  beagle a t  

times t o  1 year a f t e r  i n j e c t i o ~ ' ~  
._ 

Harimam concentrat ion 

Minimum concentrat ion 

- -  
Days a f t e r  
i n j e c t i o n  Mean 2 standard d e v i a t i o n  

. -  

7 5.8 5.12 2 60% 
15 6.1 5.43 2 68% 
28 8.6 5.12 69% 
56 4 .O 2.53 2 5 6 4  
13 3 2.8 3.13 2 34% 
210 4 .O 2.51 2 55% 
365 3 .O 1.58 2 40% 

Lmbar vertebra,  proximal humerus, p e l v i s ,  proximal ulna, a 

d i s t a l  humerus. 

. . ... -- - -. . 



Table  10. Plutonian concentrat ions  in the c o r t i c a l  and trabecular 

- p o r t i o n s  of s e l e c t e d  bones - from - _ _  . case HP-9 r e l a t i v e  t o  . 

that  'in the  femur rhaft2O 

- Percent R e l a t i v e  concentration Concentration rat io  

t r a b e c u l a d c o t t i c a l  . .  Bone trabecular  _ .  - -  
bone Trabecular Cort ica l  

)75 2.7 1.19 2.3 
2.9 1.12 2.6 

3.3 0.92 3 -6 
3.5 29 6.1 4.8 

(10 4.5 (1.001 4.5 
Femur s h a f t  
Fenar head 
Humerus s h a f t  < l o  

a 
Tarsa l  ) 90 1.19 

so C1 a v i c  1 e Bib 2 < 10 25 7.1 
Rib 8 (10 
Sterna )75 

Thoracic  >75 

39 9.1 4.3 

43 22.2 1.9 

Vertebral  body )75 31 13.3 2 .3 
Cerv ica l  

Mean 5 S.D.  3.3 fi 1.1 

%o c o r t i c a l  por t ion  could be i s o l a t e d .  
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Figure  1 .  Major compartments and pathways in the model for the 
retention and e x c r e t i o n  of systemic Pu. 
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Figure 2. Compartments and pathways in the nodel €or the retention 
and translocation of Pu in the skeleton. 
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Figure 3 .  Compartments and pathways in the model for the retent ion 
.- and t r a n s l o c a t i o n  df Pn.in the l i v e r .  



X3bI'I NI fld 02 
NO.Ei13XS N1 fld do OIJXX 



- . _- 5 

i 
.. 
'1 

W A I T  N I  fld OL 
NOJ3XfXS N I  tld JO OILV'B 

S333J N I  fld 01 
3SlzIfl N I  nd dO OILYX 

I 
0 



9 
0 

Aaog 

t . -  
0 9 0 f 3 2 

. . .. . . - -  .- 



. 
. 

Z13r\I? N I  fld 01 
N O U 7 3 X S  NI fld do OILY,yII 

a 
AaOE 

2 0 r 1 s  

. .  
. . . - . . . - -. _ -  

0 

ff 

U 
4 

.I 
0 
OD 
0 
a 
% 
0 
u 



ZI3hIT X I  nd 01 
N O W 3 X S  N1 nd JO OILYN 

.. .. 



831211 K I  fld OL 
NOU73XS SI nd JO OILY8 



X3hI1 N I  fld 01 
N O U U X S  NI fld J O  OILYX 



a ? , r g  0 

s333.4 XI Ild 01 



EI3hI’I N I  fld 01 
KOS’IZIXS NI  nd do OILVLYZI 

-5 



ORNL-DWG 82- 19762 

-.. 

4.c 

3.0 

2.0 

LO 

0.0 

# 

AT AGE 18 YEARS 

-- -___-_-_-- ----- -- 
PU ASSVMED TO REAM ----- 
BLOOD AT AGE 45 YEARS 

1000 10000 
TI M% AFTER'OIONJECTI ON (DAYS) 

Figure 1 3 .  Model p r e d i c t i o n s  of the ratio of Pu i n  ske le ton  t o  h 
i n  l i v e r  a s  B funct ion  of time a f t e r  i n j e c t i o n ,  f o r  two d i f f e r e n t  ages 
a t  i n j e c t i o n .  
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Figure  14.  Comparison of model pred ic t ions  of  Pn i n  ur ine  with 
data from human subjec t s  ( c i r c l e s )  during f i r s t  138  days a f t e r  injec- 
tion. 
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Figure 15. Comparison of model predictions of Pa in feces with 
data from human subjects  (circles) daring f i r s t  138 days a f t e r  injec- 
t i o n .  



Figure 16. Trend with time (or age) in urinary excretion of Pn. 
Circles represent data for  a Manhattan Project worker. 
predictions resulting from indicated assumptions. 
arbitrary, and curve has been normalized to data at age 40 1-r. 
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Figure 18. Dependence of Po retention and excretion on age a t  
injection, as estimated using the model. 
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