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dog injected with 0.048 pe/kg-a& one in mother injected A t h  

Purther tltudies of t h c h x i c i t y  af Pu2- at the lower dose 

levels ast planned (22). 

V I .  KuroNIuM MPERIWCE IN MAN . 

A. Body burdens 

L8agham (24) ha8 reviewed the problem of occupational exposure t o  

Fu2’’ 8t Lo8 AlraPos, Hanford, Chalk River, and i n  England. Altogether, 

8cver.l thousand employees have been studied by means af ur ina lys i s  for  

plutonium. Rowever, insofar  as providing the  brlric data r e l a t i n g  known 

body burdens t o  excretion rates is coacerned, t he re  arc  only th ree  

principal sources af data on the behavior of plutonium i n  man: 

- .  
4 

1) Sixteen p a t i e n t s  given tracer doses of plutonium intravenously, 

2) employees occupatioarlly exposed t o  p l u t o n h a  during t h e  Manhattan 

project, and 3) autopsy data  cm a fer formerly occupationally-exposed 

employee 6 . 
The pat ien t  drt8 were o t i g h a l l y  reported by Lingham, Basset t ,  

m i 8  and Qrter (25) and have been added t o  and re-examined i n  subse- 

quent r epor t s  (6,3,26,27,28,29). An ou t l ine  of rhat t ranspired follows. 

la a j o in t  project  of Los Alamos and t he  University of Rochester 

beginnLng i n  A p r i l  1945, twelve pa t i en t s  w e r e  in jec ted  intravenously 

with 4.6 t o  6.5 pg pU239 prepared by dissolving Pu metal in n i t rkc  acid 

and then d i l u t i n g  t o  volume with 0.41 p e t  cent sodium c i t ra te  (25). 

Three pa t i en t s  8t Chicago were injected with PUO i n  doses af 6.5 t o  ++ 
2 

2 39 95 pg Pu239 (251, and one at  Berkeley was-given a mixture af 5 pg Pu 

.ad 0.3 pg ~ u ~ ~ ~ ,  regarded as a t o t a l  of 120 pg p~~~~ equivalent, as 
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died i n  the first few 10llth8, and the t i s sue  Pu2= di8tribution8, r t  
ir--.-: : *  - 

mcd 88 8ppzOJdm8tdy 5 month8 8fter injection, were in atbst8ntirl 
_- - -  

C .  - agrement .with the ccmppnble distribution in  b u g l e s ,  as  -indicated i n  

the following t8blc (6): 
I 

TABLE VI 

Pu2= DISTRIBIITICMS FIVE KNI'HS AFTER XNTRAVEMWS IIUJEaION 
. .  

P o t  cent of injected dose per t i ssue  

Beanle Man - .  
3. - 

- -  - -  - _ .  
. . . sk.ieton 60 66 

L i r e  21 23 (Range 2,7942.8 (22)) 

Spleen om2 0.4 

Kidnqa om2 0.4 

In no case uas any radi8tion injury 8t t r ibu tab le  t o  plutonium found. 

In the kinetic- studies, 64 blood samples were obtained from among 

11 patient8 over the first 23 days after infectioa,  8nd 6 samples from 

taong 5 patients during the 29- t o  46-day period (25, Table 5 ) .  

the individual values varied widely, the  means f e l l  on a f a i r l y  smooth 

Although 
. 

curve from 35.7 per cent of the  injected plutonium i n  t he  bood volume a t  

4 hour8 8f te r  inject ion t o  15.7 per cent 8t one day, 1.2 per cent a t  10 

4.78, a d  0.3 per cent a t  30 days. 

The urinary excretion of plutonium was followed i n  11 of t he  Los 

A l u o s  pirtienta; tro for 22 dags and one each of the Qther nine for 23, 

25, 27, 30, 34, 36, 37, 58 and 65 drys. One Chicago patient was followed 

for 16 days. The B e r k e l q  patient and two af the Chicago pat ients  were 

fO1lOUed fm 138 days. 
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T h e m  datr were pooled 8pd fitted by 8 w h e d  carve described by 

the 

8nd 

. -8 

poua function (25): 

Tu = 0 . m 3  t 4.77 (9) 

mere T,, 58 the f r8ct ion of the  injected do8e excreted p e  dry, 

t i8 an d87a 8fter injection. The st8ndrtd err- of the estimate 

* 32 pes cent, 

S i d l a r l y ,  the total a c r e t i o n  rate (urine plus feces) was des- 

cribed by: 

(10) ' 
, 

- .  
i - with the standard error of the  estimate being 17 p a  cent. _ -  

k t c r ,  urinary samples obtained from one of t he  pat ients  on the  

S a r d  to  526th drys, and mother  group af srrmples beginning on the  

1610th day after inject ion had 0,002 per cent of the  injected dose p a  

day ud 0.0011 per cent per day, respectively. 

from another patient beginning rt 1645 days had an-average of 0.0008 

per cent per day. 

Four dai ly  samples 

"he patient data were fu r the r  extended by d i t 8  obtained fran three 

employeea who had accumulated body burdens of plutonium resul t ing i n  

r a a t m b l e  urinary plutonium excretion rates and who had been removed 

f ron  fa r ther  exposure t o  plutonium, Although the i r  body burdens had 

been achievcd through chronic exposure by inhalation, an attempt tyas 

n d e  t o  express t he i r  dose i n  terms of an "effective" single dose given 

8t m e  "effective thPbe tween  the l i m i t s  of exposure, calculated by 

f i t t i n g  equation ( 9 )  t o  two -lues f o r  the  excretion r a t e s  taken an 

8ppreciable time apart ,  

1.2 pg, .ad 1.0 pg a t  37, 53 and 42 days pr ior  t o  t he  first urine assay 

u r d  i n  the calculation were assumed. 

Using t h i s  procedure, effect ive doses of 1.3 pg, 

In t h i s  manner the u r i n a r y  
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plutonium excretibn curve uas extended t o  1750 days 8nd the final adhsted'  
-. - .* -- - .  - fit u-a: - . . - - . . - 

-0 -74 Y- 0 0,0020 t - L -  - - .- - - - .  _ -  - 

d t h  the 8taadrrd error of the  estfaPote f o r  the  8 d j u s t d  expression being 

42 per cent, 

. . - .- . Eqy8tim8 ( 9 )  8nd (11) a r e  s i g n i f f a n t  because they have been used 

88 the bash  for estimating body burdens from urinary plutonium excretion 

n t e s  in man in almost a l l  subsequent calculations (26,30,31,32,33). 

-- --. - Uufortuaately no fecal data are given for the period after 138 days 

i n  these s tudies  (25) because i t  was considered that contamination of 

the feces by plutonium raawed from the  lungs b7 c i l i a r y  ac3ik-and in- 

seated would dis turb the  resul ts ,  

i 

_-  

- - .  .-- . - F a r  8 tot81 excretion r a t e  8ftcr 138 days 8n equation is given which 

am8 the 138-dry fecal rate and the  adjusted urinary rate: 

(U) -1 009 + 0,0663 t -0.74 = 0,0020 t 
yt18+f 

Integration of t h i s  expression and evaluation a t  5 year& indicates  that 

8 t o t a l  of only 8.7 per cent of a single injected dose of h239 wuld be 

excreted i n  t h i s  period, 

A "biological half-time" -8 calculated (25) by assuming that a f t e r  
. .  

1750 days the  excretion r a t e  would remain constant a t  0,001 per cent of 

the  injected - dose per day, so that t o  increase the t o t a l  amount excreted 

frorr 8.7 per cent a t  5 y e a r s  t o  50 per cent would take another 113 years, 

for 8 t o t a l  of 118 years. ( I t  had evidently been assumed that  t h i s  pro- 

cedure m s  equivalent t o  assuming an exponential excretion r a t e  a f t e r  5 

year8, but i n  exponential excretion i t  is the  f rac t ion  of the  amount 

renmhine; which m l d  be constant and the  biological half-time would be 

0.69315 = 69315 days = 190 years. even longer: . 

the  result is the  same - plutonium remaining i n  the  body a f t e r  5 years is, 

For pract ical  purposes, ,00001 

cff ect lvely , there permanent 1 y . 
0 0 0  i 8 2 5  
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time af te r  
ap0-t F8eces Urine 

Type of q m s u r e  (months) ( c / o 4  hgur) (c/m/24 hour)* 

- 
1 
1 
6 

6 

6 

6 

6 

1/2 

1/2 
. 1n 

1 

9 

10 

l2 

11 

10 

0.9 2 0-4 

0 07 

25 
68 

7 
23 

* 2  
19 

1190 
70 
950 
3400 
196 
130 
21 
237 
24 

+. . 
i 0.7 2 0.4 
_-  

. .  
1.1 
1.0 
0.9 
0.7 
0 87 

0.8 

0.5 
1.3 
0.8 

0.6 

5 00 

2.6 
. 7-3 

4 09 

4.3 

3-6 . 

*Count8 of l ess  than one have no s t a t i s t i c a l  significance. 
W a e U  t o  calculate values for lung burden, 

D 8 t 8  on the f i v e  a b j e c t 8  idie8ted by double 88teti8kS i n  T8ble V I 1  

were uaeb t o  estimate the lung burdens, using kinet ic  d8t8 abt8ined i n  

f 8 t 8  br A b r u s  -- e t  81. (cited i n  refs (26,2711. The estimated m239 lung 
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burdens given by two rethods were about t- times t h e  systemic burdm. 
* _ - .  - - .  

A M c l  for evaluating the lung burden hazard was proposed, based largely 

OLI r8t d8tr 8nd r s d n g  an elimination hrlf-time of about six months for 

the insoluble pa r t i c l e s  deposited on alveolar surfaces, with the  rest 

being much more rapidly disposed ab. 

-- -- .  

The lung burdm problem ha8 alsa been cansidered by H e a l l  (31). aS. 

he point8 art, "Relatively insoluble quant i t ies  of plutonium in the  lung 

t r y  be regarded as a pool of material i8olrtcd from the  norzual metabolism 

ab t he  body but  continual17 inject ing plutonium i n t o  the  blood stream at 

;-.ate dependent upon the character of t h e  deposited material-and rele-  

vant ph~s io log€ca l  processes." 

burden t o  the  u r i n a r y  excretion ra te ,  he 88sumes a constant f rac t iona l  

removal per uni t  time f o r  t he  lung burden, so that the  quantity, Q, re- 

maining i n  the  lung at  a time, t, following acute fixation of a quantity, 

Qo, a8 given by: 

The X i n  this equ8tion includes the r8te of loss  due both by solubilization 

md by ci l iary action, so the  r a t e  of t ransfer  t o  the  circulat ion is sone 

friction, As, of Q. 

applicable f o r  obtaining the urinary 8nd fecal excretion r a t e s  of the  

W S t d c  plutonium, and the combined functions were integrated t o  predict 

urine and feces  excretion r a t e s  of plutonium deposited in the  lungs.  

._ 

In deriving equations t o  r e l a t e  the lung 

Q = Qo e-Xt. 

It una then 8ssumed that Langham's equations were 

In 

an application t o  an exposure 

was not suff ic ient  t o  provide 

were obtained for 1600 days. 

case, the r a t e  of f a l l  of t he  excretion r a t e  

an accutate e s t b n t e  of X, 8lthough samples 
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