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Abstract 

Three persons who had been injected with known amounts of 

A l l  excreta were collected for a t  least eight days  and the 
plutonium in  1945 to 1947, were hospitalized on a metabolic ward in  
1973. 
samples  were analyzed for plutonium. For the two subjec ts  who had 
been injected intravenously with tetravalent 239Pu a s  t h e  c i t ra te ,  the 
urinary excretion rates  were 7.6 and 4.7 pCi/day a t  approximately 
104 days  a f te r  injection; t hese  rates  corresponded to 2 . 5 2  x lO-3% 
and 1 . 4 1  x lO-3% of the injected doses  per day  respectively.  The 
fecal excretion rates  were about 40  per cent  of the urinary rates. The 
third subject  received a n  intramuscular injection of hexavalent 238Pu 
as the  ni t ra te ,  in t h e  left l e g ,  which was amputated four days  la te r .  
A l m o s t  50% of t h e  amount injected was  found at the injection site and 
the  urinary excretion rate about 9500 days  la te r  was 0 .06  pCi/day, 
corresponding to not less than 1 . 2  x lO-4% of the init ial  systemic 
burden. 

L 

.- 

From our resul ts  for the two subjec ts  with 239Pu, together 
with previously published excretion rates  shortly after injection, and 
with s o m e  reasonable assumptions we -calculated the total  excretion 
i n ,  and hence the retention a t  , l o 4  days .  
ra tes  a t  l o 4  days  were approximately a n  order of magnitude higher 
than those  predicted by Langham's equations for urinary and fecal 
excretion rates as  functions of t i m e ,  and the  estimated total  excretion 
was  two t.0 three t i m e s  higher than t h e  predictions obtained by 
integrating Langham's equat ions.  
is d i scussed  briefly. 

The observed excretion 

The  possible  role of osteoporosis  

* 
Work performed under the ausp ices  of t h e  U .  S.  Energy Research and 
Development Administration. 
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In Table I11 the resu l t s  are  compared with t h e  predictions of 
Langham's equations; for t h i s  purpose each  excretion rate is expressed 
as  a percentage of t h e  injected dose. 
a lower l i m i t  because  of the  uncertainty in  the systemic burden. 
t h i s  case, t h e  urinary excretion rate was lower (by a factor of about 
two) than that predicted by Langham's equation, 

For case 40-003, the result  is 
For 

-0 .74,  Y = 0 . 2 t  
U 

where Yu is the dai ly  urinary excretion i n  per cent  of the injected d o s e ,  
and t is t h e  t i m e  in  days  s ince  the injection. 
ra tes  of t h e  other two subjects were approximately an  order of magnitude 
higher than the prediction of equation (1) , while the fecal excretion 
ra tes  were more than a n  order of magnitude higher than the prediction of 
the  Langham equation 

The urinaIy excretion 

Yf I 0.63t -1 .09,  

where Yf is the dai ly  fecal  excretion in  per cent  of the injected dose  and 
t is the t i m e  in  days  s ince  injection. 

. 
L 

.- 
Excretion Functions 

By combining our  resul ts  with the ear ly  excretion da ta ,  we can 
derive functions which descr ibe  t h e  excretion rate over  l o 4  days .  
Integration of these functions g ives  the total excretion, and hence  the 
retention at 104 d a y s .  
da t a  a r e  plotted from day  1 onwanls for cases 40-009 and 40-012 
respect ively.  
further.) 
change from a broken to a dotted l ine  at 1,750 days  reflects the fact 
tha t  the equation was  validated by da ta  only to tha t  t i m e .  
continuous curves drawn through the points a re  the  resul ts  of fits of 
simple functions to the da t a ,  by the method of l e a s t  squares .  
case 40-009, the da t a  could be described by the sum of exponential and 
power functions of t i m e ,  plus  a straight l ine of posit ive slope t o  
encompass the more than threefold increase  in  excretion rate between 
1,645 days  and l o 4  d a y s .  
which fits the  data  very wel l ,  is intended to be  descr ipt ive,  not 
predictive.  

In  Figures 1 and 2 all the  urinary excretion 

(The data  for case 40-003 will  not be considered 
In each figure the s t ra ight  l ine  is a plot of equation (1); the 

The 

For 

It must be emphasized that  the function, 

For case 40-012 the smooth curve drawn through the data  is the  

While it provides a reasonable descr ipt ion of the da t a ,  its 
resul t  of a l e a s t  squares  f i t  of the s u m  of three exponential functions of 
t i m e .  
correspondence with the ac tua l  excretion rate around 100 days could be 
i n  error by as  much as  a factor of three.  However, there would only 
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be a s m a l l  error i n  a n  est imate  of the total urinary excretion, obtained 
by  integrating the function with respect  to t i m e  from 0 to 104 d a y s ,  
because m o s t  of the  excretion takes p lace  a f te r  1000 d a y s .  (It should 
be  mentioned that  a n  attempt to f i t  the  da t a  with a function of the  same 
form as  that  used for case 40-009 was  not a s  successfu l  a s  the f i t  with 
the  sum of three exponent ia ls .  The $ -probabilities were 19% and 44% 
for the two fits respect ively.)  

Total Excretion 

In order to estimate the  total excret ion,  and hence the retention, 
of the plutonium in c a s e s  40-009 and 40-012 we must make s o m e  
assumptions , partly because of the  paucity of the d a t a ,  but also because  
the  fecal/urinary excretion ratio is not constant  with t i m e .  The 
assumptions are  sl ightly different for the two cases .  

(a) For c a s e s  40-009, the observed mean fecal/urinary 
excretion ratio in  the first  23 d a y s  af ter  injection was  0.68:l  , while 
a t  104 d a y s  after injection it was  0 . 4 2 :  1 .  
total fecal excretion by applying the f i rs t  ratio to the  total urinary 
excretion corresponding to the exponential  and'  power function components 
of the equation describing the urinary excretion rate ,  and the second 
ratio to the  l inear  part of the equation. 

We therefore calculated the 

(b) For case 40-012, the mean fecal/urinary excretion ratio 
changed from 1.44:1 in  the first  2 2  d a y s  to 0.38:l a t  l o 4  days .  
therefore calculated the total fecal excretion by applying the first  ratio 
to the  total  urinary excretion corresponding to the first  two components 
of the three-exponential equation describing the urinary excretion rate , 
and the second ratio to  the l a s t  component. 

We 

With these  assumptions we have  prepared a "balance shee t "  as 
shown in  Table IV. 
104 d a y s  of 1 2 . 2 %  of the  injected dose ;  t h i s  is half (or less than half) 
of the  estimates in  Table IV. 
equat ions occur af ter  1 0  ,years .  
equat ions (1) and ( 2 )  predict a total excretion of only 2 . 2 %  of the 
injected dose, while our estimates a re  16% (40-009) and 1 2 %  (40-012). 

Langham's equat ions predict a total excretion in  

The biggest  departures from Langham's 
Between 10 years  and 27.4 years  , 

The retention, R ,  is obtained by subtracting the  estimated total  
excret ion from l o o % ,  and it is 68% for case 40-009 and 7 7 %  for c a s e  
40-012. 
dR, a t  l o 4  days  , we calculate  a coefficient of elimination, - 1 

From the estimate of R ,  and the measured excretion rate ,  
dR for 

d t  R * dt' 
each  subjec t  as  1 .92% per  yea r  (40-009) and 0.92% per  year  (40-012). 
The corresponding "biological half-l ives" a re  36 years  and 75 years  
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respectively.  
for radium iGman at  la te  times after intake [ 4 ] .  

These  elimination rates  a re  similar to those observed 

The much higher than predicted excretion rates  emphasize the 
danger  of extrapolation of biological retention functions beyond t h e  
periods of t i m e  for which they have been validated.  
[ 5 ] commented on t h i s  in  their  27-year followup of Manhattan Project 
plutonium workers. 
body contents with the aid of equation (1) i n  1953 and again in  1973. 
The l a t e r  es t imates  of the burdens were almost all higher than the ear l ier  
estimates usually by factors of two to three,  but i n  some cases as high 
as a factor of five. 
to calculate  body content at t i m e s  la te r  than five to ten  years a f te r  
in take .  

Hempelmann et al. 

The urinary excretion rates  were used to  calculate  

Perhaps Langham's equations should not be used 

I t  is Interesting to note that  the  urinary excretion rates  of the 
three  subjec ts  decrease  in  t h e  same order as  d o  their  expected degrees  
of osteoporosis (white female > white male >.black m a l e  [SI. 

of case 40-003 would not invalidate th i s  conclusion. 
conclusion is a significant observation remains to be determined, but 
i f  it is, some care would need to be exercised i n  applying and/or 
modifying the Langham equation. Thus, different equations might be 
needed for the calculation of t h e  body content 25 or  30 years af ter  intake 
at age  25 versus  intake at age  50, t o  allow for t he  different physiological 
condi t ions.  

. 
A 

L 

dec rease  as big as  fivefold in  our estimate of the init ial  systemic burden .- 
Whether the 

Finally, it should be mentioned tha t  the three subjects  a re  in  
good heal th ,  having regard t o  their  age  and original i l l nes ses .  
effects attributable to irradiation of the skeleton by alpha particles from 
plutonium have been obsenred . 

No 
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T a b l e  I1 

M e a s u r e d  e x c r e t i o n  rates of p lu ton ium by  t h r e e  s u b j e c t s  

M e a n  t i m e  
Case s i n c e  i n j e c t i o n  Ur ina ry  e x c r e t i o n  F e c a l  e x c r e t i o n  

number  d a y s  d a y s  pCi /day  k 1 S . E .  d a y s  pCi/day f 1 S . E .  

40-003 9 , 4 7 4  3 0 . 0 6 0  k 0 . 0 0 3  No a n a l y s e s  

40-009 9 , 9 3 4  1 4  7 . 6 0  f 0 . 2 1  6 3 . 1 7  f 0 . 0 9  

40-012 1 0 , 0 0 8  8 4 . 6 8  * 0 . 1 7  8 1 . 7 7  f 0 . 0 3  

T a b l e  111 

d a y s  as p e r  c e n t  of i n j e c t e d  dose 4 D a i l y  e x c r e t i o n  a t  1 0  

Case Case Case 
La ng ham 40-003 40-009 40-012 

Ur ine  2 . 1 9  x 2 1 . 1 8  x 10 2 . 5 2  1 . 4 1  -4  

-4  F e c e s  0 . 2 8 ~  1 0  1 . 0 5  0 . 5 3  

Total 2 . 4 7  - 3 . 5 8  1 . 9 5  
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Table IV 

Excretion and retention of plutonium 
4 (t = 10 days) 

% injected dose  

Case  40-009 C a s e  40-012 Langham 

Urinary excretion 20 .9  15.4 7 . 8  

Fecal excretion 11.3 7.3 4.4 

Total excretion 3 2  23 1 2  

6 

.: 

. 
Retention 68  77 88 
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F I G .  1 .  
c u r v e  is a plot of t h e  e q u a t i o n  

The d a i l y  ur inary  e x c r e t i o n  of 239Pu by  case 40-009.  The  c o n t i n u o u s  

Y = 0 . 3 8 9  e x p  ( -0 .648 t )  + 0 .127 t  - 0 . 7 1  + 2 . 2 3  1 0 - ~ t  

o b t a i n e d  by least  s q u a r e s  a n a l y s i s .  
c e n t  of t h e  i n j e c t e d  dose a n d  t is t h e  t i m e  i n  d a y s .  
r e p r e s e n t s  L a n g h a m ' s  e q u a t i o n  over t h e  1 ,750-day  per iod for wh ich  it w a s  

Y is t h e  d a i l y  ur inary  e x c r e t i o n  i n  p e r  
T h e  broken  s t r a i g h t  l i n e  

v a l i d a t e d ;  t h e  d o t t e d  l i n e  s h o w s  its e x t r a p o l a t i o n  to 10 4 d a y s .  

8 0 0 4 5 5 1  
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TIME SINCE INJECTION, days 
FIG. 2 .  
through the  da t a  is a plot of the equation 

The daily urinary excretion of 239Pu by case 40-012. 

Y =  0.341 exp  (-0.519t)+ 0.0578 exp (-0.0832t) 

The curve 

+0.00147 exp  (-8.29 x 10q6t) 

obtained by least squares  ana lys i s .  
i n  Figure 1 .  

Y and t have the same significance as  
Straight l ine  a s  for Figure I .  - 
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