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ABSTRACT 

A p rocedure  i s  d e s c r i b e d  for t h e  c a l c u l a t i o n  of t h e  i n t e g r a t e d  doses  r e c e i v e d  

by body o rgans  i n  s p e c i f i e d  t i m e  p e r i o d s  fo l lowing  t h e  i n h a l a t i o n  of a r a d i o n u c l i d e .  

Th i s  p rocedure  t a k e s  account  of t h e  c o n t r i b u t i o n s  from r a d i o a c t i v e  d a u g h t e r s  pro- 

duced a f t e r  i n h a l a t i o n  and i n  p r i n c i p l e  may b e  ex tended  t o  any number o f  g e n e r a t i o n s  

of  a decay cha in .  I n  p r a c t i c e ,  it i s  usually adequa te  t o  c o n s i d e r  on ly  t h e  two 

most s i g n i f i c a n t  g e n e r a t i o n s  and t o  make s imple  approximat ions  for t h e  c o n t r i b u t i o n s  

from any o t h e r s .  

Doses t o  e i g h t  body o rgans  have  been  c a l c u l a t e d  f o r  65 r a d i o n u c l i d e s ,  assuming 

t h a t  one  c u r i e  of each  i s  i n h a l e d  i n  t h e  form of 1 pm AMAD a e r o s o l ,  and for times 

f o l l o w i n g  i n h a l a t i o n  r a n g i n g  from 1 day t o  50 yea r s .  
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Foreword 

I n  c a l c u l a t i n g  t h e  dose  p e r  u n i t  i n t a k e ,  t h e  a u t h o r s  o f  t h i s  r e p o r t  have  drawn 

f r e e l y  from t h e  d o s i m e t r i c  models and r e t e n t i o n  e q u a t i o n s  c u r r e n t l y  under d i s c u s s i o n  

i n  Committee 2 o f  t h e  I n t e r n a t i o n a l  Commission on R a d i o l o g i c a l  P r o t e c t i o n .  One of 

t h e  a u t h o r s  (N Adams) has  c o n t r i b u t e d  t o  t h e  work of  t h i s  commit tee  d u r i n g  t h e  las t  

t h r e e  y e a r s  a s  a member of t h e  S e c r e t a r i a t .  The a u t h o r s  wish t o  acknowledge t h a t  

t hey  have  used  m a t e r i a l  from t h e  work o f  t h e  Committee and they  would l i k e  t o  thank 

i ts  chairman and s e c r e t a r y ,  D r s  J Vennart  and G W Dolphin ,  who have  g iven  t h e i r  

approva l  f o r  t h e  p u b l i c a t i o n  of t h e s e  d a t a .  However, t h e  r e a d e r  i s  warned t h a t  

t h e  models and t h e  pa rame te r s  used  ( t h o s e  i n  tables C y  D, E and t h e  bone classes 

i n  t a b l e  F )  have  n o t  been  f i n a l l y  approved by Committee 2 and some changes  may b e  

made. 
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1. INTRODUCTION 

T h i s  r e p o r t  d e s c r i b e s  a method which may b e  adopted  t o  estimate t h e  r a d i a t i o n  

d o s e s  r e c e i v e d  by v a r i o u s  body o r y a n s  i n  g i v e n  t i m e  p e r i o d s  f o l l o w i n g  t h e  i n h a l a -  

t i o n  of a r a d i o n u c l i d e .  

on Lung Dynamics") and of t h e  G I  

of t h e  i n h a l e d  material  from t h e  r e g i o n  o f  d e p o s i t i o n  and t h r o u g h  t h e  o r g a n s  of 

i n t e r e s t .  

i r r a d i a t e d  b o t h  from t r a r i s f o r m a t i o n s  o c c u r r i n g  i n  t h e  o r g a n  itself and from t h o s e  

o c c u r r i n g  i n  s u r r o u n d i n g  organs .  I r r a d i a t e d  o r g a n s  are  c a l l e d  t a r g e t  o r g a n s  and 

t h o s e  i n  which t r a n s f o r m a t i o n s  o c c u r  are  c a l l e d  s o u r c e  organs .  

U s e  h a s  been  made of t h e  l u n g  model of t h e  ICRP Task Group 

t r a c t  model of Eve(*)  t o  d e s c r i b e  t h e  t r a n s p o r t  

A s  t h e  r a d i o a c t i v e  material p r o g r e s s e s  t h r o u g h  t h e  body, or+ms aLe 

T h e r e  are  t h r e e  main s t e p s  n e c e s s a r y  t o  estimate t h e  d o s e s  t o  any o r g a n  due 

t o  a g i v e n  n u c l i d e  i n  a g i v e n  p e r i o d  of t i m e .  

( i )  The computa t ion  of t h e  number of n u c l e a r  t r a n s f o r m a t i o n s  of  t h e  

i n h a l e d  r a d i o n u c l i d e  i n  e a c h  of t h e  s o u r c e  o r g a n s ,  ie ,  t h o s e  

t h r o u g h  which t h e  r a d i o a c t i v e  material  p a s s e s .  A s imi l a r  

computa t ion  i s  n e c e s s a r y  f o r  any r a d i o a c t i v e  d a u g h t e r s  formed 

a f te r  i n h a l a t i o n  of t h e  p a r e n t  n u c l i d e .  

(ii) The p r e p a r a t i o n  of matrices (one  f o r  each  r a d i o n u c l i d e  i n v o l v e d ,  

p a r e n t  and d a u g h t e r s )  whose e lements  are t h e  d o s e s  r e c e i v e d  by 

t h e  t a r g e t  o r g a n s  p e r  t r a n s f o r m a t i o n  i n  t h e  s o u r c e  organs .  

(iii) The combina t ion  of (i) and (ii) t o  o b t a i n  t h e  t o t a l  d o s e  t o  

each  t a r g e t  o r g a n  from t h e  i n h a l e d  p a r e n t  and any d a u g h t e r  

r a d i o n u c l i d e s .  

Doses t o  t h e  t h y r o i d ,  r e d  bone m a r r o w ,  e n d o s t e a l  cel ls ,  l o w e r  l a r g e  i n t e s t i n e ,  

l u n g s ,  l i v e r ,  o v a r i e s  and testes are  t a b u l a t e d  f o r  p e r i o d s  o f  1, 7, 30, 60 and 365 

d a y s  and 10, 20, 30, 40 and 50 y e a r s  f o l l o w i n q  t h e  i n h a l a t i o n  o f  1 c u r i e  o f  each 

r a d i o n u c l i d e .  The d e p o s i t i o n s  i n  t h e  d i f f e r e n t  lung  r e g i o n s  ( n a s o p h a r y n g e a l ,  

t r a c h e o b r o n c h i a l  and pulmonary)  depend on p a r t i c l e  s i z e .  The l u n g  as a t a r g e t  and 

s o u r c e  o r g a n  i n c l u d e s  t h e  t r a c h e o b r o n c h i a l  r e g i o n ,  pulmonary r e g i o n ,  t h e  pulmonary 

lymph nodes b u t  n o t  t h e  nasopharyngea l  r e g i o n .  The d o s e s  quoted  are f o r  p a r t i c l e s  

o f  1 urn AMAD ( A c t i v i t y  Median Aerodynamic D i a m e t e r ) .  

2. STEP (i) - TRANSFORMATIONS I N  SOURCE ORGANS 

A l i n e a r  compartment model .$as employed to  d e s c r i b e  t h e  p r o g r e t  .ic,. of i n h a l e d  

material t h r o u g h  t h e  lung  and t h e n c e  e i t h e r  i n t o  t h e  G I  t r ac t  or ,  v i a  a t r a n s f e r  

Compartment w i t h  a h a l f  l i f e  of six n o u r s  (ar ia logous t o  t n e  b l o o d ) ,  t o  body organs.  

Uptake t o  t h e  t r a n s f e r  compartment from t h e  m a l l  i n t e s t i n e  was also repre. .ented.  

T r a n s f e r s  between compartments  a r e  a l l  d e s c r i b e d  by f i rs t  o r d e r  d i f f e r e n t i a l  

e q u a t i o n s  w i t h  c o n s t a n t  c o e f f i c i e n t s ,  as d i s c u s s e d  by S k r a b l e  et d3). 
of l i n e a r  c h a i n s  was i n v o l v e d ,  e x t e n d i n g  from a s i n g l e  compartment u p  t o  seven  

A series 
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compartments ,and t h e s e  are f u l l y  d e s c r i b e d  by t h e  e q u a t i o n s  

q ( t )  = I (t) - k q (t) ................................. (1) 
1 1 1 1  

q .  ( t )  = I . ( t )  + >i-l,i q i - l ( t )  - h.9. (t) ................ (2) 
1 1  

i = 2 t o n  

where q . ( t )  i s  t h e  t o t a l  amount of a c t i v i t y  i n  compartment i a t  t i m e  t ;  I . ( t )  i s  

t h e  r a t e  of i n t a k e  of a c t i v i t y  from o u t s i d e  t h e  system i n t o  compartment i a t  t i m e  

t ;  X. 1-1,i 
compartment i; A. i s  t h e  ra te  c o n s t a n t  f o r  t h e  d e c r e a s e  o f  a c t i v e  material i n  

Compartment i, i n c l u d i n g  t h a t  t h r o u g h  r a d i o a c t i v e  decay. 

i s  t h e  ra te  c o n s t a n t  f o r  t r a n s f e r  of material from compartment i-1 t o  

If w e  choose  t = 0 t o  b e  t h e  t ime of i n h a l a t i o n ,  I,(O) = 0 and q . ( O )  = 0 f o r  

i 2, 2,  q ( 0 )  i s  t h e n  t h e  a c t i v i t y  d e p o s i t e d  a t  t = 0 i n  t h e  f i rs t  compartment 

f o l l o w i n g  t h e  i n h a l a t i o n  of 1 C i .  Thus w e  may s o l v e  e q u a t i o n s  (1) and u s e  t h e  

r e s u l t s  i n  e q u a t i o n  (2), s u c c e s s i v e l y  g e n e r a t i n g  s o l u t i o n s  for a l l  q . ( t ) .  These 

may b e  i n t e g r a t e d  o v e r  t h e  r e q u i r e d  t i m e  p e r i o d  T t o  g i v e  t h e  number of t ransform-  

a t i o n s .  The g e n e r a l  s o l u t i o n  i s :  

1 

................... ( 3 )  
I 

- XI T 
Te + (1 - 

......... ( 4 )  I 
w i t h  s i m i l a r  e x p r e s s i o n s  i f  any o t h e r  p a i r  o f X .  are equal .  

The compartments  u s e d  t o  r e p r e s e n t  t h e  lung  are t h o s e  of t h e  ICRP Task Group 

o n  Lung D y n a m i c s ( l ) ( s e e  F i g u r e  1). The amended v a l u e s  o f  t h e  p a r a m e t e r s  of  t h i s  

model g i v e n  i n  ICRP P u b l i c a t i o n  ld4) and reproduced  i n  T a b l e  A were used. The 

c l a s s i f i c a t i o n  of e lements  i n  t h e  s o l u b i l i t y  classes D ,  W o r  Y and t h e  v a l u e s  

adopted  f o r  t h e  f r a c t i o n s  t o  r e p r e s e n t  m a t e r i a l  absorbed  from t h e  small i n t e s t i n e  

i n t o  t h e  t r a n s f e r  compartment c o n s t i t u t e  t h e  b e s t  a v a i l a b l e  knowledge a t  t h i s  

t i m e  f o r  material  i n  o x i d e  form. 
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The model of t h e  G I  tract i s  shown i n  F i g u r e  2 t o g e t h e r  w i t h  t h e  p a r a m e t e r s  

( T a b l e  B )  as proposed  by E v e ( 2 )  and  by ICRP"). 

F i g u r e  3 shows t h e  l inear  c h a i n s  for  a l l  t h e  p a r e n t  metabolic p a t h s .  The 

n u m e r i c a l  v a l u e s  fo r  t h e h s  may b e  found from T a b l e  A u s i n g  

where T i s  t a k e n  f r o m  t h e  a p p r o p r i a t e  class (D, W o r  Y) and compartment (a  t o  j ) .  

w h e r e X R  is t h e  r a d i o a c t i v e  decay c o n s t a n t  of t h e  r e l e v a n t  n u c l i d e .  A STY S I '  
AuLI and,CLLI are g i v e n  i n  T a b l e  0 and 

s t r o n t i u m  and bar ium (see T a b l e  C ) .  The v a l u e s  of boRG w e r e  o b t a i n e d  for each  

e lement  by r e p r e s e n t i n g  r e t e n t i o n  as a n  e x p o n e n t i a l  o r  sum of  e x p o n e n t i a l s  and 

t a k i n g  t h e  c u r r e n t  b e s t  a v a i l a b l e  estimates f o r  t h e  a m p l i t u d e s  and h a l f  t i m e s  of 

t h e  e x p o n e n t i a l s .  A s  y e t  t h e r e  are no  e s t a b l i s h e d  v a l u e s  f o r  t h e s e  r e t e n t i o n  

p a r a m e t e r s  b u t  it i s  a n t i c i p a t e d  t h a t  ICRP Committee 2 w i l l  b e  p u b l i s h i n g  r e c o m -  

mendat ions  i n  t h e  n e a r  f u t u r e .  T a b l e s  C and D show t h e  v a l u e s  of t h e  r e t e n t i o n  

p a r a m e t e r s  for  each  element  which h a v e  been used  i n  o u r  c a l c u l a t i o n s .  

-1 
i s  t a k e n  as 2.77 days  e x c e p t  for T r  

For  t h e  a l k a l i n e  e a r t h s ,  t h e  ICRP P u b l i c a t i o n  2 0 ( 6 )  t a b u l a t e s  r e t e n t i o n  

v a l u e s  f o r  sof t  t i s s u e  and bone as a f u n c t i o n  of t i m e  after i n t a k e  t o  blood.  

These  have  been f i t t e d  by t h r e e  o r  f o u r  e x p o n e n t i a l  t e r m s .  F o r  t h e s e  e l e m e n t s  

t h e  c o e f f i c i e n t  for  t h e  t r a n s f e r  compartment was m o d i f i e d  t o  improve the r e p r e s e n -  

t a t i o n  of t h e  r e t e n t i o n  d u r i n g  t h e  first day o r  so a f te r  i n t a k e  t o  t h e  blood.  

The t r a n s f o r m a t i o n s  o f  r a d i o a c t i v e  d a u g h t e r s  w e r e  computed s i m i l a r l y  b u t  fo r  

e a c h  l i n e a r  c h a i n  of n compartments  f o r  a p a r e n t ,  n c h a i n s  w i t h  n + 1 compartments  

were summed for  each  daughter .  The metabolic p a r a m e t e r s  were t a k e n  t o  b e  t h e  same 

as t h o s e  of t h e  p a r e n t  ( e x c e p t  t h a t  when t h e  d a u g h t e r s  w e r e  i s o t o p e s  of i o d i n e  

t h e i r  p r o p e r  metablic p a r a m e t e r s  were u s e d )  b u t  t h e  r a d i o a c t i v e  decay c o n s t a n t  

a p p r o p r i a t e  f o r  t h e  d a u g h t e r  w a s  used. An example of a set of l i n e a r  c h a i n s  fo r  

a d a u g h t e r  i s  g i v e n  i n  F i g u r e  4. T h i s  shows t h e  f irst  c h a i n  ( c o r r e s p o n d i n g  t o  t h e  

p a r e n t  c h a i n  i n  which t h e  f i r s t  t r a n s f e r  i s  from t h e  NP r e g i o n  t o  t h e  t r a n s f e r  

compartment v i a  r o u t e  ' a '  ) f o r  a r a d i o a c t i v e  d a u g h t e r  w i t h  decay constant,\' b e i n g  R 
formed i n  t h e  compartments  of the cha in .  The t o t a l  number of t h e  t r a n s f o r m a t i o n s  

in each  compartment i s  ths-sum of t h e  c o n t r i b u t i o n s  from t h e  three chains .  Each 

of t h e  p a r e n t  c h a i n s  o f  F i g u r e  3 ( i e ,  6 f o r  class D, 8 for class W and 9 for  

class Y) h a s  a series of such c h a i n s  t o  b e  summed i f  t h e  d a u g h t e r  i s  r a d i o a c t i v e .  

Extens ion  of t h e  method for  t h e  first d a u g h t e r  l e a d s  from a p a r e n t  c h a i n  w i t h  

n compartments  t h r o u g h  a d a u g h t e r  w i t h  n c h a i n s  of n + 1 compartments  t o  a grand- 

d a u g h t e r  w i t h  n ( n  + 1) c h a i n s  each  w i t h  n + 2 compartments. Thus a t h r e e  
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compartment p a r e n t  c h a i n  l e a d s  t o  1 2  f ive-compartments  f o r  t h e  grand-daughter  and 

a s i x  compartment p a r e n t  c h a i n  t o  42 eight-compartments  i n  c a l c u l a t i o n s  i n v o l v i n g  

a grand-daughter .  The r a p i d  e s c a l a t i o n  i n  t h e  number of c h a i n s  which need t o  b e  

c o n s i d e r e d  as t h e  number of g e n e r a t i o n s  i n c r e a s e s  prompted t h e  approximat ion  of 

t h e  l o n g e r  r a d i o a c t i v e  decay schemes by r e d u c i n g  them t o  two g e n e r a t i o n s .  The 

c h i e f  means by which t h i s  w a s  a c h i e v e d  was by t r e a t i n g  t h e  t r a n s f o r m a t i o n  of a 

n u c l i d e  as b e i n g  s i m u l t a n e o u s  w i t h  t h e  t r a n s f o r m a t i o n  of i t s  d a u g h t e r  i f  i t s  h a l f  

l i f e  w a s  a n  o r d e r  of magnitude g r e a t e r  t h a n  t h a t  o f  i t s  d a u g h t e r .  T h i s  assumpt ion  

d o e s  n o t  affect  t h e  u l t i m a t e  dose  r e c e i v e d  a d  only  s l i g h t l y  accelerates i ts  

accumula t ion .  Daughter  n u c l i d e s  w i t h  h a l f  l i v e s  l o n g e r  t h a n  10 y e a r s  are t r e a t e d  

as  b e i n g  stable. 

3 .  STEP ( i i )  - WSE TO TARGET ORGAN DUE TO TRANSFORMATIONS I N  SOURCE ORGAN 

5 

The e l e m e n t s  of t h e  matrices which c a n v e r t  t h e  number of t r a n s f o r m a t i o n s  i n  

t h e  s o u r c e  o r g a n s  t o  t h e  d o s e s  t o  t a r g e t  o r g a n s  i n c l u d e  c o n t r i b u t i o n s  from b o t h  

n o n - p e n e t r a t i n g  r a d i a t i o n  (ie,-<- a n d p -  p a r t i c l e s )  and  from p e n e t r a t i n g  r a d i a t i o n  

( ie ,  p h o t o n s ) .  

for any r a d i o a c t i v e  d a u g h t e r s  as follows. 

3.1 Non-penetrat ing r a d i a t i o n  

These c o n t r i b u t i o n s  w e r e  e s t i m a t e d  f o r  t h e  i n h a l e d  n u c l i d e s  and 

F o r  a l l  s o u r c e  o r g a n s  e x c e p t  bone  t h e  i n i t i a l  k i n e t i c  energy  o f  non- 

p e n e t r a t i n g  r a d i a t i o n s  ( - C a n d g )  e m i t t e d  d u r i n g  t r a n s f o r m a t i o n s  i s  assumed t o  b e  

c o m p l e t e l y  a b s o r b e d  w i t h i n  t h e  s o u r c e  organ (ie,  t h e  s o u r c e  and t a r g e t  o r g a n s  

c o i n c i d e )  and  t h e  c o n t r i b u t i o n  t o  t h e  m a t r i x  e lement  i s  t a k e n  t o  b e  t h e  a v e r a g e  

d o s e  t o  t h e  whole s o u r c e  o r g a n  p e r  t r a n s f o r m a t i o n .  

When b o n e  i s  t h e  s o u r c e  o r g a n  n o n - p e n e t r a t i n g  r a d i a t i o n  d e p o s i t s  energy  i n  

two r a d i o s e n s i t i v e  t i s s u e s ,  r e d  hone marrow and e n d o s t e a l  cel ls ,  which are  t r e a t e d  

as  s e p a r a t e  t a r g e t  organs .  The s p a t i a l  d i s t r i b u t i o n  of t r a n s f o r m a t i o n s  i n  m i n e r a l  

bone  d e t e r m i n e s  t h e  f r a c t i o n  of t h e  i n i t i a l  k i n e t i c  energy which i s  absorbed  i n  

e a c h  o f  t h e s e  o r g a n s  (see T a b l e  E ) .  

Two a l t e r n a t i v e  d i s t r i b u t i o n s  of t r a n s f o r m a t i o n s  i n  bone are assumed from 

n u c l i d e s  which are c o n c e n t r a t e d  i n  bone,  uniform volume c o n c e n t r a t i o n  throughout  

m i n e r a l  bone,  which i s  l a b e l l e d  class V ( f o r  volume),  and uni form s u p e r f i c i a l  

c o n c e n t r a t i o n  o n  e n d o s t e a l  s u r f a c e s  o f  bone,  which i s  l a b e l l e d  class S (for 

s u p e r f i c i a l ) .  

The a l l o c a t i o n  t o  classes S or  V (see T a b l e  F )  of n u c l i d e s  which are concen- 

t r a t e d  i n  bone i s  l a r g e l y , b u t  n o t  e n t i r e l y , d e t e r m i n e d  by t h e  h a l f  l i v e s  of t h e  

n u c l i d e s .  

a p p r e c i a b l y  i n t o  bone b e f o r e  p h y s i c a l  decay and t h e r e f o r e  class S i s  a p p r o p r i a t e .  

Long l i v e d  n u c l i d e s  are  n o t  n e c e s s a r i l y  i n  class V b e c a u s e  sometsuch as  t h e  

a c t i n i d e s  ( e g ,  plutonium-239) ,appear  t o  remain n e a r  bone  s u r f a c e s ,  p e r h a p s  a s  a 

F o r  e x a m p l q n u c l i d e s  w i t h  s h o r t  h a l f  l i v e s  are u n l i k e l y  t o  d i f f u s e  
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consequence  of a s p e c i a l  bone r e m o d e l l i n g  p r o c e s s ,  and are r e g a r d e d  as class S. 

However, a l l  i s o t o p e s  of t h e  a l k a l i n e  e a r t h s  w i t h  h a l f  l i v e s  g r e a t e r  t h a n  15 days  

are  a l l o c a t e d  t o  class V. 

T a b l e  E shows t h e  v a l u e s  used  for t h e  f r a c t i o n  o f  t h e  e m i t t e d  energy  absorbed  

i n  r e d  bone  m a r r o w  and e n d o s t e a l  cells f o r - c -  and ) - e m i s s i o n s  f r o m  s u r f a c e  and 

volume d i s t r i b u t i o n s  of t r a n s f o r m a t i o n s .  These v a l u e s  are t a k e n  f r o m  an as y e t  

u n p u b l i s h e d  a n a l y s i s  of bone dos imet ry .  It is  i m p l i c i t l y  assumed i n  t h i s  a n a l y s i s  

t h a t  for V class n u c l i d e s  t h e r e  are 4 t i m e s  as many t r a n s f o r m a t i o n s  i n  cor t ical  

bone  as i n  t r a b e c u l a r  bone ( i e ,  i n  p r o p o r t i o n  t o  t h e i r  masses) b u t  fo r  S class 

n u c l i d e s  t h e  same number of t r a n s f o r m a t i o n s  o c c u r  i n  cortical  and t r a b e c u l a r  bone 

which h a v e  e q u a l  e n d o s t e a l  s u r f a c e  areas. 

3.2 P e n e t r a t i n q  r a d i a t i o n  

Only a f r a c t i o n  of t h e  i n i t i a l  energy  o f  p e n e t r a t i n g  r a d i a t i o n  ( p h o t o n s )  

e m i t t e d  by t r a n s f o r m a t i o n s  i n  any s o u r c e  o r g a n  i s  d e p o s i t e d  i n  t h a t  o r g a n  and 

f u r t h e r  f r a c t i o n s  are d e p o s i t e d  i n  every  o t h e r  organ.  

e x c e p t  e n d o s t e a l  cells 

a re  g i v e n  i n  ICRP P u b l i c a t i o n  2 3 ( 5 )  f o r  monoenerge t ic  photons  w i t h  e n e r g i e s  from 

0.01 to  4.0 MeV. These f r a c t i o n s  were used  t o  d e r i v e  t h e  c o n t r i b u t i o n s  t o  t h e  

m a t r i x  e l e m e n t s ,  ie ,  t h e  a v e r a g e  d o s e s  i n  t h e  t a r g e t  organs .  The c o n t r i b u t i o n s  

t o  t h e  m a t r i x  e l e m e n t s  r e p r e s e n t i n g  d o s e  t o  e n d o s t e a l  cel ls  f r o m  photons  w e r e  

t a k e n  t o  b e  t h e  a v e r a g e  photon d o s e s  i n  t h e  whole s k e l e t o n .  

F o r  a l l  t a r g e t  o r g a n s  

t h e  v a l u e s  of t h e s e  f r a c t i o n s  p e r  gram of t a r g e t  o r g a n  

3.3 G e n e r a l  

For  many of t h e  r a d i o n u c l i d e s  c o n s i d e r e d  i n  t h i s  r e p o r t ,  v a l u e s  of b o t h  t h e  

n o n - p e n e t r a t i n g  and p e n e t r a t i n g  components of t h e  e l e m e n t s  o f  t h e  m a t r i x  ( b u t  

e x p r e s s e d  i n  rem p e r  p C i  d a y )  have  been  p u b l i s h e d  by Snyder  et a l c 7 )  and t h e s e  

have  been employed where a p p r o p r i a t e .  The s p e c i a l  p r o c e d u r e s  which are d e s c r i b e d  

above  when t h e  t a r g e t  organ  i s  r e d  bone  m a r r o w  or e n d o s t e a l  cellswere, however, 

adopted  f o r  t h o s e  r a d i o n u c l i d e s  which are c o n c e n t r a t e d  i n  bone. 

4-  STEP ( i i i l  - DOSES TO ORGANS 

The d o s e s  t o  o r g a n s  were d e r i v e d  by m u l t i p l y i n g  t h e  matrices produced by s t e p s  

i and ii. The r e s u l t s  a r e  g i v e n  i n  T a b l e  G which shows t h e  accumula ted  d o s e s  t o  

e i g h t  o r g a n s  a t  v a r i o u s  times f o l l o w i n g  i n h a l a t i o n  o f  a c u r i e  of each  r a d i o n u c l i d e .  

Doses t o  t h e  t h y r o i d  w e r e  o n l y  s p e c i f i c a l l y  c a l c u l a t e d  f o r  i s o t o p e s  of i o d i n e  

whether  t h e s e  w e r e  i n h a l e d  n u c l i d e s  o r  t h e i r  d a u g h t e r s  and f o r  technet ium.  F o r  

i n h a l e d  n u c l i d e s  f o r  which t h y r o i d  d o s e s  are  n o t  c a l c u l a t e d  t h e  t h y r o i d  d o s e  h a s  

been approximated  by t h e  d o s e  t o  t h e  o v a r i e s ,  which may also b e  employed as a n  

approximat ion  t o  t h e  a v e r a g e  d o s e  t o  t h e  whole body and c o n s e q u e n t l y  for t h e  b r e a s t  

dose. 

-5- 
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5. COMMENTS 

The organ  d o s e s  p e r  ,inhaled c u r i e  which are g i v e n  i n  T a b l e  G are  i n t e n d e d  for  

u s e  f o r  r a d i o l o g i c a l  p r o t e c t i o n  purposes .  

a v a i l a b l e  a t  t h e  t i m e  of t h e  c a l c u l a t i o n s .  S i n c e  t h e  d a t a  are s u b j e c t  t o  c o n t i n u a l  

r e v i s i o n ,  p a r t i c u l a r l y  t h e  m e t a b o l i c  r e t e n t i o n  and t r a n s f e r  v a l u e s ,  i t  i s  

i n e v i t a b l e  t h a t  l a te r  c a l c u l a t i o n s  w i l l  p roduce  some m o d i f i c a t i o n s  t o  t h e s e  

r e s u l t s .  The b i o l o g i c a l  d a t a  w i l l  b e  moni tored  and,  when a p p r o p r i a t e ,  r e v i s i o n s  

to  t h e s e  d o s e  c a l c u l a t i o n s  w i l l  b e  i s s u e d .  

T h i s  work employed t h e  b e s t  d a t a  

The v a l u e s  i n  T a b l e  G h a v e  b e e n  compared w i t h  those g i v e n  by t h e  U S  Nuclear  

Regula tory  Commission(8) ,  a l t h o u g h  it d i d  n o t  i n c l u d e  a l l  t h e  n u c l i d e s  and body 

o r g a n s  c o n s i d e r e d  i n  t h i s  r e p o r t .  

i n c l u d i n g  t h e  combined consequences of t h e  m e t a b o l i c  p a r a m e t e r s  and t h e  t ransform-  

a t i o n s - t o d o s e  matrices employed by b o t h  r e p o r t s .  Reasonable  agreement  w a s  found 

f o r  m o s t  n u c l i d e s ,  though minor d i f f e r e n c e s  were common i n  d o s e s  t o  red bone  

marrow and e n d o s t e a l  cells and are a t t r i b u t e d  t o  t h e  u s e  of d i f f e r e n t  bone 

dos imet ry  models. I n  cases where t h e r e  w a s  some c o n s i d e r a b l e  d i s c r e p a n c y ,  o u r  

c a l c u l a t i o n s  w e r e  c a r e f u l l y  checked and s p e c i a l  a t t e n t i o n  g i v e n  t o  t h e  i n p u t  

d a t a ;  most o f  t h e  d i f f e r e n c e s  w e r e  t r a c e d  t o  d i f f e r e n t  assumpt ions  such  as l u n g  

class o r  body d i s t r i b u t i o n  parameters .  The remain ing  d i s c r e p a n c i e s  are n o t  

r e s o l v a b l e  from t h e  p u b l i s h e d  i n f o r m a t i o n  b u t  have  been  checked o n  t h e  b a s i s  of  

s e l f - c o n s i s t e n c y  w i t h  t h e  d o s e s  i n  o t h e r  o r g a n s  o r  i n  o t h e r  n u c l i d e s .  The d a t a  i n  

T a b l e  G are b e l i e v e d  t o  b e  i n t e r n a l l y  s e l f - c o n s i s t e n t  and t h e  o n e s  m o s t  a p p r o p r i a t e  

f o r  c u r r e n t  use .  

The comparison tests t h e  computa t ions  a s  a whole, 
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INGEST1 ON 

SMALL INTESTINE 
Is11 

. 3 ~ BODY FCUIOS 

UPPER LARGE 
INTESTIN E 

Mean 
r e s i d e n c e  
time ( d a y s )  

1/24 

4/24 

13/24 

24/24 

1 NTES T I NE 

-1 days 

24 

6 

1.8 

1 

EXCRETION 

Stomach (ST) 

Small  i n t e s t i n e  (SI) 

Upper l a r g e  i n t e s t i n e  ( U L I )  

Lower l a r g e  i n t e s t i n e  ( L L I )  

F i q u r e  2. G a s t r o i n t e s t i n a l  t r a c t  model 

250 

400 

2 20 

135 

Mass of 
S e c t i o n  of G I  t r a c t  

Table  B. Paramete r s  for g a s t r o i n t e s t i n a l  t r a c t  model 
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Table C - Fraction Transferred to Source Tissue 

Element 

Sodium 
Rubidium 
Strontium * 
Yttrium 
Zirconium 

Niobium 
Molybdenum 
Technetium 
Ruthenium 
Rhodium 

, Antimony 
Tellurium 
Iodine 
Caesium 
Barium * 
Lanthanum 
Cerium 
Praaeodpinum 
Neodymium 

Promethium 

Neptunium 
Plutonium 
Americium 
Curium i 

Bone 

- 
0.2 
0.2 
0.28 
0.5 
0.115 

0.71 
0.21 

0.04 

0.105 

1.45 

). 45 

Live1 

- 

0.15 

0.05 
0.05 

0.2 
0.11 

0.7 

3.45 

1.45 

Kidneys 

0.018 

0.04 
0.05 
0.05 

0.07 

Spleen 

0.01 

0.04 

- 

Testes 

0.002 

.00035 

Muscle 

0.09 

0.19 

Thyroid 

0.02 

0.3 

Ovaries 

IO0011 

* %e rate conatant for the transfer compartment (An) is taken as 100 days-’. 

+ Tr = 1.155 day-’ 

A l l  other A,, = 2.77 days-’ 

Rest of 
Body 

0.8 
0.8 
0.72’ 
0.1 
0.55 

0.26 
0.7 
0.94 
0.9 
0.9 

0.8 
0.59 

1.0 
0.63 

0.26 

0.1 



Table D - Retention Parameters 

~~ 

Element 

Sodium 
Rubidium 
Strontium) Bone 

) Rest 
Yttrium 
Zirconium Bone ] Rest 
Niobium 
Molybdenum 
Technetium 
Ruthenium 
Rhodium 

Antimony 
Tellurium Bone 1 Reet 
Iodine 
Caesium 
Barium Bone ] Reet 
Cerium 
Praeeodyminum 
Neodymium 

Promethium 

Neptunium Bone 
Plutonium Liver 
hericiurn 1 Gonads 
:urium ) 

- 
4 
- 
0.49 
1.0 
0.43 
0.69 
1.0 
1.0 
0.91 

0.5 

0.76 
0.15 
0.15 

0.7 
1.0 
0.5 
1.0 
0.1 
0.57 
0.79 

0.85 

1.0 

1.0 

1.0 
1.0 
1.0 

T1 
&YE 

8.5 
60 
4 

0.6 
8000 

7 
6 
1 

1.6 
0.3 
0.3 

2500 

00 

20 

0.8 
120 
2 
3 

0.6 

3750 

8000 

100 years 
40 years 
00 

- 
A2 

- 
0.51 

0.36 
0.42 

0.09 

0.5 
0.15 

0.35 
0.35 

0.19 

0.5 

0.9 
0.29 
0.13 

- 
T2 

days 

135 

5 

- 

1400 

00 

200 
50 

3.7 
8.0 
8.0 

18 

,110 
1100 
3.5 

3 A 

0.00027 

0.21 
0.097 

0.043 
0.3  
0.3 

0.14 
0.08 

3 
&YE 

445 

T 

- 

9000 
100 

22 
35 
35 

5500 
140 

- 

“4 

0.007 

0.2 
0.2 

‘4 
days 

9 OC 

1000 
1000 

- 
Where the retention R(t) is given by 



Table E 

Fraction of non-penetrating radiation enerRy from transformations in 

mineral bone that is absorbed in red bone marrow and endosteal cells 

Radiation a P 

Red Bone Marrow 0.25 0.20 

Endosteal Cells 0.25 0.02 

- P  - P  
E > 0.4 MeV E < 0.4 MeV 
Surface Surface 

0.25 0.25 

0.02 0.25 



Table P - Index of Included hkclides 

Element 

Sodium 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Antimony 

Pellurium 

L u n g  
Class 

D 

D 

D 

Y 

Y 

Y 

Y 

W 

Y 

Y 

W 

W 

- 
Mass 
NO. 

Bone 
Class 

v 
V 
S 
S 

S 
V 
S 

S 
S 

S 
S 

S 

S 
S 
S 
S 
S 
S 
S 

Element 

Iodine 

Caesium 

Barium 

Lanthanum 

Cerium 

haeeodymium 

Neodymium 

Promethium 

Neptunium 

Plutonium 

Americium 

Curium 

Lung 
Class 

D 

D 

D 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

W 

W 

Bone 
Class 

S 
S 

S 

V 
S 

S 

S 
S 
S 
S 

S 

S 
S 



U A - 2 4  

R 9 - 9 6  
R E  
8 5  

I P - S C  
90 
Ql 
Q ;  

Y-qc 
4 1  
9 3  

29-95  
9 1  

W R - 4 5  
91 

c11- 7 c 

T C - @ S t l  

mi- I O  z 
I C  5 
I C t  

AH-10:  

S R - 1 2 5  
12! 
1 2 €  
1 2 5  
I ? C l r  
l ? C  
l ? I  

T E - 1 2  1 W  
1 2 i  
I i G P  
L i C  
I ?  I P  
l ? i  
l ? ? ?  

1-11 I 
1 ? 2  
I S 2  
l ? L  
I ? !  

CS-1?4 
l ? t  
l ? l  
1 3 E  

4 4 - 1 : s  
1 4 c  

LA-14C 
1 4 1  
1 4 2  

CE-I41 
1 4 ?  
1 4 4  

PQ-14? 
1 4  ! 

~ n - 1 4 7  

F M - 1 4 7  
1 4 5  

NP-23C B 
Z 3 F  4 

PU-2 3 e 
2 3 5  
24C 
2 4 1  R 
2 4 1  b 

P H - 2 4  I 

CH-24 2 
2 4  4 

2 . 5 i  2 )  

I e 3 i  2 1  
2.91-11 
1 . Q i - l l  

1.11 L l  
5 . 9 i  1 1  
i . 5 i  2 1  
7 .31  11 

1.2i-11 
6 . 2 i - ~ I  
3 i d i  V I  

1.1t 2 )  
1 . 9 i  2 1  

1 . 1 (  Ll 
5 . 7 1 - & 1  

3 . Y i  11 

2.6( 1) 

7.0i 11 
1 . L (  i I  
3 . 5 1  I I  

1.01 11  

5 . L i  11 
Y.Bi 11 
1 . 1 i  2 )  
3 . 3 i  01 
1 . 3 i  0) 
1 .1 i -1 )  
6 . h i  I I  

L . 5 1  11 
3.81 01 
3 . d i  II 
3.51-1) 
1.11 3 )  
7.01 4 1  
1 . l i  3 1  

4 . 3 (  41 
5 .31  3 )  
5.51 4 )  
Y . 3 i  2 1  
2 . 4 i  4 1  

1 . l i  2 1  
2.ui  21  
I . ( > (  2 1  
5 . 3 i  CI 

6 - 5 1  01 
1.,( d l  

2.41  2 1  
1.51-11 
3 . 3 i  01 

1.51 11 
4.L,1 11 
9.01 01 

1 . 5 ( - 1 1  
3. Li-21 

2.5( i l  

1.3(-2) 
1 . 7 i  0 1  

1 . 4 t - I 1  
3 . O i - 7 1  

7.11 CI 
6-61 0 )  
brci 01 

1-91-51 

1.31 2 1  

1.41 21 
1.41 2 1  

6.81-31 

4.21 21 

I . ! (  ? I  
2.11-11 
4.3 1 - 1  I 

5 . c i  21  
5 . 7 1  2 )  
l . S (  2 1  
1 .5 t  11 

C . ? i - l I  
5 . 5 i  01 
1.71 CI 

i . r t  3 1  
5 . 3 i  21 

$ . E (  21 
5 .1  1 - 1 1  

2.61 2 1  

3.2( 1) 

6 . 1 1  ? I  
2 . c i  11 
3 . 6 i  2 1  

4.11 I )  

5 . 1 i  21 
7 . c i  21 
I . $ (  2 1  

1 . 3 i  0 )  
1 . 7 1 - 1 1  
8 . G i  2 1  

1 . 5 1  i l  
5 - 4 1  DI 
?.?i  2 1  
? . < ( - I 1  
4 . 3 t  4 )  
1 . E i  5 1  
4 . c i  ? I  

4.4(  5 1  
5 . 4 i  3 )  
l . t 1  5 1  
S . ? (  21 
3 . C i  41 

2 . c i  ? I  
2 . C i  3 1  
1.21 3 1  
5 . 3 1  C I  

r . 5 i  CI 
6.Zi 21  

1.21  3 1  
7.11-1)  
3 . 3 i  0 1  

1 . ? 1  2 1  

3 . ~ 1  r i  

i . e c  2 1  
e .21  I I  

1.41 0 1  
3 .7 i -21  

2 . 1 1  21 

1.3 1-1 I 
9 .9 i  01 

t . 5 i - t +  
1.21-51 

7 . 3 1  11 
6.Sl 11 
6 . 9 1  I I  
7.1 ( -21 
1.2 1-3 I 

1 . 4 1  31 

I.:( 31 
1 . 4 (  3 )  

4 . 9 i  L 1  

L . 2 i  3 )  

1 . l i  0 1  

a . 5 i  2 1  
1 . 5 1  3 1  
I . Y i  L I  
7 . 5 i  1 1  

' . d i - l l  

7 . 7 1  ( I  

1.11 3 1  
5 . 3 1  2 1  

I - I i  3 1  

p . n (  0 1  

2 . h i  L l  

3.2( 1) 

7 . 3 i  2 1  
2 . 3 (  i l  
6 . 5 1  21 

4 . 8 i  11 

3 . 3 (  21 
7 - 1 1  2 )  
1 . 9 1  21 
4 . 2 1  01 

1 . 9 i  3 1  

3 . U i  il 
5 . 4 (  C )  
7 . 1 i  2 1  

1.Li 5 1  
2.01 5 1  
L . O i  3 1  

9.11 5 1  

1.61 51 

3 . 0 i  41 

R.uI  31 
5 . 0 (  3 1  
5 . 1 i  3) 

1 . 1 i  31 

1 . 2 1  31 
7.6 ( -1 I 

1 . 4 1  21 
1 . 8 i  21 
1 . 1 1  21 

3 . 8 i  01 
3 . 7 1 - 2 1  

2.2i  21 

0 .21 - l l  
l . O (  11 

e.11-1) 
8 . 4 ( - 5 )  

3.41  2 1  
3 . 2 i  21  
3.21 2 1  
3.3 ( - 1  I 
2.3(-21 

6 . 5 1  31 

6.81 31 
6 . 9 1  3 1  

5 . d i  3 1  

i . 6 i  o i  

1 . 2 i  3 1  
2.41 31 
1 . 4 i  2 )  

7 . 8 1 - 1 1  
I . L i  11 

1 . 3 i  31 

1 . l i  3 1  

7.5 i  2 1  

Y . 0 i  21 

1.11 3 1  
7.81 2 )  

4.41 0 1  

2 - 0 1  31 

5.11 ZI 

8 . 7 i  2 )  

I . > (  5 1  
L . O (  5 1  

1.01 t l  

1.41 4 1  
,5.91 3 1  
3 .21  3 1  

1 . 2 1  3 1  

7 . n i - 1 1  

1 - 4 1  il 

1.51 21  

4.81 0 1  

2 . 2 1  2 1  

1 .31  0 1  
1.oi 11 

a. 11-1 1 
1 - 9 1 - 4 1  

7 . 4 1  2 1  
b.91 2 1  
b.9( 2 )  
7 . 1 ( - I l  
1 .o i -11  

1.41 41 

1.41 4 1  
1.51 4 1  

5 . 5 1  3 )  

2.@1 31 

1.5 i  3 1  
5 . 7 1  ? I  

2 . 2 i  1 1  

1 . 7 i  3 1  

1.21 3 )  

e . 1 1  2 1  

2.3i  ? I  

1.41 3 1  

4 . 4 i  01 

2 .0 (  31 

e . * (  21 

9 . 4 i  2 )  

1 . 2 t  5 )  

1 . O i  6 1  

3 . 6 i  4 1  
e . 1 i  3 1  
L . 5 i  4 1  

1 . 3 i  ? I  

e . 1 1 - i i  

1.51 2 1  

5 . 3 1  21 

5 . 1 1  C I  

2.2i 2 1  

1 . 1 1  I I  

1 . 9 i - 3 1  

>.4( 3 1  
6 . 9 i  3 1  
6 . 9 i  31 
7 . C (  0 1  
t . 7 (  01  

l . I (  : I  

6 .1 i  4 1  
1.21 5 1  

> . 5 i  3 1  

L.C( 01 

1 . 5 i  3 )  
8.b1 , i  

2 . 3 1  i l  

1 . 7 1  2 1  

1.21 3 1  

0 . 1 1  L I  

...I( 3 )  

1 . 4 i  3 1  

L . 4 i  01 

6.4( L I  

4.4i 2 )  

3.9i 4 1  
6.1(  31 
2 . 7 1  * I  

8 .  I ( - 1 )  

1 . 5 i  L I  

1 . 3 i  3 )  

5 . 1 i  ci l  

l . ? I  21  

7.81-21 

2.91 5 1  
2.91 51 
2 . 9 i  5 1  
L.2( 2 1  
2.51 31 

1 - 2 4  61 

8 . 5 (  41 
1.11 61 

t .  11 31 

L . , i  1 )  

4 . 1 (  3 1  

3.9i 41 

2 . 7 i  41 

l - j i  3 1  

1.41 2 )  

2 . 0 1 - l l  

7.41 51 
7.61 51 
7.6i 51 
4.41 21 
1 . l i  41 

2-51  61 

Y . l (  4 )  
1 .8 i  6 1  

9-11  3 )  

1.4 i  LI 

3 . 3 i - 1 1  

l . Z i  61 
1.21 b l  
l .2( 61 
5 . 8 i  21 
2.2i 41 

3.71 6 1  

9 . b i  41 
2.31 61 



UUSE l h  R P C S  P E Q  C U R I E  INHALE0 

1 C  3 0 D  6 0 0  

S l Z t  I . O U M  ORGAN: R E O  BONE MARROU 

I O  Y LO I 30 Y 40 r 5 0  Y T I M E :  1 0 
NUCL 1 D E 

l Y  

N A - 2 4  3 .71  21 

QH-st 3.11 2 )  
8 E  1 . 4 (  CI 
R S  1.01 0 )  

SR-E'? 2.8( 2 1  
90 1 . 7 (  21 

6 . 1 1  2 1  

2 . 5 1  3 1  
1 . 4 1  C I  
1 . t r  0) 

6.71 21 

1.01 4 1  

3 - 3 1  01 

1.21  4 1  
2 . 5 1  4 )  

1.31 4 1  

4.51 0 )  

1.3( 4 )  

5 . 5 (  01 

3.2( 4 1  
2.81 51  
4.91 2 1  

~ . 3 (  41 

5 - 5 1  01 

3 . t l  3 )  
5 . 1 (  31 
2 . t l  21 
9 . 2 1  11 

1.81 4 )  
5.0( 41 

3,2( 41 
l . b (  6 1  2 - 3 1  6 1  2.51 61 2 . 7 1  61 2 - 6 1  6 1  
4 . 9 (  L l  3.2( 2 1  

9 .21  I I  
3.71 2 1  

Y - 9 c  6 .31  01 
9 1  4 . 1 (  G I  
9 3  t . 61  2 1  

L R - 9 5  6.11 11 
9 7  1.21 2 )  

NR-95  6.21 11 
9 1  3 . 3 (  01 

u3-9  5 2 . 9 (  I 1  

TC-ssV 5.61 0 )  

R I J - l C ?  4 . 1 1  1 )  
1 C 5  1.51 i l  
1 C t  2.2( 1 1  

R H - I C !  6 - 3 1  01 

? .? (  11 
4.CI I 1  
9 . 4 1  01 

4 . C l  2 1  
2 - 4 1  2 1  

: . € I  i l  
3 . 3 (  !I1 

1 . 4 (  2 1  

6.21 C I  

i.L( i I  
1 . e l  11 
2 . 1 1  2 1  

2 . C l  I 1  

3.0( 2 1  
4 . 2 (  i I  

4.11 11 
1.6( 21  
9.41 01 

1.01 31 
2 . 4 (  2 )  

R.OI il 

0 . 9 (  2 )  7.11 21 7.i( 21 

1 . 6 1  31 4.54 ?I 

1.11 3 1  1 . 5 1  ?I 1.51 31 

1 . 5 1  2 1  

b . 2 (  G I  

5 . 6 1  2 1  
l . 8 (  1) 
h . 2 (  2 1  

2.01 iI 

8.41 2 1  
5 . 4 1  2 1  
1.41 21 
4.91 CI 

1.5( 21  

7.31 21 

1.0( 3 1  

1.11 ? I  

? . 4 (  ?I 

1 . 4 1  3 )  
5 - 4 1  2 1  

5 . 1 1  01 

2 . 0 L  ? I  

5 . 1 1  01 
l . & (  21 
4 . 5 1  ')I 
8 . L l  CI 
1 . l I - 1  I 
l . C (  01  

2.31 2 )  

4 . t l  21 
7 . ' I - l I  
3 . 4 1  2 1  
1 . 5 (  ? I  
5 . C l  C I  

1 . C l  I I  

8 . 0 1  C I  

1.3( 2 1  1 . 3 1  2 1  
I . C I  11 
2 - 5 1  11 
c . e i  C I  
2 . P I  1 1  

2 . 1 1  ? )  3 . 8 (  41 
t . 7 1  ?I 
2.61 4 1  

Z.i( ?I 
1 . 3 (  3 1  
5 . ? 1  C I  

s . 1 1  01 
1 . t l  ? I  

4 - 2 1  2 1  
4 . 1 1 - 1 )  
I . ? (  1 1  

1 . 2 1  1 1  
7 - 5 1  11 
4 . 3 1  1 1  

1 . 4 1  ' I 1  
e . ? (  *I  

1 . C l  2 )  

5 . 1 1  C I  
1 . E L  I 1  

5 . t l  ,?I 
9 . I l - ? l  

5 - 5 1  2 1  
5.11 i l  
5 . 1 1  2 1  
5 . 3 1 - 1 1  
e . 5 1 - 3 1  

I . ? (  4 1  

1 - 1 1  1 1  
1.1( 41  

4.41 3 1  4 . 6 1  3 1  4.61 3 )  

L I - I L C  1.41 2 1  
1 4 1  1.51-11 
1 4 2  1 . 3 1  11 

C E - I 4 1  1 . 2 (  1 1  
1 1 2  2 . 0 1  I )  
I L L  c . 3 1  U I  

P U - l L ?  1 . 5 1 - 1 )  
1 4  9 7.6l 01 

N ' l - 1 4 i  1.81 1 1  

? Y - L 4 i  4 , ' 3 I - l l  
1 4 s  J . 9 (  u 1  

1 . 4 1  0 )  1 .41  C I  

1 - 5 1  2 1  
7 . t . l  1 1  
1 . 2 1  iI  

3 . 8 1  01 
8 . 7 (  I J )  

1 . 6 (  2 1  

2.41 11 
2.01  11 

4 . 5 1  C I  
6 . 4 l - L I  

2.61 ? )  
2 . 4 1  31 
2.41 J I  

2 . 3 1  2 )  
7.61 I I  
' . l (  2 1  

4 . 8 1  0 1  

2 . 5 1  ; I  

1 . 8 1  3 1  1.81 31 

5.1( L l  

l . B (  2 1  

5 . 1 1  I I  
2.01 I 1  

1 . C l  i I  

&.4 (  2 1  

*.e( 11 

4 . 9 1  5 )  5 - 5 1  3 1  5 - 5 1  3 1  

h . S (  G I  
1.4L-31 1 .4  1 - 2  I 

5 . 5 1  4 1  
5 . 2 1  4 1  
5 . 2 1  4 1  
5 - 2 1  11 
5 . 0 (  1 1  

E . 4 (  5 1  

4 . 5 1  5 )  
e . 7 1  5 1  

5 . 7 ( -  1 )  

2 . 2 1  tl 
2. 11 6 )  
2 . 1 1  0 )  
1.6(  31 
I . d l  41  

8.51 tl 

6 . 3 1  5 1  
7.9( 0 )  

P I I - 2  ! E  5 . 3 1  11 
2 ? 5  4.91 I I  
2 4 C  5.01  11 
2 4 1  P 5 .11-21 
2 4 1  3 1 * + 1 - 4 1  

b M - 2 4  1 5 . 7 1  2) 

C V - Z ' i  1.11 31 
2 4 4  1.0( J )  

5.5( 3 )  
5.21 3 1  
3 .21  3 1  
5 . 3 (  C I  
7.hl-11 

1.11 5 1  

1.31 5 )  
1.11 5 1  

4.71 41 

5.11 4 1  
5 . 2 1  4 )  

1 0 1 5 0 2 4  



9 J S E  I S l L t  L . " U Y  

1 Y  10'1 L O V  

i t L L S  

5 3  Y .rMt: 1 0 
N L C L l C ! E  

NA-24 

Q R - 8 t  
P e  
a s  

59-49 
9 c  
9 1  
9 2  

Y - 9 1  
9 1  
9 3  

I R - 9 9  
9 1  

w - a  5 
9 1  

W - 9 F  

TC-051,  

2.3(  i l  3 . t I  ? I  l . Z (  41 I.Y( 41 
1 . 7 (  L I  5 - 1 1  3 1  2.51 4 )  5.0( 4 1  
1.51 2 1  2.41 2 1  3.01  L I  3.61 21 
,.L( 2 )  

6 - 4 1  01 
4.91 6 )  
5.11 C I  

4.01 11 
6.81 ?I 

d , . l l  1 I 
L.71 d1 

2.11 11 

4.51 3 1  

Qll-  11 ? L.7( 11 
105 1.L( .I 
1 c  t 1.7(  1) 

PH-IC: 4.3( C l  

SH-12: 2 . 8 (  1 )  
1 2 i  5 .8(  I 1  
1 2 e  8.11 1 )  
l i s  3.71  C I  
\ ? C Y  7.Ol 01 
I ? C  1 . 5 ( - 1 1  
l ? I  1 . 6 ( - 1 1  

T c - l  i 7 Y  1.11 I 1  

1 2 i  5.4( 01 
l i ! U  4 . 5 (  I I  
1 2 5  b . . ) ( - l )  

4 . 1 1  I I  4.51  V I  4 . 1 (  C I  
7.r (  0 1  

4.11 0 1  4.7(  0 1  

1: 11, 8 . e (  II 2.41  2 1  
I ! ;  5.41 21 1 .51  3 1  
I ? ? P  3.4( 01 4.Cl  0 1  

21 2 .6(  2 1  
31 l . d (  3 1  
01 

2 1  1 . 2 1  21 

11 

11 

31 1 . 4 (  41 
3 1  5.9(  31 

t.C( !I 
1 . 3 1  1 1  
2 . 4 1  I 1  
5.41 c1 
2 . 3 (  1 )  

I . ? (  3 1  
2.C( 3 1  

1 . 5 1  i I  

l i l  i.01 11 
1 ? 1  9.41 C I  
l ? ?  2.11 1 1  

C S - 1 3 C  
l ? t  
1 2 7  
i:e 

R A - I ? F  
1 4 C  

L A - 1 4 r  
1 4  1 
1 4 2  

C E - 1 4 1  
1 4 :  
1 4 4  

PR-lL? 
1 4  5 

N o - l r i  

D M - 1 4 7  
1 4 5  

VP-235 0 
2 ? 9  4 

PU-2?€ 
2 ? 9  
2 4 0  
2 4 1  R 
2 4 1  A 

AM-24 I 

C M - 2 4 2  
2 k 4  

1.9( 21 
2.31 L I  
l . l (  21  
5 - 5 1  L I  

9 . 1 (  01 
7.0(  2 1  
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1.41-1) 
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6.51 41 
6.1(  11 
9.5(  01 
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1.31 6 1  
1.41 6 1  

l . 2 (  21 1 . 2 (  2 1  

5 - 4 1  i l  6.11 31 0 . Y I  31 6.91 31 

1 . 8 1 - 1 )  

t . 9 (  5 )  
C.5I 51 
6.51 51 
t . 5 1  2 1  
C.3( 21 

1 - 1 1  1 1  

5.71 t I  
1.1(  7 1  

7 . 1 1  0 1  i . e i  II 

2.7( 1 1  6.61 7 1  
2.61 71 6.11 71 
L.6( 71 6.7( 7 1  
2.01 41 3.9( 41 
2.3( 51 9.SL 5 1  

I . I (  6 1  2.21 e )  

1-41 61 8 . 4 (  6 1  
9.81 71 1.6( 81 

3-01 41 
3.0( 4 1  
3.11 II 
2.2(  01 

6.11 51 

6.4( 51 
6.51 51 

1 0  1 5 0 2 5  



DOSE IP. P b r S  F F R  C U R I E  IN t -ALED SIZE 1.GUH ORGAN: L O W E R  L A R G E  I N T E S T I N E  

T I M E :  1 0 1 C  3 0 D  6 0 0  I Y  1 O Y  L O V  3 3 Y  4 0 Y  5 0 Y  
N U C L I D E  

N A - 2 4  

R 9 - S t  
5 8  
8 5  

S R - 8 F  
9 c  
9 1  
92 

Y-9c 
9 1  
9? 

Z F - 9 6  
9 1  

N9-95 
9 7  
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