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DOSIMETRY OF TOTAL-BODY IRRADIATION 
BY EXTERNAL PHOTON BEAMS 

R .  J .  C l o u t i e r ,  F. O'Foghludha and F. V .  Comas 

I n t r o d u c t i o n  

A c o n f e r e n c e  on t o t a l - b o d y  d o s i m e t r y ,  a t t e n d e d  by 
p h y s i c i s t s ,  r a d i o b i o l o g i s t s  , and c l i n i c i a n s *  was h e l d  a t  
Oak Ridge A s s o c i a t e d  U n i v e r s i t i e s  ( O R A U )  on February  23 and 
2 4 ,  1 9 6 7 ,  u n d e r  t h e  a u s p i c e s  o f  t h e  N a t i o n a l  A e r o n a u t i c s  and 
Space  A d m i n i s t r a t i o n  (NASA)t and 0RAU.t I t s  purpose  was t o  
r e v i e w  work on t o t a l - b o d y  i r r a d i a t i o n ,  a n d - i f  p o s s i b l e  t o  
a r r i v e  at a consensus  on a uni form way o f  r e p o r t i n g  t h e  
d o s e s  d e l i v e r e d .  D i s c u s s i o n  was r e s t r i c t e d  t o  photon i r r a -  
d i a t i o n ,  w i t h  emphasis  on t h e  p h y s i c a l  r a t h e r  t h a n  on t h e  
b i o l o g i c a l  a s p e c t s .  

I 

I 

Although much o f  t h e  work had a p p e a r e d  i n  t h e  open 
l i t e r a t u r e ,  some o f  i t  f i r s t  came t o  l i g h t  d u r i n g  t h e  con-  
f e r e n c e .  The mee t ings  were i n f o r m a l  and as much t ime was 
a l l o t t e d  t o  d i s c u s s i o n  a s  t o  p r e s e n t a t i o n  o f  p a p e r s .  The 
a u t h o r s  o f  t h e  p r e s e n t  p a p e r  were t h e  o r g a n i z e r s  and a l s o  
s e r v e d  a s  r a p p o r t e u r s .  What f o l l o w s  i s  t h e i r  view o f  what 
t ook  p l a c e ;  i t  does  n o t  f o l l o w  e x a c t l y  t h e  o r d e r  i n  which 
t h e  t a l k s  were g i v e n .  I n s t e a d  t h e  t o p i c s  a r e  d i v i d e d  i n t o  
two groups :  I. Methods o f  i r r a d i a t i o n ;  and 11. Measurement 
and c a l c u l a t i o n  o f  dose .  
* Appendix I g i v e s  t h e  p a r t i c i p a n t s  and t h e  program. 

t The r e t r o s p e c t i v e  e v a l u a t i o n  was s u p p o r t e d  c o n j o i n t l y  by , 
t h e  USAEC and t h e  Manned S p a c e f l i g h t  Medica l  D i v i s i o n  o f  
t h e  N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n ,  NASA 
O r d e r  R - 1 0 4 ,  Task No. 9 ( I n t e r a g e n c y  Agreement 4 0 - 3 5 - 6 4 ) .  

Ridge ,  Tennessee ,  unde r  c o n t r a c t  w i t h  t h e  Uni ted  S t a t e s  
Atomic Energy Commission. 

$ Medica l  D i v i s i o n ,  Oak Ridge A s s o c i a t e d  U n i v e r s i t i e s ,  Oak 
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PART I: METHODS OF IRRADIATION 

A f t e r  a welcome by  h d r e w s  and  i n t r o d u c t o r y  remarks  by 
C l o u t i e r ,  Lushbaugh s t a t e d  t h a t  t h e  aim of t h e  ORAU s u r v e y ,  
u n d e r t a k e n  on b e h a l f  of SASA, is t o  e s t a b l i s h  a q u a n t i t a t i v e  
r e l a t i o n  between r a d i a t i o n  dose  and  a number o f  b i o l o g i c a l  
r e s p o n s e s  i n  man. R e t r o s p e c t i v e  s t u d i e s  on t h e  c a s e  h i s t o -  
r i e s  o f  a l l  known p a t i e n t s  exposed  t o  t o t a l - b o d y  i r r a d i a t i o n ,  
b o t h  i n  t h e  U n i t e d  S t a t e s  and a b r o a d ,  a r e  unde r  way and 
f u t u r e  s t u d i e s  a r e  i n  p r o s p e c t .  Lushbaugh e x p r e s s e d  t h e  
hope t h a t  some u n i f o r m  method o f  r e p o r t i n g  t h e  dose  r e c e i v e d  
by i r r a d i a t e d  p a t i e n t s  would be a g r e e d  upon a s  a r e s u l t  o f  
t h e  p r e s e n t  m e e t i n g ,  and t h a t  t h e  method would be w i d e l y  
u s e d  i n  f u t u r e  s t u d i e s .  He d e s c r i b e d  t h e  methods used  i n  
s e e k i n g  o u t  i n f o r m a t i o n  f o r  t h e  ORAU-NASA s u r v e y  and 
s t r e s s e d  t h a t  c o n s i d e r a b l e  d i f f i c u l t y  a r o s e  in i n t e r p r e t i n g  
r e c o r d s ,  p a r t i c u l a r l y  i f  t h e  work r e p o r t e d  on had been 
c a r r i e d  o u t  many y e a r s  ago .  No two i n s t i t u t i o n s  used t h e  
same sys t em o f  r e p o r t i n g ,  and many v i t a l  items i n  b o t h  d o s i -  
m e t r i c  and m e d i c a l  h i s t o r i e s ,  o r i g i n a l l y  though t  t o  be  unim- 
p o r t a n t ,  were now i r r e t r i e v a b l y  l o s t .  

He r e p o r t e d  t h a t  t h e  a v e r a g e  d o s e  and t h e  exposure  a t  
t h e  m i d l i n e  i n  t h e  a b s e n c e  of  t h e  s u b j e c t  were most  f r e -  
q u e n t l y  u s e d  t o  d e s c r i b e  t h e  p a t i e n t ' s  t o t a l - b o d y  i r r a d i a -  
t i o n .  S e v e r a l  o t h e r  r a d i a t i o n  u n i t s  were als i r  u s e d ;  t h e  one 
Lushbaugh f a v o r e d  was what  h e  c a l l e d  " e p i g a s t r i c  dose";  t h a t  
i s ,  t h e  number o f  r a d s  d e l i v e r e d  t o  t h e  u p p e r  abdominal 
compartment .  He p o i n t e d  o u t  t h a t  t h i s  q u a n t i t y  was t h e  
v a r i a b l e  w i t h  which t h e  s e v e r i F y  o f  s y s t e m i c  symptoms seemed 
t o  b e  most r e a d i l y  c o r r e l a t e d .  r e p l y i n g  t o  a q u e s t i o n  by 
F o c h t ,  Lushbaugh s t a t e d  t h a t  a t  137Cs e n e r g i e s  t h e  number o f  
r a d s  d e l i v e r e d  t o  t h e  e p i g a s t r i u m  i s ,  i n  p e r s o n s  of  normal  
s i z e ,  a p p r o x i m a t e l y  0 .66  times t h e  e x p o s u r e  ( R )  t h a t  would 
have e x i s t e d  a t  t h e  p o s i t i o n  o f  t h e  e p i g a s t r i u m  i f  t h e  
p a t i e n t ' s  body were removed. 

Another  o b j e c t i v e  o f  t h e  p r e s e n t  s t u d y  i s  t o  change 
t h e  r a t h e r  w i d e l y  h e l d  c o n c e p t  t h a t  a s p e c i f i e d  dose  l e v e l  
i n v a r i a b l y  b r i n g s  a b o u t  a c e r t a i n  p h y s i o l o g i c a l  r e s p o n s e .  
Thus,  t h e  s t a t e m e n t  t h a t  200 R would i n v a r i a b l y  i n d u c e  
v o m i t i n g  s h o u l d  be r e p l a c e d  by  a s t a t e m e n t  o f  t h e  p r o b a b i l -  
i t y  t h a t  2 0 0  R would c a u s e  v o m i t i n g .  Lushbaugh t h e n  o u t -  
l i n e d  t h e  sys t em o f  p r o b i t  a n a l y s i s  u s e d  a t  O M U  t o  c o r r e -  
l a t e  "go, no-go ' '  phenomena, s u c h  a s  v o m i t i n g  o r  d i a r r h e a ,  
w i t h  t h e  dose  t h a t  would i n d u c e  t h e s e  e f f e c t s  w i t h  a c e r t a i n  
p r o b a b i l i t y .  
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From i n i t i a l  a n a l y s e s  o f  a l i m i t e d  nunbe r  o f  c a s e s ,  
w h i c h  g i v e  remarkably  c o n s i s t e n t  r e s u l t s ,  i t  i s  possible t o  
e s t i m a t e  f o r  any e f f e c t  E ,  t h e  d o s e  ED, t h a t  causes  t h e  
e f f e c t  t o  o c c u r  w i t h  a p r o b a b i l i t y  of x p e r c e n t .  

Beck t h e n  summarized t h e  m a t e r i a l  a v a i l a b l e  fOT a n a l y -  
s i s .  I t  now c o n s i s t s  o f  a b o u t  1 8 0 0  c a s e s  l o c a t e d  a t  38 
i n s t i t u t i o n s  (Tab le  I ) .  For  t h e  NASA s t u d y  any number of 
i r r a d i a t i o n s  g iven  on t h e  same day  were c o n s i d e r e d  a s  one 
t r e a t m e n t .  One o r  more i r r a d i a t i o n s  g i v e n  i n  a p e r i o d  of 
one week c o n s t i t u t e  an i n t e r m e d i a t e  group. M u l t i p l e  i r r a d i -  
a t i o n s  ex tendi r?g  beyond one week a r e  c o n i i d e r e d  as a f r a c -  
t i o n a t e d  t r e a t m e n t ,  a n d  i r r a d i a t i o n s  s e p a r a t e d  by s i x  weeks 
o r  more a r e  c o n s i d e r e d  a s  s e p a r a t e  t r e a t m e n t  s e r i e s .  The 
c o l l a b o r a t i n g  i n s t i t u t i o n s ,  on t h e  o t h e r  hand ,  used q u i t e  
d i  f i e r e n t  conven t ions .  

Q u e s t i o n s  from Shonka and o t h e r s  b r o u g h t  o u t  t h a t  most 
o f  t h e  ORAU p a t i e n t s  had s u f f e r e d  from leukemia  o r  lymphomas 
b u t  p a t i e n t s  from o t h e r  i n s t i t u t i o n s  g e n e r a l l y  had e p i -  
t h e l i a l  neoplasms.  I t  a l s o  emerged t h a t  some p a t i e n t s  had 
been  exposed t o  more t h a n  1 0 0 0  R i n  a s i n g l e  day ,  a l though  
i n  t h e  v a s t  m a j o r i t y  t h e  exposure  had been  much less .  

T y p i c a l  T o t a l  -Body I r r a d i a t o T s  

c o l l a b o r a t i n g  i n s t i t u t i o n s .  
work was done w i t h  X-ray equipment  n o t  s p e c i f i c a l l y  des igned  
f o r  t o t a l - b o d y  i r r a d i a t i o n ,  whereas  t h e  more r e c e n t  equ ip -  
ment t ended  t o  be  c u s t o m - b u i l t  and r e l i e d  p redominan t ly  on 
gamma r a y s .  Only f r a g m e n t a r y  dose  d a t a  e x i s t e d  f o r  p a t i e n t s  
t r e a t e d  i n  t h e  1930's, whereas  d o s i m e t r i c  i n f o r m a t i o n  f o r  
p a t i e n t s  i r r a d i a t e d  i n  r e c e n t  y e a r s  was g e n e r a l l y  i n  more 
d e t a i l .  

Beck then  d e s c r i b e d  t h e  r a d i a t i o n  equipment  used  a t  
As a g e n e r a l  r u l e ,  t h e  o l d e r  

As t y p i c a l  a r r a n g e m e n t s ,  Beck c h o s e  t o  d e s c r i b e  t h o s e  
a t  ORAU,  P e t e r  Bent Brigham, Mary Imogene B a s s e t t ,  and C i ty  
of  Hope H o s p i t a l  In  t h e  ORAU i n s t a l l a t i o n ,  t h e  e a r l y  w o r k  
was done w i t h  a "Co s o u r c e  e n c l o s e d  i n  a s p h e r i c a l  s h i e l d .  
Most o f  t h e  p a t i e n t s ,  however ave  been  t r e a t e d  i n  a l a t e r  
i r r a d i a t o r  ( I )  w i t h  m u l t i p l e  139Cs s o u r c e s ,  p r o v i d i n g  r e -  ' 

markably  uni form exposure  o v e r  t h e  t r e a t m e n t  a r e a  ( 2 ) .  
Exposure  r a t e s  a v a i l a b l e  were between 0 . 7  and 2 .0  R/min. 
R e s u l t s  were r eco rded  a s  m i d l i n e  a i r  e x p o s u r e ,  ave rage  
abdominal  d o s e ,  o r  t o t a l - b o d y  a v e r a g e  d o s e .  The C i t y  o f  
Hope H o s p i t a l  i n  D u a r t e ,  C a l i f  y i a ,  a l s o  h a s  a s p e c i a l l y -  
b u i l t  i n s t a l l a t i o n  w i t h  e i g h t  pJyCs s o u r c e s .  The exposure 
r a t e s  were between 0 . 0 2  and 4 . 7  R/min. R e s u l t s  were g iven  
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as  "ave rage  m i d p l a n e ,  midbody dose"  ( 3 ) .  A t  t h e  P e t e r  Bent  
Brigham H o s p i t a l ,  i n  B o s t o n ,  M a s s a c h u s e t t s ,  m u l t i p l e  p o r t a l s  
were  u s e d  t o  c o v e r  t h e  whole  body,  
u s e d  w i t h  an e x p o s u r e  r a t e  of  5 . 5  R/min; t h e  midbody d e p t h  
d o s e  was r e c o r d e d  ( 4 ) .  The i r r a d i a t o r  a t  t h e  Mary Imogene 
B a s s e t t  H o s p i t a l ,  Coopers town,  N e w  York ,  c o n s i s t s  o f  two 
6oCo s o u r c e s  w i t h  t h e  p a t i e n t  i n  b e t w e e n ,  Exposure r a t e s  
r a n g e d  from 6 t o  2 5  R/min. 
t h e  c e n t e r  o f  t h e  body were g iven  ( 5 ) .  

A 250-kV machine was 

Both e x p o s u r e  and  d e p t h  dose  a t  

I n  t h e  f i r s t  i n v i t e d  p a p e r ,  S h a l e k  d e s c r i b e d  t h e  250-kV 
X-ray  f a c i l i t y  u sed  a t  t h e  M .  D .  Anderson  H o s p i t a l  d u r i n g  
t h e  1950's f o r  t h e  i r r a d i a t i o n  o f  2 6 3  p a t i e n t s .  The h a l f -  
v a l u e  t h i c k n e s s  (HVT) was 3 mm Cu. The p a t i e n t s  were p l a c e d  
275 c m  f rom t h e  X-ray t a r g e t  and i r r a d i a t e d  l a t e r a l l y  w h i l e  
i n  a c rouched  p o s i t i o n .  The "edges" o f  t h e  beam ( t aken  t o  
c o i n c i d e  w i t h  t e 50% i s o e x p o s u r e  l i n e  i n  air) e n c l o s e d  an  
a r e a  of  1 2 0 0  an', which was l a r g e  enough t o  accommodate t h e  
c r o u c h i n g  p a t i e n t .  A f t e r  o n e - h a l f  o f  t h e  e x p o s u r e  had been  
g i v e n ,  t h e  p a t i e n t  was t u r n e d  and i r r a d i a t e d  from t h e  oppo- 
s i t e  s i d e .  The dose  w i t h i n  t h e  p a t i e n t  v a r i e d  2 2 0 %  w i t h  t h e  
minimum d o s e  a t  t h e  p a t i e n t ' s  c e n t e r .  The exposure  r a t e  was 
3 . 8  R/min. Both t h e  e x p o s u r e  a t  m i d l i n e  and  t h e  average  
d o s e ,  c a l c u l a t e d  by one  of Mayneord 's  f o r m u l a s  were r e p o r t e d  
f o r  a l l  p a t i e n t s  ( 6 ) .  

A t  B a y l o r  U n i v e r s i t y  i n  D a l l a s ,  West r e p o r t e d  t h a t  t h e  
i n i t i a l  i r r a d i a t i o n s  had been  pe r fo rmed  w i t h  a 220-kV X-ray 
machine w h i l e  t h e  p a t i e n t  l a y  on a s t r e t c h e r .  Half  t h e  
e x p o s u r e  was g iven  AP and t h e  o t h e r  h a l f  PA. The s u r f a c e  
d o s e  was t a k e n  a s  100% ( 7 ) .  The e x p o s u r e  r a t e  was 5 R/min. 
L a t e r ,  X r a y s  from a 2-MeV a c c e l e r a t o r  were used  w i t h  t h e  
p a t i e n t  s i t t i n g  up i n  a r o t a t i n g  c h a i r .  The dose  a t  t h e  
c e n t e r  of  t h e  body was c a l c u l a t e d  t o  b e  68 t o  7 2 %  o f  t h e  a i r  
e x p o s u r e .  
e q u a t i o n s ,  c o r r e c t i n g  f o r  n o n u n i f o r m i t y  o f  t h e  beam ( 8 ) .  

I n t e g r a l  d o s e s  were also c a l c u l a t e d  by Mayneord's , 

Hayes p r e s e n t e d  d e t a i l s  o f  dose measurements  c a r r i e d  
o u t  a t  t h e  ORAU i r r a d i a t o r  w i t h  t h r e e  an th ropomorph ic  
phantoms c o r r e s p o n d i n g  t o  t h r e e  t y p i c a l  body s izes :  a s m a l l  
c h i l d ,  an a d o l e s c e n t ,  and an a d u l t .  The comple t e  i s o d o s e  
d i s t r i b u t i o n  ( F i g .  1) w i t h i n  t h e  phantom was de te rmined  w i t h  
an i o n i z a t i o n  p r o b e .  In  a d d i t i o n ,  c h e m i c a l  dos ime t ry  was 
used  t o  measure t h e  a v e r a g e  dose  t o  t h e  whole body and f o r  
s e p a r a t e  body compar tments .  The i n t e g r a l  d o s e  c a l c u l a t e d  
g r a p h i c a l l y  from t h e  i s o d o s e  l i n e s  d i f f e r e d  by l e s s  t h a n  
5 %  from t h e  v a l u e s  o b t a i n e d  w i t h  t h e  c h e m i c a l  d o s i m e t e r .  

h A compar ison  was a l s o  made, w i t h  t h e  same phantoms and - J  I 

c h e m i c a l  s y s t e m ,  o f  t h e  a v e r a g e  dose  i n  v a r i o u s  body 
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&ments when exposed  t o  r a d i a t i o n  f r o m  t w o  temporary  S8mpar' Co i r r a d i a t o r s  u sed  a t  ORAU d u r i n g  t h e  e a r l y  t o t a l - b o d y  
i r r a d i a t i o n  s t u d i e s .  The re  was l e s s  v a r i a t i o n  i n  a v e r  g 
dose  f rom one compartment t o  t h e  o t h e r  w i t h  t h e  e i g h t  pJpCs- 
s o u r c e  f a c i l i t y  t h a n  w i t h  t h e  b i l a t e ~ a l  6oCo r a d i a t i o n  
s e t u p  ( 9 ) .  

K e r e i a k e s  r e p o r t e d  t h a t  t h e  i r r a d i a t o r  a t  t h e  C i n c i n n a t i  
G e n e r a l  H o s p i t a l  c o n s i s t e d  o f  a s i n g l e  6oCo s o u r c e  housed i n  
a t e l e t h e r a p y  head .  
p o s i t i o n ,  t h e  l o w e r  e x t r e m i t i e s  w e r e  r a i s e d ,  and t h e  head 
was t i l t e d  fo rward .  I n  t h i s  way t h e  p a t i e n t  was made t o  f i t  
w i t h i n  t h e  50% i s o e x p o s u r e  l i n e  o f  t h e  beam. The d i s t a n c e  
f rom s o u r c e  t o  t h e  p a t i e n t ' s  c e n t e r  was 2 8 2  cm. One-ha l f  
t h e  dose  was admj -n i s t e red  from one s i d e ,  t h e  p a t i e n t  was 
r o t a t e d ,  and t h e  r e m a i n i n g  dose  was g i v e n .  The exposure  
r a t e  was 3.5 t o  6 R/min a t  t h e  c e n t e r  o f  t h e  body,  i n  t h e  
a b s e n c e  o f  t h e  p a t i e n t .  Sk in  d o s e s  were  c a l c u l a t e d  and 
v e r i f i e d  by means o f  i o n i z a t i o n  chambers  and l i t h i u m  
f l u o r i d e  d o s i m e t e r s .  Dep th -dose  measurements  i n  a mason i t e  
phantom i n d i c a t e d  t h a t  dose  v a r i a t i o n  i n  t h e  t r u n k  o f  a 
t y p i c a l  p a t i e n t  was o n l y  28%. Dosage was e x p r e s s e d  a s  r a d s  
a t  t h e  p a t i e n t ' s  m i d l i n e  (IO). More r e c e n t l y ,  i n t e g r a l  
d o s e s  have  been  c a l c u l a t e d  by Mayneord 's  method. For  a 
g i v e n  m i d l i n e  d o s e ,  t h e  i n t e g r a l  d o s e  v a r i e s  depend ing  upon 
t h e  p a t i e n t ' s  l a t e r a l  d i m e n s i o n s .  

Campbell  r e p o r t e d  t h a t  t h e  t o t a l - b o d y  i r r a d i a t o r  a t  t h e  
Manitoba Cancer  T rea tmen t  and R e s e a r c h  F o u n d a t i o n ,  Winnipeg, 
Canada,  p r o v i d e s  a u n i f o r m  e x p o s u r e  r a t e  ( * 2 . 4 % )  w i t h i n  a 
c y l i n d r i c a l  t r e a t m e n t  volume 6 f e e t  h i g h  w i t h  a b a s e  diame- 
t e r  of  8 f e e t .  The u n i f o r m i t y  becomes 2 4 %  i f  t h e  b a s e  
d i a m e t e r  i s  i n c r e a s e d  t o  1 0  f e e t .  The u n i f o r m  f i e l d  i s  
produced  by s i x  6oCo s o u r c e s ;  f o u r  o f  them,  p o s i t i o n e d  a t  
t h e  midplane  o f  t h e  i r r a d i a t i o n  volume,  p r o v i d e  9 9 %  o f  t h e  
e x p o s u r e ;  two s m a l l  s o u r c e s  one above  and  one below t h e  
t r e a t m e n t  volume p r o v i d e  t h e  r e m a i n i n g  1% o f  e x p o s u r e .  The 
e x p o s u r e  r a t e  i s  a b o u t  0 .5  R / m i n .  
p l a c e d  i n  r o u t i n e  use  f o r  p a t i e n t s .  
i n  phantoms have n o t  been  done ( 1 1 ) .  

u s e d  i n  t h e  1930's a t  Memorial  H o s p i t a l ,  New York. S i n c e  
d o s i m e t r y  was n o t  t h e n  v e r y  advanced ,  a c c u r a t e  dose  e s t i -  
mates c o u l d  n o t  be made. Dosage was g i v e n  a t  t h a t  t i m e  i n  
e ry thema  u n i t s .  On t h e  b a s i s  of  a v a i l a b l e  i n f o r m a t i o n  about  
t h e  X-ray machines  ( k i l o v o l t a g e ,  m i l l i a m p e r a g e ,  e t c . )  , Foch t  
h a s  e s t i m a t e d  t h e  d o s e s  i n  r a d s  t h a t  t h e  p a t i e n t s  had r e -  
c e i v e d .  
t h e  e s t i r n a t c s ,  t h e  d a t a  a r e  u n i q u e  i n  t h a t  t h e y  r e p r e s e n t  

The p a t i e n t  was p l a c e d  i n  a s i t t i n g  

The f a c i l i t y  h a s  n o t  been 
Dep th -dose  measurements 

Foch t  d e s c r i b e d  t h e  i r r a d i a t o r  t h a t  Heub le in  and Crave r  

Although it is d i f f i c u l t  t o  assess  t h e  a c c u r a c y  of 

. - -  
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.- . 
t o b s e r v a t i o n s  f o r  l o w  e x p o s u r e  r a t e s  and  low-energy. r a d i a t i o n ,  

whereas  most  o t h e r  work was ca r r i ed  o u t  a t  h i g h e r  e x p o s u r e  
r a t e s  and  a t  h i g h e r  e n e r g i e s .  

Comments 

The p r e c e d i n g  p r e s e n t a t i o n s ,  t o g e t h e r  w i t h  d a t a  f r o m  
o t h e r  i n s t i t u t i o n s  t h a t  were  n o t  r e p r e s e n t e d  a t  t h e  m e e t i n g ,  
may a l l o w  a few g e n e r a l i z a t i o n s .  

1. S e v e r a l  t e c h n i q u e s  o f  t o t a l - b o d y  i r r a d i a t i o n  have  
h a s  been  t o  i r r a d i a t e  t h e  

The p a t i e n t  was u s u a l l y  two o r  t h r e e  m e t e r s  f r o m  

been u s e d .  
p a t i e n t  w i t h  a s i n g l e  beam o f  X r a y s  g e n e r a t e d  a t  a b o u t  
2 5 0  kV. 
t h e  X-ray t u b e .  
l a t e r a l  s i d e  o f  t h e  p a t i e n t .  
body was from 2 1 5  t o  *30%. 

The most common one  

The e x p o s u r e  was g i v e n  A P - P A  o r  f r o m  e a c h  
Dose i l n i f o r m i t y  w i t h i n  t h e  

2 S e v e r a l  i n v e s t i g a t o r s  u s e d  t h e  same t e c h n i q u e  b u t  
w i t h  66Co gamma r a y s  o r  2000-kV X r a y s .  
w i t h i n  t h e  body was be tween * 8  and * 1 5 % .  

Dose u n i f o r m i t y  

3. S p e c i a l  f a c i l i t i e s  u s i n g  e i g h t  13’Cs s o u r c e s  gave a 
dose  u n i f o r m i t y  w i t h i n  t h e  body comparab le  t o  t h a t  o b t a i n e d  
w i t h  o p p o s i n g  beams a t  a b o u t  1 - M e V .  

4 .  The e x p o s u r e  r a t e s  were g e n e r a l l y  be tween 1 and 6 
R/min. 

5 .  
many i n s t i t u t i o n s  u s e  more t h a n  one  e x p r e s s i o n .  
( u s u a l l y  a t  t h e  p a t i e n t ’ s  m i d l i n e )  i s  b y  f a r  t h e  most  common 
f i g u r e  g i v e n .  
(b )  i n t e g r a l  d o s e ;  (c )  a v e r a g e  d o s e ;  (d) m i d p l a n e ,  midbody 
d o s e ;  ( e )  s k i n  d o s e ;  and  ( f )  e p i g a s t r i c  d o s e .  

Dose h a s  been  r e p o r t e d  i n  a v a r i e t y  of  ways,  and  
Exposure  

Dose e s t i m a t e s  i n  u s e  a r e  ( a )  mid t runk  d o s e ;  

E v a l u a t i o n  o f  Repor t ed  Dose 

Comas, Beck,  and C l o u t i e r  e x p l a i n e d  how t h e y  a t t e m p t e d  
t o  u n i f y  t h e  d o s i m e t r y  o f  a l l  p a t i e n t s  t r e a t e d  w i t h  t o t a l -  
body i r r a d i a t i o n  i n  t h e  38 i n s t i t u t i o n s  o f  T a b l e  I .  
f i r s t  s t e p  was t o  s e l e c t  d o s e  e x p r e s s i o n s  t h a t  would b e  
common t o  a l l  p a t i e n t s .  

The 

O f  t h e  a v a i l a b l e  c h o i c e s ,  t h e  a v e r a g e  t o t a l - b o d y  dose  
. a p p e a r e d  t o  be open t o  t h e  fewest o b j e c t i o n s  and was c a l -  

c u l a t e d  when s u f f i c i e n t  d a t a  were a v a i l a b l e  f r o m  t h e  
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p a t i e n t s '  r e c o r d s .  L u s h b a u g h  is  u s i r , g  t h i s  dose  exFreSssicn 
i n  c u r r e n t  a t t e m p t s  t o  c o r r e l a t e  dose  a n d  r e s p o n s e .  

The midbody d o s e  was a l s o  c a l c u l a t e d  b u t  h a s  t h e  
o b j e c t i o n  t h a t  i t  r e p r e s e n t s  t h e  dose  t o  o n l y  a small 
f r a c t i o n  of t h e  body t i s s u e s  ( s e e  F i g .  1). 

T a r g e t - o r g a n  d o s e ,  a l t h o u g h  an a p p e a l i n g  c o n c e p t ,  has  
t h e  drawback t h a t  t h e  i d e n t i t y  o f  t h e  o r g a n  r e s p o n s i b l e  f o r  
a s p e c i f i c  b i o l o g i c a l  e f f e c t  i s  g e n e r a l l y  n o t  known a n d ,  if 
known, t h e  o r g a n ' s  d o s e  i s  d i f f i c u l t  t o  c a l c u l a t e .  On t h e  
a s s u m p t i o n  t h a t  t h e  prodomal  syndrome i s  r e l a t e d  t o  t h e  dose  
a b s o r b e d  i n  t h e  u p p e r  abdomen, " e p i g a s t r i c  d o s e s "  were com- 
p u t e d  f o r  t h o s e  p a t i e n t s  on whom enough i n f o r m a t i o n  was 
a v a i l a b l e .  
a t t e m p t  t o  c o r r e l a t e  dose  and r e s p o n s e .  

d a t a  were a v a i l a b l e .  O b j e c t i o n s  t o  t h e s e  d o s e  e x p r e s s i o n s  
had been  w e l l  e x p l a i n e d  i n  t h e  r e u o r t  o f  S i n c l a i r  a n d  

Lushbaugh u s e d  t h i s  dose  e s t i m a t e  i n  h i s  e a r l y  

Exposure  and i n t e g r a l  d o s e s  were a l s o  c a l c u l a t e d  i f  

- 

Cole ( 6 ) :  " I t  i; e v i d e n t  t h a t  we ' canno t  a c c u r a t e l y  compare 
t h e  e f f e c t s  produced  i n  a n i m a l s  and humans, o r  even  i n  d i f -  
f e r e n t  human- b e i n g s ,  by means o f  e i t h e r  t h e  a i r  d o s e  o r  t h e  
i n t e g r a l  d o s e  . . . We would n o t ,  f o r  i n s t a n c e ,  c o n s i d e r  
t h a t  a v e r y  l a r g e  man, p l a c e d  a t  t h e  p o i n t  where  2 0 0  R m i g h t  
be measured  i n  a i r ,  e x p e r i e n c e s  a much g r e a t e r  e f f e c t  b e -  
c a u s e  t h e  i n t e g r a l  dose  t o  h i s  body i s  much g r e a t e r  t h a n  
t h a t  o f  a man o n l y  h a l f  h i s  weight . ' '  

I n  t h i s  c o n n e c t i o n  Robinson a r g u e d  t h a t  t h e  a v e r a g e  
t o t a l - b o d y  dose  c o u l d  a l s o  be m i s l e a d i n g .  F o r  example ,  
s u p p o s e  t h a t  s e v e r a l  k i l o r a d s  were  g i v e n  t o  o n l y  t h e  Too t .  
Here  t h e  a v e r a g e  t o t a l - b o d y  dose  might  s t i l l  be  hundreds  o f  
r a d s ;  however ,  t h e  s y s t e m i c  r e s p o n s e  would c l e a r l y  n o t  C O Y -  
r e l a t e  w i t h  t h e  a v e r a g e  t o t a l - b o d y  d o s e .  O t h e r s  p o i n t e d  o u t  
t h a t  c o n c e p t s  a p p l i c a b l e  i n  p a r t i a l - b o d y  i r r a d i a t i o n  were  
n o t  n e c e s s a r i l y  t r a n s f e r a b l e  t o  t o t a l - b o d y  i r r a d i a t i o n .  
O'Foghludha i n d i c a t e d  t h a t  i t  would not a v o i d  t h e  i s s u e  t o  
g i v e  a comple t e  d e s c r i p t i o n  o f  t h e  d o s e s  a t  d i f f e r e n t  p a r t s  
o f  t h e  body. He s a i d  t h a t  t h e  phantom s t u d i e s  o f  Hayes,  
O d d i e ,  and B r u c e r  ( 9 )  were  a s  comple t e  a s  o n e  migh t  w i s h ,  
y e t  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h e  i s o d o s e  p l o t s  was n o t  
r e a d i l y  u s a b l e  f o r  t h e  p u r p o s e  of  r e l a t i n g  b i o l o g i c a l  r e -  
s p o n s e  t o  r a d i a t i o n  d o s e ;  f o r  t h i s ,  one needed  a s i n g l e  dose  
v a l u e .  

c 
. -  . 

The ORAU s p e a k e r s  went  on t o  d e s c r i b e  how t h e y  con-  
v e r t e d  t h e  d o s e s ,  a s  g i v e n  by t h e  p a r t i c i p a t i n g  i n s t i t u t i o n s ,  
t o  a v e r a g e  t o t a l - b o d y  d o s e .  They i n d i c a t e d  t h a t  t h i s  s t u d y  
was s t i l l  i n  p r o g r e s s  and t h a t  d a t a  f r o m  o n l y  2 1  o f  t h e  38 
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r e p o r t i n g  i n s t i t u t i o n s  h a d  been a n a l y z e d .  O f  t h e  7 5 7  t r e a t -  
ments  r e v i e w e d ,  e x p o s u r e s  have been c a l c u l a t e d  f o r  7 2 4  and 
a v e r a g e  d o s e s  have  been  c a l c u l a t e d  ( o r  measured  i n  phantoms)  
i n  5 0 4 .  T a b l e  11 g i v e s  t h e  d i s t r i b u t i o n  of  p a t i e n t s  a c c o r d -  
i n g  t o  e x p o s u r e  and t o t a l - b o d y  a v e r a g e  d o s e .  About 5 1  o f  
t h e  p a t i e n t s  c o u l d  n o t  b e  g iven  any k i n d  o f  d o s e  es t imate  
f o r  l a c k  o f  s u f f i c i e n t  d a t a .  

Beck e x p l a i n e d  t h a t  t h e  ave rage  t o t a l - b o d y  dose  f o r  
ORAU p a t i e n t s  was o b t a i n e d  by m u l t i p l y i n g  t h e  p a t i e n t ' s  
e x p o s u r e  by a c o n v e r s i o n  f a c t o r  ( T a b l e  111) d e r i v e d  from t h e  
phantom measuremenrs o f  Hayes e t  aZ. ( 9 ) .  T h i s  f a c t o r  i s  
t h e  r a t i o  o f  t h e  a v e r a g e  number of r a d s  p e r  r o e n t g e n  of  
e x p o s u r e  and i s  s e n s i t i v e  t o  p a t i e n t  s i z e  and we igh t .  F o r  
t h e  6 o C o  o p p o s i n g - f i e l d  t e c h n i q u e ,  t h e  a v e r a g e  dose  chan  
more r a p i d l y  w i t h  p a t i e n t  w e i g h t  t h a n  f o r  t h e  8 - s o u r c e  
f a c i l i t y  . 

134;, 

Average d o s e s  f o r  t h e  C i n c i n n a t i  G e n e r a l  H o s p i t a l  
p a t i e n t s  were e s t i m a t e d  b y  u s i n g  t h e  ORAU c o n v e r s i o n  f a c t o r s  
f o r  t h e  t empora ry  6oCo u n i t  i n  t h e  t h i r d  column,  Tab le  111. 
T h i s  was j u s t i f i a b l e  b e c a u s e  t h e  i r r a d i a t i o n  t e c h n i  e s  a t  
b o t h  i n s t i t u t i o n s  were a l m o s t  i d e n t i c a l  ( b i l a t e r a l  88,, 
r a d i a t i o n  i n  b o t h  c a s e s ;  t r e a t m e n t  d i s t a n c e s  o f  2 8 2  cm a t  
C i n c i n n a t i ,  2 7 5  t o  2 8 5  c m  a t  ORAU).  F u r t h e r m o r e ,  a com- 
p a r i s o n  o f  measured c e n t r a l - a x i s  d e p t h - d o s e  d a t a  showed t h a t  
t h e  r a d i a t i o n  d i s t r i b u t i o n  i n s i d e  a phantom was t h e  same a t  
b o t h  f a c i l i t i e s  ( F i g .  2 ) .  The d a t a  f r o m  Mary Imogene 
Basset t  H o s p i t a l  were t r e a t e d  i n  t h e  same way a l t h o u g h  a 
comparison o f  c e n t r a l - a x i s  d e p t h - d o s e  c u r v e s  cou ld  n o t  b e  
made. 

The Ci ty  o f  Hope H o s p i t a l  r e p o r t e d  t h e i r  doses  a s  
"ave rage  m i d p l a n e ,  midbody dose" ( 3 ) .  T h i s  dose  is t h e  
a r i t h m e t i c  mean o f  p o i n t  v a l u e s  i n  t h e  m i d c o r o n a l  p l a n e  of 
t h e  t r u n k ,  F o r  t h e  NASA s t u d y ,  t h e  r e p o r t e d  v a l u e s  were  
c o n v e r t e d  t o  a v e r a g e  t o t a l - b o d y  d o s e s  b y  means o f  t h e  c o n -  
v e r s i o n  f a c t o r s  o f  T a b l e  111. J u s t i f i c a t i o n  f o r  u s i n g  t h e  s 

f a c t o r s  i n  T a b l e  111, which  were d e t e r m i n e d  f o r  t h e  8 - s o u r c e  
ORAU i r r a d i a t o r ,  was t h e  s i m i l a r i t y  o f  t h e  ORAU and C i t y  of  
Hope f a c i l i t i e s .  A compar ison  o f  t h e  r a d i a t i o n  d i s t r i b u t i o n  
measured i n  phantoms a t  ORAU and Ci ty  o f  Hope showed t h a t  
t h e  d o s e  a t  s i m i l a r  p o i n t s  was a lmos t  i d e n t i c a l .  

Whereas i n  g a m m a - i r r a d i a t e d  p a t i e n t s  d o s i m e t r y  had been  
based  on e x p e r i m e n t a l l y  de t e rmined  d a t a ,  t h e  same approach  
c o u l d  n o t  be  f o l l o w e d  f o r  t h e  f a r  g r e a t e r  number of p a t i e n t s  
t r e a t e d  w i t h  X r a y s .  The i r r a d i a t i o n  c o n d i t i o n s  v a r i e d  s o  
t h a t  phantom s t u d i e s  d e s i g n e d  t o  r e p r o d u c e  a l l  combina t ions  
o f  r a d i a t i o n  e n e r g y ,  d i s t a n c e ,  and HVT would  have been 
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i m p r a c t i c a l .  
were  c a l c u l a t e d  by means of  Mayneord's e q u a t i o n s  ( 1 2 ,  1 3 ,  
141, which g ive  average*-dose a s  t h e  p r o d u c t  of t h e  mean s k i n  

s t r a i g h t f o r w a r d  e x c e p t  f o r  some u n c e r t a i n t y  abou t  t h e  p r o p e r  
c h o i c e  o f  b a c k s c a t t e r  f a c t o r s .  

Mayneord's c a l c u l a t i o n s  r e q u i r e  a knowledge o f  t h e  
r a d i a t i o n  q u a l i t y  and t h e  t r u n k  d imens ions .  
where t h e  KVT o f  t h e  beam was n o t  r e c o r d e d ,  no e s t i m a t e  o f  
a v e r a g e  dose  c o u l d  b e ' o b t a i n e d ;  when t h e  t r u n k  d imens ions  
were  unknown, i t  was assumed t h a t  t h e  c o r r e c t  AP t r u n k  
t h i c k n e s s  was g i v e n  by t h e  e x p r e s s i o n  ( 1 5 ) :  

I n s t e a d ,  C l o u t i e r  e x p l a i r . e d ,  a v e r a g e  d o s e s  

d o s e  and c e r t a i n  t a b u l a t e d  f a c t o r s .  The sk in  dose  u s u a l l y  .-+ 
had t o  be  c a l c u l a t e d  from t h e  m i d l i n e  a i r  e x p o s u r e ;  t h i s  was - 

I n  t h o s e  c a s e s  

we igh t  ( 8 )  
h e i g h t  (cm) 

AP (cm) -,/ 

I t  was a l s o  assumed t h a t  t h e  l a t e r a l  d imens ion  was 1.5 t i m e s  
t h e  AP t h i c k n e s s .  

As a check on t h e  v a l i d i t y  o f  Mayneord's method o f  c a l -  
c u l a t i o n ,  t h r e e  phantoms were i r r a d i a t e d  w i t h  250-kV X r a y s  
(HVT 1 . 8  mm Cu) and ave rage  doses were measured w i t h  a 
f e r r o u s  s u l f a t e  d o s i m e t e r .  The agreement  between measured 
v a l u e s  and t h o s e  o b t a i n e d  by Mayneord's method i s  good f o r  
t h e  a d o l e s c e n t  phantom, o n l y  f a i r  f o r  t h e  a d u l t ,  and p o o r  
f o r  t h e  c h i l d  (Tab le  XV]. T h i s  may b e  a r e s u l t  o f  t h e  f a i l -  
u r e  o f  t h e  t h e o r y  when a p p l i e d  t o  c o n d i t i o n s  v e r y  d i f f e r e n t  
from t h o s e  assumed i n  d e r i v i n g  i t ,  i n c o r r e c t  c h o i c e  o f  con-  
s t a n t s ,  o r  a combina t ion  of b o t h  f a c t o r s .  

The measured ave rage  t o t a l - b o d y  d o s e ,  f o r  one r o e n t g e n  
exposure  i n  a i r  a t  t h e  midbody p o s i t i o n ,  i s  h i g h e r  f o r  t h i s  
r a d i a t  on q u a l i t y  t h a n  f o r  a s i m i l a r  opposing-beam t r e a t m e n t  
u s i n g  fioCo r a d i a t i o n .  The r a d i a t i o n  d i s t r i b u t i o n  i n s i d e  th,e 
phantom, however,  i s  presumably l e s s  u n i f o r m ,  a l t h o u g h  t h i s  
was n o t  i n v e s t i g a t e d .  

9 
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with 3 5 0  rads delivered nonuniforxly. 
arises because 350 rads delivered unilaterally spares the 
same number of stem cells as  270 rads delivered bilaterally. 

The equivalence 

CONCLUSIONS 

How should Dose be ReDorted? 

All participants agreed that specification of the 
radiation field alone was insufficient to describe the 
irradiation completely. F o r  example, a statement of the 
exposure in nentgens, although forming an essential parr 
of the record, is not enough. An attempt should always be 
made to specify the energy deposition o r  dose. If details 
of the method and results of dose measurements as well as 
the exposure are quoted, later recalculation is po-csible 
and intercomparison with the results of others is simpli- 
fied. 

In specifying the dose a choice must be made between 
the maximum, minimum, modal, integral, or average doses 
(32). The physical arguments for and against the various 
specifications have already been given. The choice depends 
to some extent on the response that is clinically interest- 
ing or important. Langham cited the possibility of erythema 
in an astronaut exposed to low-energy radiation. In this 
circumstance the skin dose is of critical importance. On 
the other hand if lethality is the response under study, 
the dose to the bone marrow is most important since the 
marrow appears to be the target organ, at least when the 
dose is of the same order of magnitude as the ED50 60.  In 
some situations, of course, the target organ is un i: nown as 
in the prodromal syndrome where the means by which anorexia, 
nausea, and vomiting are induced remain obscure. Since the 
onset of these symptoms is unlikely to be related to irra- 
diation of the extremities, a specification of the average 
dose to the trunk - or possibly the upper abdomen alone - ’  

is of value. Where the physiologically important organ 
cannot be localized even to this degree of accuracy, the 
average dose to the whole body is the most appropriate 
value to quote. 

The average dose has the advantage that it can be cal- 
culated with fair accuracy in most cases if the properties 
of the radiation field are known. Whether Dav is required 
for a single organ o r  for the entire body, its determination 
involves measurement or calculation of the integral dose I, 

t 



either explicity or conceptually. 
be advantageous to state D,, not in rads but in the dimen- 
sionally equivalent form "gram-rad per gram"; such a state- 
ment, though clumsy, draws attention to the way in which 
Dav was actually obtained. 

For this reason it may 

The extremes between which values of the local dose 
vary should be reported as an indication of the degree of 
nonuniformity. 
mean were normal, the standard deviation could be used; b u t  
it is usually most appropriate to indicate the spread by 
quoting the highest and lowest doses in the region of 
interest. 

If the frequency distribution about the 

National and international organizations have recom- 
mended standards for dose recording in portal therapy.Unti1 
similar standards are set up for total-body irradiation, it 
is suggested that: 

1.) The characteristics of the radiation field used 
should be stated. 

2 . 1  The average 'dose Dav in the target organ and the 
method of calculation or measurement should be given. 
the target organ is unknown, Dav f o r  the entire body should 
be stated. 

If 

3 . )  The maximum and minimum doses in the region of 
interest OT some other indication of the degree of non- 
uniformity should be reported. 

Whatever method of dose specification is used, a single 
number is unlikely to provide a firm basis for the pre- 
diction of biological response. 
the more complcte is the information, though the additional 
data may appear irrelevant or even confusing. Past experi- 
ence proves that information once thought to be unimportant 
is later vital. Therefore, as much information as possible 
should be recorded to permit later evaluation in the light 
of new identification of target organs. 

The more data one quotes, 

At the present time Mayneord's analytical technique 
and Snyder's computer study of individual photon histories 
offer powerful tools for the calculation of radiation dose. 
However, additional experimental corroboration of these 
theoretical methods is urgently needed for various phantoms 
and for a range of photon energies. 
this meeting expressed the hope that the next few years 
would see a rapid advance in the science of whole-body 
dosimetry. 

The participants at 
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TABLE I11 

ORAU WEIGHT-CORRECTED 
CONVERSION FACTORS 

I 
Patient's Weight 

(Pounds) 

35-45 
45-55 
55-65 
65-75 
75-85 
85-95 
95-105 
105-115 
115-125 
125-135 
135-145 
145 - 15 5 
155-165 
165-175 
175-185 
185-195 
195-205 

AVERAGE TOTAL-BODY RAD/R 

137Cs TBI 
Facility 

0.75 
0.75 
0.75 
0.75 
0.74 
0.74 
0.74 
0.73 
0.72 
0.72 
0.71 
0.70 
0.70 
0.69 
0.69 
0.68 
0.68 

emp o r a  ry 
T O  Co Unit 

0.77 
0.74 
0.71 
0.69 
0.67 
0.65 
0.64 
0.63 
0.62 
0.61 
0.61 
0.61 
0.61 
0.61 
0.60 
0.60 
0.60 
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Figure 1. Isodose lines in an "a u t" phantom, irradiated 
with eight converging "'Cs radiation beams. 
ORAU total-body irradiation facility. Isodose 
lines normalized to 100-R exposure at the center 
of the phantom. 
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Figure 2. Central-axis depth-dose curves in e "trunk" of 
phantoms irradiated with opposing "Co radiation 
beams. Depth doses normalized to 100 at the 
phantom's surface. 
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