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ABSTRACT: The r e l a t i o n o f m i c r o d o s i m e t r y t o LEA's a s s o c i a t e d volume 
method, t o LET-theory, and t o the v a r i o u s m o d i f i c a t i o n s o f these ap­
proaches i s analyzed, and t h e a l t e r n a t i v e i n t e r p r e t a t i o n s o f m i c r o d o s i -
m e t r i c q u a n t i t i e s and f u n c t i o n s a r e dis c u s s e d . The argument u n d e r l y i n g 
the d e r i v a t i o n o f i n t e r a c t i o n d i s t a n c e s and s i t e diameters i n t h e c e l l 
i s examined, and p o s s i b l e l i n e s o f f u t u r e development a r e c o n s i d e r e d . 
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This i s t h e 3rd I n t e r n a t i o n a l Conference on M i c r o d o s I m e t r y , but 
mi c r o d o s i m e t r y s t i l l has t h e c h a r a c t e r i s t i c s o f a very new f i e l d . One 
o f these i s t h a t i t r e c e i v e s more a t t e n t i o n than s y s t e m a t i c e v a l u a t i o n , 
and t h a t t h e a t t e n t i o n concerns m i c r o d o s i m e t r y i t s e l f r a t h e r than i t s 
achievements. I t has t h e r e f o r e been o n l y proper t h a t P r o f e s s o r Rossi 
who has founded and developed t h i s f i e l d has g i v e n us a r e p o r t o f some 
o f t h e a c t u a l achievements. Let me t r y t o make a few remarks on t h e 
more d o u b t f u l s u b j e c t s which come t o t h e mind when one a t t e n d s t h i s 
symposium. 

Three aspects appear c r i t i c a l i n t h e present development o f 
m l c r o d o s i m e t r y . F i r s t , t h e r e i s l i t t l e c o n s i s t e n c y i n the t e r m i n o l o g y 
used by t h e v a r i o u s c o n t r i b u t o r s t o t h i s f i e l d . M a t t e r s o f t e r m i n o l o g y 
a r e , o r course, minor q u e s t i o n s . But they may p o i n t t o major issues 
i n s o f a r as they are i n d i c a t o r s o f an u n d e r l y i n g c o n f u s i o n , o r a t 
l e a s t , o f t h e absence o f a common p o i n t o f d e p a r t u r e . A consensus on 
fundamental d e f i n i t i o n s and on t e r m i n o l o g y i s necessary i f m i c r o ­
dos i m e t r y i s t o be not o n l y an i n t e r e s t i n g f i e l d o f research but a l s o 
a u s e f u l r o u t i n e t o o l i n r a d i o b i o l o g y . The f i r s t p o i n t Is t h e r e f o r e 
c l o s e l y connected w i t h t h e second p o i n t , t h e a p p l i c l a b i 1 I t y o f m l c r o -
d o s i m e t r y . There have been e x c e l l e n t r a d i o b i o l o g i c a l c o n t r i b u t i o n s t o 
these symposia. But one cannot escape t h e f e e l i n g t h a t the major 
e f f o r t goes i n t o t e c h n i c a l problems o f m i c r o d o s i m e t r y , r a t h e r than i t s 
a p p l i c a t i o n , and t h a t i f m i c r o d o s i m e t r y i s being developed f o r i t s own 
sake I t may lose r e l e v a n c e t o r a d i o b i o l o g y . F i n a l l y , one must ask 
whether t h e r e are c l e a r l y d e f i n e d approaches which can lead t o a suc­
c e s s f u l f u t u r e development o f m i c r o d o s i m e t r y . I am wel1 aware t h a t 
these are d i f f i c u l t q u e s t i o n s , and one can h a r d l y expect d e t a i l e d 
answers o r a complete s y n o p s i s . But i t may be u s e f u l t o l i s t some 
o f t h e thoughts which a r i s e i f one deals w i t h m i c r o d o s i m e t r y and 
asks: What i s i t based on, what I s i t s purpose, and what w i l l be 
i t s f u t u r e course? 
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FUNDAMENTALS 

The n e c e s s i t y f o r m i c r o d o s I m e t r l c a n a l y s t s a r i s e s from t h e f a c t 
t h a t e l e c t r o n i c d i s t u r b a n c e s , e.g., i o n i z a t i o n s i n t h e i r r a d i a t e d mat­
t e r a r e not d i s t r i b u t e d i n the s i m p l e s t form o f randomness which would 
f o l l o w P o l s s o n l a n s t a t i s t i c s . The l a t t e r would o n l y be t h e case i f 
t h e r e were no c o r r e l a t i o n s a t a l l between t h e p o s i t i o n s o f a d j a c e n t 
i o n i z a t i o n s o r e x c i t a t i o n s . 

The f i r s t a ttempt t o account f o r t h e c o r r e l a t i o n i n the p o s i t i o n 
o f n e i g h b o r i n g i o n i z a t i o n s has been based on t h e concept o f mean l i n e a r 

I 2 ion d e n s i t y and o f l i n e a r energy t r a n s f e r . This I s a v a l i d approach 
which can be used w i t h advantage i f one s t a y s aware o f the f a c t t h a t i t 
o f f e r s a h e u r i s t i c p r i n c i p l e r a t h e r than a q u a n t i t a t i v e d e s c r i p t i o n . 
In c e r t a i n s p e c i a l cases one f i n d s t h a t t he LET concept o r r e l a t e d 

2 2 

q u a n t i t i e s such as Ζ /$ are a l s o q u a n t i t a t i v e l y a p p l i c a b l e . The ap­
p l i c a b i l i t y and t h e l i m i t a t i o n s o f such concepts have f o r example been 
discussed I n the r e p o r t o f ICRU^ on l i n e a r energy t r a n s f e r . I n t h e 
general case one deals w i t h the f u l l c o m p l e x i t y o f t h e m i c r o s c o p i c 
p a t t e r n o f o v e r l a p p i n g t r a c k s , and no s i n g l e parameter w i l l be s u f ­
f i c i e n t t o d e s c r i b e r a d i a t i o n q u a l i t y . 

M i c r o d o s i m e t r y I n I t s p r esent form has o r i g i n a t e d from e x p e r l -
mental s t u d i e s o f r a d i a t i o n q u a l i t y . The p o i n t o f d e p a r t u r e has been 
the I n s i g h t t h a t I t Is not always t h e most e f f e c t i v e procedure t o s t a r t 
o u t w i t h t h e concept o f LET and then account f o r the v a r i o u s l i m i t a t i o n s 
o f t h i s concept by a s e r i e s o f c o r r e c t i o n s and a p p r o x i m a t i o n s . I n s t e a d 
a formal scheme has been developed which I s d i r e c t l y a p p l i c a b l e t o a l l 
q u e s t i o n s concerning t h e m i c r o s c o p i c d i s t r i b u t i o n o f energy d e p o s i t i o n . 

To understand t h i s change I n approach i s i m p o r t a n t . One i s 
tempted t o use an analogy. Mathematics, f o r example, can always be 
f o r m u l a t e d w i t h o u t i n f i n i t e s i m a l c a l c u l u s . I n Greek mathematics I n t e ­
g r a t i o n was e x t e n s i v e l y used, but I t was used as an a p p r o x i m a t i v e device 
w i t h o u t c l e a r l y d e f i n e d concepts, and t h i s I s t h e reason t h a t I t never 
caught on. The same method when g i v e n a p r e c i s e d e f i n i t i o n a t a l a t e r 
age proved t o be i n f i n i t e l y more p o w e r f u l . I am not sure whether t h e 
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new methods I n t h e t h e o r y o f r a d i a t i o n q u a l i t y have caught on, o r 
whether each i n d i v i d u a l worker s t i l l .uses h i s own a p p r o x i m a t i v e de­
v i c e s . L e t me t h e r e f o r e draw some c o n n e c t i n g l i n e s between the con­
cepts o f m i c r o d o s i m e t r y and t h e i r a l t e r n a t i v e s . 

Q uestions posed i n mi c r o d o s I m e t r y o r i n r e l a t e d approaches are 
concerned w i t h l o c a l energy c o n c e n t r a t i o n : Given a c e r t a i n type o f 
r a d i a t i o n and a c e r t a i n dose, what i s t h e p r o b a b i l i t y o f f i n d i n g a 
s p e c i f i e d amount o f energy d e p o s i t i o n i n a s p e c i f i e d m i c r o s c o p i c 
region? What I s t h e mean event frequency per rad I n t h i s region? 
What i s t h e c o n c e n t r a t i o n o f i o n i z a t i o n s around an i o n i z a t i o n ? What 
f r a c t i o n o f t h e n e i g h b o r i n g i o n i z a t i o n s belongs t o t h e same p a r t i c l e 
t r a c k , what f r a c t i o n i s produced by s e p a r a t e events? In o r d e r t o deal 
w i t h such q u e s t i o n s and t o understand t h e common element i n t h e answers 
one may c o n s i d e r a schematic r e p r e s e n t a t i o n o f t h e m i c r o s c o p i c p a t t e r n s 
o f energy d e p o s i t i o n . 

In F i g . l a i o n i z a t i o n s b e l o n g i n g t o d i f f e r e n t p a r t i c l e t r a c k s , i . e . 
d i f f e r e n t energy d e p o s i t i o n e v e n t s , a re i n d i c a t e d by d i f f e r e n t symbols. 
One may r e g a r d a s p h e r i c a l s i t e o f diameter d and ask f o r t h e proba­
b i l i t y t o f i n d a g i v e n number o f I o n i z a t i o n s I n t h i s s i t e . T his i s the 
problem which has been t r e a t e d by LEA's a s s o c i a t e d volume method^. The 
idea u n d e r l y i n g t h i s method Is t o c o n s i d e r s p h e r i c a l regions around the 
I o n i z a t i o n s i n s t e a d o f s p h e r i c a l regions c e n t e r e d a t a r e f e r e n c e p o i n t 
R. The r e s u l t i s t h e same whether one counts t h e number o f i o n i z a t i o n s 
In the r e g i o n s u r r o u n d i n g R (see F i g . l a ) o r whether one counts t h e 
number o f spheres around I o n i z a t i o n s which o v e r l a p i n t h e p o i n t R (see 
F i g . l b ) . The t o t a l volume represented by the spheres i n F l g . l f c i s 
c a l l e d a s s o c i a t e d volume. 

In F i g . l c t h e r e g i o n s o f v a r i o u s degrees o f o v e r l a p a re i n d i c a t e d 
by d i f f e r e n t degrees o f s h a d i n g . T h i s d e n s i t y p r o f i l e determines t h e 
f r a c t i o n s o f t h e t o t a l volume which correspond t o d i f f e r e n t values o f 
energy c o n c e n t r a t i o n . Due t o the e q u i v a l e n c e mentioned above t h e proba­
b i l i t y t o f i n d a g i v e n amount o f i o n i z a t i o n i n a sphere o f diameter d 
i s equal t o t h e f r a c t i o n o f t h e t o t a l volume w i t h t h i s c o n c e n t r a t i o n . 
The p r o f i l e i s t h e r e f o r e d e s c r i b e d by t h e d i f f e r e n t i a l m l c r o d o s I m e t r i c 



g .1 Schematic diagram o f charged p a r t i c l e t r a c k s , t h 
d e f i n i t i o n o f the a s s o c i a t e d volume, and t h e rep 
s e n t a t i o n o f the p r o f i l e o f s p e c i f i c energy z. 
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d i s t r i b u t i o n f ( z ; D ) o r by the s u n T d i s t r i b u t i o n F(z;D) . The f r a c t i o n 
o f t h e t o t a l volume which belongs t o a s p e c i f i c energy between ζ and 
z+dz'ts equal t o f ( z ; D ) d z , t h e f r a c t i o n o f t h e t o t a l volume which 
belongs t o h i g h e r c o n c e n t r a t i o n s than ζ i s equal t o F(z;D). 

The p r o f i l e i n F l g . l c c o n s i s t s o f regions o f o v e r l a p o f I o n i ­
z a t i o n s from t h e same p a r t i c l e t r a c k (shaded by p a r a l l e l l i n e s ) and o f 
regions which correspond t o t h e o v e r l a p o f i o n i z a t i o n s from separate 
t r a c k s (shaded by crossed l i n e s ) . I f recovery takes p l a c e and i f t h e 
dose r a t e I s low enough, one need o n l y c o n s i d e r t h e o v e r l a p between 
I o n i z a t i o n s b e l o n g i n g t o t h e same t r a c k , i . e . one must d i s r e g a r d t h e 
o v e r l a p i n d i c a t e d by cro s s e d l i n e s . The r e s u l t i n g p r o f i l e I s d e s c r i b e d 
by the s i n g l e event s p e c t r a f j ( z ) and F j ( z ) . The f r a c t i o n o f t h e t o t a l 
a s s o c i a t e d volume which corresponds t o a s p e c i f i c energy between ζ and 
z+dz i s equal t o f j ( z ) dz; t h e f r a c t i o n o f t h e a s s o c i a t e d volume which 
has a h i g h e r o v e r l a p d e n s i t y than ζ i s equal t o F j ( z ) . These f u n c t i o n s 
are independent o f dose. 

I t has been mentioned t h a t t he two approaches symbolized by F i g . l a 
and F i g . l b o r l c are e q u i v a l e n t . F i g . l a evokes t h e n o t i o n o f a geome­
t r i c a l l y d e f i n e d s e n s i t i v e s i t e ; t h e c o r r e s p o n d i n g p o i n t o f view may 
t h e r e f o r e be termed s i t e model. F i g . l b and l c on t h e o t h e r hand c a l l 
f o r t h the n o t i o n o f r a d i a t i o n p r o d u c t s o r r a d i a t i o n induced c e l l u l a r 
l e s i o n s which i n t e r a c t w i t h each o t h e r over a c h a r a c t e r i s t i c d i s t a n c e 
d; one may t h e r e f o r e l a b e l t h i s p o i n t o f view as d i f f u s i o n o r d i s t a n c e 
model. I t I s i m p o r t a n t t o understand t h e formal e q u i v a l e n c e o f these 
a l t e r n a t i v e s . Any c o n s i d e r a t i o n which Is f o r m u l a t e d I n the s i t e model, 
has I t s c o u n t e r p a r t i n t h e d i s t a n c e model. T h i s i s the reason why In 
the a p p l i c a t i o n o f m i c r o d o s I m e t r y t o r a d i o b i o l o g y one d e r i v e s d i s t a n c e s 
which can e i t h e r be I n t e r p r e t e d as s i t e diameters o r i n t e r a c t i o n 
d i s t a n c e s . I t i s a l s o t h e reason t h a t t he two approaches which are 
sometimes l a b e l e d as t r a c k a n a l y s i s and as o r d i n a r y m l c r o d o s I m e t r y 

For a d e f i n i t i o n o f m l c r o d o s I m e t r l c q u a n t i t i e s and f u n c t i o n s see 
* 6 7 r e f e r e n c e o r . 
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are c o m p l e t e l y e q u i v a l e n t , and t h a t t h e same q u a n t i t i e s and f u n c t i o n s 
are a p p l i c a b l e t o both approaches. 

The microdos I m e t r i c d i s t r i b u t i o n s f ( z ; D ) and f ̂  (z) have here been 
discussed from the v i e w p o i n t o f the d i s t a n c e model. T h i s i s not t h e 

g 
usual approach. Although both i n t e r p r e t a t i o n s have been g i v e n b e f o r e , 
i t i s commonly assumed t h a t t he m i c r o d o s i m e t r l c approach i s l i n k e d t o 
the n o t i o n o f g e o m e t r i c a l l y d e f i n e d s e n s i t i v e r e g i o n s . T h i s has i n t h e 
past l e d t o a c e r t a i n b i a s i n t h e a p p l i c a t i o n o f m i c r o d o s I m e t r y . An 
unde r s t a n d i n g o f the eq u i v a l e n c e between s i t e and d i f f u s i o n model may 
e l i m i n a t e t h i s b i a s , I t may a l s o c o n t r i b u t e towards t he development o f 
a common language f o r chemists and f o r p h y s i c i s t s w o r k i n g on r a d i o ­
b i o l o g i c a l problems. 

LEA's a s s o c i a t e d volume concept i s , as has been seen, c l o s e l y con­
nected t o microdos I m e t r i c q u a n t i t i e s . One may w e l l c o n s i d e r LEA's c a l ­
c u l a t i o n s as the f i r s t p r e c i s e s t u d i e s i n t h e o r e t i c a l m i c r o d o s i m e t r y . 
There a r e , however, reasons why t h e a s s o c i a t e d volume method has not 
been c l o s e l y t i e d t o m i c r o d o s i m e t r y . 

The main d i f f e r e n c e between LEA's s t u d i e s and mi c r o d o s I m e t r y i s 
due t o the f a c t t h a t t he a s s o c i a t e d volume method has been developed 
f o r an und e r s t a n d i n g o f the a c t i o n o f r a d i a t i o n on small o b j e c t s such 
as enzymes, v i r u s e s , and b a c t e r i a , w h i l e m i c r o d o s I m e t r y has been m a i n l y 
a p p l i e d t o r e l a t i v e l y l a r g e o b j e c t s such as mammalian c e l l s . I n 
enzymes, v i r u s e s , o r small b a c t e r i a one deal s w i t h s e n s i t i v e r e g i o n s 
whose diameters are o f t h e o r d e r o f magnitude o f 100 8. The r e l a t i v e 
b i o l o g i c a l e f f e c t i v e n e s s o f d i f f e r e n t r a d i a t i o n s i s then determined by 
the s a t u r a t i o n e f f e c t . One I o n i z a t i o n i s s u f f i c i e n t t o produce t h e 
e f f e c t ; i f the i o n i z a t i o n d e n s i t y o f a r a d i a t i o n i s so h i g h t h a t more 
than one i o n i z a t i o n I s produced i n t h e s e n s i t i v e r e g i o n , then p a r t o f 
the energy i s wasted and t h e RBE decreases. A c c o r d i n g l y one i s o n l y 
i n t e r e s t e d i n the t o t a l a s s o c i a t e d volume and not i n the a c t u a l p r o f i l e 
o f energy c o n c e n t r a t i o n . I n the t e r m i n o l o g y o f m i c r o d o s i m e t r y one 
would say t h a t the e f f e c t on very small o b j e c t s i s merely determined 
by t he event frequency φ o r by i t s i n v e r s e t h e mean event s i z e Z p j 
the q u a n t i t y φ i s p r o p o r t i o n a l t o the a s s o c i a t e d volume. A f u r t h e r 



814 

s i m p l i f i c a t i o n which a p p l i e s t o t h e a s s o c i a t e d volume method i s t h a t 
one deals o n l y w i t h s i n g l e event a c t i o n ; o v e r l a p o f i o n i z a t i o n s b e l o n g ­
ing t o d i f f e r e n t p a r t i c l e t r a c k s can be n e g l e c t e d because e x c e s s i v e 
doses a r e necessary t o produce m u l t i p l e events i n regions o f diame t e r 
less than 100 8. 

ΜΪcrodosimetry, on the o t h e r hand, has been mostly a p p l i e d t o 
mammalian c e l l s , t o o t h e r animal c e l l s , o r t o the c e l l s o f h i g h e r 
p l a n t s . In these cases one deals w i t h a r e v e r s e s i t u a t i o n . As e v i ­
denced by the sigmoid dose dependences, t h e e f f e c t s a r e due t o the" 
i n t e r a c t i o n o f s e v e r a l a b s o r p t i o n e v e n t s . A c c o r d i n g l y the RBE i n ­
creases w i t h I o n i z a t i o n d e n s i t y , and s a t u r a t i o n e f f e c t s are r e l e v a n t 
o n l y i n the l i m i t i n g case o f very densely I o n i z i n g p a r t i c l e s . The 
i n t e r a c t i o n d i s t a n c e s are o f t h e o r d e r o f magnitude o f 1 urn. Due t o 
these f a c t o r s one has t o know t h e a c t u a l d i s t r i b u t i o n s o f s p e c i f i c 
energy and not merely the event f r e q u e n c i e s . The d i s t r i b u t i o n s f ( z ; D ) 
are needed f o r diameters d o f t h e r e f e r e n c e r e g i o n o f t h e o r d e r o f 1 ym 
o r l a r g e r . Some d e t a i l s w i l l be mentioned i n the next s e c t i o n ; I n t h e 
present c o n t e x t I t i s s u f f i c i e n t t o p o i n t o u t t h e r e l a t i o n between t h e 
a s s o c i a t e d volume c a l c u l a t i o n s and m l c r o d o s I m e t r y In g e n e r a l . 

The e f f e c t o f r a d i a t i o n on mammalian c e l l s Is determined by t h e 
s p e c i f i c energy p r o f i l e s which r e s u l t a c c o r d i n g t o t h e scheme o f F i g . l c 
I f t h e diameter o f the spheres o f d i s s i p a t i o n i s taken t o be I ym o r 
more. There a r e , however, as p o i n t e d o u t by Dr. Rossi c e r t a i n i n d i ­
c a t i o n s t h a t RBE may a l s o t o some e x t e n t be determined by t h e sub-
m i c r o s c o p i c energy c o n c e n t r a t i o n s measured over regions o f t h e o r d e r 
o f magnitude o f 10 8. I n v e s t i g a t i o n o f t h i s p o t e n t i a l second o r d e r 
e f f e c t which may be o f releva n c e t o t h e oxygen e f f e c t w i l l n e c e s s i t a t e 
m i c r o d o s i m e t r l c s t u d i e s on a submlcroscopic s c a l e . T h i s may lead t o a 
more d i r e c t l i n k between m i c r o d o s I m e t r y and t h e methods developed by 
LEA. 

I t may i n t h i s c o n t e x t be mentioned t h a t t h e a s s o c i a t e d volume 
method has r e c e n t l y - and p o s s i b l y w i t h o u t awareness o f t h e precedence 
o f LEA's work - been a p p l i e d t o t h e case o f heavy i o n s . The a n a l y s i s 
has been based on c a l c u l a t i o n s v a l i d In t h e range o f e x t r e m e l y h i g h 
values o f LET. A p a r t i c l e t r a c k i s t r e a t e d as a c l o u d o f i o n i z a t i o n s 
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which has t h e same mean r a d i a l energy p r o f i l e as t h e p a r t i c l e t r a c k . 
One can understand the a p p r o x i m a t i o n by comparing the p a r t i c l e t r a c k 
t o a worn o u t t e s t tube brush w i t h numerous s h o r t and a few l o n g h a i r s , 
t h e d e l t a r a y s , i f the brush i s o s c i l l a t e d r a p i d l y p a r a l l e l t o i t s 
a x i s one o b t a i n s t h e c l o u d l i k e c o n f i g u r a t i o n which corresponds t o t h i s 
a p p r o x i m a t i o n o f the p a r t i c l e t r a c k . The r e s u l t i s a c e r t a i n increase 
i n the a s s o c i a t e d volume because the energy c o n c e n t r a t i o n i n the d e l t a 
rays i s washed o u t . In the l i m i t i n g case o f an e x t r e m e l y dense d e l t a -
ray h a l o one can n e g l e c t the e f f e c t , but i n t h e remaining cases more 
p r e c i s e m i c r o d o s I m e t r l c experiments o r computations w i l l be d e s i r a b l e . 

Other a p p r o x i m a t i v e approaches t o m l c r o d o s i m e t r l c a n a l y s i s a r e 
more s e r i o u s l y l i m i t e d . T h i s seems t o be e s p e c i a l l y t r u e f o r a t tempts 
t o deal w i t h the a c t i o n o f r a d i a t i o n on mammalian c e l l s In terms o f an 
a r b i t r a r y b i s e c t i o n o f t h e e f f e c t i n t o a LET dependent s i n g l e event 
process and a m u l t i - h i t component r e p r e s e n t e d by a t a r g e t t h e o r y 
f o r m u l a . Such t a r g e t t h e o r y formal ism wi11 always lead t o a c c u r a t e 
curve f i t t i n g i f enough f r e e parameters are i n v o l v e d . But mere book­
keeping i n terms o f formal parameters w i l l h a r d l y lead t o I n s i g h t s 
I n t o t h e mechanisms o f r a d i a t i o n a c t i o n o r i n t o t h e a c t u a l I n t e r a c t i o n 
d i s t a n c e s o f c e l l u l a r l e s i o n s . 

APPLICATIONS 

A f t e r the d i s c u s s i o n o f some p r i n c i p l e s o f t h e t h e o r y o f r a d i a t i o n 
q u a l i t y one may attempt t o i d e n t i f y the common element In the v a r i o u s 
approaches towards an u n d e r s t a n d i n g o f t h e i n t e r a c t i o n o f a b s o r p t i o n 
events o r c e l l u l a r l e s i o n s . T h i s s e c t i o n can be kept b r i e f because 
Dr. Rossi has presented what appears t o be a general and c o n s i s t e n t 
scheme o f a n a l y s i s . I t w i l l t h e r e f o r e be s u f f i c i e n t t o p o i n t o u t the 
general c o n t e x t o f such s t u d i e s . 

As i n d i c a t e d i n F i g . l c one has t o d i s t i n g u i s h between i n t r a t r a c k 
i n t e r a c t i o n o f i o n i z a t i o n s and I n t e r t r a c k i n t e r a c t i o n . I n t r a t r a c k I n ­
t e r a c t Ion , i .e. the i n t e r p l a y o f i o n i z a t i o n s o r s u b l e s i o n s formed In t h e 
same p a r t i c l e ^ r a c k , has the c h a r a c t e r i s t i c s o f a s i n g l e event mecha­
nism and leads t o damage which i s p r o p o r t i o n a l t o dose. I n t e r t r a c k 



i n t e r a c t i o n on the o t h e r hand produces e f f e c t s which i n c r e a s e more 
than l i n e a r l y w i t h dose. 

The r e l a t i v e t e v e t o f t h e i n t r a t r a c k and t h e i n t e r t r a c k e f f e c t 
and I t s dependence on r a d i a t i o n q u a l i t y , dose, and i n t e r a c t i o n 
d i s t a n c e s can be q u a l i t a t i v e l y understood on the b a s i s o f t h e LET 
concept. The argument w i l l t h e r e f o r e be f i r s t f o r m u l a t e d In terms 
o f LET, the r e s u l t s w i l l then be expressed I n terms o f the c o r ­
responding m i c r o d o s i m e t r i c q u a n t i t i e s . One may f i r s t c o n s i d e r the 
re g i o n o f i n t e r a c t i o n around an i o n i z a t i o n and ask f o r t h e mean 
energy d e p o s i t e d i n s i d e t h i s r e g i o n by t h e same p a r t i c l e t r a c k . 
One o b t a i n s curves which f o r d i f f e r e n t v alues o f LET a r e rep r e s e n t e d 
as f u l l l i n e s I n Fig. 2 . At ve r y small diameters I s n e a r l y con­
s t a n t . T h i s accounts f o r the f a c t t h a t i o n i z a t i o n s a re very c l o s e l y 
spaced w i t h i n the c l u s t e r s formed I n p r i m a r y c o l l i s i o n s and t h a t no 
a t t e m p t I s made I n t h i s r e p r e s e n t a t i o n t o r e s o l v e t h e i r s p a t i a l sepa­
r a t i o n . The 1 1miting v a l u e o f e j I s taken t o be 100 eV which I s ap­
p r o x i m a t e l y t he mean energy per I o n i z i n g c o l l i s i o n . With I n c r e a s i n g 
values o f d the mean energy d e p o s i t i o n goes up as Ld. The mean energy 
ε 2 d e p o s i t e d by s e p a r a t e events I n t h e sphere around an I o n i z a t i o n , on 
the o t h e r hand, goes up as the t h i r d power o f d and i t i s p r o p o r t i o n a l 
t o dose. The values f o r d i f f e r e n t doses a r e g i v e n I n Fig.2 by 
broken l i n e s . These curves can be used t o i l l u s t r a t e t h e d e r i v a t i o n 
o f I n t e r a c t i o n d i s t a n c e s o r s i t e d i a m e t e r s . I f t he I n i t i a l p a r t o f 
a dose e f f e c t r e l a t i o n can be approximated by a l i n e a r and a q u a d r a t i c 
term i n dose then one may determine t h e v a l u e D o f t h e dose f o r which 
the square component I s equal t o the l i n e a r component. At t h i s dose 
one must have a value which i s a t l e a s t equal t o the v a l u e . 
T h i s y i e l d s a minimum v a l u e d f o r t he i n t e r a c t i o n d i s t a n c e o r s i t e 
d i a m eter. The r e l a t i o n between d and D i s rep r e s e n t e d I n F i g . 3 f o r 
v a r i o u s values o f LET. 

The argument which has been used here i s l i m i t e d because i t I s 
based on the LET concept. In r e a l i t y t h e energy loss s t r a g g l i n g a l o n g 
the p a r t i c l e t r a c k , t he c o m p l i c a t e d shape o f the d e l t a r a y s , and t h e 
c u r v a t u r e and f i n i t e l e n g t h o f t h e t r a c k s o f the charged p a r t i c l e s , 



Fig.2 Mean energy around an i o n i z a t i o n due t o the same 
t r a c k , and mean energy due t o d i f f e r e n t t r a c k s 
as f u n c t i o n s o f the diameter o f the sphere o f r e f e r ­
ence. 
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Fig.3 Dose D f o r e q u a l i t y o f the l i n e a r and q u a d r a t i c 
component o f the r a d i a t i o n a c t i o n and t h e c o r ­
responding diameter d o f t h e s i t e . 
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as w e l l as the v a r i a t i o n s o f s t o p p i n g power cannot be n e g l e c t e d . I t 
i s always p o s s i b l e t o account f o r these f a c t o r s i f s t a r t i n g from t h e 
f l u e n c e spectrum one uses the c o r r e c t c o l l i s i o n cross s e c t i o n s t o 
d e r i v e a l l the c h a r a c t e r i s t i c s o f t h e v a r i o u s p a r t i c l e t r a c k s ; f t Is 
a l s o f r e q u e n t l y p o s s i b l e t o apply s p e c i a l s i m p l i f i c a t i o n s . In 
p r a c t i c e i t i s however w a s t e f u l t o precede each r a d i o b i o l o g i c a l I n ­
q u i r y by a study i n r a d i a t i o n physics w i t h i t s own ad hoc d e f i n i t i o n s 
and t e r m i n o l o g y . To e l i m i n a t e such unnecessary r e p e t i t i o n i s the 
purpose o f m i c r o d o s i m e t r l c q u a n t i t i e s and f u n c t i o n s . 

In the m i c r o d o s i m e t r l c a n a l y s i s t h e p l o t I n Fig. 3 i s s u b s t i t u t e d 
by a p l o t o f the mean event s i z e z Q as a f u n c t i o n o f d i a m e t e r d. The 
q u a n t i t y z^ corresponds t o the r a t i o o f t h e mean energy and the 
mass o f the r e f e r e n c e r e g i o n ; t h i s means t h a t z Q can be c o n s i d e r e d 
as t h e "dose l o c a l l y produced" around an I o n i z a t i o n due t o I t s own 
p a r t i c l e t r a c k . The dose due t o separate p a r t i c l e t r a c k s i s D. There­
f o r e D must be a t l e a s t equal t o Zp I f t h e q u a d r a t i c component i n t h e 
dose e f f e c t curve i s t o be equal t o the l i n e a r component. The p l o t 
o f Zp as a f u n c t i o n o f d can t h e r e f o r e be used In t h e same way as 
Fig. 3 has been used t o d e r i v e a minimum f o r t h e I n t e r a c t i o n d i s t a n c e 
o r s i t e diameter. The curves f o r LET-values o f 1 keV/um and 100 

keV/μπι are repeated i n Fig.** as broken l i n e s i n o r d e r t o g i v e a com­
p a r i s o n between the a n a l y s i s based on LET and on m i c r o d o s i m e t r y . 

The b a s i c argument which has been o u t l i n e d here has v a r i o u s 
m o d i f i c a t i o n s . I t can, f o r example, a l s o be a p p l i e d t o dose response 
curves f o r which one knows merely t he o v e r a l l shape b u t n o t neces-

9 
s a r i l y the exact shape o f i t s I n i t i a l p a r t . But one can go a con­
s i d e r a b l e s t e p f u r t h e r , and as Dr. Rossi has r e p o r t e d , I t has been 
p o s s i b l e on the ba s i s o f s t u d i e s o f RBE t o d e r i v e a r e l a t i o n between 
pr i m a r y damage i n t h e c e l l and s p e c i f i c energy z. The p r i m a r y damage 
f o r a wide spectrum o f e f f e c t s appears t o be p r o p o r t i o n a l t o the 
square o f the l o c a l c o n c e n t r a t i o n ζ averaged over r e g i o n s l a r g e r than 
I ym. In o r d e r t o determine t he e f f e c t i v e n e s s o f a g i v e n r a d i a t i o n 

2 

dose one need then o n l y c a l c u l a t e t h e va l u e ζ averaged o v e r a d e n s i t y 
p r o f i l e as In F i g . l c . One can show t h a t t h e mean, z^, o f t h e square 
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J I ΙΟ ΙΟ2 _ ΙΟ 3 ΙΟ4 

z
D
 (rad) 

Fig. k The r e l a t i o n between the mean z Q o f t h e s i n g l e 
event spectrum o f s p e c i f i c energy and the d i ­
ameter d o f t h e s p h e r i c a l r e f e r e n c e volume. 
The broken l i n e s correspond t o LET values o f I 
and o f 100 keV/pm. 

UNIT 
DISTANCE 

Fig.5 Diagram o f a t r a c k p a t t e r n and the sum d i s t r i ­
b u t i o n o f the d i s t a n c e between i o n i z a t i o n s . 
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o f s p e c i f i c energy Is equal t o z ß D + D and a c c o r d i n g l y one o b t a i n s 
the e q u a t i o n f o r the primary damage: 

E(D) - k(7 D D + D 2) (1) 

which connects t h e 1inear term w i t h t h e q u a d r a t i c term i n the I n i t i a l 
p a r t o f the dose e f f e c t r e l a t i o n . T h i s e q u a t i o n has been discussed 
i n d e t a i l I n the c o n t e x t o f the t h e o r y p r e s e n t e d by Dr. Rossi. 

The analogue t o e q . l can be g i v e n i n terms o f t h e LET concept: 

E(D) - k(cü D/d 2 D + D 2) (2) 

The v a l u e o f t h e numerical c o n s t a n t c I s 22.9 i f t h e t r a c k average 
L D o f LET I s measured i n keV/ym and I f t h e s i t e diameter o r I n t e r ­
a c t i o n d i s t a n c e , d, i s given i n ym. T h i s r e l a t i o n Is o b t a i n e d i f 
one p o s t u l a t e s a s p h e r i c a l s i t e o f c o n s t a n t s e n s i t i v i t y o r a f i x e d 
i n t e r a c t i o n sphere o f diameter d. Somewhat d i f f e r e n t forms o f the 
r e l a t i o n r e s u l t i f one assumes d i f f u s e s i t e s o r I n t e r a c t i o n p r o ­
b a b i l i t i e s which are continuous f u n c t i o n s o f d i s t a n c e . I n terms o f 
LET such m o d i f i e d s o l u t i o n s can be e a s i l y f o r m u l a t e d , f o r example 
one can assume a Gaussian shape o f t h e i n t e r a c t i o n p r o b a b i l i t y as 
f u n c t i o n o f d i s t a n c e . The LET concept has however, as has r e p e a t e d l y 
been mentioned, v a r i o u s l i m i t a t i o n s . Eq.2 and I t s p o s s i b l e modi-" 
f l c a t l o n s are t h e r e f o r e a p p l i c a b l e o n l y I n s p e c i a l cases. I t Is an 
open q u e s t i o n whether u s e f u l m l c r o d o s I m e t r l c q u a n t i t i e s can be de­
f i n e d which r e l a t e t o d i f f u s e r e f e r e n c e regions o r t o continuous 
i n t e r a c t i o n p r o b a b i l i t i e s . 

The p r e c e d i n g d i s c u s s i o n has been r e s t r i c t e d t o the problem o f 
I n t e r a c t i o n processes, the d e t e r m i n a t i o n o f t h e i r range, and o f t h e 
r e l a t i v e l e v e l o f i n t r a t r a c k and i n t e r t r a c k e f f e c t . V arious o t h e r 
a p p l i c a t i o n s o f m i c r o d o s i m e t r y can be based on the m l c r o d o s I m e t r l c 
q u a n t i t y , event frequency Φ, o r I t s I n v e r s e , t h e frequency mean z~p 
o f t h e event s i z e . These a p p l i c a t i o n s have been c o n s i d e r e d In d e t a i l 
e l s e w h e r e ^ ' W h i l e z^ i s the m l c r o d o s i m e t r l c analogue o f t h e dose 
average LET, t h e q u a n t i t i e s φ and z_ are r e l a t e d t o t h e t r a c k average 
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LET, o r i n the case o f very small regions t o t h e a s s o c i a t e d volume, 
φ and Zp are o f p a r t l - c u l a r importance i n a l l c o n s i d e r a t i o n s con­
c e r n i n g e x p o n e n t i a l dose e f f e c t r e l a t i o n s where one i s n o t I n t e r e s t e d 
In t h e i n t e r a c t i o n o f a b s o r p t i o n events but merely In the d e t e r m l * 
n a t i o n o f c e l l u l a r c r o s s - s e c t i o n s . I t may however be noted t h a t 
general theorems on dose e f f e c t r e l a t i o n s have been d e r i v e d which 
widen t h e a p p l i c a b i l i t y o f these m l c r o d o s i m e t r i c q u a n t i t i e s con­
s i d e r a b l y ^ '. 

FUTURE DEVELOPMENTS 

The h i s t o r y o f r a d i o b i o l o g y has been one o f growing c o m p l e x i t y ; 
t h i s I s t r u e f o r the types o f r a d i a t i o n used, f o r the t e s t systems 
e x p e r i m e n t a l l y analyzed, and f o r the a t t e m p t s t o e x p l a i n t he observed 
e f f e c t s . Target t h e o r y models based on the si m p l e p o s t u l a t e s o f 
c r i t i c a l energy t h r e s h o l d s and a d e t e r m i n i s t i c r e a c t i o n o f the c e l l 
have been abandoned, and i t has been recognized t h a t t he c e l l ' s r e -

9 

a c t i o n t o the r a d i a t i o n i n s u l t r e f l e c t s v a r i o u s s t o c h a s t i c f a c t o r s . 
V a r i a t i o n s o f c e l l u l a r s e n s i t i v i t y , the s t o c h a s t i c b e h a v i o r o f t h e 
c e l l , and the s t a t i s t i c s o f energy d e p o s i t i o n e q u a l l y determine t h e 
shape o f the s u r v i v a l curve a t l e a s t I n those cases where such a 
curve i s s l g m o l d a l . A model f o r c e l l u l a r s u r v i v a l curves can t h e r e ­
f o r e n ot be e x c l u s i v e l y based on o n l y one o f these f a c t o r s , namely 
the s t a t i s t i c s o f energy d e p o s i t i o n . Indeed the v e r y f a c t t h a t such 
a model f i t s the expe r i m e n t a l data would be s u f f i c i e n t proof, o f I t s 
inacc u r a c y . This lessens t he value o f the o l d curve f i t t i n g t e c h ­
n i q u e s . 

The growing c o m p l e x i t y has, however, l e d t o s i m p l i f i c a t i o n Inso­
f a r as e x t e n s i v e model b u i l d i n g has been reduced i n f a v o r o f more 
r i g o r o u s and general l i n e s o f approach. The m i c r o d o s i m e t r i c a n a l y s i s 
o f RBE which has been mentioned e a r l i e r i s a good example f o r t h i s 
development. A study o f RBE In s t e a d o f t h e e x p l i c i t shape o f the dose 
e f f e c t curve e l i m i n a t e s f a c t o r s o t h e r than t h e s t a t i s t i c s o f energy 
d e p o s i t i o n . G4vlng up the p o s t u l a t e o f c r i t i c a l t h r e s h o l d s o f energy 
d e p o s i t i o n one "obtains a general dependence between p r i m a r y damage 
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and s p e c i f i c energy. This leads t o an i m p o r t a n t s i m p l i f i c a t i o n i n s o ­
f a r as one can understand RBE 9η the ba s i s o f the m i c r o d o s I m e t r i c 
q u a n t i t y z^ and need not invoke the f u l l d i s t r i b u t i o n f ( z ; 0 ) . I t w i l l 
have t o be the o b j e c t o f f u t u r e m l c r o d o s i m e t r i c research t o extend 
t h i s approach. St u d i e s o f dose r a t e dependence, oxygen e f f e c t , and 
v a r i o u s o t h e r m o d i f y i n g f a c t o r s as f u n c t i o n s o f r a d i a t i o n q u a l i t y w i l l 
be e q u a l l y i m p o r t a n t . The f u r t h e r development o f t h e system o f m l c r o -
d o s t m e t r l c q u a n t i t i e s and f u n c t i o n s w i l l have t o be p a r a l l e l e d by t h e 
e s t a b l i s h m e n t o f more c l e a r l y d e f i n e d r a d i o b i o l o g i c a l concepts r e ­
l a t i n g t o these v a r i o u s f a c t o r s . 

While t he l i n e o f f u t u r e development i n the r a d i o b i o l o g i c a l ap­
p l i c a t i o n o f m i c r o d o s i m e t r y may be c l e a r l y i n d i c a t e d , the t e c h n i c a l 
development o f microdosImetry Is not so e a s i l y p r e d i c t e d . T h i s i s 
e s p e c i a l l y t r u e f o r p o t e n t i a l s t u d i e s o f t h e p a t t e r n s o f energy depo­
s i t i o n i n the nanometer r e g i o n . I t seems l i k e l y t h a t measurements o f 
the s p a t i a l d i s t r i b u t i o n o f p o s i t i v e ions i n charged p a r t i c l e t r a c k s 
w i l l have t o be performed; t he c l o u d chamber photography presented a t 
t h i s symposium p o i n t i n t h i s d i r e c t i o n . T h e o r e t i c a l s t u d i e s , p o s s i b l y 
in the form o f an e x t e n s i o n o f the a s s o c i a t e d volume method, may be 
e q u a l l y i m p o r t a n t . A q u e s t i o n o f p a r t i c u l a r importance i n t h i s 
c o n t e x t i s whether t h e e s t a b l i s h e d m i c r o d o s i m e t r i c f u n c t i o n s which 
have proved u s e f u l In d e a l i n g w i t h r e g i o n s o f the t y p i c a l s i z e o f l urn 
w i l l prove e q u a l l y u s e f u l on a much s m a l l e r s c a l e . D i f f u s i o n o f f r e e 
r a d i c a l s and d i r e c t energy t r a n s p o r t may be the dominant f a c t o r s on 
t h i s s c a l e , and i n the a n a l y s i s o f these f a c t o r s i t may be necessary 
to us'e r e a l i s t i c i n t e r a c t i o n p r o b a b i l i t i e s as a f u n c t i o n o f d i s t a n c e . 
As has been mentioned, t h e r e i s a t present no c l e a r way to g e n e r a l i z e 
the m i c r o d o s i m e t r i c concepts t o t h i s case. I t i s t h e r e f o r e o f g r e a t 
i n t e r e s t t o examine a l t e r n a t i v e methods o f d e s c r i b i n g t he s p a t i a l 
p a t t e r n s o f the e l e c t r o n i c d i s t u r b a n c e s o r o f I n i t i a l r a d i a t i o n 
p r o d u c t s , such as f r e e r a d i c a l s . T e n t a t i v e l y one may c o n s i d e r t h e 
use o f d i s t r i b u t i o n f u n c t i o n s o f the mutual d i s t a n c e s o f i o n i z a t i o n s , 
but how t h i s idea can m a t h e m a t i c a l l y be r e a l i z e d i s an open q u e s t i o n . 
One might f o r example c o n s i d e r a l l p o s s i b l e p a i r s o f i o n i z a t i o n s 
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b e l o n g i n g t o the same p a r t i c l e t r a c k and c a l c u l a t e the d i s t a n c e f o r 
each p a i r . Thus one d e r i v e s a d i s t r i b u t i o n f u n c t i o n such as the one 
g i v e n i n Fig.5b which corresponds t o the p a t t e r n r e p r e s e n t e d i n F i g . 
5a. I t i s a h i g h l y i n t e r e s t i n g q u e s t i o n whether t h e r e i s a unique 
r e l a t i o n between any such p a t t e r n and the c o r r e s p o n d i n g d i s t r i b u t i o n 
o f d i s t a n c e s . In t h e two dimensional analogue and i n such s i m p l e 
cases as the one d e p i c t e d i n Fig.5 i t has indeed been found t h a t a 
unique o r n e a r l y unique r e l a t i o n e x i s t s , i . e . one cannot o n l y c a l c u ­
l a t e the d i s t r i b u t i o n f u n c t i o n o f d i s t a n c e s f o r each given p a t t e r n 
but one can a l s o r e c o n s t r u c t a p a t t e r n from the d i s t r i b u t i o n f u n c t i o n 
But these c o n s i d e r a t i o n s are s t i l l f a r from l e a d i n g t o u s e f u l general 
r e s u l t s , and i t may w e l l be t h a t a c o m p l e t e l y d i f f e r e n t mathematical 
d e s c r i p t i o n o f t h e s p a t i a l p a t t e r n s o f e l e c t r o n i c d i s t u r b a n c e s i n a 
charged p a r t i c l e t r a c k w i l l have t o be found. 
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