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A Survey of Approaches to R a d i a t i o n B i o p h y s i c s 

A. M. K e l l e r e r 

I n s t i t u t für Med.Strahlenkunde der Universität Würzburg 
Versbacher Landstraße 5, D-8700 Würzburg 

ABSTRACT': C u r r e n t and p a s t l i n e s of r e a s o n i n g i n r a d i a t i o n 
b i o p h y s i c s a r e reviewed. The emphasis i s on the connection of 
b i o l o g i c a l s u p p o s i t i o n s and m i c r o d o s i m e t r i c d a t a . 

Two main f i e l d s of i n q u i r y a r e c o n s i d e r e d . The f i r s t i s the 
non-cumulative a c t i o n which has f i r s t been t r e a t e d by Lea i n 
terms of the a s s o c i a t e d volume concept. The second i s the cu
m u l a t i v e a c t i o n which u n d e r l i e s r a d i a t i o n e f f e c t s on eukary-
o t e s . A b r i e f survey over p r e s e n t approaches i s g i v e n . 

The second p a r t of the a r t i c l e c o n t a i n s q u a n t i t a t i v e c r i t e 
r i a f o r the a p p l i c a b i l i t y of absorbed dose, LET, and r e l a t e d 
c oncepts. T h i s d e f i n e s those s i t u a t i o n s where the use of mi
crodosimetry i s e s s e n t i a l . 

The l a s t s e c t i o n d e a l s s p e c i f i c a l l y w i t h the d e t e r m i n a t i o n 
o f the combination d i s t a n c e of c e l l u l a r s u b l e s i o n s . The ap
proaches based on d o s e - e f f e c t r e l a t i o n s and on L E T - e f f e c t r e 
l a t i o n s a r e c o n t r a s t e d . M i c r o d o s i m e t r i c d a t a a r e employed to 
examine and r e j e c t the h y p o t h e s i s t h a t impairement of the 
p r o l i f e r a t i v e a b i l i t y of mammalian c e l l s i s due to the f o r 
mation of i n d i v i d u a l d o u b l e - s t r a n d breaks i n DNA* 
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INTRODUCTION 

The m i c r o s c o p i c d i s t r i b u t i o n s of energy d e p o s i t i o n by charged 
p a r t i c l e s a r e of g r e a t complexity. T h i s complexity may be s u f 
f i c i e n t to a t t r a c t the p h y s i c i s t or mathematician to the b i o 
p h y s i c s of i o n i z i n g r a d i a t i o n s . However i t appears t h a t the 
p h y s i c a l and mathematical problems have o f t e n been t r e a t e d i n 
d e t a i l w h i l e n e c e s s i t y and f e a s i b i l i t y of the a p p l i c a t i o n to 
r a d i a t i o n b i o l o g y remained d o u b t f u l . M u l t i - t a r g e t and m u l t i -
h i t theory i l l u s t r a t e t h i s s i t u a t i o n ; t h e s e approaches have 
not l e d to b i o p h y s i c a l i n s i g h t s . One cannot avoid the ques
t i o n whether microdosimetry and i t s a p p l i c a t i o n s u f f e r from 
s i m i l a r d e f e c t s . 

A look a t the v a r i o u s b i o p h y s i c a l approaches to r a d i a t i o n b i 
ology may c o n t r i b u t e to an answer. A s y s t e m a t i c and complete 
survey would be worthwhile. The p r e s e n t b r i e f o u t l i n e w i l l 
f a l l s h o r t of i t . F o r t u n a t e l y t h e r e have been a number of p r e 
s e n t a t i o n s a t t h e s e symposia which have d e a l t b r o a d l y w i t h 
the b i o l o g i c a l problems. One could mention the c o n t r i b u t i o n s 
by Barendsen ( 1 - 4 ) , Fowler ( 5 , 6 ) , Neary ( 7 , 8 ) , A l p e r ( 9 ) , 
Booz ( 1 0 ) , R o s s i (11) , Hogeweg and Barendsen (12) , E l k i n d and 
Ben-Hur (13) , and Powers (14) . A f u l l l i s t would c o n t a i n ad
d i t i o n a l r e f e r e n c e s . The e x i s t e n c e of the s e s t u d i e s may j u s 
t i f y t h a t the p r e s e n t c o n s i d e r a t i o n s a r e fo c u s s e d on a few 
e s s e n t i a l s . 

The f i r s t p a r t of t h i s a r t i c l e w i l l d e a l w i t h the two d i f 
f e r e n t problems of r a d i a t i o n b i o p h y s i c s namely the non-cumu
l a t i v e and the cumulative r a d i a t i o n a c t i o n . B r i e f r e f e r e n c e 
w i l l be given to some of the r e l e v a n t s t u d i e s . 

A second s e c t i o n p r e s e n t s c r i t e r i a which permit a d e c i s i o n 
whether i n a gi v e n s i t u a t i o n the concept of absorbed dose i s 
adequate or whether the s t a t i s t i c a l f l u c t u a t i o n s of energy 
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d e p o s i t i o n must be taken i n t o account. I f the f l u c t u a t i o n s of 
energy d e p o s i t i o n must be taken i n t o account one has a number 
of a l t e r n a t i v e s . One may e i t h e r r e l y on the concept of l i n e a r 
energy t r a n s f e r ( L E T ) , o r one may adopt v a r i o u s c o r r e c t i o n s 
and m o d i f i c a t i o n s of LET, f i n a l l y one may apply r i g o r o u s mic
rod o s i m e t r y . The a p p l i c a b i l i t y of these a l t e r n a t i v e s depends 
on the s i z e of the c r i t i c a l s i t e s and on the type and energy 
of the charged p a r t i c l e s . Relevant q u a n t i t a t i v e c r i t e r i a w i l l 
be p r e s e n t e d . 

A t h i r d s e c t i o n d e a l s i n more d e t a i l w i t h the nature of the 
q u a n t i t a t i v e statements obtained from the b i o p h y s i c a l a n a l y 
s i s of the cumulative a c t i o n of i o n i z i n g r a d i a t i o n s . 

GENERAL CONSIDERATIONS 

A surve y over the c o n t r i b u t i o n s to the p a s t symposia and to 
the p r e s e n t symposium shows a m a j o r i t y of i n v e s t i g a t i o n s r e 
l a t e d to the t e c h n i c a l a s p e c t s of microdosimetry; however i t 
a l s o shows a s u b s t a n t i a l number of i n v e s t i g a t i o n s which d e a l 
w i t h the a p p l i c a t i o n of microdosimetry to r a d i a t i o n b i o l o g y . 
These l a t t e r s t u d i e s concern two d i f f e r e n t s i t u a t i o n s which 
may be termed non-cumulative a c t i o n and cumulative a c t i o n of 
i o n i z i n g r a d i a t i o n s . 

Non-cumulative A c t i o n 

The term non-cumulative a c t i o n r e f e r s to the c a s e where i n d i 
v i d u a l molecular a l t e r a t i o n s cause the e f f e c t . S p a r s e l y i o n 
i z i n g r a d i a t i o n s have maximum e f f e c t i v e n e s s i n t h i s c a s e . 
With d e n s i l y i o n i z i n g r a d i a t i o n s a s a t u r a t i o n e f f e c t o c c u r s , 
i . e . more than one d i s t u r b a n c e i s produced i n the a f f e c t e d 
t a r g e t . A c c o r d i n g l y 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 
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(RBE) d e c r e a s e s w i t h i n c r e a s i n g LET. For non-cumulative e f 
f e c t s one observes e x p o n e n t i a l d o s e - e f f e c t r e l a t i o n s . However 
one cannot r e v e r s e the statement; an e x p o n e n t i a l d o s e - e f f e c t 
r e l a t i o n does not n e c e s s a r i l y imply non-cumulative a c t i o n . 

The q u a n t i t a t i v e treatment of the non-cumulative r a d i a t i o n 
a c t i o n has been developed by Lea (15) . He i n t r o d u c e d to t h i s 
purpose the concept of associated volume. Lea has c a l c u l a t e d 
a s s o c i a t e d volumes f o r protons, α-particles, and f o r x - r a y s . 
Katz e t a l . (16) have d e a l t w i t h the same problem and have, 
i n e f f e c t , d e r i v e d a s s o c i a t e d volumes f o r h e a v i e r i o n s . The 
v a l i d i t y of the approximation which they have used w i l l be 
d i s c u s s e d i n the second p a r t of t h i s a r t i c l e . 

The a s s o c i a t e d volume i s c l o s e l y l i n k e d and i s , i n f a c t , pro
p o r t i o n a l to the s o - c a l l e d event frequency, Φ(ο), which i s 
one of the e s s e n t i a l q u a n t i t i e s among the m i c r o d o s i m e t r i c 
concepts i n t r o d u c e d by R o s s i ( 1 7 , 1 8 ) . V a l u e s of Φ(ο) f o r 
much l a r g e r r e g i o n s than those c o n s i d e r e d by Lea and by Katz 
e t a l . can be d i r e c t l y measured; they have a l s o been c a l c u l a 
t e d (19-23). 

I t had e a r l i e r been assumed t h a t non-cumulative a c t i o n o c c u r s 
i n the i n a c t i v a t i o n of c e r t a i n b a c t e r i a and g e n e r a l l y i n the 
i n a c t i v a t i o n of v i r u s s e s and b a c t e r i o p h a g e s . These b i o l o g i 
c a l systems have t h e r e f o r e been u s u a l l y t r e a t e d i n terms of 
the a s s o c i a t e d volume concept. However we know today t h a t one 
d e a l s w i t h d i f f e r e n t k i n d s of damage even i n t h e s e r e l a t i v e l y 
simple systems. Barendsen (4) has given a u s e f u l survey over 
t h e s e matters a t the l a s t symposium on microdosimetry. I t 
s u f f i c e s to say t h a t non-cumulative a c t i o n appears to apply 
t o s i n g l e - s t r a n d breaks i n DNA and to n u c l e o t i d e damage. I t 
does not apply to double-strand breaks i n DNA. 
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Cumulative A c t i o n 

The term cumulative a c t i o n r e f e r s to the ca s e where two or 
more molecular a l t e r a t i o n s are n e c e s s a r y to produce the e f 
f e c t . These a l t e r a t i o n s may be produced by the same i o n i z i n g 
p a r t i c l e ( i n t r a - t r a c k e f f e c t ) ; one o b t a i n s then l i n e a r or ex
p o n e n t i a l d o s e - e f f e c t r e l a t i o n s . They may a l s o be produced by 
se p a r a t e i o n i z i n g p a r t i c l e s ( i n t e r - t r a c k e f f e c t ) ; then one 
f i n d s sigmoidal d o s e - e f f e c t r e l a t i o n s . However a common c h a r 
a c t e r i s t i c of both c a s e s i s t h a t the RBE goes through a max
imum a t high v a l u e s of LET. 

An example of the cumulative a c t i o n i s the pro d u c t i o n of dou
b l e - s t r a n d breaks i n DNA. Two molecular a l t e r a t i o n s i n c l o s e 
proximity a r e n e c e s s a r y to cause a do u b l e - s t r a n d break. T h i s 
w i l l , a t l e a s t i n g e n e r a l , r e q u i r e two energy t r a n s f e r s ( i o n i 
z a t i o n s ) i n a p r o x i m i t y of the order of 10 nm. Such ne i g h 
bouring t r a n s f e r s w i l l f r e q u e n t l y occur even i n the t r a c k s of 
s p a r s e l y i o n i z i n g p a r t i c l e s . However a t absorbed doses up to 
a few hundred or even a few thousand rad i t i s extremely r a r e 
t h a t two t r a n s f e r s from two independent p a r t i c l e t r a c k s occur 
i n such p r o x i m i t y . T h i s i s l i k e l y only a t much hi g h e r doses. 
A c c o r d i n g l y one w i l l a t doses of a few hundred rad o b t a i n l i n 
e a r d o s e - e f f e c t r e l a t i o n s ( i n t r a - t r a c k e f f e c t ) f o r t h i s p a r t i 
c u l a r example of the cumulative e f f e c t . The p o s t u l a t e of Chad-
wick and Leenhouts (24,25) t h a t i n d i v i d u a l double s t r a n d breaks 
cause c e l l l e t h a l i t y i s t h e r e f o r e i n c o n f l i c t w i t h the ob
served sigmoidal s u r v i v a l c u r v e s . A q u a n t i t a t i v e e v a l u a t i o n 
w i l l be found i n the l a s t p a r t of t h i s a r t i c l e . 

Another c a s e of cumulative a c t i o n i s the i n a c t i v a t i o n of eu-
k a r y o t i c c e l l s or the production of d i c e n t r i c chromosomes. 
The c e l l u l a r e f f e c t i s i n t h i s c a s e produced by s e v e r a l sub-
l e s i o n s ; t h ese s u b l e s i o n s can combine even i f produced a t d i s 
t ances of f r a c t i o n s of a micrometer to s e v e r a l micrometer. 



— 414 — 

Such d i s t a n c e s a r e comparable to the t y p i c a l d i s t a n c e s of 
neighbouring e l e c t r o n t r a c k s a t an absorbed dose of a few 
hundred r a d . The s u b l e s i o n s can t h e r e f o r e e i t h e r be produced 
i n the i n t r a - t r a c k mode ( d e n s i l y i o n i z i n g r a d i a t i o n ) or i n 
the i n t e r - t r a c k mode ( s p a r s e l y i o n i z i n g r a d i a t i o n ) . I n the 
l a t t e r c a s e one o b t a i n s sigmoidal d o s e - e f f e c t r e l a t i o n s . 

Cumulative damage to eukaryotes i s a much more complicated 
c a s e than cumulative a c t i o n to mole c u l a r complexes. The r e a 
son i s twofold. I n a s i t e of molecular dimensions one d e a l s 
w i t h c l u s t e r s of a few i o n i z a t i o n s . T h i s s i t u a t i o n i s com
p l i c a t e d enough, but i t i s f a r l e s s complicated than the i n 
t r i c a t e p a t t e r n of t r a c k segments which may occur i n r e g i o n s 
which a r e comparable to the dimensions of the c e l l n u c l e u s . 
The second reason i s t h a t the s t r u c t u r e of the t a r g e t i s 
h i g h l y v a r i a b l e ; f o r example, i t changes markedly i n the d i f 
f e r e n t phases of the c e l l c y c l e . Moreover the r e a c t i o n of the 
e u k a r y o t i c c e l l i s s u b j e c t to v a r i o u s s t o c h a s t i c f a c t o r s 
which i n f l u e n c e the d o s e - e f f e c t r e l a t i o n s . 

I t i s t h e r e f o r e not s u r p r i s i n g to f i n d a v a r i e t y of appro
aches to the problem. I t i s a l s o not s u r p r i s i n g t h a t the 
mathematical treatment of the cumulative a c t i o n on eukaryo
t e s i s u s u a l l y e i t h e r complicated or h i g h l y approximative. 
I n some c a s e s i t i s both, f o r example i n the s o - c a l l e d mul
t i - t a r g e t or m u l t i - h i t models. These models have n e i t h e r l e d 
to the d e f i n i t i o n of the s u b l e s i o n s nor to an e s t i m a t e of 
t h e i r s p a t i a l s e p a r a t i o n . 

There a r e n e v e r t h e l e s s a number of p r e s e n t approaches which 
a r e , a t l e a s t f o r m a l l y , r e l a t e d to the m u l t i - t a r g e t t h e o r y . 
These approaches may be c a l l e d s e m i - e m p i r i c a l i n s o f a r as they 
use a mathematical e x p r e s s i o n , g e n e r a l l y the s o - c a l l e d m u l t i -
t a r g e t equation, to f i t observed s u r v i v a l c u r v e s f o r x - r a y s 
and γ-rays. T h i s m u l t i - s t e p i n a c t i v a t i o n (gamma-kill (26) or 
3-component (29)) i s t h e n , i n the c a s e of d e n s i l y i o n i z i n g r a -



d i a t i o r i s , mixed w i t h a one-event i n a c t i v a t i o n mode (i o n k i l l 
or α-component)· The weight f a c t o r s f o r the two components 
a r e assumed to be c e r t a i n f u n c t i o n s of LET or of r e l a t e d 
q u a n t i t i e s such as v e l o c i t y and charge of the p a r t i c l e s . 

The approach i s d e s c r i p t i v e r a t h e r than a n a l y t i c a l s i n c e the 
parameters i n the m u l t i - t a r g e t equation a r e not l i n k e d to spe
c i f i e d b i o p h y s i c a l mechanisms. However d o s e - e f f e c t r e l a t i o n s 
f o r a mixed r a d i a t i o n f i e l d can be c a l c u l a t e d once the numer
i c a l v a l u e s of the parameters f o r the components of the f i e l d 
a r e chosen. T h i s p o s s i b i l i t y of curve f i t t i n g has found p a r t i 
c u l a r i n t e r e s t i n connection w i t h attempts to use s u r v i v a l 
c u r v e s f o r the i n v e s t i g a t i o n of the t h e o r e t i c a l b a s i s of r a 
d i a t i o n therapy. 

Due t o t h e i r complexity i t w i l l not be p o s s i b l e to d e a l i n de
t a i l w i t h these approaches. I n s t e a d one may r e f e r to the work 
of Katz e t a l . (26-28) and of Wideroe ( 2 9 ) . Neufeld e t a l . 
(30) have given a survey over these two-component t h e o r i e s ; 
they a l s o propose v a r i o u s m o d i f i c a t i o n s of the microdosimet
r i c arguments, and o c c a s i o n a l l a c k of m i c r o d o s i m e t r i c argu
ments, i n t hese approaches. 

A d i f f e r e n t approach which aims a t the e l u c i d a t i o n of biophy
s i c a l mechanisms r a t h e r than the d e s c r i p t i o n of s u r v i v a l c u r 
ves goes back to the work by Sax (31) and Lea ( 1 5 ) . These 
aut h o r s d e a l t w i t h the production of d i c e n t r i c chromosomes i n 
p l a n t c e l l s . C o n s i d e r a t i o n s of the d i s t a n c e of s e p a r a t e p a r 
t i c l e t r a c k s i n the c a s e of x - r a y s and of neutrons l e d to e s 
t i m a t e s of the order of one micrometer f o r the exchange d i s 
tance between chromosome b r e a k s . 

T h i s approach i s c l o s e l y l i n k e d to a number of l a t e r s t u d i e s 
(see f o r example ( 3 2 - 3 4 ) ) . I t i s s i m i l a r i n c h a r a c t e r to the 
work of Neary (8) which i s p a r t i c u l a r i m p r e s s i v e as a p r e c i s e 
combination of p h y s i c s and b i o l o g y . Neary a r r i v e d a t the con-
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e l u s i o n t h a t the a c t i o n of r a d i a t i o n on eukaryotes i n v o l v e s 
the formation of p a i r s of s u b l e s i o n s s e p a r a t e d by f r a c t i o n s 
of one micrometer. 

The treatment developed by Lea and by Neary was s t i l l based 
on the LET-concept. More r e c e n t l y an a c c u r a t e a n a l y s i s of the 
formation of chromosome a b e r r a t i o n s by s p a r s e l y i o n i z i n g r a 
d i a t i o n s and by neutrons has been performed i n terms of mi
crodosimetry (35-3 6 ) . T h i s a n a l y s i s has, i n essence, confirmed 
Lea's e a r l i e r r e s u l t s . I t i s p a r t i c u l a r l y remarkable t h a t the 
mi c r o d o s i m e t r i c a n a l y s i s has not only l e d to a q u a n t i t a t i v e 
e x p l a n a t i o n of the RBE f o r chromosome damage by neutrons as 
a f u n c t i o n of dose (37) , but t h a t i t has a l s o l e d to the p r e 
d i c t i o n and apparent c o n f i r m a t i o n of v a l u e s of the i n c r e a s e d 
e f f e c t i v e n e s s of x - r a y s as compared to γ-rays or f a s t e l e c 
t r o n s ( 3 8 , 3 9 ) . Whether the observed RBE of n e a r l y 2 a t s m a l l 
doses a p p l i e s a l s o to the i n a c t i v a t i o n of mammalian c e l l s i s 
an open q u e s t i o n . 

K e l l e r e r and R o s s i (40) have a p p l i e d the m i c r o d o s i m e t r i c an
a l y s i s to the RBE of neutrons and i t s dependence on absorbed 
dose. For a wide v a r i e t y of e f f e c t s they found r e l a t i o n s 
which were analogous t o the s i t u a t i o n observed i n the forma
t i o n of " d i c e n t r i c chromosome a b e r r a t i o n s . One might take t h i s 
as an i n d i c a t i o n t h a t chromosome a b e r r a t i o n s p l a y a wide r o l e 
i n v a r i o u s c e l l u l a r r a d i a t i o n e f f e c t s . But t h i s i s not more 
than a h y p o t h e s i s , and i t i s p o s s i b l y i n c o n f l i c t w i t h ex
perimental evidence (41). The e s s e n t i a l r e s u l t i s t h a t i n the 
cumulative a c t i o n on eukaryotes one d e a l s w i t h p a i r s of sub
l e s i o n s which c o n t r i b u t e to the e f f e c t even when they a r e 
produced a t d i s t a n c e s of the order of micrometers. 

These r e s u l t s a r e a t v a r i a n c e w i t h c o n c l u s i o n s by Barendsen 
e t a l . (3,12) who have i n v e s t i g a t e d i n a c t i v a t i o n c r o s s - s e c 
t i o n s of mammalian c e l l s i n v i t r o as a f u n c t i o n of LET and 
who have found t h a t the data agree w i t h the assumption t h a t 



c u m u l a t i v e a c t i o n o c c u r s over d i s t a n c e s of approximately 7 nm. 
Barendsen has pointed out t h a t p a r t of the disagreement may 
be r e s o l v e d by the f a c t t h a t one d e a l s w i t h cumulative a c t i o n 
both on the nanometer and the micrometer s c a l e . F u r t h e r r e 
marks on t h i s problem w i l l be found i n the l a s t p a r t of t h i s 
a r t i c l e . 

The approach by Chadwick and Leenhouts (24,25) has a l r e a d y 
been mentioned. I t i s f o r m a l l y i d e n t i c a l to the other appro
aches which d e a l w i t h a q u a d r a t i c p r o c e s s , however i t i s ba
sed on the p o s t u l a t e t h a t c e l l death i s due to i n d i v i d u a l 
d o u b l e - s t r a n d b r e a k s . M i c r o d o s i m e t r i c d a t a which c o n t r a d i c t 
t h i s p o s t u l a t e a r e found i n the l a s t p a r t of t h i s a r t i c l e . 

I n view of the v a r i e t y of approaches to r a d i a t i o n b i o p h y s i c s 
i t i s d e s i r a b l e to e s t a b l i s h q u a n t i t a t i v e c r i t e r i a f o r the 
n e c e s s i t y t o apply microdosimetry. F i r s t one may ask f o r the 
a p p l i c a b i l i t y of the q u a n t i t y absorbed dose, secondly one 
may examine the v a l i d i t y of the approximative treatment i n 
terms of LET or r e l a t e d concepts. These p o i n t s w i l l be t r e a t 
ed i n the next s e c t i o n . 

NECESSITY FOR THE APPLICATION OF MICRODOSIMETRY 

A p p l i c a b i l i t y of Absorbed Dose 

Absorbed dose i s only a s t a t i s t i c a l mean. I f one c o n s i d e r s 
a s m a l l r e g i o n , i f the absorbed dose i s s m a l l , and the r a 
d i a t i o n i s d e n s i l y i o n i z i n g then the a c t u a l v a l u e of the 
s p e z i f i c energy, z, w i l l f l u c t u a t e w i d e l y around t h i s mean 
v a l u e . On the other hand, f o r s u f f i c i e n t l y l a r g e r e g i o n s and 
f o r s u f f i c i e n t l y l a r g e absorbed doses the f l u c t u a t i o n s may 
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ABSORBED DOSE (rod) 

F i g . 1 Diagram of s i t e diameters and absorbed doses f o r which 
the s p e c i f i c energy, z, must be d i s t i n g u i s h e d from ab
sorbed dose, D. 
For t h r e e d i f f e r e n t r a d i a t i o n s those a r e a s where the 
mean d e v i a t i o n of ζ from D exceeds 20% a r e i n d i c a t e d 
by shading. 
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be minor and may i n f a c t be d i s r e g a r d e d . 

I n o r d e r to o b t a i n a q u a n t i t a t i v e c r i t e r i o n one may c o n s i d e r 
the standard d e v i a t i o n of the s p e c i f i c energy from i t s mean 
v a l u e , the absorbed dose. I t i s a convenient f a c t t h a t t h i s 
s t a n d a r d d e v i a t i o n i s a simple f u n c t i o n of the dose average, 
ζ, of ζ produced i n i n d i v i d u a l events ( 4 0 ) : 

Although t h i s i s a somewhat a r b i t r a r y c h o i c e one might c o n s i 
der a f r a c t i o n a l standard d e v i a t i o n , σ /D, of l e s s than 20% 
as i n s i g n i f i c a n t . T h i s l e a d s to the c r i t e r i o n t h a t the quan
t i t y absorbed dose can be a p p l i e d without regard to s t a t i s t i 
c a l f l u c t u a t i o n s i f the absorbed dose i s l a r g e r than 25 ζ. 
Fig.1 r e p r e s e n t s t h i s c o n d i t i o n f o r t y p i c a l r a d i a t i o n s . The 
shaded a r e a s cover those ranges of s i t e diameters and of ab
sorbed doses where the r e l a t i v e f l u c t u a t i o n s exceed 20%. 

The a p p l i c a t i o n of t h i s graph i s s t r a i g h t f o r w a r d . I t i s t h e r e 
f o r e unnecessary to exemplify i t s use. However one may note 
as a g e n e r a l c o n c l u s i o n t h a t i n most r a d i o b i o l o g i c a l s i t u a 
t i o n s i n v o l v i n g s t r u c t u r e s of c e l l u l a r dimensions m i c r o d o s i 
metry i s indeed r e l e v a n t . 

Next one may ask f o r the a p p l i c a b i l i t y of a s i m p l i f i e d micro
d o s i m e t r i c treatment i n terms of LET. T h i s q u e s t i o n has been 
a n a l y s e d r e c e n t l y ; i t i s t h e r e f o r e s u f f i c i e n t to r e p e a t the 
main r e s u l t s . 

w i t h : 
dz 
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I 10 
ENERGY (MeV) 

F i g . 2 

Diagram of the ranges of s i t e diameters and proton en
e r g i e s where other f a c t o r s i n a d d i t i o n to LET are r e 
le v a n t to energy d e p o s i t i o n . The symbols R,S, and δ 
i d e n t i f y those domains i n which l i m i t e d p a r t i c l e range, 
energy-loss s t r a g g l i n g , and energy d i s s i p a t i o n by d e l 
t a - r a y s are p e r t i n e n t . I n region I I LET i s the only r e 
l e v a n t f a c t o r . 

10 100 
ENERGY (KeV) 

1000 

100 
ENERGY PER NUCLE0N (MeV) 

P i g . 3 
Diagram of the ranges of s i t e diameters and ener g i e s 
of a l p h a - p a r t i c l e s where other f a c t o r s i n a d d i t i o n to 
LET are r e l e v a n t to energy d e p o s i t i o n . The symbols R, 

S, and δ i d e n t i f y those domains i n which l i m i t e d par
t i c l e range, energy-loss s t r a g g l i n g , and energy d i s 
s i p a t i o n by d e l t a - r a y s a r e p e r t i n e n t . I n r e g i o n I I 
LET i s the only r e l e v a n t f a c t o r . 

F i g . 4 

Diagram of the ranges of s i t e diameters and e l e c t r o n 
energies where v a r i o u s f a c t o r s i n a d d i t i o n to LET are 
r e l e v a n t to energy d e p o s i t i o n . The symbols R,S, and 
« i d e n t i f y those domains i n which l i m i t e d p a r t i c l e 
range, energy-loss s t r a g g l i n g , and energy d i s s i p a t i o n 
by d e l t a - r a y s are p e r t i n e n t . There i s no region where 
LET i s the only r e l e v a n t f a c t o r . 
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A p p l i c a b i l i t y of LET 

The energy which a charged p a r t i c l e d e p o s i t s i n a m i c r o s c o p i c 
r e g i o n depends on the LET of the p a r t i c l e . But LET i s not the 
only f a c t o r . I f one d e a l s with a r e l a t i v e l y l a r g e r e g i o n then 
one must account f o r the f i n i t e range of p a r t i c l e which may 
l e a d to incomplete t r a v e r s a l s . I f on the other hand, one d e a l s 
w i t h v e r y s m a l l r e g i o n s one must c o n s i d e r e n e r g y - l o s s s t r a g g 
l i n g and the d i s s i p a t i o n of energy by d e l t a - r a y s . U s u a l l y 
some of t h e s e f a c t o r s can be n e g l e c t e d , but t h i s depends on 
the diameter of the s p h e r i c a l r e g i o n which one c o n s i d e r s , as 
w e l l as on the v e l o c i t y and charge of the p a r t i c l e . 

A r e c e n t q u a n t i t a t i v e a n a l y s i s (4 2) has l e d to the r e s u l t s 
which a r e d e p i c t e d i n F i g s . ( 2 - 4 ) . I n t h e s e f i g u r e s the un
shaded a r e a s correspond to those ranaes of the s i t e diameter 
and the p a r t i c l e energy where the LET-concept can be d i r e c t 
l y a p p l i e d , i . e . where n e i t h e r the f i n i t e range of the par
t i c l e , nor energy s t r a g g l i n g and the s t r u c t u r e of d e l t a r a y s 
p l a y a r o l e . The shaded a r e a s d e s i g n a t e those ranges where 
other f a c t o r s must a l s o be c o n s i d e r e d . The symbols R, S, and 
6 stand f o r the f a c t o r s f i n i t e range of the p a r t i c l e , ener-

g y - l o 8 8 s t r a g g l i n g s and r a d i a l d i s t r i b u t i o n of energy due to 
the f i n i t e ranges of d e l t a - r a y s . The o r i g i n a l a r t i c l e must be 
c o n s u l t e d f o r a q u a n t i t a t i v e d e f i n i t i o n of the u n d e r l y i n g 
c r i t e r i a . I n the p r e s e n t context we d e a l o n l y w i t h the e s 
s e n t i a l r e s u l t s . The main c o n c l u s i o n i s t h a t t h e r e e x i s t s a 
r e g i o n f o r protons and f o r h e a v i e r ions where the LET con
cept i s adequate, but t h a t o u t s i d e t h i s r e g i o n microdosime-
t r y must be a p p l i e d . The r e g i o n which i s l a b e l l e d w i t h R f o r 
protons p e r m i t s the continuous slowing down approximation. 
I t c orresponds t o the common s i t u a t i o n of m i c r o d o s i m e t r i c 
measurements i n neutron f i e l d s of moderate energy; i t a l s o 
corresponds t o the c a l c u l a t i o n s of C a s w e l l and Coyne (1 9 , 2 2 ) . 
The o t h e r shaded r e g i o n s are those where t r a c k s t r u c t u r e i n 
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a r e a l sense i s e s s e n t i a l . A f u r t h e r important o b s e r v a t i o n i s , 
t h a t with e l e c t r o n s t h e r e i s no range of e n e r g i e s and s i t e 
diameters where LET i s a p p l i c a b l e . E l e c t r o n s a r e t h e r e f o r e i n 
a l l c a s e s an o b j e c t of microdosimetry. 

When H.H.Rossi introduced the concepts of microdosimetry and 
the experimental techniques of microdosimetry he was l e d by 
the r e c o g n i t i o n t h a t t h i s provided a s h o r t - c u t through the 
c o m p l e x i t i e s of t r a c k s t r u c t u r e . The combined e f f e c t of a mul
t i t u d e of f a c t o r s which were not i n d i v i d u a l l y understood c o u l d 
s t i l l be determined by d i r e c t measurements. N e v e r t h e l e s s i t i s , 
as these symposia show, of i n t e r e s t to understand the i n d i v i 
d u a l f a c t o r s , and r e c e n t c o n t r i b u t i o n s (see f o r example (4 3-
46)) permit the e x p e c t a t i o n t h a t a f u l l understanding of t r a c k 
s t r u c t u r e may e v e n t u a l l y be reached * I t i s t h e r e f o r e appro
p r i a t e to c o n s i d e r the problem of t r a c k s t r u c t u r e i n somewhat 
more d e t a i l . 

A p p l i c a b i l i t y of the amorphous-track model 

One approximation which has been e x t e n s i v e l y used e s p e c i a l l y 
by Katz and h i s c o l l e a g u e s (16,47) i s what one may c a l l the 
amorphous t r a c k model. I n t h i s approximation the average r a 
d i a l energy d i s t r i b u t i o n around the t r a c k i s taken i n t o a c 
count, but d e l t a - r a y s t r u c t u r e i s o t h e r w i s e n e g l e c t e d . I n d i 
v i d u a l energy t r a n s f e r s ( f o r example i o n i z a t i o n s ) a r e assumed 
to occur randomly w i t h a p r o b a b i l i t y p r o p o r t i o n a l to the mean 
energy d e n s i t y a t the s p e c i f i e d d i s t a n c e from the t r a c k c o r e . 
I n other words the t r a c k i s t r e a t e d as an amorphous cloud of 
independent energy t r a n s f e r s . I f the a c t u a l t r a c k resembles 
a worn-out t e s t - t u b e brush then the amorphous t r a c k looks 
l i k e the same o b j e c t r a p i d l y r o t a t i n g around i t s a x i s and 
r a p i d l y o s c i l l a t i n g along i t . 
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F i g . 5 Schematic diagram of the v a r i o u s approximations of a 

charged p a r t i c l e t r a c k . 
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F i g . 6 A p p l i c a b i l i t y of the v a r i o u s approximations of a 
charged p a r t i c l e t r a c k as a f u n c t i o n of s i t e d i a 
meter. The symbols i n d i c a t e the four d i f f e r e n t c a s e s 
r e p r e s e n t e d i n F i g . 5 . 
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T h i s amorphous t r a c k model i s adequate f o r v e r y d e n s i l y i o n 
i z i n g t r a c k s where the s t r u c t u r e of i n d i v i d u a l d e l t a r a y s i s 
u n r e s o l v a b l e . On the o t h e r hand i t l e a d s to event s i z e s , i . e . 
to v a l u e s of y F and y D , which a r e too s m a l l i f t h i s c o n d i t i o n 
i s not f u l l f i l l e d . A r e c e n t t h e o r e t i c a l i n v e s t i g a t i o n has l e d 
to i n t e r e s t i n g t h e o r e t i c a l r e l a t i o n s which d e s c r i b e the s i t u a 
t i o n ( 5 3 ) . I n the p r e s e n t c o n t e x t i t i s s u f f i c i e n t to i n d i c a t e 
the a p p l i c a b i l i t y and the l i m i t a t i o n of the amorphous t r a c k 
model. 

The scheme of F i g . 5 i l l u s t r a t e s the v a r i o u s approximations. 
Case I symbolizes the a c t u a l t r a c k w i t h s t r a g g l i n g and e x p l i 
c i t d e l t a - r a y s t r u c t u r e ; t h i s corresponds to the m i c r o d o s i 
m e t r i c treatment. Case I I symbolizes the amorphous t r a c k mo
d e l . Case I I I stands f o r the s i t u a t i o n where the LET-concept 
i s a p p l i c a b l e , i . e . where one may assume an i n f i n i t e l i n e a r 
t r a c k . Case IV r e p r e s e n t s the s i t u a t i o n where one can assume 
a l i n e a r t r a c k without r e g a r d to s t r a g g l i n g and r a d i a l e x t e n 
s i o n of the t r a c k , but where the f i n i t e range of the p a r t i c l e 
must be accounted f o r . 

The diagrams i n F i g . 6 i n d i c a t e the s i t e diameters where the 
i n d i v i d u a l s i t u a t i o n s a pply. The p l o t s r e f e r to heavy ions of 
20 MeV per nucleon and to heavy ions of o.5 MeV per nucleon. 
These r e s u l t s a r e based on numerical c a l c u l a t i o n s which have 
been performed by Chmelevsky (48) on the b a s i s of s i m u l a t e d 
t r a c k s generated by P a r e t z k e ( 4 3 , 4 4 ) . The q u a n t i t a t i v e c r i t e 
r i o n has been t h a t the i n d i v i d u a l f a c t o r s are taken i n t o a c 
count when they c o n t r i b u t e more than 10% to the v a l u e of y D . 
I f one assumes a h i g h e r c r i t i c a l l e v e l , a l l ranges w i l l be 
s h i f t e d s l i g h t l y to the l e f t . 

The main c o n c l u s i o n i s t h a t the amorphous t r a c k model i s a l 
ways u n r e a l i s t i c f o r p r o t o n s . For h e a v i e r ions i t has a c e r 
t a i n range of a p p l i c a b i l i t y . However t h i s range i s narrow f o r 
p a r t i c l e s of 20 MeV per nucleon, and i t w i l l be even more n a r -



row f o r p a r t i c l e s of higher energy. One must t h e r e f o r e u s u a l 
l y apply the p r e c i s e m i c r o d o s i m e t r i c a n a l y s i s . 

SPECIFIC CONSIDERATIONS 

The two p r e v i o u s s e c t i o n s have d e a l t with a g e n e r a l survey of 
b i o p h y s i c a l approaches and wi t h c r i t e r i a i n d i c a t i n g the ap
p l i c a b i l i t y of v a r i o u s approximations. The p r e s e n t s e c t i o n 
w i l l add some s p e c i f i c c o n s i d e r a t i o n s of important l i n e s of 
b i o p h y s i c a l r e a s o n i n g . The d i s c u s s i o n w i l l i n no way be com
p l e t e , but i t may s e r v e to show the i n t e r r e l a t i o n of d i f f e r 
e n t approaches. 

L i n e a r i t y a t s m a l l absorbed doses 

The s i m p l e s t c o n s i d e r a t i o n i n microdosimetry i s a l s o one of 
the most important: A l l c e l l u l a r e f f e c t s must be l i n e a r and 
must be independent of dose r a t e a t very s m a l l doses. The 
term v e r y s m a l l dose r e f e r s to the c o n d i t i o n t h a t the expec
ted number of events ( i o n i z i n g p a r t i c l e s ) i n the c e l l i s 
much s r a l l e r than 1. Most c e l l s a r e then t r a v e r s e d by no 
p a r t i c l e , a few c e l l s by 1 p a r t i c l e , and the c e l l s t r a v e r s e d 
by s e v e r a l p a r t i c l e s a r e so few t h a t they need not be con
s i d e r e d . I n s t e a d of the c e l l one can o f t e n c o n s i d e r the nuc
l e u s of the c e l l as the main t a r g e t of r a d i a t i o n . The term 
c e l l u l a r e f f e c t r e f e r s to the c o n d i t i o n t h a t no i n t e r a c t i o n 
between damaged c e l l s o c c u r s . I f such i n t e r a c t i o n o c c u r s one 
may d e a l w i t h complicated d o s e - e f f e c t r e l a t i o n s even a t v e r y 
s m a l l doses (see e.g. ( 4 9 ) ) . 

Pig.7 d e l i n e a t e s those ranges of s i t e diameter and absorbed 
dose where f o r common types of r a d i a t i o n the mean event num-



— 426 — 

ber i s s m a l l e r than 1. I f a combination of absorbed dose and 
s i t e diameter l i e s s u b s t a n t i a l l y w i t h i n the shaded a r e a one 
can p r e d i c t a l i n e a r d o s e - e f f e c t r e l a t i o n , which i s independ
ent of dose r a t e . 

Determination of the combination d i s t a n c e s of s u b l e s i o n s 

One of the main p o s s i b i l i t i e s of the m i c r o d o s i m e t r i c a n a l y s i s 
i s the d e t e r m i n a t i o n of s i t e d i a m e t e r s , o r , i n o t h e r words, 
of the d i s t a n c e over which s u b l e s i o n s can combine i n the c u 
m u l a t i v e a c t i o n of i o n i z i n g r a d i a t i o n s . An important o b s e r v a 
t i o n i s t h a t b i o p h y s i c a l r e a s o n i n g l e a d s i n g e n e r a l to e s t i 
mates which must be c o n s i d e r e d as lower l i m i t s f o r t h i s d i s 
t a n c e . One can understand t h i s by c o n s i d e r i n g the nature of 
the argument which i s commonly a p p l i e d . 

The argument runs as f o l l o w s . I f a d o s e - e f f e c t curve i s near 
to a s t e p f u n c t i o n then the c r i t i c a l s i t e must be l a r g e . The 
reason i s t h a t a s m a l l s i t e i s always s u b j e c t to f l u c t u a t i o n s 
of the s p e c i f i c energy which a r e so l a r g e t h a t i t can not 
r e a c t w i t h sharp r e s o l u t i o n i n absorbed dose. From an obser
ved r e l a t i v e v a r i a n c e ( d e v i a t i o n from the s t e p form) of a do
s e - e f f e c t r e l a t i o n and from a knowledge of the v a r i a n c e of ζ 
i n m i c r o s c o p i c s i t e s one can t h e r e f o r e o b t a i n a lower l i m i t 
of the s i t e diameter. On the other hand, i t i s p o s s i b l e t h a t 
p a r t of the observed v a r i a n c e of the e f f e c t curve i s due to 
other f a c t o r s not r e l a t e d to the s t a t i s t i c s of energy d e p o s i 
t i o n . The r e a l i n t e r a c t i o n d i s t a n c e , or s i t e diameter, i s 
then l a r g e r than the v a l u e obtained i n the a n a l y s i s . 

I f two v a l i d m i c r o d o s i m e t r i c a n a l y s e s of the same b i o l o g i c a l 
system lead to d i f f e r e n t s i t e d i a m e t e r s , one should a c c o r d 
i n g l y a c c e p t the l a r g e r v a l u e . 
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F i g . 7 Diagram of s i t e diameters and absorbed doses f o r 
which the mean event frequency, φ, i s l e s s than 1. 
The a r e a s w i t h φ l e s s than 1 a r e i n d i c a t e d by shad
i n g f o r t h r e e d i f f e r e n t r a d i a t i o n s . 

F i g . 8 Schematic r e p r e s e n t a t i o n of the f a c t t h a t the same 
LET-dependence of the i n a c t i v a t i o n c r o s s - s e c t i o n 
can r e s u l t from a s m a l l t a r g e t w i t h sharp response 
and a l a r g e t a r g e t w i t h g r a d u a l response. 



T h i s important o b s e r v a t i o n a p p l i e s not o n l y to d o s e - e f f e c t r e 
l a t i o n s , i t a p p l i e s e q u a l l y to L E T - e f f e c t r e l a t i o n s , f o r ex
ample t o those obtained and a n a l y s e d (3,12,50) by Barendsen 
and coworkers. The c e l l u l a r i n a c t i v a t i o n c r o s s - s e c t i o n i s de
termined as f u n c t i o n of LET i n t h e s e s o - c a l l e d track-segment 
experiments. One may assume s e n s i t i v e s i t e s which have an i n 
a c t i v a t i o n p r o b a b i l i t y , σ(ζ), which depends on the s p e z i f i c 
energy, i . e . on the energy a c t u a l l y imparted to the s i t e . 
T h i s response f u n c t i o n could be near to a s t e p f u n c t i o n as 
assumed by Barendsen and coworkers, or i t could be d i f f e r e n t 
from a s t e p f u n c t i o n . The l a t t e r p o s s i b i l i t y , namely a con
tinuous i n c r e a s e w i t h the square of ζ has been c o n s i d e r e d by 
K e l l e r e r and R o s s i ( 4 0 ) . 

What one observes e x p e r i m e n t a l l y i s the c r o s s - s e c t i o n as a 
f u n c t i o n of LET. T h i s f u n c t i o n r e s u l t s from an i n t e g r a t i o n 
over the product of response f u n c t i o n , σ(ζ), and the d i s t r i 
b u tion, f T (ζ) , a t a g i v e n LET: 

One can a r r i v e a t the same r e s u l t , a ( L ) , i n two d i f f e r e n t 
ways. For a s t e e p response f u n c t i o n one must invoke a broad 
z - d i s t r i b u t i o n , i . e . a s m a l l s i t e diameter. For a broad r e 
sponse f u n c t i o n one must invoke a s t e e p z - d i s t r i b u t i o n , i . e . 
a l a r g e s i t e diameter. T h i s i s s c h e m a t i c a l l y i n d i c a t e d i n 
the diagram of F i g . 8 . T h i s type of a n a l y s i s i s t h e r e f o r e not 
c o n c l u s i v e . The s i t e diameter can c e r t a i n l y not be s m a l l e r 
than the v a l u e d e r i v e d by Barendsen e t a l . However i t may be 
l a r g e r . The o b s e r v a t i o n s by Barendsen e t a l . are t h e r e f o r e 
not i n c o n t r a d i c t i o n to the r e s u l t s which have been obtained 
by K e l l e r e r and R o s s i from ex p e r i m e n t a l data which i n c l u d e d 
the d o s e - e f f e c t r e l a t i o n s f o r s p a r s e l y i o n i z i n g r a d i a t i o n s . 

That the c o n s i d e r a t i o n of d o s e - e f f e c t r e l a t i o n s p e r m i t s , i n 
t h i s c a s e , sharper e s t i m a t e s of the i n t e r a c t i o n d i s t a n c e than 
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the c o n s i d e r a t i o n of L E T - e f f e c t curves has a simple reason. 
The r e a s o n i s t h a t i n the t r a c k segment experiments the mean 
event s i z e i n c r e a s e s approximately l i n e a r l y w i t h the e x p e r i 
mental parameter (LET) both i n a sm a l l s i t e and i n a l a r g e 
s i t e . I t i s t h e r e f o r e d i f f i c u l t to d i s c r i m i n a t e the two pos
s i b i l i t i e s . For d o s e - e f f e c t c u r v e s of s p a r s e l y i o n i z i n g r a 
d i a t i o n s , on the other hand, the mean energy increment i n 
c r e a s e s approximately l i n e a r l y with the experimental parame
t e r (absorbed dose) f o r l a r g e regions w h i l e i t remains near
l y unchanged f o r v e r y s m a l l r e g i o n s . T h i s p e r mits a sharp 
d i s c r i m i n a t i o n between the two p o s s i b i l i t i e s . 

As p o i n t e d out e a r l i e r t h e r e a r e i n d i c a t i o n s t h a t the cumula
t i v e e f f e c t over d i s t a n c e s of the order of micrometers i s a c 
companied by a cumulative a c t i o n on the nanometer l e v e l (51, 
5 2 ) . I t i s a l s o p o s s i b l e , as Barendsen has s t a t e d , t h a t the 
cumu l a t i v e a c t i o n over s h o r t d i s t a n c e s i s r e l a t i v l y more im
p o r t a n t f o r d e n s i l y i o n i z i n g r a d i a t i o n s than f o r s p a r s e l y i o 
n i z i n g r a d i a t i o n s . 

A p p l i c a t i o n of Q u a n t i t a t i v e Data 

I t i s not the purpose of t h i s g e n e r a l survey to r e p e a t the 
a c t u a l d e r i v a t i o n of the combination d i s t a n c e of s u b l e s i o n s . 
However i t w i l l be u s e f u l to c o n s i d e r a p a r t i c u l a r l y d i r e c t 
l i n e of re a s o n i n g which c o n t r a d i c t s the h y p o t h e s i s t h a t c e l l 
death i s due to i n d i v i d u a l double-strand breaks i n DNA. 

The c u m u l a t i v e a c t i o n over s h o r t d i s t a n c e s r e q u i r e s , as p o i n 
ted out i n the beginning of t h i s a r t i c l e , two neighbouring 
energy t r a n s f e r s . Some of these p a i r s of neighbouring t r a n s 
f e r s belong to the same p a r t i c l e t r a c k , o t h e r s to two d i f 
f e r e n t t r a c k s . The f i r s t type ( i n t r a - t r a c k e f f e c t ) l e a d s to 
l i n e a r d o s e - e f f e c t r e l a t i o n s , the secona type ( i n t e r - t r a c k 
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RADIUS (nm) 

F i g . 9 Expected energy i n a s p h e r i c a l r e g i o n c e n t e r e d 
around an i o n i z a t i o n . The heavy l i n e g i v e s the con
t r i b u t i o n , ΔΕ^, from the same t r a c k i n the c a s e of 
a f a s t e l e c t r o n . The l i g h t l i n e s g i v e the c o n t r i b u 
t i o n , Δ Ε 2, from other t r a c k s a t v a r i o u s absorbed 
doses. 
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e f f e c t ) to q u a d r a t i c d o s e - e f f e c t r e l a t i o n s . One may compare 
the frequency of t h e s e two d i f f e r e n t t y p e s . For t h i s purpose 
one may simply c o n s i d e r an i o n i z a t i o n taken a t random i n the 
exposed medium. One can then ask f o r the expected energy, 
ΔΕ^, w i t h i n a s p e c i f i e d d i s t a n c e which belongs to the same 
p a r t i c l e t r a c k . One may a l s o ask f o r the expected energy, 
ΔΕ 2 , due t o independent p a r t i c l e t r a c k s . The l i n e a r component 
i n the dose e f f e c t r e l a t i o n w i l l predominate i f ΔΕ^ i s l a r g e r 
than Δ Ε 2 . The q u a d r a t i c component w i l l predominate i f ΔΕ 2 i s 
l a r g e r than ΔΕ^. 

F i g . 9 p r e s e n t s a q u a n t i t a t i v e e v a l u a t i o n . The d a t a a r e from 
c a l c u l a t i o n s (53) based on e l e c t r o n t r a c k s w i t h s i m u l a t e d 
d e l t a - r a y s from the program of P a r e t z k e . The e s s e n t i a l argu
ments have been presented e a r l i e r , but the p r e s e n t d a t a a r e 
more a c c u r a t e . The heavy l i n e i n the graph g i v e s the q u a n t i 
t y ΔΕ-j f o r a f a s t e l e c t r o n as a f u n c t i o n of the r a d i u s of the 
r e g i o n of r e f e r e n c e . The l i g h t l i n e s g i v e the q u a n t i t y ΔΕ 2 

f o r d i f f e r e n t absorbed doses. One can see t h a t f o r r e g i o n s of 
the o r d e r of 10 nm and f o r absorbed doses up to many thousand 
rad the c o n t r i b u t i o n , ΔΕ 2, of o t h e r t r a c k s i s much s m a l l e r 
than the c o n t r i b u t i o n , ΔΕ^, of the same t r a c k The l i n e a r 
component must t h e r e f o r e predominate. I n other words, the 
combination d i s t a n c e s of s u b l e s i o n s must be l a r g e i f the quad
r a t i c component i s s u b s t a n t i a l a t a few hundred r a d . I t i s 
apparent t h a t the argument i s of s u f f i c i e n t l y g e n e r a l nature 
t h a t the c o n c l u s i o n s a r e v a l i d r e g a r d l e s s of the d e t a i l e d 
s t r u c t u r e of the s e n s i t i v e s i t e s i n the c e l l . 

M icrodosimetry permits t h e r e f o r e the c o n c l u s i o n t h a t the i n 
a c t i v a t i o n of mammalian c e l l s by s p a r s e l y i o n i z i n g r a d i a t i o n s 
i s not a c u m u l a t i v e a c t i o n on the nanometer l e v e l . T h i s i s a 
d e f i n i t e statement, but l e a v e s room f o r a v a r i e t y of ques
t i o n s . Whether one d e a l s w i t h p a i r s of w i d e l y s e p a r a t e d l o c i , 

w i t h a m u l t i p l i c i t y of such p a i r s , or w i t h extended s e n s i t i v e 
s i t e s i s an o b j e c t f o r f u t u r e m i c r o d o s i m e t r i c s t u d i e s . 
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D I S C U S S I O N : 

A L P E R 

May I f i r s t congratulate you, Dr. K E L L E R E R , on a beautiful and clear 
exposition. You certainly explained a lot of things to me much better 
than I ever understood them before. 
Can I now make a plea: that i s , when we are talking about biological ef
fects of radiation, we don't get confused between effects observed as 
biological endpoints, and those that are observed on individual compo
nents, for example DNA double or single strand breaks; enzyme inacti-
vation; or, as another example, the break-up of oligomeric enzymes. 
We should not confuse such effects with.end points which are perhaps, 
in the context of this meeting, subconsciously of interest; like the me
chanisms of lethal effects on cells. I would be quite prepared to include 
chromosome breaks and certainly mutation induction as true biological 
endpoints. I would not include chemical observations on constituents of 
cells in that category, because at the moment we have nothing but our 
belief in the importance of DNA or any other cell-constituent, to make 
us regard chemical consequences of irradiation as equivalent to biolo
gical endpoints. It is very easy to get confused between the observation 
of biological end points and observations on certain chemical effects. 
The slide shows that although you say that the induction of double strand 
breaks is a cumulative effect of radiation; when you look at the biological 
effect on DNA, there is a decreasing effectiveness with increasing L E T 
for lethal effects on bacteriophages. This is true both for phages with 
single-stranded and double-stranded DNA. So when you are looking at 
the biological end point, the target hypothesis holds true, and you cer
tainly do not have a cumulative effect when it comes to the inactivation 
of double-stranded phages. 

K E L L E R E R 

One can only agree with these general remarks made by Dr. A L PER. 
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They are in fact important. I am interested to see the experimental 
evidence that the R B E even for double stranded phages can decrease 
with increasing L E T , 

A L P E R 

The conclusion may very well be, and I think this conclusion has been 
drawn, that double strand breaks do not play a great part in the inacti
vation of double strand DMA phages. 

K E L L E R E R 

One may mention in passing that, even on the simpler level for the ob
servation of double strand breaks, there is equivocal evidence, in so 
far as NEARY has, under certain experimental conditions, observed 
a decreasing LET-dependence. 

GOODHEAD 

I understand that primary human cells give an exponential dose response 
right down to 5 log-decades. It seems, by and large, that they are slight
ly more sensitive than the normal cultured c e l l s . Would you like to com
ment on this? 

K E L L E R E R 

It seems a general finding that the larger the sensitivity of the ce l l , the 
c l o s e r its survival curve is to the exponential form. This could reflect 
the fact that in a sensitive c e l l a single particle, even if sparsely ioni
sing, may produce the effect. 

S U L L I V A N 
Could you explain the relation between microdosimetric qualities, for 
example, measured L E T spectra, and your interpretation of the radio
biological effect? 

K E L L E R E R 

The quantity which is particularly important in the action of radiation on 
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e u k a r y o t i c c e l l s , i s the quanti ty z e t a , i . e . the m e a n e n e r g y i n c r e 

m e n t due to i n d i v i d u a l c h a r g e d p a r t i c l e s t r a v e r s i n g the n u c l e u s of 

the c e l l , o r a s o m e w h a t s m a l l e r s i t e w i t h i n the n u c l e u s . T h e r e a r e 

c a s e s , a s I h a v e i n d i c a t e d , w h e r e i n f a c t the L E T c o n c e p t i s quite a d e 

q u a t e . T h e e x p e r i m e n t s p e r f o r m e d by B A R E N D S E N a n d c o - w o r k e r s on 

the i n a c t i v a t i o n of h u m a n c e l l s a s a f u n c t i o n of L E T , a r e a good e x a m 

ple of a s i t u a t i o n w h e r e the L E T - c o n c e p t i s v a l i d . T h e r e a r e o t h e r 

c a s e s w h e r e the L E T c o n c e p t i s r a t h e r u s e l e s s a n d w h e r e m i c r o d o s i 

m e t r y w i l l be e x t r e m e l y i m p o r t a n t . T h i s w i l l apply to the p l a n n e d e x 

p e r i m e n t s at the B e v a l a c for e x a m p l e . 

H A R D E R 

It w a s v e r y good to h e a r once m o r e that the c o n c e p t s of m i c r o d o s i m e 

t r y a r e not l i m i t e d to the 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 y a n d z . T h e r e i s 

a p l u r a l i t y of a p p r o a c h e s and y o u s h o w e d that t h e r e i s a r a n g e of a p p l i 

c a t i o n s w h e r e y o u c a n a p p l y , for e x a m p l e , the L E T . 

W i t h r e f e r e n c e to the a p p l i c a b i l i t y of z e t a , I w o u l d l i k e to a s k w h e t h e r 

y o u r f u n d a m e n t a l r e l a t i o n , that the r e a c t i o n p r o b a b i l i t y of a c e l l n u c l e u s 
2 

i s p r o p o r t i o n a l to ζ , i s ab le to d e a l w i t h two s i t e - one t r a c k ef fects of 

the type N E A R Y h a s s t u d i e d . 
K E L L E R E R 

T h e r e l a t i o n i s a p p l i c a b l e i f the d i s t a n c e of the two s i t e s i s r a n d o m w i t h 

i n the c e l l n u c l e u s , o r w i t h i n a c e r t a i n p a r t of i t . H o w e v e r , i f one w e r e 

to a s s u m e that t h e i r d i s t a n c e i s f i x e d , one would have to a p p l y c o n s i d e r 

a t i o n s of the type p r e s e n t e d by D r . B U R L I N at t h i s S y m p o s i u m . 

ΚΑΤ Ζ 

W e l l , I h a v e l e a r n e d a n e w v o c a b u l a r y ; I h a v e l e a r n e d that w h a t I c a l l e d 

g a m m a - k i l l i s now c a l l e d c u m u l a t i v e ; what I h a v e c a l l e d i o n - k i l l i s 

now c a l l e d non c u m u l a t i v e ; that what I c a l l e d the r a d i a l d i s t r i b u t i o n of 

dose s h o u l d now be c a l l e d the a m o r p h o u s t r a c k m o d e l . I s u p p o s e m i c r o 

d o s i m e t r y s h o u l d now be c a l l e d a c r y s t a l l i n e o r n o n - a m o r p h o u s m o d e l . 

I a m p u z z l e d b e c a u s e I h a v e not y e t s e e n a n o p e r a t i o n v e r i f i c a t i o n of 

m i c r o d o s i m e t r y i n the b i o l o g i c a l s u b s t a n c e s to w h i c h i t i s d i r e c t e d . 
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I a m a l s o p u z z l e d that I d i d not h e a r the c r i t e r i a u n d e r w h i c h y o u p r e 

s e n t e d a g r a p h w h i c h s h o w e d the r e g i o n i n w h i c h the a m o r p h o u s t r a c k 

m o d e l w a s i n v a l i d a n d w h e r e we m u s t r e s o r t to m i c r o d o s i m e t r y . I w o u l d 

be m o s t g r a t e f u l to y o u i f y o u w o u l d e n l a r g e on that c u r v e a n d e x p l a i n the 

c i r c u m s t a n c e s w h e r e the a m o r p h o u s t r a c k m o d e l i s i n v a l i d a n d w h e r e w e 

m u s t r e s o r t to m i c r o d o s i m e t r y . I w o u l d a l s o l i k e y o u to s h o w us w h e r e 

the a m o r p h o u s m o d e l h a s f a i l e d a n d w h e r e y o u h a v e r e s o r t e d to m i c r o 

d o s i m e t r y i n o r d e r to get o b j e c t i v e v e r i f i c a t i o n . 

K E L L E R E R 

T h e r a n g e of a p p l i c a b i l i t y of the v a r i o u s t r e a t m e n t s h a s b e e n c a l c u l a t e d 

o n the b a s i s of the c r i t e r i a that i n d i v i d u a l f a c t o r s a r e t a k e n into a c c o u n t 

w h e n they c o n t r i b u t e m o r e t h a n 1 0 % to the v a l u e of y . T h e c a l c u l a t i o n s 

h a v e b e e n p e r f o r m e d by C H M E L E V S K Y on s i m u l a t e d t r a c k s w h i c h h a v e 

b e e n p r o v i d e d by P A R E T Z K E . 

K A T Z 

T h a t i s p a r t o n e . Now l e t u s h a v e the e x a m p l e s . 

K E L L E R E R 

T h e d o c u m e n t a t i o n of s u c c e s s e s o r l a c k of s u c c e s s e s of v a r i o u s m i c r o 

d o s i m e t r i c a p p r o a c h e s i s i n the l i t e r a t u r e . I h a v e a t t e m p t e d to s u r v e y 

s o m e of t h e m . A s to the v a l i d i t y of the a m o r p h o u s t r a c k m o d e l , one m a y 

s a y that a m o d e l w h i c h does not c o r r e s p o n d to p h y s i c a l r e a l i t y m a y s t i l l 

s e r v e to fit s u r v i v a l c u r v e s . W h e t h e r the m o d e l c o r r e s p o n d s to p h y s i c a l 

r e a l i t y w a s the q u e s t i o n I h a v e b e e n a d d r e s s i n g m y s e l f to . 

K A T Z 

I m u s t i n s i s t that y o u c i t e at l e a s t one c a s e i n w h i c h m i c r o d o s i m e t r y h a s 

p r o v i d e d an o b j e c t i v e a n s w e r and w h e r e t r a c k s t r u c t u r e t h e o r y h a s f a i l e d . 

K E L L E R E R 

A s f a r a s the a p p l i c a b i l i t y of m i c r o d o s i m e t r y i s c o n c e r n e d , I w o u l d l i k e 

to d i r e c t y o u r a t t e n t i o n to r e f e r e n c e s 8, 10, 3 5-41 a n d 52 i n m y p r e s e n 

t a t i o n . Wi th r e g a r d to y o u r m o d e l I a m c o n v i n c e d , a s I s a i d , that i t w i l l 

not f a i l to fit a l l o b s e r v e d s u r v i v a l c u r v e s . 


