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B i o l o g i c a l I m 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 : 

11 Spat i a l Aspects" 

A.M. K e l l e r e r and H.H. Rossi 

R a d i o l o g i c a l Research L a b o r a t o r y , Dept. o f Radiology, Columbia Univ., 

630 West 168th S t . , New York, N.Y. 10032 

ABSTRACT: I f the t h e o r y o f dual r a d i a t i o n a c t i o n i s a p p l i e d not t o 

temporal phenomena but t o the a n a l y s i s o f s p a t i a l i n t e r a c t i o n o f 

c e l l u l a r damage, a d d i t i o n a l c o m p l e x i t i e s a r i s e . As f a r as t h e i n t e r ­

a c t i o n o f sub l e s i o n s i s concerned, t h e q u a d r a t i c dependence o f t h e e f f e c t 

on s p e c i f i c energy, z, appears t o be w e l l e s t a b l i s h e d . I t e x p l a i n s t h e 

observed RBE o f d i f f e r e n t r a d i a t i o n q u a l i t i e s i n a good f i r s t a p p r o x i ­

m a t i o n . One must, however, a l s o c o n s i d e r t h e e f f e c t i v e n e s s w i t h which 

v a r i o u s r a d i a t i o n s produce s u b l e s i o n s . Recent s t u d i e s have i n d i c a t e d 

t h a t t h i s e f f e c t i v e n e s s i s not c o m p l e t e l y independent o f LET, and t h e 

s p e c i f i c energy a t t h e nanometric l e v e l c o u l d t h e r e f o r e be a d e t e r m i n i n g 

f a c t o r . 

The q u e s t i o n i s discussed w i t h s p e c i a l r e f e r e n c e t o 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 s i n the presence and absence o f oxygen, and w i t h r e f e r e n c e 

t o t h e v e r y h i g h RBE val u e s observed a t low doses o f neutrons w i t h 

energy o f t h e o r d e r o f 1 MeV. 

T h i s i n v e s t i g a t i o n supported under C o n t r a c t AT-(11-1)-3243 f o r t h e 

U n i t e d S t a t e s Atomic Energy Commission and P u b l i c H e a l t h S e r v i c e 

Research Grant No. CA-12536 from t h e N a t i o n a l Cancer I n s t i t u t e . 
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The concept o f p r i m a r y c e H u l a r damage. 

The study o f dose-RBE r e l a t i o n s has l e d t o t h e c o n c l u s i o n t h a t 

the p r i m a r y c e l l u l a r l e s i o n s i n a v a r i e t y o f e f f e c t s o f i o n i z i n g r a d i a ­

t i o n s on h i g h e r organisms a r e p r o p o r t i o n a l t o t h e square o f t h e s p e c i f i c 

energy, z, i n t h e c e l l nucleus o r i n subnuclear r e g i o n s o f s e v e r a l um 

diameter. From t h i s q u a d r a t i c dependence on ζ t h e l i n e a r - q u a d r a t i c 

dependence on absorbed dose i s r e a d i l y d e r i v e d : 

ζ i s t h e dose average o f t h e s i n g l e event spectrum f j ( z ) . The i n ­

f l u e n c e o f the temporal d i s t r i b u t i o n o f absorbed dose has been t r e a t e d 

in t h e f i r s t p a r t o f t h i s c o n t r i b u t i o n ; f o r t h e purpose o f t h e p r e s e n t 

d i s c u s s i o n o n l y i n s t a n t a n e o u s a p p l i c a t i o n o f t h e dose w i l l be c o n s i d e r e d . 

The p r i m a r y c e l l u l a r damage i s not n e c e s s a r i l y p r o p o r t i o n a l t o t h e 

observed e x p e r i m e n t a l e n d p o i n t , and £(D) should t h e r e f o r e be c o n s i d e r e d 

merely as an a u x i l i a r y concept. As such i t i s , however, h i g h l y u s e f u l 

because i t separates the c o m p l e x i t i e s o f the p h y s i c s o f energy ab­

s o r p t i o n from t h e chemical and b i o l o g i c a l c o m p l e x i t i e s which a l s o e n t e r 

the d o s e - e f f e c t r e l a t i o n . In cases, such as t h e i n d u c t i o n o f c a t a r a c t s 

( 1 ) , t h e r e l a t i o n between observed e f f e c t and absorbed dose i s n e c e s s a r i l y 

c o m p l i c a t e d , i f o n l y because of the a r b i t r a r y c h o i c e o f t h e e f f e c t s c a l e . 

However, i f one u t i l i z e s t h e concept o f € , i t i s s u f f i c i e n t t o in v o k e 

o n l y one u n i v e r s a l f u n c t i o n , C ( £ ) , f o r a p a r t i c u l a r e f f e c t which i s 

v a l i d f o r a l l r a d i a t i o n q u a l i t i e s : 

Without the use o f m i c r o d o s i m e t r i c concepts i t would be c o n s i d e r a b l y 

more d i f f i c u l t t o b r i n g o r d e r i n t o t h e observed phenomena s i n c e one 

would have t o deal w i t h a v a r i e t y o f f u n c t i o n s , C, f o r d i f f e r e n t r a d i a t i o n 

q u a l i t i e s . The a u x i l i a r y concept o f p r i m a r y c e l l u l a r damage i s t h e r e ­

f o r e o f obvious v a l u e . 

There a r e , however, cases i n which t he q u a n t i t y £ i s c l o s e l y r e ­

l a t e d t o the observed c e l l u l a r e f f e c t , and the s t u d y o f dose-RBE r e l a t i o n s 

i s t h e r e f o r e not t h e o n l y method t o examine t h e dependence o f r a d i a t i o n 

£(D) = k (ζΟ + D 2) ( 0 

C ( € ) - C(cD + D 2) (2) 
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e f f e c t s on s p e c i f i c energy. In the f o l l o w i n g some o f the sources o f 

r e l e v a n t i n f o r m a t i o n w i l l be c o n s i d e r e d . 

The l i n e a r - q u a d r a t i c r e l a t i o n in the case o f c y t o g e n e t i c e f f e c t s 

Two-break a b e r r a t i o n s i n the chromosomes o f e u k a r y o t i c c e l l s a r e 

an example where t h e l i n e a r - q u a d r a t i c dependence on absorbed dose can be 

d i r e c t l y o b s e r v e d . The q u a d r a t i c dependence of the y i e l d o f d i c e n t r i c s 

and o f c e n t r i c r i n g s on t h e square o f the energy c o n c e n t r a t i o n has i n 

f a c t been p o s t u l a t e d b e f o r e m i c r o d o s i m e t r i c concepts had been e s t a b l i s h e d . 

A l t h o u g h t h e t r e a t m e n t w i t h i n the l i m i t a t i o n s o f the LET-concept had t o 

remain s e m i q u a n t i t a t i v e , Lea (2) has g i v e n a l u c i d and s t i l l v a l i d p r e ­

s e n t a t i o n o f t h e main arguments. We have r e c e n t l y made an att e m p t t o 

j u x t a p o s e t h e f o r m u l a t i o n i n terms o f LET w i t h t h e c o r r e s p o n d i n g m i c r o -

d o s i m e t r i c e q u a t i o n s ( 3 ) . 

The s c o r i n g o f r a d i a t i o n - i n d u c e d d i c e n t r i c chromosomes i s l a b o r i o u s . 

I t has t h e r e f o r e n o t been p o s s i b l e t o achieve s u f f i c i e n t s t a t i s t i c a l 

a c curacy i n t h e r e g i o n o f small doses t o c l e a r l y d e f i n e t h e i n i t i a l l i n e a r 

component 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 . As a consequence, simple 

p r o p o r t i o n a l i t y o f t h e y i e l d t o a power o f the dose i n t e r m e d i a t e between 

1 and 2 has o f t e n been p o s t u l a t e d i n s t e a d o f the l i n e a r - q u a d r a t i c r e l a t i o n . 

R e c e n t l y , however, Schmid e t a l (k) have been a b l e t o e s t a b l i s h t h e l i n e a r 

component f o r t h e p r o d u c t i o n o f d i c e n t r i c s by low doses o f f a s t e l e c t r o n s 

and o f 220 kV χ rays i n human lymphocytes. The va l u e s o f ζ o b t a i n e d by 

th e s e a u t h o r s correspond t o s i t e diameters o f the o r d e r o f 1 um, and i t i s 

p a r t i c u l a r l y n o t e w o r t h y t h a t f o r χ rays ζ i s about t w i c e as l a r g e as f o r 

f a s t e l e c t r o n s . T h i s i s i n agreement w i t h m i c r o d o s i m e t r i c d a t a . * 

In o t h e r systems t h e o b s e r v a t i o n s a r e s i m p l e r and p e r m i t a hig h e r 

degree o f s t a t i s t i c a l a c c u r a c y a l t h o u g h they are not d i r e c t l y l i n k e d t o 

a c t u a l l y observed chromosomal a b e r r a t i o n s . Examples a r e t h e observa­

t i o n s by Sparrow e t a l (5) on c e r t a i n c o l o r m u t a t i o n s i n T r a d e s c a n t l a 

aid t h e s t u d y o f y g ^ - m u t a t i o n s performed by Smith on maize ( 6 ) . The 

r e s u l t s f o r p i n k m u t a t i o n s produced i n T r a d e s c a n t i a stamen h a i r s by 

χ r a y s and n e u t r o n s a r e rep r e s e n t e d i n F i g . 1. I f one d i s r e g a r d s t h e 

p l a t e a u and t h e subsequent d e c l i n e o f m u t a t i o n s a t l a r g e doses, one can 

* I n t h i s context see also the contribution of BRENOT et a l . to 
t h i s Symposium. 
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r e p r e s e n t t h e data by t h e l i n e a r - q u a d r a t i c e q u a t i o n . T h i s i s apparent 

f r o m the l o g a r i t h m i c p l o t i n which l i n e s o f s l o p e 1 correspond t o p r o ­

p o r t i o n a l i t y o f t h e e f f e c t t o absorbed dose, w h i l e l i n e s o f s l o p e 2 

correspond t o a q u a d r a t i c dependence on dose. As a r e s u l t o f a l e a s t -

squares f i t one o b t a i n s t h e v a l u e ζ = 16 rad f o r χ rays and t h e v a l u e 

ζ = 750 rad f o r 430 keV ne u t r o n s . These v a l u e s correspond t o a s i t e 

d i a m e t e r o f about 2 urn. Once can r e a d i l y see from the l o g a r i t h m i c 

p l o t t h a t t h e RBE o f neutrons has a c o n s t a n t v a l u e o f a p p r o x i m a t e l y 50 

a t low doses w h i l e , w i t h i n c r e a s i n g dose, i t decreases i n t h e same f o r m 

w h i c h has been observed i n a wide v a r i e t y o f d i f f e r e n t h i g h e r organisms. 

A l t h o u g h Eq«0) can be d e r i v e d r i g o r o u s l y and w i t h o u t f u r t h e r a s ­

sumptions from t h e q u a d r a t i c dependence o f the c e l l u l a r e f f e c t on s p e c i ­

f i c energy, i t may n e v e r t h e l e s s be u s e f u l t o i l l u s t r a t e t h i s r e l a t i o n by 

a s i m p l i f i e d argument. In F i g . 2 t h e " s i t e " , i . e . t h e r e g i o n o v e r w h i c h 

p a i r s o f s u b l e s i o n s can i n t e r a c t , i s symbolized by c i r c l e s . In t h e 

example o f c y t o g e n e t i c e f f e c t s the s u b l e s i o n s , r e p r e s e n t e d i n t h e d i a ­

grams by d o t s , can be considered as " s i n g l e b r e a k s . " The t o t a l 

number o f s u b l e s i o n s i s p r o p o r t i o n a l t o dose. The p r o b a b i l i t y f o r each 

s u b l e s i o n t o i n t e r a c t w i t h another s u b l e s i o n i s p r o p o r t i o n a l t o t h e 

number o f n e i g h b o u r i n g s u b l e s i o n s i n t h e s i t e . These o t h e r s u b l e s i o n s 

can e i t h e r be from the same p a r t i c l e t r a c k , o r they can be produced by 

o t h e r charged p a r t i c l e s . The mean number o f t h e former i s p r o p o r t i o n a l 

t o ζ, i . e . t o the mean s p e c i f i c energy produced by one p a r t i c l e ; t h e 

number o f the l a t t e r i s s i m p l y p r o p o r t i o n a l t o dose. The t o t a l e f f e c t 

i s t h e r e f o r e p r o p o r t i o n a l t o the pr o d u c t o f absorbed dose and the t e r m 

(ζ + D): 

£(D) = k 0(ζ + D) = kUD + D 2) (3) 

I t i s obvious t h a t a t low doses ( F i g . 2,a) t h e l i n e a r component, i . e . t h e 

i n t r a - t r a c k e f f e c t , dominates, w h i l e a t l a r g e doses ( F i g . 2,b) o n l y t h e 

q u a d r a t i c component, i . e . t h e i n t e r - t r a c k e f f e c t , needs t o be c o n s i d e r e d . 

Experimental o b s e r v a t i o n s , such as the r e s u l t s f o r T r a d e s c a n t i a , show 

t h i s simple r e l a t i o n i n p a r t i c u l a r l y c l e a r form. From the v a l u e o f ζ 

one r e a d i l y i n f e r s t h e s i t e d i a m e t e r , which can a l s o be i n t e r p r e t e d i n a 

l e s s s p e c i f i c way as an e f f e c t i v e i n t e r a c t i o n d i s t a n c e o f s u b l e s i o n s . 

335 



R e s u l t s v e r y s i m i l a r t o those i n T r a d e s c a n t i a a r e o b t a i n e d f o r yg2~ 

m u t a t i o n s i n maize. T h i s i s d e p i c t e d i n F i g . 3. The main d i f f e r e n c e 

here I s t h a t t h e v a l u e s o f ζ a r e c o n s i d e r a b l y l a r g e r than those found f o r 

o t h e r e f f e c t s on e u k a r y o t e s . T h i s i s , however, n o t s u r p r i s i n g s i n c e i n 

t h i s case one d e a l s w i t h d r y seeds and must t h e r e f o r e e x p e c t t h a t t h e 

i n t e r a c t i o n d i s t a n c e s between s u b l e s i o n s a r e reduced. The l e a s t - s q u a r e s 

e s t i m a t e of ζ f o r χ rays i s 2100 r a d ; t h i s c o r r e s p o n d s t o a d i a m e t e r o f 

.2 t o .3 ym. As i n t h e case o f t h e m u t a t i o n s i n T r a d e s c a n t i a t h e v a l u e 

ζ f o r n e u t r o n s i s so l a r g e t h a t the q u a d r a t i c component i n t h e l i n e a r -

q u a d r a t i c e q u a t i o n can be n e g l e c t e d . I t appears t h a t i n t h i s system t h e 

l i m i t i n g v a l u e o f RBE o f neutrons a t small doses i s even l a r g e r t h a n t h e 

v a l u e o f a p p r o x i m a t e l y 50 which i s expected f r o m t h e r a t i o o f t h e 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 ζ f o r neutrons and χ r a y s . S i m i l a r l y l a r g e 

l i m i t i n g v a l u e s o f t h e RBE o f neutrons have been found f o r t h e o p a c i f i ­

c a t i o n o f t h e m u r i n e l e n s (1) and f o r the i n d u c t i o n o f mammary neoplasms 

in t h e Sprague-Dawley r a t (7)· The o b s e r v a t i o n i n d i c a t e s t h a t d e n s e l y 

i o n i z i n g r a d i a t i o n s can be even more e f f e c t i v e than p r e d i c t e d on the 

b a s i s o f the q u a d r a t i c dependence o f t h e c e l l u l a r damage on s p e c i f i c 

energy. The p o i n t w i l l be f u r t h e r c o n s i d e r e d i n t h e n e x t s e c t i o n . One 

p o s s i b l e i n t e r p r e t a t i o n i s t h a t t he c o e f f i c i e n t k i n E q . ( l ) i s n o t 

e n t i r e l y independent o f r a d i a t i o n q u a l i t y , but t h a t i t i s l a r g e r f o r 

n e u t r o n s because t h e increased energy c o n c e n t r a t i o n i n t h e t r a c k s o f t h e 

r e c o i l p r o t o n s l e a d s t o an increased y i e l d o f s u b l e s i o n s ( 8 ) . No 

s y s t e m a t i c s t u d i e s o f t h e s p a t i a l 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 on 

the s c a l e o f nanometers and o f i t s b i o p h y s i c a l i m p l i c a t i o n s have as y e t 

been performed. But f u t u r e work i n t h i s d i r e c t i o n w i l l be o f c o n s i d e r ­

a b l e i n t e r e s t . 

Connection between t r a c k segment experiments and m i c r o d o s i m e t r i c s t u d i e s 

The dependence o f c e l l u l a r e f f e c t on s p e c i f i c energy has been 

s t u d i e d by e x a m i n a t i o n o f the dependence o f RBE on dose o r o f e f f e c t 

on dose. An a l t e r n a t i v e method i s t h e s t u d y o f t h e e f f e c t as a f u n c t i o n 

o f l i n e a l energy, y, o r o f the c o r r e s p o n d i n g q u a n t i t y LET. S t u d i e s 

o f t h e dependence on LET have been performed i n t h e so - c a l l e d t r a c k 

336 



3) Mean number o f y g ^ - s e c t o r s f o r maize i n l e a f k as a f u n c t i o n o f x-

ra y and n e u t r o n dose. 

The spontaneous i n c i d e n c e i s z e r o . The s o l i d l i n e f o r χ r a y s c o r ­

responds i n i t s i n i t i a l p a r t t o E q . ( l ) w i t h ζ β 2100 r a d . 
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k) Cross s e c t i o n o f heavy charged p a r t i c l e s f o r i n a c t i v a t i o n o f 

mammalian c e l l s i n v i t r o as a f u n c t i o n o f LET under a e r a t e d con­

d i t i o n s ( 9 , 1 0 ) . 

The broken l i n e c o r r e s p o n d s t o Eq.(5) w i t h L β 110 keV/ym o r Eq.(6) 

w i t h y = 1 2 4 keV/ym. 
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Segment e x p e r i m e n t s ; m i c r o d o s i m e t r i c s t u d i e s have m a i n l y been performed 

w i t h monoenergetic n e u t r o n s , but more r e c e n t l y a l s o w i t h f a s t heavy 

i o n s . In t h e f o l l o w i n g t he i n t e r r e l a t i o n o f these experiments w i l l be 

c o n s i d e r e d . 

A c c o r d i n g t o the q u a d r a t i c dependence o f c e l l u l a r damage on 

energy c o n c e n t r a t i o n , one might s i m p l y assume t h a t the c r o s s s e c t i o n 

f o r the i n a c t i v a t i o n o f mammalian c e l l s by heavy charged p a r t i c l e s i s 

p r o p o r t i o n a l t o the square o f the s t o p p i n g power: 

oil) % L 2 (4) 

T h i s i s o b v i o u s l y an o v e r s i m p l i f i c a t i o n s i n c e t h e 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 n o t i n c r e a s e i n d e f i n i t e l y w i t h i n c r e a s i n g LET, but must reach 

a p l a t e a u which i s r e l a t e d t o the g e o m e t r i c a l c r o s s s e c t i o n o f the c e l l 

o r i t s nucleus and t o t h e l a t e r a l e x t e n s i o n o f the p a r t i c l e t r a c k s . A 

more r e a l i s t i c assumption i s t h e r e f o r e t h a t t h e p r i m a r y c e l l u l a r damage, 

€ t in c r e a s e s w i t h t h e square o f LET, w h i l e s u r v i v a l decreases exponent­

i a l l y w i t h € . T h e r e f o r e : 

- ( L / L ) 2 

a ( L ) - σ (1 - β ° ) (5) 

In F i g . k t h i s r e l a t i o n i s compared w i t h t h e e x p e r i m e n t a l f i n d i n g s by 

Barendsen (9) and Todd ( 1 0 ) . There i s o v e r a l l agreement o f the e x p e r i ­

mental r e s u l t s w i t h t h e broken l i n e which r e p r e s e n t s Eq.(5) w i t h t h e 

v a l u e L Q

 s 110 keV/ym. D i s c r e p a n c i e s a r i s e , however, a t small v a l u e s 

and a t h i g h values o f LET. At small v a l u e s o f LET the e x p e r i m e n t a l data 

l i e above t h e t h e o r e t i c a l c u r v e . Todd (10) and Powers e t a l (11) have 

a c c o r d i n g l y used an e q u a t i o n which corresponds t o Eq.(5) but c o n t a i n s a 

t e r m l i n e a r i n L. T h i s l i n e a r term i s a r e f l e c t i o n o f the inadequacies 

o f the concept o f LET. I f one c o n s i d e r s the m i c r o d o s i m e t r i c q u a n t i t y 

l i n e a l energy, y, i n s t e a d o f LET, the l i n e a r component d i s a p p e a r s . T h i s 

can be understood as f o l l o w s . At moderate and h i g h v a l u e s o f LET and 

f o r p a r t i c l e t r a c k s which have a l a t e r a l e x t e n s i o n small as compared t o 

th e dimensions o f the c e l l n u c l e u s , t h e q u a n t i t i e s y and LET can be 

n e a r l y equated. For low LET, however, energy s t r a g g l i n g p l a y s a r o l e 

and leads t o a s i g n i f i c a n t broadening o f the y s p e c t r a even a t a f i x e d 
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v a l u e o f LET. The average, y Q , o f the y spectrum i s then c o n s i d e r a b l y 

l a r g e r than LET. Since t h i s average determines t h e b i o l o g i c a l e f f e c t , 

t h e observed c r o s s s e c t i o n s a t low values o f LET a r e s i g n i f i c a n t l y 

h i g h e r than expected on the b a s i s o f LET al o n e . 

At h i g h doses, one has e s s e n t i a l agreement o f t h e t h e o r e t i c a l r e ­

l a t i o n and the data o f Barendsen, but t h e r e are s t r o n g d i s c r e p a n c i e s t o 

Todd's d a t a . These d i s c r e p a n c i e s have been e x t e n s i v e l y discussed (see, 

f o r example, C u r t i s ( 1 2 ) ) . For the pr e s e n t d i s c u s s i o n i t i s s u f f i c i e n t 

t o note t h a t Todd has used p a r t i c l e s which were f a s t enough t h a t t h e 

maximum range o f d e l t a rays i s comparable t o the dimensions o f the c e l l 

n u c l e u s . T h i s can a t l e a s t p a r t l y account f o r t h e f a c t t h a t a t v e r y 

h i g h LET's he o b t a i n s c r o s s s e c t i o n s which a r e s i g n i f i c a n t l y l a r g e r than 

the a c t u a l g e o m e t r i c a l cross s e c t i o n o f the c e l l n u c l e us. A q u a n t i t a ­

t i v e m i c r o d o s i m e t r i c e v a l u a t i o n o f Todd's r e s u l t s would be o f c o n s i d e r a b l e 

i n t e r e s t . Such an e v a l u a t i o n i s , however, co m p l i c a t e d by the f a c t t h a t 

in these experiments the charged p a r t i c l e s e n t e r t h e c e l l s a f t e r t r a ­

v e r s i n g a gaseous medium, and t h a t one t h e r e f o r e d e a l s w i t h what one 

co u l d c a l l reversed w a l l e f f e c t s . In view o f these c o m p l e x i t i e s t h e d i s ­

c u s s i o n w i l l be c o n f i n e d t o Barendsen's r e s u l t s which a r e o b t a i n e d w i t h 

p a r t i c l e t r a c k s s u f f i c i e n t l y narrow t h a t t h e i r l a t e r a l e x t e n s i o n can be 

n e g l e c t e d . One concludes t h a t the data f o r c e l l u l a r i n a c t i v a t i o n by 

monoenergetic charged p a r t i c l e s a r e i n s u b s t a n t i a l agreement w i t h Eq.(5) 

o r i t s m i c r o d o s i m e t r i c e q u i v a l e n t : 

- ( y / y j 2 

o ( y ) - ο . (1 - e ° ) ( 6 ) 

I t i s o f i n t e r e s t t o i n q u i r e whether the same agreement i s found f o r 

hypoxic c o n d i t i o n s . The s i m p l e s t assumption concerning t h e oxygen 

e f f e c t and i t s dependence on LET i s t h a t in the absence o f oxygen t h e 

y i e l d o f s u b l e s i o n s i s reduced by a c o n s t a n t f a c t o r , p. The cr o s s 

s e c t i o n under hypoxic c o n d i t i o n s then takes t h e form: 

- ( p y / y 0 ) 2 

σ Η ( y ) = σ,, (1 - e ) ( 7 ) 

T h i s r e s u l t s i n a curve o f the same form as i n F i g . Ί , but s h i f t e d t o 
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t h e r i g h t by a d i s t a n c e c o r r e s p o n d i n g t o the f a c t o r p. In F i g . 5 the 

t h e o r e t i c a l c u r v e i s compared w i t h t h e e x p e r i m e n t a l r e s u l t s . I f the 

d i s c u s s i o n i s a g a i n c o n f i n e d t o the data by Barendsen, one f i n d s t h a t 

a t values o f LET near 100 keV/ym t h e exp e r i m e n t a l r e s u l t s r i s e somewhat 

more s t e e p l y than t he t h e o r e t i c a l c u r v e . While t h i s appears o n l y as a 

minor d e v i a t i o n i n t h e l o g a r i t h m i c p l o t o f c r o s s s e c t i o n vs. LET, i t 

has a s i g n i f i c a n t e f f e c t on t h e dependence o f OER on LET. F i g . 6 i s a 

comparison o f the observed dependence o f OER on LET w i t h t h e broken l i n e 

which would r e s u l t i f the t h e o r e t i c a l curves i n F i g s , h and 5 were v a l i d . 

Due t o t h e stee p e r increase o f t h e e x p e r i m e n t a l c r o s s s e c t i o n s under 

hypoxic c o n d i t i o n s t h e OER drops more r a p i d l y w i t h i n c r e a s i n g LET than 

expected. F o r m a l l y one c o u l d d e s c r i b e t h i s by s t a t i n g t h a t t h e r e ­

d u c t i o n f a c t o r ρ i s s i g n i f i c a n t l y d i f f e r e n t from I o n l y a t small and 

moderate v a l u e s o f LET. 

Barendsen's r e s u l t i s o f c o n s i d e r a b l e i n t e r e s t because i t would 

i n d i c a t e t h a t t h e disappearance o f t h e oxygen e f f e c t f o r v e r y densely 

i o n i z i n g p a r t i c l e s i s not merely t he t r i v i a l r e s u l t o f s a t u r a t i o n i n i t s 

s i m p l e s t form. There has been s p e c u l a t i o n i n v o l v i n g p a r t i c u l a r 

mechanisms, such as p r o d u c t i o n o f oxygen i n t h e t r a c k s o f densely 

i o n i z i n g p a r t i c l e s , which c o u l d account f o r an i n t r i n s i c disappearance 

o f the oxygen e f f e c t f o r densely i o n i z i n g r a d i a t i o n . A simple m i c r o -

d o s i m e t r i c e x p l a n a t i o n i s , however, e q u a l l y s u f f i c i e n t t o e x p l a i n the 

o b s e r v a t i o n s . T h i s e x p l a n a t i o n i s based on the assumption t h a t f o r 

LET v a l u e s near 100 keV/ym t h e energy c o n c e n t r a t i o n i n charged p a r t i c l e 

t r a c k s reaches s u f f i c i e n t v a l u e s t o i n c r e a s e t h e y i e l d o f s u b l e s i o n s . 

The apparent i n c r e a s e o f ρ i n F i g . 6 would then merely be due t o t h e 

increased y i e l d o f s u b l e s i o n s , b o t h under a e r a t e d and hypoxic c o n d i t i o n s . 

Under a e r a t e d c o n d i t i o n s , t h i s increased y i e l d may not be o b s e r v a b l e 

s i n c e one i s a l r e a d y t o o c l o s e t o the maximum observed c r o s s s e c t i o n s . 

In the hypoxic case, however, the increased y i e l d leads t o a s u b s t a n t i a l 

i n c r e a s e o f the observed c r o s s s e c t i o n s a t v a l u e s o f LET near 100 keV/ym. 

A schematic r e p r e s e n t a t i o n o f t h i s s i t u a t i o n i s g i v e n i n F i g . 7 where 

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 a r e p l o t t e d as a f u n c t i o n 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 y. The broken curves r e p r e s e n t the simple 

q u a d r a t i c model w i t h o u t m o d i f i c a t i o n s . The f u l l l i n e s i n d i c a t e t h e 

Increase o f the c r o s s s e c t i o n s due t o an increased y i e l d o f s u b l e s i o n s 
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5) Cross s e c t i o n o f heavy charged p a r t i c l e s f o r i n a c t i v a t i o n o f 

mammalian c e l l s i n v i t r o as a f u n c t i o n o f LET under hypoxic con­

d i t i o n s ( 9 , 1 0 ) . 

The broken l i n e corresponds t o Eq.(7) w i t h y Q » 124 keV/um and 

ρ = 0.62. 

I 10 100 1000 
L E T (keV/ M m) 

6) OER as a f u n c t i o n o f LET. The e x p e r i m e n t a l p o i n t s a r e f o r i n a c t i ­

v a t i o n o f mammalian c e l l s i n v i t r o (9) and c o r r e s p o n d : t o t h e d a t a 

i n F i g s . 4 and 5. 

The broken l i n e corresponds t o t h e two broken l i n e s i n F i g s . 4 and 5-
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a t h i g h e r v a l u e s o f y. 

The s i t u a t i o n can be f u r t h e r examined i n t h e l i g h t o f r e s u l t s ob­

t a i n e d w i t h n e u t r o n s . For t h i s purpose one has t o i n t e g r a t e t h e m i c r o -

d o s i m e t r i c y s p e c t r a f o r neutrons over t h e curv e s i n F i g . 7. F i g . 8 

r e p r e s e n t s the r e s u l t s . The lower OER v a l u e s g i v e n by t h e s o l i d c u r v e 

r e s u l t from t h e i n t e g r a t i o n over the s o l i d l i n e s i n F i g . 6, t h e broken 

l i n e r e s u l t s from t h e i n t e g r a t i o n over t h e broken l i n e s i n F i g . 5 w h i c h 

correspond t o the u n c o r r e c t e d model. Exp e r i m e n t a l data f o r t h e OER 

o f monoenergetic n e u t r o n s , such as the o b s e r v a t i o n s by H a l l e t a l (13) 

a r e c o n s i s t e n t w i t h t h e s o l i d and not w i t h t h e broken l i n e . The r e s u l t s 

f r o m n e u t r o n experiments a r e t h e r e f o r e i n agreement w i t h t h e r a p i d 

decrease o f OER w i t h LET observed by Barendsen and w i t h t h e c o n c l u s i o n s 

c o n c e r n i n g an increased y i e l d o f s u b l e s i o n s i n t h e t r a c k s o f de n s e l y 

i o n i z i n g p a r t i c l e s . 

F u r t h e r i n f o r m a t i o n on the same problem i s p r o v i d e d by t h e gr o w t h 

r e d u c t i o n s t u d i e s o f V i c i a faba w i t h f a s t n i t r o g e n ions (1*0. M i c r o -

d o s i m e t r i c measurements have been performed f o r these e x p e r i m e n t s (15), 

and t h e t h e o r e t i c a l a n a l y s i s (16) has shown t h a t i n t h i s case t h e ob­

served v a l u e s o f OER a r e i n accordance w i t h t h e broken l i n e s and n o t 

th e s o l i d l i n e i n F i g . 7. T h i s d i f f e r e n c e t o t h e t r a c k segment ex­

p e r i m e n t s and the o b s e r v a t i o n s w i t h n e u t r o n s i s expected on m i c r o -

d o s i m e t r i c grounds. At a g i v e n v a l u e o f y t h e t r a c k s o f the f a s t e r 

n i t r o g e n ions a re much less c o n c e n t r a t e d r a d i a l l y than t h e t r a c k s o f 

l i g h t e r p a r t i c l e s , such as p r o t o n s . The energy c o n c e n t r a t i o n on a 

s c a l e o f s e v e r a l nanometer i s t h e r e f o r e s m a l l e r f o r n i t r o g e n ions and 

t h e i n c r e a s e o f the y i e l d o f s u b l e s i o n s s h o u l d be l e s s p r o m i n e n t . 

F u r t h e r i n f o r m a t i o n on the dependence o f c e l l u l a r damage on t h e 

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 ζ o r y i s o b t a i n e d from s t u d i e s o f t h e RBE 

o f monoenerget i c neutrons or heavy i o n s . In t h e s i m p l e s t a p p r o x i m a t i o n , 

c o r r e s p o n d i n g t o Eq. (4 ) , the RBE a t low doses s h o u l d be p r o p o r t i o n a l 

t o t h e dose average, y^, o f l i n e a l energy. T h i s q u a n t i t y i s p l o t t e d as 

a broken l i n e in F i g . 8. As p o i n t e d o u t , one must i n s t e a d i n t r o d u c e 

a q u a n t i t y which i s c o r r e c t e d f o r s a t u r a t i o n ( f o r d e t a i l s see ( 3 ) ) : 
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7) Schematic r e p r e s e n t a t i o n o f t h e dependence o f t h e c r o s s s e c t i o n σ 

on l i n e a l energy y. W i t h t h e broken l i n e segments t h e curves c o r ­

respond t o Eqs.(6) and (7) w i t h c o n s t a n t p. The s o l i d curves r e s u l t 

i f t h e y i e l d o f s u b l e s i o n s increases a t v a l u e s o f y near 100 keV/ym; 

f o r m a l l y t h i s c o u l d be r e p r e s e n t e d by a decrease o f y n w i t h 

i n c r e a s i n g y. 

3 

OER 

2 

.01 .1 I 10 
NEUTRON ENERGY(MeV) 

100 

8) Oxygen enhancement r a t i o f o r monoenergetic neutrons as a f u n c t i o n o f 

t h e i r energy. The s o l i d l i n e r e s u l t s from t h e s o l i d l i n e s i n F i g . 7, 

the broken l i n e from t h e c u r v e s w i t h t h e broken l i n e segments i n 

F i g . 7. 

100 -

(keV/μπη) 

.1 I 10 
NEUTRON ENERGY ( MeV) 

100 

9) Dose mean l i n e a l e nergy, y^, f o r neutrons o f energy Ε (broken l i n e ) , 

and t h e c o r r e s p o n d i n g q u a n t i t y , y , which r e s u l t s i f s a t u r a t i o n i s 

ta k e n i n t o account a c c o r d i n g t o Eq.(8). 
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y - / ( I - β ° ) f ( y ) d y / y F (8) 

T h i s d e f i n i t i o n o f an ' e f f e c t i v e ' y corresponds t o E q . ( 6 ) , but i t i s 

n o r m a l i z e d i n such a way t h a t a t low v a l u e s o f y i t reduces t o t h e dose 

average, y Q . The r e s u l t i n g v a l u e s a r e g i v e n as the s o l i d l i n e i n F i g . 8. 

F i g . 9 c o n t a i n s c o r r e s p o n d i n g p l o t s o f the e x p e r i m e n t a l l y observed 

dependence o f n e u t r o n RBE as a f u n c t i o n o f n e u t r o n energy f o r v a r i o u s 

systems. Without going i n t o t he d e t a i l s o f these r e s u l t s , one concludes 

t h a t t h e r e i s an o v e r a l l agreement between t h e t h e o r e t i c a l p r e d i c t i o n 

and the experimental o b s e r v a t i o n s , and p a r t i c u l a r l y t h a t t he maximal 

v a l u e s o f RBE occur a t an energy o f about 3^0 keV,as the t h e o r y p r e d i c t s . 

However, one notes a l s o t h a t t h e d i f f e r e n c e between t h e RBE a t i n t e r ­

mediate n e u t r o n e n e r g i e s and h i g h n e u t r o n e n e r g i e s i s l a r g e r than 

t h e o r e t i c a l l y p r e d i c t e d . T h i s d i f f e r e n c e can be understood from the 

f a c t t h a t t he t h e o r e t i c a l c u r v e i s d e r i v e d from data o b t a i n e d w i t h 

p a r t i c l e s of s u f f i c i e n t range t o t r a v e r s e the nucleus o f the c e l l 

c o m p l e t e l y w h i l e i n t h e experiments w i t h n eutrons o f a few hundred keV 

one d e a l s w i t h r e c o i l p r o t o n s whose range i s c o n s i d e r a b l y l e s s than the 

d i a m e t e r o f the c e l l u l a r n u c l e u s . One o f the main r e s u l t s o f the 

t h e o r y o f dual r a d i a t i o n a c t i o n i s t h a t t h e s i t e d i a m e t e r s , o r the 

r e l e v a n t i n t e r a c t i o n d i s t a n c e s i n c e l l u l a r a c t i o n , are o f the o r d e r o f 

2 pm. A p r o t o n o f about 150 keV has s u f f i c i e n t range t o t r a v e r s e these 

s i t e s , and near i t s Bragg-peak i t reaches the most e f f e c t i v e LET o f 

about 100 keV/ym. On t h e o t h e r hand, i t t r a n s f e r s c o n s i d e r a b l y less 

t o t a l energy t o the c e l l nucleus than a h e a v i e r p a r t i c l e o f comparable 

LET which t r a v e r s e s the whole nucleus. One must t h e r e f o r e conclude 

t h a t t h e r e i s l e s s waste o f energy i n the a c t i o n o f the low energy 

p r o t o n s . T h i s i s borne o u t by the e x p e r i m e n t a l o b s e r v a t i o n t h a t t he 

RBE a t n e u t r o n e n e r g i e s o f a few hundred keV exceeds the p r e d i c t e d values 

by about a f a c t o r o f 2. 

T h i s i n t e r p r e t a t i o n i s f u r t h e r supported by the f i n d i n g t h a t v a r i o u s 

s t u d i e s w i t h heavy n i t r o g e n ions have shown f u l l agreement w i t h t h e 

m i c r o d o s i m e t r i c p r e d i c t i o n s based on the o b s e r v a t i o n s i n t h e t r a c k 

segment e x p e r i m e n t s . In t h i s case t h e agreement i s t o be expected 

s i n c e one d e a l s w i t h complete t r a v e r s a l s o f the c e l l n ucleus. 
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10) Observed dependence o f RBE on neutron energy. 1: Lens o p a c i f i c a t i o n 

a t χ ray dose ^0 rad ( 1 ) . 2,3: 50% growth r e d u c t i o n o f V i c i a Faba 

( a n o x i c , and oxygenated) ( 1 3 ) . C e l l u l a r i n a c t i v a t i o n ( i n i t i a l 

p a r t o f the s u r v i v a l curves) (9). 5: 37% d e p l e t i o n o f spermato­

gonia ( 1 7 ) . 

y d(y) 

.01 

60 C0-7 rays 14.7 MeV neutrons 

2 5 0 kVp x-rays 3.7 MeV neutrons 

I 10 
y (keV/yam) 

100 1000 

11) D i s t r i b u t i o n o f dose i n y f o r s i n g l e events i n s p h e r i c a l t i s s u e 

r e g i o n s f o r v a r i o u s r a d i a t i o n q u a l i t i e s . The curves a r e based on 

e x p e r i m e n t a l (18) and t h e o r e t i c a l data ( 1 8 ) ; they r e f e r t o a 

diameter o f 1 urn. 
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Conclus ions 

I t has been found t h a t the b a s i c t e n e t s o f the t h e o r y o f dual 

r a d i a t i o n a c t i o n are supported by the study o f dose-RBE r e l a t i o n s , by 

t h e a n a l y s i s o f t r a c k segment experiments, and by v a r i o u s s t u d i e s o f 

t h e RBE and OER o b t a i n e d w i t h monoenergetic neutrons as w e l l as w i t h 

heavy i o n s . There a r e , however, i n d i c a t i o n s t h a t t h e dependence o f 

c e l l u l a r e f f e c t on the square o f s p e c i f i c energy i s accompanied by an 

i n c r e a s e i n t h e y i e l d o f s u b l e s i o n s i n t h e t r a c k o f s u f f i c i e n t l y slow 

heavy charged p a r t i c l e s . Furthermore s a t u r a t i o n occurs i n a l l those 

cases where one charged p a r t i c l e d e p o s i t s more than a few hundred 

keV i n t h e c e l l n u c l e u s . 

A l t h o u g h a r e l a t i v e l y simple q u a n t i t a t i v e t r e a t m e n t o f s a t u r a t i o n 

i s i n agreement w i t h t h e e x p e r i m e n t a l o b s e r v a t i o n s , we have not y e t 

reached s u f f i c i e n t u nderstanding o f t h e u n d e r l y i n g mechanisms. The 

assumption t h a t t h e y i e l d o f s u b l e s i o n s increases i n the t r a c k s o f 

d e n s e l y i o n i z i n g p a r t i c l e s i s supported by v a r i o u s e x p e r i m e n t a l r e s u l t s , 

b u t s i n c e no s y s t e m a t i c s t u d i e s o f the p a t t e r n s o f energy d e p o s i t i o n on 

a s c a l e o f o n l y a few nanometers have as y e t been performed, these 

c o n c l u s i o n s must remain t e n t a t i v e . I t i s , however, noteworthy t h a t 

t h e same q u a d r a t i c k i n e t i c s w i t h o n l y s l i g h t m o d i f i c a t i o n s appear t o 

be v a l i d f o r a wide range o f e x p e r i m e n t a l o b s e r v a t i o n s i n h i g h e r 

organisms and f o r a wide v a r i e t y o f r a d i a t i o n q u a l i t i e s whose m i c r o -

d o s i m e t r i c s p e c t r a as shown i n F i g . 10 extend from values o f l i n e a l energy 

below .1 keV/ym t o values exceeding 1000 keV/um. 
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D I S C U S S I O N 

Mr BICHSEL 

I would l i k e to ask a question about Mr R o s s i f s paper- I n 
radiotherapy a formula or expression i s used to c a l c u l a t e the 
e f f e c t i v e dose i n fractionated i r r a d i a t i o n * I t i s the E l l i s - f o r m u l a . 
I wonder whether you have made any attempt to r e l a t e your approach 
to the problem of time dependence of radiation e f f e c t s to the 
E l l i s - f o r m u l a ? 

Mr KELLERER 

The E l l i s - f o r m u l a i s c l o s e l y related to the older Strandquist 
equation. This equation can be derived from a recovery function, 
which i s proportional to a negative power of time but which can also 
be c l o s e l y approximated by an exponential recovery function with a 
c e r t a i n non-recoverable part of the sublethal damage. The 
E l l i s - f o r m u l a therefore agrees closely with the equations presented 
by Mr Rossi for incomplete recovery and for doses which are large 
in comparison with Ϊ . 

Mr KATZ 

I wanted to ask a question about the s l i d e you showed concerning 
the c r o s s - s e c t i o n versus LET for Todds and Barendsen's data. You 
claimed that these data had a quadratic dependence on the cross-
section with LET. Are your data from the i n i t i a l or f i n a l slope of 
the s u r v i v a l curve? 

Mr KELLERER 

The discussion r e l a t e d to the i n i t i a l slope of the s u r v i v a l 
curves. 
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Mr KATZ 

Our a n a l y s i s of the " i o n - k i l l " c ross-sections of these and 
other data for mammalian s u r v i v a l curves, which correspond to 
i n i t i a l slopes of s u r v i v a l curves, give a slope of 2.5 or 3 for 
such plots, while we get slope k for b a c t e r i a l spores. I s t h i s 
i n any way contradictory to your a n a l y s i s ? I think i t very 
u n l i k e l y that our a n a l y s i s can y i e l d slope 2? 

Mr KELLERER 

The points I r a i s e d r e l a t e to eukaryotic c e l l s . They can 
naturally not apply to systems which are so small that the 
i n t e r - a c t i o n of l e s i o n s over distances of the order of micrometers 
i s out of the question purely for geometrical reasons. As to your 
other point, namely the statement that the c r o s s - s e c t i o n for 
i n a c t i v a t i o n of mammalian c e l l s goes with the power of 2.5 of LET, 
I am doubtful and can merely r e f e r to the graphs which I have 
presented. We do have a c e r t a i n deviation from the quadratic 
dependence, but i t goes i n the other d i r e c t i o n . I am r e f e r r i n g to 
the slope below 2, at low LETs. Under hypoxic conditions and at 
LET values near 100 keV/μπι one observes a slope of the c r o s s - s e c t i o n 
versus LET r e l a t i o n which i s larger than 2. This p a r t i c u l a r point 
was treated i n d e t a i l i n the preceding a n a l y s i s . I t i s indeed 
important as i t leads to the assumption that the c o e f f i c i e n t Κ may 
increase at large LET. 

Mr KATZ 

Well, i n our a n a l y s i s of what we c a l l the i o n - k i l l c r o s s - s e c t i o n 
and i n mammalian c e l l s we were never able to achieve slope 2. The 
2.5 i s always a l i t t l e uncertain but for us i t veers towards 3 and 
in fact for some c e l l s , i n both aerobic and anoxic conditions, the 
figure i s 3 but never 2. 
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Mr ΚA L L E R E R 

I have to be somewhat hesitant about t h i s statement as i t i s 
based on a curve for Todd's data which does not contain the actual 
experimental points. I have also mentioned the reasons why we have 
not included Todd's data i n the present a n a l y s i s . 

Mr KATZ 

Just one f i n a l comment. Of course the drawing of i n i t i a l 
slopes i n experimental curves i s open to a great deal of discussion. 
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