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ABSTRACT: A c c o r d i n g t o t h e t h e o r y o f d u a l r a d i a t i o n a c t i o n c e l l u l a r 

i n j u r y by i o n i z i n g r a d i a t i o n i s due t o p a i r s o f s u b l e s i o n s wh i ch i n t h e 

case o f low LET r a d i a t i o n a r e u s u a l l y produced by s t a t i s t i c a l l y 

i ndependent e v e n t s due t o s e p a r a t e p a r t i c l e s ( u s u a l l y e l e c t r o n s ) . 

T h e r e f o r e i f low LET r a d i a t i o n s a r e d e l i v e r e d a t low dose r a t e s r e p a i r 

p rocesses can occu r t h a t may r e v e r s e s u b l e s i o n s b e f o r e t hey have i n t e r 

a c t ed w i t h o t h e r s u b l e s i o n s , and t he e x t e n t o f such r e p a i r processes 

depends on t h e t e m p o r a l d i s t r i b u t i o n o f absorbed dose. In c o n t r a s t 

t h e r e i s no i n f l u e n c e o f t h e tempo ra l d i s t r i b u t i o n o f absorbed dose 

on t h a t component o f c e l l u l a r damage w h i c h i s due t o t he i n t e r a c t i o n 

o f l e s i o n s p roduced i n t h e same p a r t i c l e t r a c k , and wh i ch i s dominant 

in t h e case o f 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 . 

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

i n t e r p r e t a t i o n s o f e x p e r i m e n t a l r e s u l t s w i l l be g i v e n . 

T h i s i n v e s t i g a t i o n s u p p o r t e d under C o n t r a c t AT-(11-1)-32**3 f o r t h e 

U n i t e d S t a t e s A tom i c Energy Commission and P u b l i c H e a l t h S e r v i c e 
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The b a s i c p o s t u l a t e o f t h e t h e o r y o f dua l r a d i a t i o n a c t i o n ( 1 ) , (2) 

s t a t e s t h a t t h e s o m a t i c 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 organ i sms 

a r e due t o e l e m e n t a r y l e s i o n s and t h a t t h e y i e l d , £ , o f such l e s i o n s d e 

pends on t h e square o f s p e c i f i c ene rgy , z , i n s i t e s hav ing a volume com

p a r a b l e t o t h a t o f a c e l l n u c l e u s . T h i s leads t o t he ba s i c e q u a t i o n : 

£ « k z 2 - k U D + D 2 ) Eq. (1) 

where k can be c o n s i d e r e d t o be a c o n s t a n t f o r purposes o f t h i s p r e s e n -
& 

t a t i o n . ζ i s t h e dose mean o f t he d i s t r i b u t i o n o f z i n s i n g l e e ven t s 

and 0 i s t h e abso rbed do se . The q u a d r a t i c dependence i m p l i e s t h a t t he 

l e s i o n s a r e produced by t h e i n t e r a c t i o n s o f p a i r s o f s u b - u n i t s t h a t a r e 

produced a t a r a t e t h a t i s p r o p o r t i o n a l t o z . We have r e f e r r e d t o these 

s u b - u n i t s as " i m p a i r e d l o c i " and we have deduced t h a t t h e i r p r o d u c t i o n 

depends on ene r gy c o n c e n t r a t i o n a t a much s m a l l e r s c a l e ( p r o b a b l y o f t he 

o r d e r o f n a n o m e t e r s ) . A t t h i s t i m e t h e r e i s l i t t l e f u r t h e r t h a t can be 

s t a t e d w i t h any deg ree o f c e r t a i n t y and t h e t e r m " l o c u s " shou ld i n p a r t i 

c u l a r n o t n e c e s s a r i l y r e f e r t o a w e l l - e s t a b l i s h e d p h y s i c a l e n t i t y . I t 

seems q u i t e p o s s i b l e , f o r i n s t a n c e , t h a t a l ocus r e p r e s e n t s one o r a group 

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

The r i g h t - m o s t e x p r e s s i o n i n Eq. (1) may be i n t e r p r e t e d t o t h e e f f e c t 

t h a t t h e p r o d u c t i o n o f l e s i o n can occu r by two mechanisms, one, t h a t i s 

p r o p o r t i o n a l t o abso rbed dose and r e p r e s e n t s i n t e r a c t i o n s due t o s i n g l e 

e v e n t s ( o r t o s i n g l e t r a c k s p r o v i d e d t h i s t e rm i n c l u d e s no t o n l y t h e t r a 

j e c t o r i e s o f p r i m a r y p a r t i c l e s bu t a l s o t ho se o f i t s s e c o n d a r i e s , e . g . 

d e l t a r a y s ) , w h i l e t h e second te rm s h i c h r e p r e s e n t s t h e square o f t h e 

absorbed dose r e f e r s t o l e s i o n s produced i n u n r e l a t e d e v e n t s . i t f o l l o w s 

t h a t t h e e l e m e n t a r y l e s i o n s produced in t h e l a t t e r t y p e o f process can 

e x h i b i t d o s e - r a t e dependence s i n c e t h e e f f e c t s o f t h e f i r s t event may be 

lessened o r e l i m i n a t e d b e f o r e t h e second even t o c c u r s . We s h a l l g i v e t h e 

T h i s q u a n t i t y has a l s o been denoted as z f i ( 3 ) . 
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name recove r y t o t h i s phenomenon w i t h t h e u n d e r s t a n d i n g t h a t t h i s t e r m 

may sometimes have been used i n a d i f f e r e n t meaning. Recovery e f f e c t s 

shou ld be o f p a r t i c u l a r l y impor tance i n t he case o f low LET r a d i a t i o n s 

( e . g . x - and gamma r a d i a t i o n ) where t h e q u a d r a t i c t e r m i s u s u a l l y 

dominant . 

I f one i n v e s t i g a t e s t h e consequences o f s p a t i a l d i f f e r e n c e s o f 

m i c r o s c o p i c energy d e p o s i t i o n , as f o r i n s t a n c e i n LET e x p e r i m e n t s , one 

can assume t h a t t he o n l y v a r i a b l e i n v o l v e d i s t h e one under s t u d y and 

t h a t in a w e l l - c o n d u c t e d expe r iment t h e c h a r a c t e r i s t i c s o f t h e b i o 

l o g i c a l systems do not d i f f e r between t h e groups s u b j e c t e d t o d i f f e r e n t 

r a d i a t i o n t r e a t m e n t . However, i f tempora l a s p e c t s o f i r r a d i a t i o n a r e 

s t u d i e d as i n d o s e - r a t e e x p e r i m e n t s , such an a s s umpt i on i s n o t neces sa 

r i l y c o r r e c t because t h e c h a r a c t e r i s t i c s o f t he b i o l o g i c a l system can 

change d u r i n g t he t i m e i n t e r v a l o ve r wh i ch t h e e x p e r i m e n t i s c a r r i e d 

o u t . Thus, i f s ynch ron i zed c e l l s a r e i r r a d i a t e d i n a s p l i t - d o s e 

t e c h n i q u e , t h e e f f e c t i v e n e s s o f the second dose may v a r y c o n s i d e r a b l y 

because p r o g r e s s i o n o f t he c e l l s around the c y c l e can s u b s t a n t i a l l y 

a l t e r t h e i r r a d i o s e n s i t i v i t y . Even i n synchronous p o p u l a t i o n s d i f 

f e r e n t i a l s e n s i t i v i t y can lead t o p a r t i a l synchrony a f t e r t h e f i r s t 

dose. T h i s , t o g e t h e r w i t h such f a c t o r s as d i v i s i o n d e l a y , can l e a d 

t o a ve r y complex response making i t d i f f i c u l t o r i m p o s s i b l e t o s e p a r a t e 

b i o l o g i c a l and p h y s i c a l f a c t o r s i n a d o s e - r a t e e x p e r i m e n t . I f t h e t i m e 

over wh ich a d o s e - r a t e expe r iment i s c a r r i e d o u t i s s u f f i c i e n t l y s h o r t 

so t h a t t he c o l l e c t i v e c h a r a c t e r i s t i c s o f the b i o l o g i c a l sy s tem have 

not a l t e r e d a p p r e c i a b l y , these f a c t o r s a r e o f c o u r s e o f l i t t l e i m p o r t a n c e . 

However, i t i s d i f f i c u l t t o e s t a b l i s h whether t h i s i s indeed t h e case 

and any t h e o r e t i c a l c o n s i d e r a t i o n s wh i ch assume no change o f t h e system 

under i n v e s t i g a t i o n have u n c e r t a i n s i g n i f i c a n c e . However, i f t h e 

t h e o r y i s a p p l i e d w i t h t h i s s i m p l i f y i n g a s sumpt ion t o c e r t a i n f r a c t i o 

n a t i o n e x p e r i m e n t s , t he r e s u l t s can be accounted f o r q u i t e r e a d i l y and 

i t would seem t h a t a t l e a s t t he p r i n c i p a l f e a t u r e s o f o t h e r o b s e r v a t i o n s 

a re a l s o e x p l a i n e d . Th i s no t o n l y f u r n i s h e s a t l e a s t q u a l i f i e d s u p p o r t 

f o r the t h e o r y bu t a l s o makes a l t e r n a t e e x p l a n a t i o n s w h i c h i n voke complex 

or h y p o t h e t i c a l mechanisms i n c o n c l u s i v e . 

A gene ra l t h e o r e t i c a l t r e a t m e n t o f t h e i n f l u e n c e o f t h e t e m p o r a l 
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d i s t r i b u t i o n o f absorbed dose has been g i v e n i n a n o t h e r p u b l i c a t i o n ( 2 ) . 

Our purpose here i s t o p r e s e n t a few p r a c t i c a l a p p l i c a t i o n s and t o c o n 

s i d e r some e x t e n s i o n s o f t h e e a r l i e r t r e a t m e n t . 

One s u b j e c t t h a t may deserve f u r t h e r c o n s i d e r a t i o n i s t h a t o f r e 

c o v e r y . The bes t known and most s e c u r e l y e s t a b l i s h e d f o r m o f r e c o v e r y 

i n h i g he r o rgan i sms i s t h a t o r i g i n a l l y d i s c o v e r e d by El k i n d ( 4 ) . I t i s 

c h a r a c t e r i z e d by a more o r less e x p o n e n t i a l f u n c t i o n w i t h a c h a r a c t e r i s t i c 

p e r i o d o f t he o r d e r o f hou r s , and by appa ren t u l t i m a t e comp le tenes s . 

The e f f e c t i s most r e a d i l y ob se r vab l e - and was i n i t i a l l y d i s c o v e r e d - i n 

mammalian c e l l s i n t i s s u e c u l t u r e where a few hours a f t e r i r r a d i a t i o n 

s u r v i v i n g c e l l s appear t o respond t o r a d i a t i o n i n t h e same manner as c e l l s 

t h a t have never been i r r a d i a t e d . T h i s e f f e c t i s so w e l l e s t a b l i s h e d and 

has so f r e q u e n t l y been observed t h a t t h e r e has been a tendency t o c o n s i d e r 

i t as t he o n l y r e c o v e r y process o f impo r t ance . However, n e i t h e r c h a r a c 

t e r i s t i c o f t h e process w i l l i n v a r i a b l y a p p l y . Some c e l l s , such as 

mature sperm, show l i t t l e o r no r e c o v e r y even w i t h v e r y l ong i n t e r v a l s 

between f r a c t i o n s . A l t h o u g h e v i dence f o r i n t e r m e d i a t e l e v e l s o f u l t i m a t e 

recove ry may no t be u n e q u i v o c a l , i t wou ld seem rea sonab le t o assume t h a t 

t hey e x i s t . Indeed, even i n El k i n d ' s e xpe r imen t one cannot e x c l u d e t h e 

p o s s i b i l i t y t h a t r e cove r y f r om s u b l e t h a l i n j u r y i s r e s t r i c t e d t o a l e v e l 

such as 80 o r 90$. The e x i s t e n c e o f d i f f e r e n t c h a r a c t e r i s t i c r e cove r y 

p e r i o d s has a l s o been e s t a b l i s h e d . Hornsey and coworker s (5) have d e 

mons t r a ted t he e x i s t e n c e o f a r e p a i r p roces s i n i n t e s t i n a l c r y p t c e l l s 

t h a t takes p l a c e w i t h i n m inu te s and Whitmore and c o l l e a g u e s (6) have 

shown t h a t " p o t e n t i a l l y l e t h a l l e s i o n s " a r e m a x i m a l l y r e p a i r e d w i t h i n 

20 o r 30 m i n u t e s . Ev idence f o r much l o n g e r r e p a i r t imes t h a t a r e com

p a r a b l e t o o r l onger than t he m i t o t i c c y c l e may be u n c e r t a i n , bu t t h i s 

p o s s i b i l i t y cannot be e x c l u d e d . The i l l u s t r a t i v e examples i n our 

p r e v i o u s t r e a t m e n t o f t he p rob lem wh i ch a r e based on comp le te r e cove r y 

a c c o r d i n g t o a s i m p l e e x p o n e n t i a l f u n c t i o n must t h e r e f o r e be o f l i m i t e d 

a p p l i c a b i l i t y . However, t h i s approach serves t o c l a r i f y a number o f 

ba s i c i s sues and i n p a r t i c u l a r m i s concep t i on s r e l a t i n g t o d o s e - r a t e e x 

p e r i m e n t s . 

A l t hough we i n t e n d t o r e s t r i c t t h i s d i s c u s s i o n t o e l emen ta r y 

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

exp re s s i n g t he absorbed dose i n m u l t i p l e s o f ζ . W i th 
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D = Δζ and c = 1<ζ: (2) 

Eq. (1) becomes 

£ = c(A+ Δ 2 ) (3) 

I f Δ i s g i v e n i n Ν f r a c t i o n s , one may c o n s i d e r two ex t reme cases: 

t h e Ν doses a r e g i v e n i n immediate s ucce s s i on , o r t h e i n t e r v a l between 

s u c c e s s i v e f r a c t i o n s i s so l a r g e t h a t comp le te r e cove r y has o c c u r r e d . 

In t h e f o rmer case t h e r e i s comp le te i n t e r a c t i o n between dose f r a c t i o n s 

and one o b t a i n s t h e e f f e c t g i v e n by Eq . ( 3 ) ; i n t h e l a t t e r case t h e r e i s 

no i n t e r a c t i o n between f r a c t i o n s and one m e r e l y o b t a i n s Ν t imes t h e 

e f f e c t o f t h e dose Δ/Ν. Thus € N » t he e f f e c t o f t h e dose when g i v e n i n 

Ν f r a c t i o n s , must l i e between t h e f o l l o w i n g l i m i t s : 

I t i s e v i d e n t f r om E q . ( O t h a t t h e e f f e c t o f a g i v e n dose, Δ, decreases 

w i t h i n c r e a s i n g number o f f r a c t i o n s p r o v i d e d t h e t i m e i n t e r v a l between 

f r a c t i o n s i s s u f f i c i e n t f o r comple te r e c o v e r y . In t h e usua l case i n 

w h i c h Δ i s much l a r g e r than 1 , i t i s t hu s p o s s i b l e t o o b t a i n v e r y l a r g e 

d i f f e r e n c e s i n e f f e c t i v e n e s s p r o v i d e d Ν i s l a r g e , i . e . a t c o n d i t i o n s 

app roach i n g c on t i nuou s i r r a d i a t i o n a t low dose r a t e s . On t h e o t h e r hand, 

i f Ν i s 2, t h e e f f e c t cannot be reduced by more than a f a c t o r o f 2. 

The s i t u a t i o n i s more complex when t h e t i m e i n t e r v a l between 

f r a c t i o n s i s i n s u f f i c i e n t f o r comp le te r e c o v e r y . As we have shown (2) 

t h i s r e q u i r e s i n t e g r a t i o n o f t he exp re s s i on 

where x ( t ) i s t he r ecove r y f u n c t i o n and h ( t ) t h e d i s t r i b u t i o n o f r e p a r a 

t i o n s o f dose e lements i n t i m e . Even w i t h t h e s i m p l e as sumpt ion t h a t 

x ( t ) i s an e x p o n e n t i a l , what appears t o be a s imp l e p rob lem o f t e n becomes 

s u f f i c i e n t l y complex t o r e q u i r e s o l u t i o n by compute r . Two examples o f 

i n t e r e s t a r e i l l u s t r a t e d i n F i g . 1 ; t hey show h y p o t h e t i c a l d o s e - e f f e c t 

c u r ve s f o l l o w i n g t he s imp le (and p r o b a b l y somewhat s i m p l i s t i c ) a s sumpt ion 

c U + Δ 2 ) > € K 1 > Μ Δ / Ν + Δ 2 / Ν 2 ) = c(A + Δ 2 /Ν) 
— Ν — 

e - / x ( t ) h ( t ) d t (5) 
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t h a t t h e s u r v i v a l o f a p o p u l a t i o n o f c e l l s f o l l o w s t h e r e l a t i o n 

S - e'^ or £n S « - C (6) 

T h i s i s e q u i v a l e n t t o t he assumpt ion t h a t each i nc rement i n t h e 

number o f e l emen ta r y l e s i o n s e l i m i n a t e s a p r o p o r t i o n a t e f r a c t i o n o f t h e 

s u r v i v o r s . 

Assuming a v a l u e ζ s 125 rad (wh ich i s a p p l i c a b l e f o r χ r ay s i n a 

s i t e ha v i n g a d i a m e t e r o f 1 m i c r o m e t e r ) and s e t t i n g k « 10 ^ , one o b t a i n s 

c u r v e s w h i c h a r e q u i t e s i m i l a r t o those o b t a i n e d f o r mammalian c e l l s i n 

t i s s u e c u l t u r e . Curve la shows t h e r e s u l t s t o be expec ted w i t h emp loy 

ment o f t h e usual t e c h n i q u e i n wh i ch t h e s u r v i v a l cu r ve s a r e o b t a i n e d 

under c o n d i t i o n s o f c o n s t a n t dose r a t e . I t s hou ld be no ted t h a t t h e 

s u r v i v a l cu r ve s a r e i n d i s t i n g u i s h a b l e f r om s t r a i g h t l i n e s b e f o r e maximum 

r e c o v e r y o c c u r s a t ze ro dose r a t e . When t he dose r a t e i s kept c o n s t a n t 

t h e p e r i o d o f i r r a d i a t i o n i nc reases l i n e a r l y w i t h dose; a c c o r d i n g l y a t 

l a r g e doses more r e cove r y can occur d u r i n g t he i r r a d i a t i o n p e r i o d . I f , 

on t h e o t h e r hand, i n each group t h e t i m e a v a i l a b l e f o r r e cove r y d u r i n g 

i r r a d i a t i o n i s kept t he same by i n c r e a s i n g t he dose r a t e p r o p o r t i o n a l t o 

dose , t h e c u r v e s i n F i g . l b r e s u l t . Here c u r v a t u r e i s more e v i d e n t even 

when t h e l i m i t i n g case o f i n f i n i t e i r r a d i a t i o n t i m e i s c l o s e l y approached. 

The d i f f e r e n c e i l l u s t r a t e d by cu r ve s l a and l b i s o f p r a c t i c a l impo r tance 

s i n c e i t has been f r e q u e n t l y assumed t h a t a s u b s t a n t i a l l y l i n e a r s u r v i v a l 

c u r v e o b t a i n e d a t some f i x e d dose r a t e i n d i c a t e s t h a t t h e " one h i t " com

ponent i s t h e o n l y one o p e r a t i v e . I t i s e v i d e n t t h a t t h i s c o n c l u s i o n 

can e a s i l y be e r r o n e o u s . 

The c o m p l e x i t i e s o f p a r t i a l r e co ve r y may w e l l be n e g l i g i b l e i n 

c e r t a i n r a d i o b i o l o g i c a l e xpe r imen t s i n wh i ch s u c ce s s i v e f r a c t i o n s a r e 

a d m i n i s t e r e d d a i l y . In t h i s case t h e same e f f e c t i s produced by one 

f r a c t i o n and by Ν f r a c t i o n i f 

c ( A 1 + A j 2 ) - c U N + Δ Ν

2 / Ν ) (7) 

T h i s i s e q u i v a l e n t t o 
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Δ Ν / Δ ] = Ν/2Δ 1 U I + Α Δ ^ Ν Ο + Δ , ) - 1) (8) 

Fo r l a r g e v a l u e s o f Ν bu t a g i v e n v a l u e o f Δ^ 

Δ Ν /Δ ^ 1+Δ 1 (9) 

w h i l e i n t h e l i m i t i n g case o f l a r g e v a l u e s o f Δ^ one has 

Δ Ν / Δ 1 * fit (10) 

Δ^/Aj ve r su s Ν i s shown a t t h e bo t tom o f F i g . 2 f o r v a r i o u s v a l u e s o f Δ ρ 

The t o p o f F i g . 2 i s based on a c o m p i l a t i o n by P h i l l i p s (7) o f v a r i o u s 

r e cove r y e x p e r i m e n t s . There i s an obv i ou s s i m i l a r i t y between t h e two 

s e t s o f cu r ve s and perhaps t he most i m p o r t a n t a spec t i s t h a t t he 

l i m i t i n g s l o p e o f one h a l f ( i n t he se l o g a r i t h m i c p l o t s ) does no t appear 

t o be exceeded i n t h e e x p e r i m e n t a l d a t a . A l t h o u g h t h e f l a t t e r e x p e r i 

menta l cu r ve s m i gh t be due t o low v a l u e s o f Aj ( c o r r e s p o n d i n g t o a s t r o n g 

l i n e a r component) i t s hou ld be s t r e s s e d t h a t s i m i l a r cu r ve s a r e a l s o o b 

t a i n e d under c o n d i t i o n s where r e cove r y between exposures i s i n comp le te 

because t h e t i s s u e s a r e o n l y capab le o f l i m i t e d r e c o v e r y . On t h e o t h e r 

hand one o b t a i n s q u i t e d i f f e r e n t c u r ve s i f one assumes t h a t t he r e cove r y 

i s i n comp le te me re l y because t he i n t e r v a l between s u cce s s i v e f r a c t i o n s i s 

n o t l ong enough, w h i l e t h e r e i s no l i n e a r component and w h i l e t he u l t i m a t e 

r e cove r y i s c o m p l e t e . 

The t h e o r y can a l s o be a p p l i e d t o t h e r e s u l t s o f e x p e r i m e n t s i n 

wh i ch a dose i s g i v e n i n two unequal f r a c t i o n s . We have shown (2) t h a t 

i n t h i s case 

€ - € [ Δ + Δ 2 - 2 ς Δ 2 α ( 1 - α ) ] (11) 

where q v a r i e s between 0 and 1 and r e p r e s e n t s t h e degree o f r e c o v e r y 

d u r i n g t he p e r i o d between t h e two i r r a d i a t i o n s , and α i s t h e f r a c t i o n o f 

t h e dose g i v e n a t t he f i r s t i r r a d i a t i o n . E q . ( l l ) i n d i c a t e s t h a t a p l o t 

o f € ve r su s α shou ld be a p a r a b o l a . The e x p r e s s i o n i s s ymmet r i c a l i n α 

and ( I - a )and reaches i t s minimum v a l u e when b o t h o f t he se q u a n t i t i e s a r e 

equal t o o n e - h a l f . I t w i l l be no ted t h a t a p a r a b o l i c shape i s o b t a i n e d 

r e g a r d l e s s o o f t h e v a l ue s o f c , Δ o r q , p r o v i d e d t hey a r e f i n i t e . 
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F i g . 2 - r a t i o o f doses f o r equal e f f e c t i n Ν f r a c t i o n s and one 

f r a c t i o n , ve r sus N. The cu rve s i n t h e upper quad ran t a r e 

based on a c o m p i l a t i o n by P h i l l i p s ( 7 ) . 

The curves i n t h e lower quad ran t a r e d e r i v e d f r om t h e t h e o r y 

o f dua l r a d i a t i o n a c t i o n . 

F i g . 3 - I r r a d i a t i o n o f c r y p t c e l l s w i t h t h e dose g i v e n i n two 

separa ted unequal f r a c t i o n s w i t h t h e f i r s t f r a c t i o n equa l t o 

α and t h e second equal t o (1 - a ) . Data p o i n t s by W i t he r s ( 8 ) , 

Curve based on t h e t h e o r y o f dua l r a d i a t i o n a c t i o n . 
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Assuming aga in as i n Eq . (6) t h a t s u r v i v a l depends e x p o n e n t i a l l y on 

one o b t a i n s 

in S a/S 1 - 2qA 2o\ (1-a) (12) 

where Sj i s t h e s u r v i v a l i f t h e dose i s g i v e n i n a s i n g l e i r r a d i a t i o n 

and S i s t h e s u r v i v a l i f t h e dose i s s p l i t w i t h t h e f i r s t f r a c t i o n 
α 

be ing equal t o a . F i g . 3 shows t h e r e s u l t s o f such an expe r imen t i n 

wh i ch W i t he r s (8) i r r a d i a t e d j e j u n a l c r y p t c e l l s t o a t o t a l dose o f 

1650 r ad s . I t w i l l be seen t h a t t h e p a t t e r n e x p e r i m e n t a l l y o b t a i n e d i s 

b a s i c a l l y t h a t o f a p a r a b o l a , a l t h o u g h t h e p o s s i b i l i t y o f sma l l bu t r e a l 

d i f f e r e n c e s i n shape cannot be e x c l u d e d . 

Thus f a r t h e d i s c u s s i o n has been concerned w i t h two t i m e p e r i o d s . 

One i s t h a t wh i ch e l ap se s between two i n t e r a c t i n g energy d e p o s i t i o n 

even t s and t h e o t h e r i s t h a t r e q u i r e d t o e ra se t h e e f f e c t o f t h e f i r s t 

o f these e v e n t s . I t i s , however, e v i d e n t t h a t t h e r e must be y e t a n o t h e r 

c h a r a c t e r i s t i c t i m e i n v o l v e d wh i ch i s t h a t r e q u i r e d f o r i n t e r a c t i o n 

between two s u b l e s i o n s wh i ch a c c o r d i n g t o t h e t h e o r y can be produced as 

f a r a p a r t as a few m i c r o m e t e r s . I t would seem rea sonab le t o assume t h a t 

t he sudden c r e a t i o n o f t he second s u b l e s i o n does n o t immed i a te l y t e r m i n a t e 

t h e r e p a i r processes t a k i n g p l a c e a t t h e o t h e r and t h a t t h e r e v e r s a l o f 

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

damage i s f i x e d . A l t h o u g h t h e e x i s t e n c e o f such an i n t e r a c t i o n i s a 

necessary consequence o f t h e t h e o r y , t h e r e a r e few c o n c l u s i o n s t h a t can 

be drawn conce rn i n g i t s d u r a t i o n o r i t s i n f l u e n c e on t h e k i n e t i c s o f t h e 

ba s i c b i o p h y s i c a l p r o ce s s . Perhaps t h e o n l y s t a temen t t h a t can be made 

i s t h a t i t must be a r a p i d process a t l e a s t i n t h e d o s e - r a t e e x p e r i m e n t s 

d e s c r i b e d by Hornsey. I f t h e i n t e r a c t i o n between s u b l e s i o n s r e q u i r e d 

p e r i o d s o f t h e o r d e r o f an hour i t shou ld be i m m a t e r i a l whether t hey a r e 

produced w i t h i n seconds o r w i t h i n m inu te s o f each o t h e r . 

I t may be o f i n t e r e s t t o s p e c u l a t e whether t h e p o t e n t i a l l y l e t h a l 

l e s i o n s r e p o r t e d by Whitmore and c o l l a b o r a t o r s a r e due t o t h e f a c t t h a t 

low t empe ra tu r e c o u l d perhaps d e l a y the i n t e r a c t i o n o f s u b l e s i o n s and 

t h e r e b y make more t i m e a v a i l a b l e f o r El k i n d t y p e o f r e p a i r wh i ch i s known 

t o be U t t l e a f f e c t e d by low t e m p e r a t u r e . Whitmore e t a l found the same 

phenomenon f o l l o w i n g t h e a d m i n i s t r a t i o n o f d rug s wh i ch i n t e r f e r e w i t h RNA 

s y n t h e s i s , bu t one m i gh t p o s t u l a t e t h a t t he i n t e r a c t i o n o f l e s i o n s 
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r e q u i r e s a s upp l y o f RNA o r f o r t h a t m a t t e r any o t h e r key subs tance. 

However, w h i l e one can i n t h i s manner p r o v i d e a q u a l i t a t i v e e x p l a n a t i o n 

f o r t h e phenomenon o f p o t e n t i a l l y l e t h a l l e s i o n s , a q u a n t i t a t i v e e x 

p l a n a t i o n wou ld have t o r e s t on a r b i t r a r y as sumpt ions r e g a r d i n g t he i n 

c o m p l e t e r e v e r s a l a t t a i n a b l e . I t would appear t h a t depending on phase 

i n t h e c e l l c y c l e o n l y between 20 and 35% o f t he l e s i o n s can be e l i m i 

na ted by low t e m p e r a t u r e or d r ug s . 

S ince t h e development o f p o t e n t i a l l y l e t h a l l e s i o n s i s de te rm ined 

by p o s t i r r a d i a t i o n t r e a t m e n t , one would assume t h a t i t i s i r r e l e v a n t 

whethe r t h e y were produced i n s i n g l e e ven t s o r p a i r s o f e v e n t s . Whitmore 

s t a t e d t h a t these l e s i o n s a r e no t found when c e l l s a r e i r r a d i a t e d by h i gh 

LET p a r t i c l e s . He was, however, r e f e r r i n g t o heavy ions hav ing an 

e x t r e m e l y h i g h LET. I t would seem reasonab le t h a t under such s a t u r a t e d 

c o n d i t i o n s a 35% r e d u c t i o n o f l e s i o n s would n o t i n f l u e n c e l e t h a l i t y . 

Barendsen (9) has p o i n t e d o u t t h a t p o t e n t i a l l y l e t h a l l e s i o n s shou ld be 

s t u d i e d w i t h r a d i a t i o n s hav ing a more moderate LET. 

The r e c o g n i t i o n t h a t t he y i e l d o f s u b l e s i o n s must depend on t he 

t i m e i n t e r v a l r e q u i r e d f o r t h e c o m b i n a t i o n o f t h e s u b l e s i o n leads q u i t e 

n a t u r a l l y t o an e v a l u a t i o n o f t he i n i t i a l s e p a r a t i o n o f t h e l a t t e r . 

T h i s i s d e t e rm ined by s p a t i a l a spec t s wh i ch a r e t h e s u b j e c t o f t he 

second pape r . 
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D I S C U S S I O N 

Mr POWERS 

I would l i k e a c l a r i f i c a t i o n please. What does the f u n c t i o n 
S= e Λ describe b i o l o g i c a l l y ? Does i t apply to s i n g l e c e l l 

c u l t u r e s f o r instance? 

Mr ROSSI 

I t i s probably a crude r e p r e s e n t a t i o n o f a s u r v i v a l curve. As 
everybody here does or should know, a s u r v i v a l curve i s a very 
complex t h i n g . I t i n v o l v e s populations i n va r i o u s stages of 
s e n s i t i v i t y , dynamics e t c . However, b a s i c a l l y one should expect 
s u r v i v a l t o f o l l o w the shape of these curves. They represent the 
si m p l e s t assumption, namely t h a t a l l c e l l s have the same s e n s i t i v i t y 
i . e . the same K. Simple shapes are adequate t o i l l u s t r a t e our p o i n t . 

Mr POWERS 

Yes, but what confused me was t h a t a t 250 rads per hour, and 
t h i s means about k rads per minute, there i s a very d i s t i n c t 
c u r v a t u r e . I r e c a l l t h a t there are innumerable curves of s u r v i v a l 
o f mammalian c e l l s which assume exponential behaviour a t s u r v i v a l 
l e v e l s very much higher than depicted on the 250 rad/h curve. 
And the o r d i n a r y dose rates t h a t are used are very much higher than 
4 rads per minute. 

Mr ROSSI 

As I s a i d , these curves are i l l u s t r a t i v e o nly and they can be 
s h i f t e d by a d i f f e r e n t choice o f recovery parameter. I t h i n k these 
are based on a recovery time of about one hour or so. 
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Mr KELLERER 

The example which has been chosen corresponds c l o s e l y t o the 
case of hamster c e l l s i r r a d i a t e d i n S-phase. I n the experiment one 
can o b t a i n curves w i t h a somewhat shallower t a i l because i t i s 
d i f f i c u l t to remove the more s e n s i t i v e c e l l s completely. 

Mr POWERS 

But i s i t not t r u e then i n any experiment on s u r v i v a l curves, 
you t r y t o i s o l a t e and c o n t r o l these t h i n g s . 

Mr ROSSI 

We are merely t r y i n g to i l l u s t r a t e the d i f f e r e n c e between 
constant dose r a t e and constant time o f d e l i v e r y and we have used 
a r b i t r a r i l y s elected values i n a simple model. The absolute 
numerical values are not meaningful. 

Mr WIDKRÖE 

As you mentioned, there are three time i n t e r v a l s which are 
i n t e r e s t i n g . The f i r s t i n t e r v a l was the time when the c e l l s were 
k i l l e d w i t h o u t any s u r v i v a l s . The second time i n t e r v a l was where 
you had r a p i d r e p a i r and the t h i r d time when the shape o f the curve 
was recovered. Now I t h i n k t h a t the two f i r s t i n t e r v a l s were 
i n v e s t i g a t e d i n some experiments by Berry i n Oxford about two or 
three years ago. He gave very high doses i n a very short time. 

—8 

Time was i n the dimension of 10 sec or even l e s s , and he found 
very i n t e r e s t i n g and very d i f f e r e n t s u r v i v a l curves from those 
obtained f o r smaller dose r a t e s . I t h i n k t h a t experiments s i m i l a r 
t o these could be used f o r i n v e s t i g a t i n g the phenomena you mentioned. 

Mr ROSSI 

I was t a l k i n g about three somewhat d i f f e r e n t periods. The 
f i r s t time i s the i n t e r v a l between the produ c t i o n of successive 
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l e s i o n s . The second p e r i o d i s the c h a r a c t e r i s t i c time of recovery 
of l e s i o n s and the t h i r d p e r i o d begins a f t e r both l e s i o n s are 
produced and l a s t s u n t i l they combine. 

Mr WIDSRÖE 

But a t l e a s t I would mention t h a t s h o r t time i n t e r v a l s have 
already been observed and used f o r experiments and I t h i n k t h a t 
they could be evaluated. 

Mr BARENDSEN 

I have two questions. The f i r s t question concerns the graph i n 
which you showed t h a t the t h e o r e t i c a l curve has a slope of 0 . 5 . I n 
comparing t h i s slope w i t h the slope of the curve derived from 
r a d i o t h e r a p y r e s u l t s , you sa i d t h a t i t i s s a t i s f a c t o r y t h a t these 
curves are not steeper than a slope of 0 · 5 · I am i n t e r e s t e d i n the 
f a c t t h a t the a c t u a l slope i s about 0 . 3 · What i s the corresponding 
value of zeta? What would be the i m p l i c a t i o n of t h i s slope w i t h 
respect to the c o n t r i b u t i o n of a s i n g l e event type of damage? 

Mr ROSSI 

There are two po s s i b l e explanations. The f i r s t i s t h a t there 
i s a st r o n g l i n e a r component. The other p o s s i b i l i t y i s the one I 
t r i e d t o a l l u d e t o e a r l i e r , namely t h a t these c e l l s are not capable 
of f u l l recovery or at l e a s t not of the k i n d of recovery which 
Mr E l k i n d found. I n f a c t some of the low curves are f o r t e s t i c u l a r 
t i s s u e s which you would expect to be capable o f only l i m i t e d recovery. 

Mr BARENDSEN 

Can I ask another question please? You have mentioned the 
po s s i b l e recovery of two sub-lesions which have to i n t e r a c t i n order 
to cause l e t h a l damage. Would you agree w i t h the idea t h a t such a 
sub-les i o n might not be completely r e p a i r e d , but might r a t h e r be 
rendered incapable of i n t e r a c t i n g w i t h another l e s i o n ? I n other 
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words the l e s i o n might s t i l l be present f o r a long time and may 
s t i l l e x e r t some i n f l u e n c e , f o r instance i n the e f f e c t t h a t we see 
i n c u l t u r e as small colony f o r m a t i o n . Thus, although the c e l l 
remains capable of u n l i m i t e d p r o l i f e r a t i o n , n o n - l e t h a l damage i s 
present and might impa i r the capacity f o r p r o l i f e r a t i o n to a small 
but s i g n i f i c a n t e x t e n t . 

Mr ROSSI 

Yes indeed; and I might add t h a t under these c o n d i t i o n s the 
c e l l may be much more s e n s i t i v e t o var i o u s chemical agents. 

Mr BARENDSEN 

That i s also a p o s s i b i l i t y . I n a d d i t i o n I would l i k e t o have 
your views about the p o s s i b i l i t y t h a t the primary l e s i o n or 
s u b - l e s i o n might be a complex type of damage, not caused by a 
s i n g l e i o n i z a t i o n , but by a number of i o n i z a t i o n s i n small volume. 

Mr ROSSI 

I would c e r t a i n l y agree t h a t locus i n a c t i v a t i o n may be a 
complex process and t h a t even the locus i t s e l f may not be c l e a r l y 
d e f i n e d . I t i s l i k e l y to be a DNA molecule plus a d i f f u s i o n 
d i s t a n c e . 
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