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EFFECTS OF SPATIAL-TEMPORAL 
DISTRIBUTION OF PRIMARY EVENTS 

H A R A L D Η. ROSS I a n d A L B R E C H T M . K E L L E R E R 

Rad io l og i ca l Research L a b o r a t o r y , D e p a r t m e n t o f Rad i o l o gy , C o l u m b i a Un i v e r s i t y , 

New Y o r k , N e w Y o r k 

ABSTRACT 

Three general m e t h o d s w h e r e b y we can i m p r o v e o u r u n d e r s t a n d i n g o f the b i o p h y s i c a l e f fect 

o f a phys i ca l agent are : (1 ) A t t e m p t t o f o l l o w t h e series o f processes t a k i n g place b e g i n n i n g 

w i t h the i n t e r a c t i o n o f the agent a n d t h e b i o l o g i ca l s ys t em. (2 ) T r y t o unrave l t h e causal 

cha in b a c k w a r d b e g i n n i n g w i t h t h e e f fec t . (3 ) Search f o r basic rules t h a t govern t h e overa l l 

process. A f ew years ago Rossi , c ons ide r ing these approaches in an even ing l e c tu re t o the 

R a d i a t i o n Research Soc i e ty , c o n c l u d e d t h a t i n r a d i o b i o l o g y o n l y the t h i r d l ine o f a t t a ck 

ho lds any real p romise , at least at th i s t i m e . A m o d i f i e d c o p y o f his address makes u p the 

f i r s t sec t i on o f t h i s paper t o deve lop th i s a r g u m e n t and t o f u r n i s h a s imp l e i n t r o d u c t i o n t o 

the sub jec t . M i c r o d o s i m e t r y p rov ides some o f the phys i ca l concepts r equ i r ed f o r w h a t we 

t e r m the " 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 . " I n the second sec t i on we summar i z e the c u r r e n t 

status o f th i s t h e o r y . 

INTRODUCTION TO MICRODOSIMETRY* 

I somet imes w o n d e r h o w the R a d i a t i o n Research Soc ie ty has been so 

successful despite the fac t t h a t b o t h physic is ts and b io log is ts be long t o i t . T h e y 

have rather d i f f e r en t sc ient i f i c t emperaments . T h e phys ic i s t , b y and large an 

ana l y t i ca l f e l l ow, prefers t o f i n d s i m p l i c i t y i n the c omp l i ca t ed , say, b y r educ ing 

the universe t o a d i f f e r en t i a l e qua t i on . T h e b io log i s t is mo r e l i k e l y t o f i n d 

c o m p l e x i t y i n the s imp l e ; f o r example , w h e n c o n t e m p l a t i n g a b a c t e r i u m or even 

a bacter iophage, he discovers enough t o f i l l a t least a m o n o g r a p h . The t w o 

persona l i t y types rare ly in te rac t . A t a un i v e r s i t y they are l i k e l y t o encoun t e r 

* O u d i n e o f an address presented b y Hara ld Η. Rossi at the 1 8 t h A n n u a l M e e t i n g o f t h e 

R a d i a t i o n Research Soc i e ty , M a r c h 1 - 5 , 1 9 7 0 , i n Dal las. 
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each o the r o n l y at pres ident 's teas or at f a c u l t y meet ings convened t o deal w i t h 

s tudent r i o t s . Here, however , they be long t o the same soc iety , go t o the same 

meet ings, e lect each o the r of f icers, and occas ional ly even l i s ten t o each o ther ' s 

papers. Th i s is surpr is ing since the i r respective f ie lds o f r ad i a t i on research are s t i l l 

d i v i d ed b y a no-man 's - land . 

T h e phys i c i s t , s t a r t i ng w i t h the t e rm ina l s o f his X-ray mach ine or 

acce lerator , can w o r k his way d o w n t o a t o m i c phenomena in i r rad ia ted tissues 

and perhaps also t o the level o f act ive radicals or o the r s imple mo l ecu la r species. 

A t the o t h e r ex t reme , the b io log i s t , w h o is at the far end o f the r a d i a t i o n 

research s p e c t r u m e x p l o r i n g tissue ef fects w i t h the rad io log is t , can w o r k his way 

back perhaps t o m u t a t i o n s or ch romosome breaks. Be tween the t w o po in t s o f 

f u r thes t p e n e t r a t i o n there remains a very large, very b lack area o f ignorance. T h e 

deta i l ed p h e n o m e n a invo l v ed are a lmos t c e r t a in l y t e r r i b l y c o m p l e x . Th i s 

becomes ev ident i f we ask a rad i ochemis t t o relate w h a t happens w h e n X rays 

in t e rac t w i t h as i nnocuous a substance as pure water . 

I t has occur r ed t o m a n y t h a t , even i f we d i d n o t k n o w the detai ls o f 

r a d i a t i o n b i o p h y s i c a l processes, we m i g h t gain a general c omprehens i on and an 

a b i l i t y t o p r e d i c t using some basic laws i n the manner o f genet ic ists, w h o were 

qu i t e successful be fo re a n y b o d y k n e w a b o u t D N A . Physicists have been 

p a r t i c u l a r l y act ive i n th i s sor t o f endeavor since the f o u n d i n g o f target t h e o r y 

hal f a c e n t u r y ago. M a n y a y o u n g phys ic i s t , be l iev ing perhaps t h a t there was n o t 

m u c h l e f t t o be accompl i shed i n dos ime t r y , dec ided t o c o n t r i b u t e t o the 

progress o f r a d i o b i o l o g y b y theo r e t i ca l me thods . Th i s w o r k usua l ly starts w i t h a 

d emand f o r " h a r d " data , a lmos t always a surv iva l curve. As a ru le the analysis 

results i n a c o m b i n a t i o n o f exponent ia l s w i t h a f ew adjustable parameters. A t 

th is p o i n t s omebody quotes an o l d ma themat i c s professor t o the e f fect t h a t w i t h 

three parameters y o u can f i t an e lephant and w i t h f o u r y o u can make h i m w a l k . 

I f the phys i c i s t , i n an a t t e m p t t o reduce the n u m b e r o f free parameters, asks 

f o r some a d d i t i o n a l i n f o r m a t i o n , the b io log i s t m i g h t acc identa l l y , or perhaps b y 

design, hand h i m a curve t h a t l ooks d i f f e r en t b u t was ob ta ined f o r the same 

organ ism o n a day w h e n the horse serum came f r o m a d i f f e r en t suppl ier or 

perhaps w h e n a l l aspects o f the e xpe r imen t seemed to be the same except f o r the 

results. He m i g h t w e l l t e l l the upset phys ic is t t h a t t h e curve w o u l d also have 

l o o k e d d i f f e r en t i f he had asked ano ther t e chn i c i an t o r u n the expe r imen t . T h e 

phys i c i s t f i n a l l y realizes t h a t despite apparent i d e n t i t y the surv iva l curve is n o t 

the same t h i n g as the decay curve o f a rad io i so tope since cells do n o t a lways act 

the same w a y and are n o t a l l a l ike . 

A t th i s p o i n t the phys ic i s t e i ther takes a j o b w i t h N A S A or decides t o 

s t ra i gh ten o u t r a d i o b i o l o g y personal ly . I f he does the la t t e r , he q u i c k l y f i nds o u t 

t h a t the cel l is at least as c omp l i ca t ed as a w a l k i n g e lephant . He p a t i e n t l y 

investigates n o t o n l y the surv iva l curve b u t also its dependence o n dose rate , o n 

L E T , a n d perhaps o n p o s i t i o n o f the cell i n its cyc le . He may go o n t o exp lo re t h e 

ef fects o f o xygen t ens ion and rad i op ro t e c t i v e agents and perhaps such re lated 

subjects as cel l p r o l i f e r a t i o n and m i c r o c i r c u l a t i o n . A b o u t th is t i m e he becomes a 
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fu l l - f l edged rad i ob i o l og i s t and is qu i t e l i k e l y so w r a p p e d up in his w o r k t h a t he 

ha rd l y remembers h o w he became invo l ved in i t . He may , i n t u r n , smile 

i n d u l g e n t l y at brash, naive phys ic is ts t r y i n g t o e x p l a i n w h a t his e xpe r imen t s 

mean. 

We a l l k n o w examples o f th i s case h i s t o r y . Lest I be m i s u n d e r s t o o d , let me 

make i t qu i t e clear t h a t such phys ic is ts have made e x t r e m e l y i m p o r t a n t 

c o n t r i b u t i o n s t o r ad i ob i o l o gy , w i t h o u t w h i c h the rest o f m y t a l k w o u l d be 

impossible . Indeed m y ques t i on is th i s , I n v iew o f recent advances made b y these 

m e n and o the r rad iob io l og i s t s , have we come t o the p o i n t where we s h o u l d again 

a t t e m p t t o i n t e r p r e t the b i o l og i ca l a c t i o n o f r a d i a t i o n i n t e rms o f s imple 

u n d e r l y i n g mechanisms? 

A n i n d i c a t i o n t h a t th is may be so is g iven i n F ig . 1, w h i c h shows the 

l o g a r i t h m o f re lat ive b i o l o g i ca l ef fectiveness ( R B E ) as a f u n c t i o n o f the 

l o g a r i t h m o f dose o f h i g h - L E T r a d i a t i o n ( a c tua l l y n e u t r o n r a d i a t i o n ) f o r a 

var i e ty o f effects o n p lants and mammals . I c o u l d spend, and indeed I have 

spent, an hour discussing the imp l i c a t i ons o f t h i s ra ther d i s o rde r l y l o o k i n g set o f 

curves, b u t , i n the interest o f t i m e , I mus t res t r i c t myse l f t o j u s t a f ew m a i n 

po in t s . 

1. The f i gure demonstra tes the b y n o w genera l ly accepted fac t t h a t R B E f o r 

systems such as these is a f u n c t i o n o f dose. 

2. The abscissa is a dose and the o rd ina t e is a r a t i o o f doses. Hence a 

n u m e r i c a l scale o f b i o l og i ca l e f fect is obv ia ted . Some o f the ef fects invo lve such 

n o n d i g i t a l no t i ons as " o p a c i f i c a t i o n " or " r edness , " b u t these can be q u i t e w e l l 

represented since a l l t h a t is invo l ved is the c r i t e r i o n o f equa l e f fect . 

3. T h e lines are essential ly s t ra ight and the i r slope is be tween 0 and —0 .5 . 

4 . Excep t f o r one e f fect , the RBE ' s c o n t i n u e t o increase as the doses 

decrease t h r o u g h o u t the ranges invest igated. There are, o f course, o the r systems 

where th i s is n o t t r u e , e.g., bacter ia and even s impler systems. There m a y also be 

instances where a constant R B E at l o w doses is f o u n d i n m a m m a l i a n cells i n 

tissue cu l ture . However , as w i l l be seen, i n such cases the conc lus ions I a m abou t 

t o make are no t appl icab le ra ther t h a n c on t r ad i c t ed . 

The b io log i ca l ef fects shown here mus t be caused b y energy d epos i t i on i n 

one or more l oca t ions i n the cel l or tissue i r rad ia t ed . We may consider regions 

(sites) i n w h i c h the r equ i r ed energy can be depos i ted b y a single n e u t r o n 

secondary. As the dose is reduced , the one-part ic le i n a c t i v a t i o n mus t become 

d o m i n a n t since the p r o b a b i l i t y o f one par t i c l e per site decreases l inear l y w i t h 

dose and the p r o b a b i l i t y of , f o r instance, t w o part ic les decreases w i t h the square 

o f t h e dose. A t h igher doses, p a r t i c u l a r l y w h e n the L E T is l ow (e.g., f o r 14 -MeV 

neu t rons ) , i nac t i v a t i on b y t w o part ic les may be m o r e i m p o r t a n t . 

I f l o w - L E T part ic les ( i n these cases e lectrons) c ou ld also s ingly i n i t i a t e site 

i nac t i va t i on , the R B E w o u l d have some f i x e d value at l ow doses w h i c h is equal 

t o t h e relat ive f r equency w i t h w h i c h single h i gh- and l o w - L E T part ic les 

inact ivate at a g iven absorbed dose. E x c e p t f o r the case o f Tradescantia (where 

m i l l i o n s o f s tamen hairs had t o be examined t o e x t end s ign i f i cant exper imenta -
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NEUTRON DOSE, rads 

Fig . 1 Relat ive biological effectiveness of neutrons as a function of absorbed dose of 
neutrons for various biological end points. T h e general shape of the relation is shown by the 
dashed curve. 

N e u t r o n E s t i m a t e d D i a . 

Re f . Curve E n d p o i n t energy ? n , r a d s ( d ) , Mm 

1 1 O p a c i f i c a t i o n o f the m u r i n e lens 4 3 0 k e V 1 5 0 3 

1 2 O p a c i f i c a t i o n o f t h e m u r i n e lens 1.8 M e V 8 4 0 2 

1 3 O p a c i f i c a t i o n o f the m u r i n e lens 14 M e V 2 6 0 3 

2 4 M u t a t i o n s o f Trad esc an tia 

s tamen hairs (b lue t o p i n k ) 

4 3 0 k e V 8 0 0 1.8 

3 5 M a m m a r y neop lasm i n the 

S p r a g u e - D a w l e y ra t 

F iss ion 2 , 200 1 

4 6 C h r o m o s o m e aber ra t i ons 

in h u m a n l y m p h o c y t e s 

F iss ion 1,300 1.4 

5 7 G r o w t h r e d u c t i o n o f 

Vicia Faba r o o t , aerated 

3.7 Mev 6 0 0 2 

5 8 G r o w t h r e d u c t i o n o f 

Vicia Faba r o o t , anox i c 

3.7 M e V 2 ,000 1.3 

6 9 S k i n damage ( h u m a n , ra t , 

mouse , and p ig ) 

6 Mev 1,200 1.5 

7 10 I n a c t i v a t i o n o f i n t e s t i n a l c r y p t 

cells i n the mouse 

14 M e V 8 0 0 2 

8 11 V a r i o u s e f fects o n seeds o f 

Zea Mays 

Fiss ion 4 0 0 , 0 0 0 0 .15 
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t i o n i n t o the range o f cons tant R B E ) , th i s is n o t observed, and we mus t conc lude 

t h a t single e lectrons do n o t inact ivate sites i n the effects and dose ranges covered 

b y the f igure. I t may be w o r t h m e n t i o n i n g t h a t th i s s ta tement appl ies w i t h h igh 

p r o b a b i l i t y . Fo r a g iven absorbed dose, the aggregate l eng th o f e l e c t ron t r a c k 

p roduced by X or gamma rays is r o u g h l y a h u n d r e d t imes larger t h a n tha t o f the 

reco i l t racks generated b y neut rons . Some o f the R B E values, and hence the dose 

rat ios , approach 100. There fo re even w i t h 10 ,000 t imes mor e t r a ck , and thus 

10 ,000 t imes more - f r equen t traversal o f sites, the e lectrons o f t e n show no signs 

o f single-event i nac t i v a t i on . 

However , we can show qu i t e easily t h a t a l i m i t i n g slope o f - 0 . 5 is cons istent 

w i t h two - e l e c t r on i nac t i v a t i on . I n v i r t u a l l y a l l instances where the slope is 

be tween 0 and -0.5, the expe r iments ind ica te two -pa r t i c l e a c t i o n b y neu t r ons as 

we l l . The s ymp toms inc lude recovery phenomena t h a t d i d n o t occur at l owe r 

n e u t r o n energies (i.e., h igher L E T ) or break f requencies o f ch romosomes t h a t are 

n o t p r o p o r t i o n a l t o dose. Thus in these instances i t seems more reasonable to 

assume tha t the two -pa r t i c l e i nac t i v a t i on b y h i g h - L E T r a d i a t i o n is i m p o r t a n t 

t h a n t o assume t h a t a s ingle-part ic le i n a c t i v a t i o n b y l o w - L E T r a d i a t i o n is 

becoming ev ident . I t is ra ther easy t o calculate the general dependence o f R B E 

o n n e u t r o n dose unde r the c o n d i t i o n t h a t n e u t r o n secondaries can inact i va te in 

e i ther one or t w o events, b u t e lectrons can inact iva te i n t w o events on l y . T h e 

general shape o f the r e l a t i on is shown by the dashed curve, w h i c h can be sh i f t ed 

ho r i z on t a l l y , depend ing o n n e u t r o n sens i t i v i ty , and ve r t i ca l l y , depend ing o n the 

re lat ive X-ray and n e u t r o n sens i t i v i ty o f the system unde r inves t i ga t ion . Fo r 

instance, S m i t h , C o m b a t t i , and Ross i 8 have s h o w n t h a t , i f we t ra ther t h a n d r y 

seeds are i r rad ia t ed , t h e n e u t r o n sens i t i v i t y changes l i t t l e b u t the X- ray 

sens i t i v i ty increases b y a f ac to r o f 10. Th i s w o u l d b r i ng curve 11 general ly i n l ine 

w i t h the others. 

No t e tha t the dashed curve changes shape very s l ow l y and t h a t l ong stretches 

at in t e rmed ia te slopes can be regarded as s t ra ight , p a r t i c u l a r l y i f the l i m i t e d 

accuracy o f the b i o l og i ca l data is t aken i n t o account . 

I subm i t t h a t the reasoning presented is d i f f i c u l t t o d i spute . We may , o f 

course, ques t ion the u n d e r l y i n g assumpt ions by , f o r instance, c l a im ing t h a t , 

instead o f ac t ing o n the same sites, h igh- and l o w - L E T rad ia t i ons act o n d i f f e r en t 

sites, the h i gh -LET rad ia t i ons perhaps damaging membranes and the l o w - L E T 

rad ia t ions p r o d u c i n g damage in D N A . Or we m i g h t t h i n k t h a t d i f ferences i n 

energy dens i ty lead t o the p r o d u c t i o n o f en t i r e l y d i f f e r en t chemica l species t h a t 

inact ivate at d i f f e r en t rates; thus h i g h - L E T r a d i a t i o n m i g h t make H 2 0 2 and 

l o w - L E T r a d i a t i o n H 0 2 . Ne i the r approach c o u l d r ead i l y a c coun t f o r the single-

or doub le -par t i c l e vs. doub le -par t i c l e i n a c t i v a t i o n character ist ics , w h i c h seem 

qu i t e a t t rac t i ve cons ider ing t h a t the cel l carries var ious c o m p o n e n t s i n dup l i ca t e , 

e.g., the two strands o f the D N A , the t w o ch roma t i d s in the chromosomes , and 

the t w o chromosomes in a d i p l o i d cel l . We are, f o r instance, t e m p t e d t o assume 

t h a t heavy part ic les hav ing a h igh p r o b a b i l i t y o f i nac t i va t ing a target inact ivate 

t w o targets w h e n t h e y happen t o traverse t h e m b o t h . O n the o the r hand , 
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e lectrons m i g h t have a very l ow p r o b a b i l i t y o f inac t i va t ing a target t h e y traverse 

and thus a negl ig ible p r o b a b i l i t y o f " g e t t i n g " b o t h targets in a single pass. 

A l t h o u g h none o f these features real ly prove the va l i d i t y o f m y approach , they 

seem to p rov i d e at least a good m o t i v a t i o n fo r f u r the r cons ide ra t i on o f b i o l og i ca l 

a c t i o n o n sites c o n t a i n i n g dua l targets. 

However , w h e n we ask w h a t size targets at w h a t target separat ion in the site 

and w h a t levels o f energy c o u l d be invo l ved , a t t empts t o prov ide numer i c a l 

i n f o r m a t i o n lead t o the somet imes surpr is ing discovery t h a t , ra ther t h a n n o t 

k n o w i n g enough b i o l ogy , we do n o t k n o w enough physics. 

We are q u i t e f am i l i a r w i t h the i n t e r a c t i o n o f a lmost any r a d i a t i o n w i t h tissue 

d o w n t o the p o i n t o f k n o w i n g h o w m a n y part ic les o f w h a t energy are p r oduced 

per rad o f absorbed dose. We k n o w tha t , depend ing o n the i r charge and ve l o c i t y , 

these par t ic les expend energy at vary ing rates k n o w n as the L E T . We also k n o w 

tha t the p r i n c i p a l m o d e o f energy loss is a transfer o f energy t o e lectrons w h i c h 

may be e x c i t ed or m a y be g iven enough energy t h a t t h e y leave the i r parent 

a t om . I f these e lectrons have su f f i c i ent energy to i n i t i a t e apprec iable f u r t h e r 

e l ec t ron ic d isp lacements , we cal l t h e m de l ta rays. When we reach th is level , 

i n f o r m a t i o n ra ther r a p i d l y becomes hazy. The rate o f energy depos i t i on and the 

range and t r a c k curva ture o f de l ta rays and the i r progeny are p o o r l y k n o w n . A l l 

we k n o w f o r c e r ta in is that mos t o f w h a t arose o r i g ina l l y as k in e t i c energy o f the 

p r i m a r y charged par t i c l e u l t i m a t e l y , w i t h i n a smal l f r a c t i o n o f a second, appears 

as heat. T h e heat di f fuses t h r o u g h o u t the b io log i ca l spec imen and, once i t has 

degenerated t o th i s level, i t is ce r ta in l y o f no b io l og i ca l consequence. I have 

prev ious ly g iven some reasons w h y o n l y energy transfers o f the magn i tude 

r equ i r ed t o p r oduce an i o n pair i n a gas shou ld be considered. The data in F ig . 1 

make me t h i n k t h a t even larger energies are r equ i red t o inact ivate each target i n 

a site. I f I a m w r o n g , the basic concepts w o u l d r ema in the same, b u t the task o f 

m i c r o d o s i m e t r y w o u l d be very m u c h more d i f f i c u l t . A t any rate , I shal l use the 

terms " e n e r g y " or " ene rgy d e p o s i t i o n " t o mean the loss o f k i n e t i c energy w h i c h 

charged par t i c l es have suf fered w h e n traversing the v o l u m e under discussion, and 

I shall assume t h a t , w h e n th i s v o lume is f i l l ed w i t h a gas, the i o n i z a t i o n p r oduced 

is p r o p o r t i o n a l t o the energy loss. 

Hav ing de f ined m o r e or less concise ly w h a t I mean b y l oca l l y depos i ted 

energy, I can proceed t o a m i c r o d o s i m e t r i c v iew o f i r rad ia t ed tissue. F igure 2 is a 

schemat ic r epresenta t i on o f the energy per u n i t mass vs. mass f o r cons tant dose. 

I f t h e m e d i u m is i r rad ia t ed b y gamma rays and i f we consider large masses o f the 

same m a g n i t u d e at r a n d o m , we a lways f i n d essential ly the same energy. I f we 

reduce the mass ( m ) somewhat , the energy (E) w i l l be s im i l a r l y reduced, and 

thus t h e r a t i o o f Ε t o m w i l l r ema in the same. However , i f we repeat th i s 

p rocedure w i t h smaller and smaller masses, we w i l l observe increasing f l u c t u a 

t i ons caused b y the fact t h a t the energy is depos i ted b y c omparab l y smal l 

numbers o f e lec trons. B o t h the n u m b e r o f these e lectrons and the energy 

depos i ted b y t h e m are subject t o s ta t is t i ca l f l u c t u a t i o n s t h a t mus t become so 

great t h a t ra t ios very d i f f e r en t f r o m the absorbed dose w i l l be observed; these 
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SITE DIAMETER (d)-

( a ) 

SITE DIAMETER (d) 

( b ) 

F i g . 2 Schemat ic representation of the f luctuations in specific energy as a funct ion of site 
diameter, (a) G a m m a rays , (b) Neutrons. 
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u l t i m a t e l y i n c lude cases where Ε becomes 0. The ra t io E/m used t o be called the 

l oca l energy dens i t y b u t is now k n o w n as the specific energy (z). I n smal l regions 

ζ can d i f f e r g reat ly f r o m the absorbed dose, ranging f r o m 0 t o values tha t may 

be a 100 or m a n y thousand t imes larger t h a n the dose. 

T h e s i t u a t i o n f o r neut rons is essential ly s imi lar except t h a t the m u c h higher 

L E T o f n e u t r o n secondaries results in a m u c h greater energy depos i t i on per 

pa r t i c l e . Th i s , i n t u r n , results i n more p r o n o u n c e d f l u c tua t i ons . I f , f o r instance, 

we l o o k f o r a ζ value t h a t is 10 t imes larger than the absorbed dose, we are far 

m o r e l i k e l y t o f i n d i t f o r neut rons t h a n for gamma rays at mos t values o f m . 

F igure 3 gives a schematic representa t ion o f t w o vo lumes and o f a par t i c l e 

t h a t traverses th em . I f the energy depos i ted in a v o l u m e is E v , i t w i l l be 

a p p r o x i m a t e l y 2 E V w h e n the l inear d imens ions o f the v o l u m e are tw i ce as large. 

Consequen t l y the l inea l energy, y , de f ined as the ra t i o o f the energy and the 

average d iamete r (d ) o f the vo lume in w h i c h i t is depos i ted , is t o the f i r s t 

a p p r o x i m a t i o n independent o f size; y is de f ined for single events o n l y b u t ζ may 

re fer t o one or t o several events. I t is ev ident t h a t each value o f y represents an 

i n c r e m e n t o f z, b u t , w h e n several events occur , the exact r e l a t i on be tween the 

possible values o f y and the resu l tant value o f z, a l t h o u g h u n i q u e , is ra ther 

c omp l ex . A n u m b e r o f invest igators, pa r t i cu l a r l y A . M . Kel lerer , have fu rn i shed 

t h e m a t h e m a t i c a l apparatus t h a t pe rmi t s us to calculate the p r o b a b i l i t y o f any 

value o f ζ f o r any dose i f the re lat ive probab i l i t i e s o f a l l values o f y are k n o w n . 

d 

d 2d 

2d 

F i g . 3 Schemat i c diagram illustrating the approximate in variance of l ineal energy w i th site 
diameter. 
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We can, o f course, consider y or ζ for vo lumes o f any size or shape, b u t i t 

appears t h a t shape is usua l l y compara t i v e l y u n i m p o r t a n t . 

Ev iden t l y the d values in w h i c h we m i g h t be interested canno t be larger t h a n 

those o f cells, and very l i k e l y they are o f the o rder o f a m i c r o m e t e r or less. I t 

w o u l d be ex t r eme l y d i f f i c u l t t o de t e rm ine accurate ly the p a t t e r n o f energy 

depos i t i on by single part ic les i n vo lumes o f t h i s size. However , a s imple s o l u t i o n 

o f the p r o b l e m is t o magn i f y great ly the d imens ions o f the v o l u m e b y rep lac ing 

the tissue w i t h i n i t b y t issue-equivalent gas t h a t may have a dens i ty 100 ,000 

t imes smaller. The tissue su r r ound ing the v o l u m e o f interest is replaced b y 

t issue-equivalent plast ic. Th i s leads t o designs o f the t y p e shown i n F ig . 4 , where 

F i g . 4 Diagram of an early type of spherical proport ional counter used in microdos imetry . 
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energy d epos i t i on in a spher ica l v o lume is d e t e rm ined by m a k i n g the vo lume the 

sensitive reg ion o f a p r o p o r t i o n a l counter tha t can detect energy depos i t i ons 

d o w n to single i o n pairs. The d iameter of the u n i t dens i ty sphere s imu la t ed by 

the gas vo lume can be read i ly changed by changing the pressure o f tissue-

equivalent gas. T i m e does n o t p e r m i t a discussion o f the detai ls o f counte r 

c o n s t r u c t i o n or o f the gal lery o f e lec t ron ic and o the r e q u i p m e n t associated w i t h 

the counter . I w i l l s i m p l y state t ha t , w i t h l i m i t a t i o n s t o be discussed sho r t l y , the 

i n s t rumen t w o r k s w e l l enough d o w n to s imu la t ed sizes somewhere a r o u n d 0.25 

or 0.5 μιτι i n d iameter . 

The data o b t a i n e d can be d isp layed in a var i e ty o f ways. One t h a t is perhaps 

o f immed ia t e theo r e t i c a l interest is the f u n c t i o n <£(y) w h i c h gives the f r equency 

o f events i n excess o f y per rad o f absorbed dose. Figure 5 shows th is f u n c t i o n 

fo r b o t h 6 0 Co gamma rays and 1-MeV neut rons in a l - / im sphere. Here Φ (0 ) is 

the f r equency o f events larger t h a n 0, t h a t is, o f any events. Th is f r equency is 

about 0 .1 f o r 6 0 C o gamma rays. I n o ther words , i f we i r rad ia te tissue w i t h 1 rad 

o f 6 0 C o gamma rays and examine Ι-μπι-diameter spheres, we f i n d t h a t o n l y 

about 1 i n 10 conta ins any event at a l l . The cor respond ing f igure f o r 1-MeV 

neutrons is near ly 1 in 1000 . However , i f we ask the re lat ive f r equency w i t h 

10" 2 10' 1 10° 101 102 10: 

y, keV/μιη 

Fig . 5 E v e n t f requency integral vs. l ineal energy for 6 0 C o gamma rays and 1-MeV neutrons 
in a 1-μπι sphere. 
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w h i c h energy in excess o f 10 k V is depos i ted , the n u m b e r is cons iderab ly smaller 

f o r 6 0 C o gammas than for 1-MeV neut rons . I m i g h t m e n t i o n tha t , i n deal ing 

w i t h very l ow frequencies, we r u n i n t o a var i e ty o f e xpe r imen ta l c omp l i ca t i ons , 

and a f ter several years we are s t i l l no t qu i t e ce r ta in h o w the 6 0 Co curve behaves 

at h igher y values. We are c o n t i n u i n g our studies in th i s area because there is a 

clear i n d i c a t i o n t h a t these very rare, c ompara t i v e l y large energy depos i t i ons are 

the ones tha t ma t t e r most w h e n cells o f higher organisms are exposed t o very 

l o w doses o f gamma r ad i a t i on . 

Several years ago i t became apparent t h a t , i f the tissue vo lume o f in terest is 

rep laced by a gas vo lume b u t the s u r r o u n d i n g tissue is l e f t s o l i d , cer ta in 

c o m p l i c a t i o n s arise. For instance, w h e n the par t i c l e traverses the counter 

v o l u m e , its associated de l ta rays depos i t more energy in the i n s t r u m e n t than 

t h e y w o u l d i n real tissue. Conversely , i f a par t i c l e does n o t enter the gas, delta 

rays are v i r t u a l l y absent a l though they m i g h t be i m p o r t a n t i n the real s i tua t i on . 

Because o f th i s e f fect we had t o develop counters in w h i c h the sensitive vo lume 

and a good deal o f the s u r r o u n d i n g space are b o t h gaseous. Th i s is a d i f f i c u l t 

t e c h n i c a l p rob l em. We t r i e d a var i e t y o f ingenious b u t o n l y pa r t l y w o r k a b l e 

designs and f i n a l l y came up w i t h the somewha t pedestr ian m o d e l s h o w n in 

F ig . 6. Here the sensitive v o l u m e o f t h e coun te r is separated f r o m the 

s u r r o u n d i n g gas b y a del icate spher ica l g r i d o f t issue-equivalent p last ic tha t 

p e r m i t s compara t i v e l y free passage o f part ic les b u t defines the co l l ec t ing vo lume 

ra the r we l l . I m i g h t m e n t i o n t h a t , a l t h o u g h the physics is s imple , the engineer ing 

is r a the r d i f f i c u l t . Th i s counte r has a d iameter o f 0.25 i n . , and the s t ru ts are 

0 .003 i n . th i ck . 

W i t h th is t ype counte r we are n o w ve r i f y ing t h a t de l ta rays can carry energy 

an apprec iable distance f r o m a par t i c l e t rack . F igure 7, f r o m a recent s t u d y by 

W. Gross (personal c o m m u n i c a t i o n ) , was ob t a in ed b y i r r a d i a t i n g a wall-less coun

ter w i t h a lpha part ic les . On geometr i ca l g r o u n d we w o u l d expect the pulse-height 

s p e c t r u m to be a t r iang le . I t is d i s t o r t ed at h igh pulse heights because o f 

s ta t i s t i ca l f l u c tua t i ons in energy loss. The p r i n c i p a l cause o f these f l u c t u a t i o n s is 

the existence o f de l ta rays, w h i c h make the i r appearance at the low end o f the 

s p e c t r u m in those instances where a lpha part ic les have missed the counte r 

a l t oge ther b u t have ejected de l ta rays i n t o i t . Th i s evidence o f t r a ck d iamete r can 

be expec t ed t o become far mo r e i m p o r t a n t as we l o o k at smaller sizes o r perhaps 

at m o r e r ap id l y m o v i n g nuc l e i . I t demonstra tes once more t h a t the concep t o f 

a l inear t r a ck u l t i m a t e l y becomes a p o o r r epresenta t i on o f r ea l i t y . The concepts 

o f m i c r o d o s i m e t r y have been de l ibe ra te l y t a i l o r ed t o ignore th i s approach . 

THEORY OF DUAL RADIATION ACTION 

F igure 1 i l lustrates the general observa t ion t h a t cons t i tu tes the p r i n c i p a l 

basis o f the t h e o r y o f dua l r a d i a t i o n ac t i on . I t is f o u n d tha t , f o r somat ic ef fects 

o f r a d i a t i o n o n higher organisms, the curve re la t ing the l o g a r i t h m o f R B E t o the 
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F i g . 6 Wall-less proport ional counter used in microdos imetry . 
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Fig . 7 L inea l energy distribution for 2 4 1 A m alpha particles in a l-μπι sphere. 

l o g a r i t h m o f dose o f h i gh -LET r a d i a t i o n never* has a slope outs ide the range 0 

t o -0.5 and t h a t f o r l ow doses and h igh L E T the la t ter value is closely 

approached. Ce l lu lar ef fects o f h i g h - L E T r a d i a t i o n are f i r s t -order processes, as 

ind i ca t ed by an e xponen t i a l decrease w i t h dose o f the nona f f ec t ed un i t s o f an 

i r rad ia ted p o p u l a t i o n . I t can also be s h o w n o n the basis o f e l ementary 

m i c r o d o s i m e t r i c data t h a t the ce l lu lar e f fect mus t be due t o single charged 

part ic les. Thus the r e l a t i on be tween dose, D n , and the nona f f e c t ed f r a c t i o n , S, 

mus t app ly be l ow n e u t r o n dosest o f the o rder o f 100 rads because single 

secondaries (usua l ly p ro t ons ) cause the ef fect. O the r factors t h a t can be i nvoked 

t o account f o r th i s response (such as an e x p o n e n t i a l d i s t r i b u t i o n o f radiosensi-

t i v i t y i n the cel l p o p u l a t i o n or an e x p o n e n t i a l response f u n c t i o n o f i n d i v i d u a l 

cells) m i g h t be operat ive as we l l , b u t t h ey m a y be expec ted t o have l i t t l e i f any 

r e l a t i on to r a d i a t i o n q u a l i t y and there fo re are i r re levant i f dose—RBE re lat ions 

are considered. 

*The re is a possible except ion to this in certain types of mutat ions in Tradescantia. 
t T h e h i g h - L E T radiation usually employed is neutrons. However, experiments w i th 

heavy ions, particularly recent experiments w i th nitrogen ions, y ie ld essentially the same 
results. 

In S = <*D, η (1) 
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Ef fec ts o n cells and the var ious, o f t en in t r i ca t e , b i ophys i ca l responses under 

cons ide ra t i on (e.g., sk in damage) shou ld depend o n the p r i m a r y i n j u r y in 

c o m p l e x ways. A c c o r d i n g l y we can o b t a i n dose—response re la t ions f o r densely 

i on i z ing r ad ia t i ons t h a t deviate f r o m the s imple l inear or e xponen t i a l laws. T h e 

factors responsible f o r these complex i t i e s are genera l ly independent o f r a d i a t i o n 

q u a l i t y , however , and we can expect t h e m t o cancel each o the r o u t in the R B E 

analysis. The r e f o r e we use the concept o f e l ementary ce l lular lesions w h i c h , 

because the lesions are p r o p o r t i o n a l to smal l and i n t e rmed i a t e doses o f densely 

i on i z ing r a d i a t i o n , e l iminates the various c o m p l i c a t i n g factors . T h u s S = Φ ( ε ) , 

where e is the y i e l d o f e l ementary lesions and Φ is a f u n c t i o n t h a t depends o n 

ne i ther dose nor r a d i a t i o n qua l i t y . Fo r densely i on i z i ng r a d i a t i o n 

e = 0 D n (2 ) 

The coe f f i c i en t β depends on the r ad i a t i on q u a l i t y and o n the e xpe r imen ta l end 

p o i n t be ing considered. Even i f the lesions causing the ef fect are subject t o 

s a tu ra t i on (e.g., i f a m o r e cor rec t f o r m u l a t i o n were e = 1 — e ^ D n ) , the f u n c t i o n 

invo lved w o u l d cancel i f d i f f e r en t r ad i a t i on qual i t i es are compared . 

I n a b r o a d dose range, we f i n d (see Fig . 1) 

In R B E = c - 0.5 In D n (3 ) 

or , w i t h Ci = In c, 

R B E = C j D~n 5 (4 ) 

Since R B E is de f ined as the ra t i o o f the equ iva lent X-ray and n e u t r o n doses, 

D x / D n , 

D * = c ? D n
 % (5 ) 

I f th i s r e l a t i o n is to h o l d f o r equal surv ival over a w i d e range o f doses, we o b t a i n 

f r o m E q . 2 

e = k D * ^ f o r k = ^ (6 ) 

T h e phys i ca l q u a n t i t y re levant i n ce l lular i n a c t i v a t i o n or o the r ce l lular 

ef fects is n o t the absorbed dose. Abso rbed dose is mere l y the e xpec t a t i on value 

o f t h e r a t i o o f absorbed energy and mass (because o f the stat ist ics o f energy 

depos i t i on , i t can be cons iderab ly d i f f e r en t f r o m th i s r a t i o i n any pa r t i cu la r 

m i c roscop i c reg ion ) . T h e pe r t i nen t q u a n t i t y m u s t be the speci f ic energy, z, 

w h i c h is the ac tua l value o f the energy dens i ty i n whatever ce l lular reg ion , or 

site, where energy depos i t i on c o n t r i b u t e s t o t h e ef fect . T h e q u a n t i t y ζ is a 
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r a n d o m variable, and, at a f i x ed dose D, we can o n l y give a p r o b a b i l i t y 

d i s t r i b u t i o n , f ( z ;D ) , o f the possible values o f z. T h e d i s t r i b u t i o n f ( z ;D ) depends 

no t o n l y on dose b u t also o n r a d i a t i o n q u a l i t y and o n the size o f the mic roscop i c 

reference v o l u m e . * 

The basic ru le govern ing ce l lular r a d i a t i o n response m u s t be the dependence 

o f e o n z. The c onnec t i on be tween e and the absorbed dose is less f u n d a m e n t a l . 

I t is d e t e rm ined by the integra l o f e(z) over the p r o b a b i l i t y d i s t r i b u t i o n f ( z ;D ) o f 

a l l possible values o f ζ at a g iven D and there fo re depends o n r a d i a t i o n q u a l i t y : 

Since we cannot observe e(z) d i r e c t l y i n the e x p e r i m e n t , i t is the ob jec t o f 

m i c r o d o s i m e t r i c analysis t o de t e rmine the p r o b a b i l i t y d i s t r i b u t i o n s f ( z ;D ) f o r a l l 

r ad i a t i on qual i t ies o f interest and to deduce the basic r e l a t i on e(z) f r o m observed 

dose re lat ions e (D ) . I n p r inc ip l e Eq . 7 can be inver ted so t h a t e(z) can be der ived 

i f e (D) and the p r o b a b i l i t y d i s t r i b u t i o n s f ( z ,D ) are k n o w n . Pa r t i cu l a r l y , we can 

ask f o r the dependence e(z) leading t o an a p p r o x i m a t e l y l inear dose r e l a t i o n 

e(D) f o r densely i on i z i n g r a d i a t i o n and t o an a p p r o x i m a t e l y quadra t i c 

dependence o n dose f o r sparsely i on i z ing r a d i a t i o n . T h e resul t is t h a t we m u s t 

deal w i t h a quadra t i c dependence o f e o n z : 

Th is can be seen w h e n the dose dependences co r respond ing t o th i s r e l a t i o n are 

der ived. T o o b t a i n the dose dependence f o r a g iven r a d i a t i o n q u a l i t y , we m u s t 

average the q u a n t i t y k z 2 over the p r o b a b i l i t y d i s t r i b u t i o n o f ζ at a g iven dose: 

Eva luat ing th is f o r m u l a , we f i n d an expression t h a t depends mere l y o n dose and 

o n the expec ta t i on value o f ζ and z 2 i n single e ven ts . ! I f f i ( z ) designates the 

p r o b a b i l i t y d i s t r i b u t i o n o f the values o f ζ induced by single events i n t h e 

reference vo lume, we can show t h a t 

e (D ) = J7=0 6 (z ) f ( z ; D ) dz 
(7 ) 

e(z) = k z 2 ( 8 ) 

e (D) = k z 2 = k J ~ z 2 f ( z ; D ) dz (9 ) 

C z 2 f ( z ;D ) dz ( 1 0 ) 

can be t r ans f o rmed t o 

ζ 2 f t ( ζ ) dz 

£ z f , ( z ) dz 
D + D 2 ( 1 1 ) 

* F o r a f o r m a l d e f i n i t i o n o f m i c r o d o s i m e t r i c quan t i t i e s see Ref. 9 . 

t A n ene rgy -depos i t i on event is the d e p o s i t i o n o f energy i n the r eg i on o f in t e res t b y an 

i o n i z i n g par t i c l e and/or i ts secondaries (see Ref. 9 ) . 
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T h e de ta i l ed d e r i v a t i on o f th is i m p o r t a n t r e l a t i on has been g iven e l s e w h e r e . 1 0 I f 

the r a t i o o f the integrals is abbrev ia ted by ξ, 

ζ 2 = f D + D 2 ( 12 ) 

T h e q u a n t i t y ζ is f o r m e d analogous ly t o a dose-average L E T (see Ref. 11) , b u t i t 

has the d i m e n s i o n o f a dose and can be considered as the average i nc r emen t o f ζ 

due t o single events i n the reference vo lume . Inser t ing Eq . 12 i n t o Eq . 9, we 

o b t a i n the dose dependence o f the p r i m a r y lesions: 

6 (D ) = k ( f D + D 2 ) ( 13 ) 

T h e q u a n t i t y ξx f o r X rays is cons iderab ly smaller t h a n the co r respond ing 

q u a n t i t y ξn f o r neut rons . Fo r th i s reason the l inear t e r m can be neglected f o r X 

rays, and the quadra t i c t e r m can be neglected for neu t r ons over a w id e dose 

range. The re shou ld , however , be a reg ion o f l inear dependence o n dose w h e n 

D x < f x . S im i l a r l y , f o r neu t rons there shou ld be a quadra t i c dependence o f 

e f f ec t o n dose w h e n D n > f n . Under these cond i t i ons , at very l o w doses the 

R B E s h o u l d reach the constant value ξη/ξχ and at very large doses shou ld 

app roach the value 1. T h e general dependence shown in F ig . 8 f o r var ious values 

° f fn/?x is m good agreement w i t h the curves o f F ig . 1, where the curve f o r 

ξx = 0 is s h o w n as a dashed l ine . 

T h e slope -0.5 i n the dose—RBE r e l a t i on is reached i n the reg ion where we 

can neglect the quadra t i c c o m p o n e n t f o r neut rons and the l inear c o m p o n e n t f o r 

X rays: 

1 0 - 6 10 - 5 10 - 4 10 - 3 10 - 2 10 _ 1 1 10 

DOSE (Dn/rn) 
F i g . 8 Re la t ion between R B E and dose. T h e dose is given as a mult iple of the quantity £ n ; 
the parameter of the curves is the ratio of $*n to the corresponding quantity f x of the 
reference radiation. 
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(14) 

e x = k D 2
x 

There fo re , f o r the R B E = D x / D n i n th is r eg i on , we o b t a i n 

e x = 6 n = k D x = k f n D , η 
(15 ) 

T h u s stra ight- l ine e x t r a p o l a t i o n o f the par t o f the dose—RBE curve t h a t has the 

slope -0.5 mus t intersect the abscissa at the value f n . F r o m the curves in F ig . 1, 

we f i n d t h a t ξn has values o f the order o f 1000 rads. Since f n as a f u n c t i o n o f 

the site d iameter , d, is k n o w n f o r a l l the n e u t r o n energies invo l ved , we can 

de t e rm ine the value o f d fo r the var ious effects. I t t u r n s o u t t o be r o u g h l y 1 to 2 

μητι f o r a l l cases represented in the f i gure except f o r the d r y seeds (curve 11) , 

where i t is an order o f magn i tude less. 

F r o m m i c r o d o s i m e t r i c measurements we o b t a i n a value o f r o u g h l y 40 f o r the 

r a t i o ? n/fx> w h i c h shou ld be the l i m i t value o f R B E f o r very l ow doses. A n R B E 

close t o th is value has indeed been observed i n the one e x p e r i m e n t where the 

data reach d o w n to su f f i c i en t l y l ow doses t o show the i n i t i a l p la teau o f R B E ; 

th i s is the case o f the i n d u c t i o n o f p i n k m u t a t i o n s i n Tradescantia ( F i g . 1, 

curve 4 ) . I n ano the r case where R B E values have been o b t a i n e d f o r very l o w 

doses, i.e., i n the opac i f i c a t i on studies on the m u r i n e lens w i t h 4 3 0 - k e V neu t rons 

(F i g . 1, curve 1) , a higher value, poss ib ly exceeding 100 , is f o u n d . Th i s c o u l d be 

due t o the fac t t h a t , even f o r equal values o f z, i n the sensitive site the 

d i s t r i b u t i o n o f energy o n the nanomete r scale is n o t the same f o r neu t rons and X 

rays and t h a t there fo re the fac tor k c o u l d be larger f o r neu t rons t h a n fo r X rays. 

Th i s is also ind i ca t ed because the R B E seems t o approach a higher value t h a n 1 

f o r large doses in th i s case (see Fig . 9 ) . I f k n is larger t h a n k x , the dose—RBE 

curve is s imp l y sh i f t ed ve r t i ca l l y by the f ac to r k n / k x . T h a t such a sh i f t has thus 

far been f o u n d o n l y i n the lens opac i f i c a t i on studies c ou ld be because the lens is 

a h y p o x i c system. 

The seemingly wel l -establ ished conc lus ions represented b y Eqs. 8 and 13 can 

be added t o b y plausible b u t n o t r i go rous l y p roven f u r t h e r deduc t i ons . T h e 

quadra t i c dependence o f the p r i m a r y ce l lu lar lesions, toge ther w i t h the 

a p p r o x i m a t e equa l i t y o f k n and k x , leads t o the n o t i o n t h a t t w o l o c i m u s t be 

impa i r ed i f a site is t o be inac t i va ted . A locus t h a t is impa i r ed w i t h abou t equa l 

p r o b a b i l i t y regardless o f L E T m u s t be a smal l reg ion (e.g., a base o f D N A ) . I t 

appears tha t traversal o f the site by a h i g h - L E T par t i c l e can f r e q u e n t l y lead t o 

the i m p a i r m e n t o f at least t w o l o c i b u t t ha t , o n the o the r hand , traversal b y a 

l o w - L E T e l ec t ron is u n l i k e l y t o impa i r even one locus. I f th i s is so, l o c i m u s t 

o c c u p y a l i m i t e d f r a c t i o n o f the site v o lume . F i n a l l y we m a y con jec ture t h a t t h e 
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F ig . 9 T h e R B E of 0 .43 -MeV neutrons relative to X rays for the induct ion of lens 
opaci f icat ion in the mouse as a funct ion of neutron dose. 1 ·* 5 

site as a v o l u m e i n w h i c h i n t e r a c t i o n o f i m p a i r e d l o c i occurs w i t h u n i t 

p r o b a b i l i t y is mere l y an abs t rac t i on and t h a t the sensitive v o lume invo l ved is the 

nucleus o f the cel l i n w h i c h l o c i in te rac t w i t h va ry ing p r o b a b i l i t y accord ing t o 

t h e i r separa t ion ( i n t e rac t i ons may depend o n o the r fac tors also). 

I n a m o r e general f o r m u l a t i o n , we can say t h a t t h e p r i m a r y lesions i n the cel l 

are caused b y a second-order r eac t i on t h a t may invo lve one or a n u m b e r o f d u a l 

targets i n the nuc leus and t h a t the i n t e r a c t i o n distances are o f the order o f 1 t o 

2 μηι. T h e l inear t e r m i n the dose-dependence e q u a t i o n (Eq . 13) represents 

i n t r a t r a c k a c t i o n (i.e., i n t e r a c t i o n o f l oc i a f f ec ted b y the same charged par t i c l e ) , 

and the quad ra t i c t e r m represents the i n t e r t r a c k a c t i o n (i.e., i n t e r a c t i o n o f l o c i 

a f f ec ted b y separate charged part ic les ) . 

T h e quadra t i c dependence o f the cel lular e f fects o n energy dens i ty w i t h i n a 

sensit ive site and the resu l t ing l inear—quadra t i c dose dependence was f o u n d 

earl ier i n the case o f r ad i a t i on - induced c h r o m o s o m e aberra t ions (see, f o r 

examp le , Refs. 12 and 13 ) . E q u a t i o n 13 is the exact f o r m u l a t i o n o f a resul t 

o b t a i n e d i n var ious s em iquan t i t a t i v e f o rms b y d i f f e r e n t invest igators f o r th i s 

special case. 

F o r c o m p a r i s o n w i t h the results o f earlier w o r k s , i t is use fu l t o give the 

e q u a t i o n t h a t corresponds t o Eq . 13 i f we a p p r o x i m a t e the rn i c r odos ime t r i c 

quan t i t i e s b y the L E T concept . I n th i s case we o b t a i n (see Ref. 1 1 ) : 

e (D) = k ( 2 2 . 9 ~ ^ D + D 2 ) ( 16 ) 
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where is the dose-average L E T (keV/μηη) and d is the site d iameter (μηι) ; d 

can also be considered as an e f fect ive i n t e r a c t i o n distance o f single breaks or, in 

the more general case, o f a f fected l oc i . Fo r single-event i nac t i v a t i on the linear 

t e r m in Eq . 16 impl i es p r o p o r t i o n a l i t y o f the e f fect t o Lrj>. Th i s is equivalent t o 

the quadra t i c dependence o f the cross sec t ion o n L o f o u n d b y Powers, L y m a n , 

and T o b i a s . 1 4 

There are s t rong ind i ca t i ons t h a t D N A is the i m p o r t a n t target i n the cel l . The 

s im i l a r i t y i n the quad ra t i c dependence o f ce l lu lar lesions on energy dens i ty f o r 

var ious e xpe r imen ta l end po in t s lends f u r t h e r suppo r t t o th i s assumpt ion . I t 

mus t , however, be stressed tha t s i m i l a r i t y o f the dependence o n ζ does no t prove 

t h a t we are deal ing a lways and exc lus ive ly w i t h damage t o D N A or w i t h 

chromosome aberra t ions . 

The preceding r emarks summar i ze the basic a rguments u n d e r l y i n g the th eo r y 

o f dua l r a d i a t i o n ac t i on . A more -de ta i l ed analysis, g iven e l s e w h e r e , 1 0 includes a 

t r e a t m e n t o f the dependence o f R B E o n n e u t r o n energy; a discussion o f the 

sa tu ra t i on ef fect , w h i c h becomes i m p o r t a n t f o r part ic les w i t h a s t opp ing power 

exceeding 100 keV/μιη; and an i n q u i r y i n t o the o x y g e n e f fect , w h i c h s t i l l 

presents considerable unso lved p rob l ems . 

One o f the mos t i m p o r t a n t a d d i t i o n a l aspects is the r esu l t ing t r e a t m e n t o f 

the dose-rate p r o b l e m . T h e l inear t e r m i n Eq . 13 represents the i n t r a t r a c k ac t i on 

(i.e., the synergism o f sublesions p r o d u c e d in one and the same par t i c l e t r a ck ) 

and is there fore i ndependen t o f dose rate. The quadra t i c c o m p o n e n t , on the 

o the r hand , represents t h e i n t e r a c t i o n o f sublesions p r o d u c e d b y independent 

charged part ic les , T h e preced ing discussion d i d n o t take i n t o account t h a t 

sublesions can have a f i n i t e l i f e t ime , e.g., i n ch r omosome breaks, where recovery 

t imes o f the order o f 20 m i n are f o u n d , or i n ce l lu lar i n a c t i v a t i o n , where , i n the 

so-called E l k i n d p h e n o m e n o n , recovery o f sub le tha l damage w i t h i n hours is 

observed. T h e f i n i t e l i f e t i m e o f sublesions impl i es t h a t the i n t e r a c t i o n 

p r o b a b i l i t y o f sublesions is r educed w h e n t h e y are f o r m e d at a t e m p o r a l 

separat ion. We can show t h a t because o f recovery d u r i n g the i r r a d i a t i o n t i m e T , 

the quadrat i c c o m p o n e n t D 2 i n Eq . 13 is reduced t o the t e r m q (T ) D 2 , where 

the r e d u c t i o n f a c t o r is s i m p l y the in tegra l over the d i s t r i b u t i o n h ( t ) o f t i m e 

intervals t b e tween dose e lements and the recovery f u n c t i o n r ( t ) , w h i c h 

describes the r e d u c t i o n o f t h e i n t e r a c t i o n p r o b a b i l i t y af ter t i m e t : 

q ( T ) = / j T ( t ) h ( t ) d t ( 17 ) 

The t e m p o r a l d i s t r i b u t i o n s h ( t ) and the r esu l t ing r e d u c t i o n fac tors i n the 

quadra t i c c o m p o n e n t o f t h e e f fect have been der ived f o r the t y p i c a l t e m p o r a l 

d i s t r i b u t i o n s o f dose app l i ed i n r a d i a t i o n b i o l o g y and r a d i a t i o n t h e r a p y . 1 0 

Speci f ic e xpe r imen ta l tests o f the results and the i r a p p l i c a t i o n t o th e rapy w i l l be 

one o f the i m p o r t a n t ob jec ts o f f u t u r e w o r k . 
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