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G. HOLT 

S.R. BULL 
L.A. SMITH 
Y. HERBAUT 
J.C. ROUX 
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Genetic maps and physical u n i t s . 
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Proton microdosimetry and application 
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S. HORNSEY 
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Stopping power and the radiobiological 
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J . BOOZ Microdosimetric spectra and parameters 
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SESSION VI 

A.M. KELLERER 
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R. GILET 
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Chairman Mr BARENDSEN 

A survey of approaches to radiation 
biophysics. ( I n v i t e d paper) 4 0 9 

Application des modeles de Chadwick-
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* For the complete paper see: Rad.and Environm.Biophys. 1 2 , 2 3 3 - 2 ^ 0 ( 1 9 7 5 ) 
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A Survey of Approaches to R a d i a t i o n B i o p h y s i c s 

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

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

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

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

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

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

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

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

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

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

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

GENERAL CONSIDERATIONS 

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

Non-cumulative A c t i o n 

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

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

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

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

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

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

Another c a s e of cumulative a c t i o n i s the i n a c t i v a t i o n of eu-
k a r y o t i c c e l l s or the production of d i c e n t r i c chromosomes. 
The c e l l u l a r e f f e c t i s i n t h i s c a s e produced by s e v e r a l sub-
l e s i o n s ; t h ese s u b l e s i o n s can combine even i f produced a t d i s ­
t ances of f r a c t i o n s of a micrometer to s e v e r a l micrometer. 
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Such d i s t a n c e s a r e comparable to the t y p i c a l d i s t a n c e s of 
neighbouring e l e c t r o n t r a c k s a t an absorbed dose of a few 
hundred r a d . The s u b l e s i o n s can t h e r e f o r e e i t h e r be produced 
i n the i n t r a - t r a c k mode ( d e n s i l y i o n i z i n g r a d i a t i o n ) or i n 
the i n t e r - t r a c k mode ( s p a r s e l y i o n i z i n g r a d i a t i o n ) . I n the 
l a t t e r c a s e one o b t a i n s sigmoidal d o s e - e f f e c t r e l a t i o n s . 

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

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

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



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

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

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

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

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

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

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

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



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

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

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

NECESSITY FOR THE APPLICATION OF MICRODOSIMETRY 

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

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

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

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

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

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

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

w i t h : 
dz 


