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THE STOCHASTICS OF RADIATION EFFECTS* 

O. HUG AND A. KELLERER 
STRAHLENBIOLOGISCHES INSTITUT DER UNIVERSITÄT MÜNCHEN 

FEDERAL REPUBLIC OF GERMANY 

I . A K INETIC MODEL OF RADIATION EFFECTS 

As the usua l i n t e r p r e t a t i o n s of dose-ef fect r e l a t i onsh ips a r e based on 
a static concept,the kinet ics can be included only a pos t e r i o r i by ra ther com
pl icated co r r e c t i ons . The mathemat i ca l t r ea tment of rad ia t ion effects p ro 
posed by the authors [1J and s u m m a r i z e d i n th i s sec t ion i s an a t t empt to 
include the k inet ics of rad ia t ion- induced processes as we l l as the dynamical 
charac te r of the v i t a l objects. As w i l l be shown, the " h i t and t a r g e t " i n t e r -

* T h i s paper i n c l u d e s s ome p o i n t s discussed by t h e p a r t i c i p a n t s o f t h e Pane l . 
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p r e t a t i o n s a re spec ia l cases i n th i s scheme. The proposed t r e a t m e n t i s , 
however , mor e than a mere genera l i za t i on of t a rge t theory ; i t covers the 
d i f f e r e n t s tochast ic f ac to rs wh i ch d e t e rm ine the r a d i a t i o n effect whereas 
t a r g e t theo ry i s concerned w i t h only one of the stochast ic f ac to rs , namely 
the r a n d o m nature of energy depos i t i on . 

F o r didactic reasons we s tar t w i th the c lass i ca l mu l t i h i t model and wi th 
a d e s c r i p t i o n of the r ad i a t i on - i nduced processes . As the ta rge t theory i s 
conce rned w i t h r andom events (h i ts ) , i t i s a s tochast ic theo ry that t r e a t s 
the r a d i a t i o n - i n d u c e d t r a n s i t i o n s of c e r t a i n m o l e c u l a r o r c e l l u l a r un i t s 
between d i f f e rent s ta tes . These states a re c h a r a c t e r i z e d by the n u m b e r 
of h i t s r ece i ved by a u n i t . T h e r e f o r e , the s y s t e m at any moment can be 
desc r ibed by the occupat ion numbers , i . e . the percentage of uni ts i n each 
of the poss ib le s tates . The occupat i on n u m b e r s can be put toge ther to a 
state vec tor x. The rad ia t i on- induced t i m e changes of the state vector are 
g iven by the t rans i t i on probab i l i t i es between the di f ferent state points. The 
genera l f o r m i s : 

^ x = f ( x , D, t) (1) 

where D i s the dose, and t i s the t i m e . The t r e a t m e n t can be r e s t r i c t e d 
to l i n e a r processes , i f , as i s f r equent l y the case, the f lux f r o m one state 
i s p r o p o r t i o n a l to i t s occupa t i on n u m b e r . Thus Eq . (1) i s c o n v e r t e d t o : 

J x = A x (2) 

where A is the t r a n s i t i o n m a t r i x . The so lut ion of th i s equation i s : 

x = e A t x 0 (3) 

where x 0 is the i n i t i a l value of the state vector , and e A t is the m a t r i x which 
is defined in the usual way: 

Λ 2 + 2 Δ 3 + 3 
e*' = l + A t + ^ 2 i - + ^ - + . . . 

Equat ion (2) i s equivalent to a s ys t em of l i n ea r d i f f e r e n t i a l equations. 
M a t r i x notation, however, fac i l i ta tes the t reatment considerably. A c e r t a i n 
ta rge t theo ry mode l can be i l l u s t r a t e d by a g r aph as i n F i g . 1. There the 
i n i t i a l and the r a d i a t i o n - i n d u c e d states of damage a r e dep ic ted by po ints 
arranged v e r t i c a l l y and the t r ans i t i on probab i l i t i es by pointed l ines connect
ing them. Th is , of course, i s only the most s imple model ; i t s modi f icat ins 
w i l l be d iscussed i n sec t ion I I . Spontaneous phys i o l o g i c a l changes of a 
sys t em (e .g . b i o chemica l processes o r c e l l u l a r cyc les ) can be t r ea t ed i n 
the same way. Here the d i f f e rent states may be symbo l i z ed by points 
a r ranged ho r i z on ta l l y . 

The superpos i t i on of both representa t i ons leads to a two -d imens i ona l 
network including radiat ion- induced as we l l as spontaneous processes (Fig. 2) 
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F I G . 1 . G r a p h r epresen t ing t h e " m u l t i h i t " m o d e l (see Eq. (4 ) ) 

X i : f r a c t i o n o f t e s t - o b j e c t s w i t h i h i t s , a : t r a n s i t i o n c o e f f i c i e n t s , I : dose ra te 

PHYSIOLOGICAL PROCESSES 

F I G . 2 . Superpos i t i on o f p h y s i o l o g i c a l and r a d i a t i o n - i n d u c e d processes 

The s y s t e m can be r e a d i l y s i m u l a t e d i n an analogue c o m p u t e r . The a d 
vantage of this t reatment becomes obvious i f one has to deal wi th complicated 
systems as, f o r example, r ad i a t i on effects on c e l l populat ions i n d i f f erent 
states of the m i t o t i c cycle cha rac t e r i z ed by d i f f erent r ad i a t i on sens i t i v i t y , 
o r the k ine t i cs of an enzymat ic s y s t em as descr ibed i n Refs. U -S i 

l l . THE L IM ITAT IONS OF THE CONVENT IONAL MODELS 

The general model, i s also useful for i l l u s t r a t i ng the conventional models 
of target theory . Espec ia l l y the g raph ica l representat ion makes i t possible 
to w r i t e down a ce r ta in model in a s imple and wel l -def ined way. Moreover , 
the t r e a t m e n t b r i ng s out c l e a r l y the l i m i t a t i o n s of t a rge t theo r y . I n t h i s 
sec t i on we use the gene ra l mode l f o r th i s purpose on ly . 

F r o m the d i f f e r en t f o r m s of dose-e f fect curves of low and h i gh L E T 
rad ia t i on , v e r y f a r reach ing conc lus ions have been d rawn as to the ac t i on 
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mechan i sms invo l ved . They are a l l based on c l a s s i c a l t a rge t models and 
i t seems w o r t h w h i l e to invest igate whether t h i s i s j u s t i f i e d o r not. Le t us 
discuss in deta i l the mu l t i h i t mechanism of F i g . 1. The corresponding ma t r i x 
equation i s : 

_d_ 
dD 

\ 
x i \ 

x 2 \ 

v n - l 

• α 0 0 

a -a 0 

0 a -a 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

a -a 0 

0 a -a 

(4) 

The so lu t i on of th i s equation i s obtained i f one i n s e r t s the exp l i c i t f o r m of 
the m a t r i x eAD ; 
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Thus, one a r r i v e s at the w e l l - k n o w n dose-ef fect r e l a t i o n : 

n -1 

v=0 

(6) 

Obviously there are some a r b i t r a r y impl i ca t ions in this scheme: f i r s t l y , 
r ecombinat ion , i . e . backwards -d i r e c t ed t r ans i t i ons are not accounted f o r ; 
secondly, only t r ans i t i ons between ne ighbour ing state points are accounted 
f o r ; t h i r d l y , a l l t r a n s i t i o n p robab i l i t i e s are taken to be equal. I f we c o m 
plete the scheme as f a r as the f i r s t aspect i s concerned ( F i g . 3 ) , we can 
inc lude i n the mode l c e r t a i n r e c omb ina t i on processes respons ib le f o r the 
dependence of b i o l o g i ca l processes on the t i m e d i s t r i b u t i o n of dose. The 
second aspect i s of spec ia l re levance to the theme of the Panel, namely the 
r o l e of r ad i a t i on qua l i ty i n b i o l og i ca l ef fects. We can assume that c e r t a i n 
effects are produced i n low L E T rad iat ion by in terac t ion of several absorpt ion 
events, whereas at h igh L E T r a d i a t i o n on ly a s ing le a b s o r p t i o n event i s 
necessary. This la t t e r may be represented in the graph by a t rans i t i on f r o m 
the ground l e ve l to h igher states . Th i s means that an effect brought about 
i n a s ingle step by h igh L E T r a d i a t i o n r e q u i r e s s e v e ra l steps at low L E T 
rad ia t i on . F o r a detai led t r ea tment one has to consider the poss ib i l i t y that 
any k ind of r a d i a t i o n may act by both modes but w i t h d i f f e r en t f r equency . 
I f one includes the whole spect rum of di f ferent hit events, the result ing graph 
(Fig. 4 ) becomes ra ther compl icated. The corresponding m a t r i x equation i s : 

d -
Ttx 

0 0 0 0 

P i - E P i 0 0 0 

P 2 P i - E p , 0 0 

P3 P 2 P i - E P i · 0 
( 7 ) 

P n - l Pn-2 Pn-3 Pn -4 - E p , 

The e lements wh i ch are not adjacent to the m a i n d iagonal i n the t r a n s i t i o n 
m a t r i x correspond to the connections between non-neighbouring state points . 
Because in th is case the f o r m of the t r ans i t i on m a t r i x is more in t r i ca t e than 
i n the s imple m u l t i h i t model , n u m e r i c a l evaluat ion of Eq. (7) i s usua l ly d i f 
f i c u l t . A l so , i n genera l , l i t t l e i s known about the s p e c t r u m of t r a n s i t i o n 
p r o b a b i l i t i e s . 

F i gure 4 and Eq. (7) are there fore heur i s t i c models r a the r than a basis 
f o r quant i ta t ive t r e a t m e n t . They have been g iven e x p l i c i t l y i n the p r e sen t 
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F I G . 3 . G r a p h o f t h e m u l t i h i t m o d e l i n c l u d i n g r e c o m b i n a t i o n processes 

(a ) η-hit process (b ) 3 - h i t process (see Eq . (8 ) ) 

F I G . 4 . G r a p h o f the m u l t i h i t m o d e l i f absorp t i on events o f d i f f e r e n t k i n d are accounted for (see Eq . (7 ) ) . 

A 3 - h i t process is chosen as an e x a m p l e i n th i s f i g u r e 

context because i t i s necessary to show c l e a r l y the complex i ty of the target 
t h e o r y mode l s . N a t u r a l l y , one i s f o r ced to choose s i m p l i f i e d models f o r 
p r a c t i c a l appl icat ion but to avoid i n c o r r e c t use of the s imp l i f i ed models one 
must know t h e i r l i m i t a t i o n s . 

Al though for vo lumes of m a c r o m o l e c u l a r size l i t t l e i s known about the 
spect ra of absorp t ion events, quant i tat ive t r ea tmen t i s possible for bigger 
v o lumes w i t h a d i a m e t e r of about Ιμπι. Here , Ross i ' s concept of l o c a l 
energy density [ 4 , 5 ] is applicable; the t r ans i t i on coefficients are given by 
the e xpe r imen ta l l y d e t e rm ined spec t ra of absorp t i on events (see also 
Ross i [6J) . 

The considerat ions on the influence of the recombinat ion processes and 
of the f luc tua t i ons of energy depos i t i on show that the conven t i ona l t a r g e t 
t h e o r y mode ls are on ly v e r y poor a p p r o x i m a t i o n s . 

Another s imp le example may serve to demonst ra te that target theory 
is not quite consistent in i t s e l f inasmuch as only very a r b i t r a r y assumptions 
lead to the we l l -known d i s t inc t i on of mu l t i h i t and mul t i t a rge t curves. 

Dose-effect curves w i th a f in i te extrapolat ion number ( i . e . those curves 
w i th a f ina l exponential part ) are usual ly considered to indicate mu l t i t a r ge t 
mechanisms. Fo r the one-target mu l t ih i t model represented by F ig . 1, target 
theory pred ic ts a dose-effect curve w i th no f in i te extrapo lat ion number . If, 
however, one does not assume that a l l t r a n s i t i o n p r o b a b i l i t i e s i n F i g . 1 
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F I G . 5 . F o u r - h i t c u r v e s . T h e l o w e s t c u r v e r esu l t s i f a l l t r a n s i t i o n p r o b a b i l i t i e s i n F i g . 1 a r e e q u a l . T h e 

o t h e r curves r e s u l t i f t h e t r a n s i t i o n p r o b a b i l i t y o f one step d i f f e r s f r o m t h e others by the fac tor 0 . 6 6 , 0. 5, 0 . 3 3 

and 0 . 2 5 r e s p e c t i v e l y , 

η : e x t r a p o l a t i o n n u m b e r 

are equal - and t h e r e i s no fact w a r r a n t i n g t h i s a s sumpt i on - one gets 
dose-ef fect cu rves w i t h f in i t e ex t rapo la t i on numbers . The lowest curve i n 
F i g . 5 i s a f o u r - h i t c u r v e w i t h equal t r a n s i t i o n p r o b a b i l i t i e s . The o ther 
curves r e s u l t i f one of the t r a n s i t i o n p r obab i l i t i e s d i f f e r s f r o m the o thers . 
As th i s d i f f e r ence i n c r e a s e s , the e x t r apo l a t i on number decreases . Th i s 
again shows c l e a r l y that the shape of the dose-effect curves allows no state
ment on the n u m b e r of h ypo the t i c a l t a r ge t s and the respec t i ve number of 
h i t s to i nac t i v a t e t h e m . 

We do not want to d i scuss the subjects re la ted to the t i m e factor , but 
one f ea ture r e l a t e d to the i n t e r p r e t a t i o n of dose-ef fect curves should be 
ment i oned . F i g u r e 3b i s equ iva l ent to the f o l l ow ing equat ion: 

Th is equation can be evaluated on an analogue computer, and Fig . 6 presents 
the r e s u l t i n g dose-ef fect curves . One observes that i f backwards-d i rec ted 
t rans i t i ons are invo lved the dose-effect curves approximate shoulder curves 
w i t h a f i na l exponent ia l pa r t . I f the r a t i o al/λ decreases ( i . e. , i f r ecovery 
processes become m o r e in f luen t i a l ) , the ex t rapo la t i on number decreases, 
and the curve more and more approx imates exponential shape. This i s an
o ther a r gumen t w h i c h shows that the ex t rapo la t i on number i s not at a l l to 
be considered as an ind i ca t i on of the number of hypothetical targets. More 
over , we obse rve tha t the r e a r e a l r eady two poss ib le i n t e r p r e t a t i o n s f o r 
the exponent ia l p a r t of a curve not based on a one-hi t mechan ism in one or 

d_ 
dt (8) 
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F I G . 6. Dose e f f e c t curves c o m p u t e d a c c o r d i n g t o F i g . 3 b and E q . ( 8 ) . 

For t h e l owes t c u r v e , t h e r a t i o ccl/k = «> 

For t h e o the r cu r v e s , t h e r a t i o α ΐ / λ = 1 , 0 . 3 2 , 0 . 1 5 , 0 . 0 7 5 , 0 . 0 3 2 , 0 . 0 1 5 a n d 0 . 0 0 7 5 r e s p e c t i v e l y 

more targets . In the f i r s t instance the inequal i ty of the t r ans i t i on coefficients 
was r e spons ib l e f o r the exponent ia l pa r t of the dose -e f f ec t c u r v e ; i n the 
above example the exponent ia l p a r t of the dose -e f f ec t c u r v e i s due to r e 
c omb ina t i on o r r e c o v e r y processes . I t may be s t a r t l i n g that exponent ia l 
dose-effect dependences are brought about by such d i f f erent modes of act ion. 
The c o m m o n fac tor , however, i s always a s t a t i ona r y state of predamage . 
In one-h i t mechanisms i t is ins igni f icant as there is no predamage. In m u l t i -
h i t events w i t h recombinat ions, the s ta t ionary state i s g iven by the fact that 
the d i s t r i b u t i o n of uni ts over the var ious states below the c r i t i c a l l e v e l be
comes constant. 

[ Th i s can be expressed easi ly by m a t r i x ca l cu lus . An exponent ia l part 
of the dose-effect curve r esu l t s over the dose range where the state vector 
becomes an e i gen-vec to r of the t r a n s i t i o n m a t r i x . I t i s i n s i g n i f i c a n t that 
the state v e c t o r i s an e igen-va lue f o r a o n e - h i t event because i t c o n s i s t s 
of only one component; i n the other cases the s m a l l e s t e i gen-va lue of the 
t r a n s i t i o n m a t r i x i s s imp le , and the re f o re the state v e c t o r approaches the 
e i g en - vec t o r be long ing to the s m a l l e s t e i g e n - v a l u e . On ly i n v e r y s p e c i a l 
cases (and the m u l t i h i t mode l i s one of these spec ia l cases) a re the e igen
values of the t r a n s i t i o n m a t r i x equal ; then there i s no exponen t i a l p a r t of 
the dose-ef fect r e l a t i o n . ] 

B i o l o g i c a l v a r i a b i l i t y i s a fac tor wh i ch has not yet been ment ioned ; i t 
is , however, widely discussed in the l i t e r a t u r e and i s c l e a r l y of importance. 
Th i s aspect can be r epresen ted i n v a r i o u s ways i n the g raphs and i n the 
corresponding m a t r i x equations. The s imples t way i s to modify the mu l t ih i t 
mode l by the assumpt i on that some of the b i o l o g i c a l u n i t s need m o r e , and 
some need less h i t s f o r the test effect to o c cu r . The m o d e l then assumes 
the f o r m of F i g . 1 w i th the addi t ional assumpt ion that a l ready at the begining 
of the i r r a d i a t i o n some of the uni ts are i n h igher states and there fo re need 
less h i t s to r each the c r i t i c a l l e v e l of damage. T h i s means that the i n i t i a l 
value of the state vec to r 
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/Pn \ 

0 Pn -1 

0 Pn-2 
i s not taken to be: but r a t h e r : 

0 / 

where i s the f r a c t i o n of the b i o l o g i c a l un i t s w h i c h need p^ h i t s f o r the 
test effect to occur . W i t h these i n i t i a l condi t ions for Eq. (4) one obviously 
obtains a s imp le superpos i t i on of m u l t i h i t curves . 

Th is last mode l corresponds to the ca lculat ions done by Fowler [7 - 9 j . 
He de t e rm ines spec t ra p^ wh i ch lead to dose-ef fect curves approx ima t ing 
e x p e r i m e n t a l dose-ef fect r e l a t i ons . Obvious ly th i s mode l i s equivalent to 
Eq . (4) and not to Eq . (7). Equat ion (7), w h i c h r ep resen ts the inf luence of 
l oca l energy density f luctuations, general ly does not y ie ld a simple numer ica l 
so lut ion. 

I t can be conc luded f r o m sec t i on I I that even f o r the s i m p l e m u l t i h i t 
mode l there are many f ree pa rame t e r s i n the possible r ea l i sa t i ons of th is 
model . There fore , i t i s usual ly impossib le to deduce the under ly ing mecha
n i s m f r o m a dose-effect curve that i s de termined exper imenta l l y . As even 
the mos t s i m p l e mode l s p resent such a wide s p e c t r u m of p o s s i b i l i t i e s i t 
seems po int less to cons t ruc t even more compl i ca ted mode ls , e .g. models 
based on the assumption of severa l targets i n each b io log ica l unit which r e 
q u i r e d i f f e r en t n u m b e r s of h i t s . Mode ls of t h i s k ind cou ld on ly be based 
on definite morpho log ica l and b iophys ica l f indings. The same holds t rue for 
models which include the k inet ics of the physio log ica l processes. 

On the bas is of t h i s conc lus i on one may proceed i n two d i f f e r en t 
d i r e c t i o n s . F i r s t l y , one may a t tempt to f ind r e l a t i ons of genera l v a l i d i t y 
wh ich hold t rue regard less of a l l compl i ca t ing factors i n the possible target 
t h e o r y mode l s . Secondly, one may t r y to g ive a v e r y s i m p l e , and b i o l o 
g i ca l l y mor e meaningful , i n t e r p r e t a t i o n of dose-effect curves . An attempt 
i n th i s d i r e c t i o n w i l l be presented i n sect ion I I I . 

ΙΠ. THE B IOLOGICAL STOCHASTICS 

So f a r we have kept the t a r g e t t h e o r y a s s u m p t i o n that the s tochas t i c 
nature of b io log i ca l effects re f l ec ts the random nature of energy absorpt ion. 
T h i s i s obv i ous l y the mos t n a t u r a l a s sumpt i on i n r a d i a t i o n c h e m i s t r y i n 
c luding also the inac t i va t ion of macromolecu les such as enzymes and v i ruses , 
and po int mu ta t i ons p roduced by a l l t ypes of r a d i a t i o n . T h i s a s s u m p t i o n 
is also jus t i f i ed i n more compl icated ce l lu l a r processes such as c e l l death i f 
densely ioniz ing rad ia t ion is appl ied. However, i t s appl icab i l i ty to the le tha l 
effect of low L E T rad ia t ion on ce l ls and m u l t i c e l l u l a r organisms is questionable. 
There are severa l objections. Unt i l now, attempts to relate the hypothetical 
targets to cy to log ica l elements have been unsuccessful except i n genetic effects. 
Where in the c e l l is the centre of mac romo l e cu l a r size which governs l i f e 

122 



and death? I t i s d i f f i cu l t to bel ieve that the energy abso rp t i on i n a l l o ther 
p a r t s of the c e l l i s i r r e l e v a n t . Genera l tox ico logy gives examples for ex
ponen t i a l dose-effect curves where a one-hi t mechanism or monomolecular 
r e a c t i o n i s imposs ib l e . T h e r m a l inac t i va t ion of some bacter ia also fol lows 
an exponent ia l curve . Here the assumption of heat quanta is very a r t i f i c i a l . 
There fo re , the pr inc ip le question ar ises whether the dose-effect re lat ionship 
can only be explained by the random nature of energy absorpt ion. Usual ly , 
v a r i a t i o n of the r a d i o s e n s i t i v i t y i s cons ide red as the only poss ib le a l t e r 
n a t i v e . The f o l l ow ing d i s cuss i on i s a s u m m a r y of a r e l a t ed paper by the 
a u t h o r s |_10] and shows a t h i r d p o s s i b i l i t y . 

I t mus t be r e m e m b e r e d that l i f e i s c h a r a c t e r i z e d by i t s homeos tas i s . 
V i t a l s y s t ems possess an i nhe r en t l a b i l i t y , i . e. a c e r t a i n p r o b a b i l i t y of 
spontaneous b r eakdown . D i s t u r b a n c e s can be compensated on ly up to a 
c e r t a i n degree. Damage to such a s ys t em may increase the p r obab i l i t y of 
a breakdown t e m p o r a r i l y o r permanent ly . The breakdown of a predamaged 
s y s t e m i s especia l ly l i k e l y under c e r t a in add i t iona l s tresses or dur ing c r i 
t i c a l phys io log ica l processes such as m i t o s i s . I f rad ia t ion were to produce 
t h i s kind of "phys io log ica ldamage" (this t e r m is used in contrast to " local ized 
damage" l ike mutations) then, even i f damage and ind iv idua l dose of a l l units 
were approximate ly the same, the effect would s t i l l be d is t r ibuted stochastical ly. 

We want to emphasize that the b i o l og i ca l s tochast ics of the effect have 
no th ing to do w i t h v a r i a b i l i t y of r a d i o s e n s i t i v i t y , w h i c h i s a mean ing less 
t e r m i f i t cannot be r e f e r r e d to a c e r t a i n p rope r t y of the ind i v idua l s . I t i s 
known that even ident i ca l ind iv idua ls show ce r ta in unpredictable f luctuations 
i n the i r dynamic state, and extreme f luctuations may lead to the lethal effect. 
We w i l l show la t e r that dose-effect curves of we l l -known f o rms may be ex
pla ined on the basis of b io log ica l stochastics as we l l as, or even better than, 
i n c l ass i ca l ways. 

Thus, f r o m the b io log ica l point of v iew as we l l , the usual in te rpre ta t i on 
of the dose-ef fect r e l a t i onsh ip appears too r i g i d . One would l ike to have a 
v e r y s imp l e d e s c r i p t i on that does not presuppose any poss ib le u n d e r l y i n g 
a c t i on mechan i sms . 

The slope of a dose-effect curve i n a semi log plot i s given by the t e r m : 

d J n N = A dN 
dD Ν dD ( 9 ) 

I t gives the percentage decrease of s u r v i v o r s i f a c e r t a i n dose element AD 
i s appl ied . We c a l l i t " r e a c t i v i t y " (R). 

D d In Ν 1 dN , l U ΔΝ D 

R = - ^ D - = N X d D a n d t h u S ~N~ = ( 1 0 ) 

This t e r m " r e a c t i v i t y " , which is also sometimes cal led " inact ivat ion constant" 
(though i t i s constant only fo r exponent ia l dose-ef fect curves ) , desc r ibes 
the f i n a l effect only; no assumpt ion i s made on the mechan isms leading to 
the effect. What are the differences between the usual types of one-hit, m u l t i -
hit , and mul t i ta rge t curves, i f they are expressed in t e rms of react iv i ty? 

I f the r e a c t i v i t y i s independent of dose, the dose-e f fect cu r v e i s ex
ponent ia l . I f the assumpt i on of a one -h i t mechan i sm i s , i n fact, j u s t i f i e d 
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by other a rguments , R can be i n t e r p r e t e d as a g e o m e t r i c a l c r o s s - s e c t i o n 
o r as the product of a sens i t i ve vo lume and an effect p r o b a b i l i t y . But , i f 
we re fer to a kind of homogeneous predamage and a corresponding probabi l i ty 
f o r breakdown of the damaged sys tem, then R i s m e r e l y to be taken as the 
fac tor connect ing them w i t h dose. 

Which dose dependence of predamage leads to an exponent ia l s u r v i v a l 
curve? There are d i f f e rent k inds of predamage w h i c h can be p r o p o r t i o n a l 
to dose and lead to an exponential dose r e l a t i onsh ip . The fol lowing example 
may serve as an i l l u s t r a t i o n : the s tab i l i t y of the c e l l i s given by the o rde r l y 
i n t e r a c t i o n of a la rge number of func t i ona l u n i t s . We may assume that i n 
a c e r t a i n one of these components, wh ich we l abe l by the index i , a dose D 
induces a p robab i l i t y p t for mal funct ion . Then, pj i s a funct ion of dose and 
can be expressed as the power ser ies i n D j : 

P i = a i l D + a i 2 D 2 + . . . (11) 

The t o t a l p robab i l i t y Ρ for the breakdown of the s ys t em i s given by 

Ρ = ! - { ] ( ! "P i ) (12) 
i 

I f the number of components i s la rge , then even s m a l l values of Pj lead to 
a high value of P. Wi th sma l l p { , however, we can omit the non-l inear t e rms 
in the power series, and so get: 

P, = a n D (13) 

and 

Ρ=1 -Π (1 - & ί 1 Ό) = l - e x p ( - y a n D ) (14) 
1 ' ι 

Thus, the s u r v i v a l p r o b a b i l i t y i s an exponen t i a l func t i on of dose. 
A c c o r d i n g to these assumpt i ons , an exponen t i a l dose -e f f ec t r e l a t i o n s h i p 
i s not ne c e s sa r i l y i nd i ca t i v e of s i n g l e - h i t m e c h a n i s m s ; i t can, on the 
con t ra ry , r e su l t f r o m the effect of many funct iona l components. However, 
th i s i s a specia l case. In v i t a l systems, one can expect that any toxic agent 
at low doses may be compensated p a r t i a l l y o r comp l e t e l y . Th i s means an 
increase of R w i t h dose. R increases w i t h dose i n d i f f e rent ways f o r 
s i gmo ida l dose-effect curves . F i g u r e 7 gives a p lot of R for some t y p i c a l 
cu rves . By choosing, as an example, the e x p e r i m e n t a l data of E l k i n d and 
Sutton [11, 12] on i r r a d i a t e d c e l l cu l tu res (F ig . 7), the dose-effect r e l a t i o n 
ship can be explained on the assumpt ion that R(D) approaches exponent ia l ly 
an a s y m p t o t i c a l va lue . We c a l l t h i s an exponent i a l l o ss of c ompensa t i on 
a b i l i t y w i t h dose. 

[This assumption can be expressed mathemat i ca l l y i n the fo l lowing way: 

R(D) = - ^ S p = R ' - k 0 e x p ( - r D ) (15) 
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By in t eg ra t i on , the dose-ef fect r e l a t i o n i s : 

l n | - = - R ' D + ^ [ l - e x p ( - T D ) ] (16) 

o r 

|J- = exp j - R ' D + ^ [ l - e x p ( - Y D ) ] | (17) 

The curve corresponding to th i s equation is given in F i g . 7. I t is apparently 
i n accordance w i t h the e x p e r i m e n t a l data. 

It may be mentioned that the deduction of Eq.(17) was given independently 
by Haynes [13] , who used a somewhat s i m i l a r argumentat ion, and spoke of 
r e a c t i v a t i o n mechan i sms where we p r e f e r the t e r m compensat ion a b i l i t y . 
Obviously l i nea r increase of the r eac t i v i t y , i . e . inac t i va t ion constant, w i th 
dose i s a l i m i t i n g case of the mode l discussed above (see S inc la i r Ref. [14])] 

An exponential dose-effect curve or an exponential par t of a dose-effect 
curve i s a t ta ined whenever R becomes independent of dose. Th i s i s t r u e 
i f there i s no compensa t i on a b i l i t y at a l l (s tat ic s y s t em, s i ng l e -h i t 
mechanism), or i f an e q u i l i b r i u m of predamage is reached (stationary state). 
The l a t t e r poss ib i l i t y i s a l ready i l l u s t r a t ed i n F igs . 5 and 6. 
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T h i s i n t e r p r e t a t i o n i s not c o m m i t t e d to one c e r t a i n mode of compen
sat ion . In some cases we know f ac to r s by w h i c h shoulder curves may be 
conver ted in to exponent ia l curves and v i ce v e r sa , showing c e r t a i n modes 
of compensation. Alexander [15] showed that the size of the shoulder depends 
on the concentrat ion or amount of chemica l protect ives . Dose-effect curves 
of Escher i ch ia c o l i are exponential i f the bacter ia are cul t ivated aerobical ly, 
and s i g m o i d - l i k e when cu l t i v a t ed anae rob i ca l l y i n the same m e d i u m con
ta in ing , glucose (Hol laender [16] ) . Other examples of the change i n dose-
effect cu r v es by me tabo l i c and e n v i r o n m e n t a l cond i t i ons a r e g iven by 
A l p e r [17 ] . 

A c e r t a in compensat ion i s a l ready given by the fact that even damaged 
ce l l s undergo a few d i v i s i ons , espec ia l ly w i t h low L E T rad i a t i on . Even i f 
we assume that a c co rd ing to our above cons ide ra t i ons the p r o b a b i l i t y fo r 
a success fu l m i t o s i s decreases exponent ia l ly w i t h dose, one may get a 
shoulder c u r v e . T h i s i s because the e x p e r i m e n t a l c r i t e r i o n i s not the 
f rac t i on of successful m i tos i s but the ab i l i t y of a c e l l to f o r m a macrocolony. 

To show th i s , we choose a v e r y s imp l i f i e d mode l . We assume that the 
f i r s t d i v i s i on a f ter i r r a d i a t i o n i s und is turbed ; the second d i v i s i on i s taken 
to be the c r i t i c a l phase. The p r o b a b i l i t y f o r breakdown i n th i s phase is 
equal to q = 1 - e " « 0 . Bo th c e l l s o r i g i n a t i n g f r o m the f i r s t m i t o s i s have to 
f a i l i f no co lony i s to be f o r m e d . Thus , the p r o b a b i l i t y that no co lony i s 
formed is equal to (1 - e _ a D ) 2 . This means one obtains a so-called two-target 
curve as the dose-effect r e l a t i on . Analogous to th i s , mu l t i t a r g e t curves of 
h igher o r d e r r e s u l t i f the c r i t i c a l phase l i e s i n a l a t e r m i t o s i s . Th i s , of 
course , i s a v e r y u n r e a l i s t i c mode l , but one may assume that the b reak 
down probab i l i t y a f ter i r r a d i a t i o n i s increased for a c e r t a in number of c e l l 
generat ions, and s t i l l i n th i s m o r e genera l case the dose-ef fect curve fo r 
c e l l colony f o rmat ion can be shown to be more s igmoid than the dose depen
dence of q. One could say that at high surv i va l rates the breakdown of a ce l l 
i n a l a t e r m i t o s i s i s " compensa ted " by the cont inued d i v i s i o n of the s i s t e r 
ce l l s which are a l ready present . 

Al though th i s i n t e r p r e t a t i o n may appear to renounce the explanation of 
fundamental mechan isms - an i n t e r p r e t a t i o n f i t t i n g so c lose ly for target 
h i t mode ls - the t e r m i n o l o g y used i n th i s paper does not c o n t r a d i c t the 
va l i d i t y of the targe t theo ry t r ea tment when i t i s based on the spec ia l case 
of phys i ca l and cy t o l o g i ca l f ind ings . The authors fee l i t i s bet ter to avoid 
"pseudo-exactness" i f i t has l i m i t e d value for in t e rpre ta t i on , and especial ly 
i f i t enforces a r e s t r i c t e d v iewpoint . 
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