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Biophysical Aspects of 
Radiation Carcinogenesis 
A L B R E C H T M . KELLERER A N D H A R A L D Η . ROSSI 

l. Introduction 

A l t h o u g h r a d i a t i o n carcinogenesis was recognized some 75 years ago, we sti l l 
k n o w v i r tua l l y n o t h i n g o f the mechanisms invo l ved . Because o f its p r o f o u n d l y 
i m p o r t a n t theoret ica l a n d pract ica l aspects, the p h e n o m e n o n has been very 
extensively s tud i ed , b u t most o f the i n f o r m a t i o n ob ta ined has been o f a 
phenomeno l og i ca l na tu r e . 

Between the two extremes o f a pure l y descr ipt ive t r e a tmen t o f a process and the 
de ta i l ed knowledge o f the causal cha in o f events responsible f o r i t can be 
in t e rmed ia t e levels o f u n d e r s t a n d i n g . Somet imes these can be based o n general ly 
observed o r otherwise deduced basic features o f the process w h i c h p e r m i t the 
f o r m u l a t i o n o f its kinet ics. T h i s i n t u r n can f u r n i s h clues c once rn ing its 
mechan i sm. 

T h e app l i ca t i on o f r ad i a t i on biophysics to the p h e n o m e n o n o f carcinogenesis 
has y ie lded some insights o f this k i n d . Most o f the a r gumen ts emp loyed are 
stochastic, a n d i n the f o l l o w i n g sections dea l ing w i t h physics a n d theore t i ca l 
rad iob io l ogy the in f luence o f r a n d o m factors is stressed. I n a f ina l section, the 
concepts deve loped i n the prev ious sections are app l i ed to two types o f r a d i a t i o n 
carcinogenesis. 

A L B R E C H T M . KELLERER A N D H A R A L D Η . ROSSI · Department of Radiology, Columbia 
University College of Physicians and Surgeons, New York, New York. This investigation 
was supported by Contract AT (1 l - l ) -3243 f rom the United States Atomic Energy 
Commission and by Public Health Service Research Grant No. CA 12536-03 f rom the 
National Cancer Institute. 
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Because of pract ical l im i ta t i ons , m u c h o f the i n f o r m a t i o n conta ined in the 
second section is condensed and s imp l i f i ed . Genera l l i t e ra ture references have 
been p rov i d ed for mor e exhaust ive study. 

2. Interaction of Radiation and Matter 

2.1. Mechanisms 

Rad ia t i on is t e r m e d " i o n i z i n g " w h e n its interact ions are so energet ic that they 
remove electrons f r o m the atoms that const i tute the i r r ad i a t ed mat te r . I n the case 
of many m a t e r i a l s — i n c l u d i n g t issues—this leads to p e r m a n e n t changes wh i ch are 
p r o d u c e d w i t h far greater efficiency than is ob ta ined w i t h rad ia t ions tha t mere ly 
induce e lectronic o r mo lecu lar exci tat ions. 

I n near ly al l cases o f pract ical interest , i on i za t i on occurs t h r o u g h the agency of 
e lectr ical ly charged part icles tha t may be h igh-speed e lectrons o r nuc lear con­
st i tuents such as p ro t ons a n d α-particles. These are directly ionizing radiations that 
may o r i g ina te i n ex te rna l o r i n t e r n a l sources, o r be generated inside the i r r ad ia t ed 
mat t e r by indirectly ionizing radiations. T h e lat ter inc lude h i gh - f r equency elec­
t romagne t i c quanta (or photons ) such as X- and y-rays a n d electr ical ly neu t ra l 
particles such as neu t rons . 

A l t h o u g h the energies o f i on i z i ng part ic les can vary by an e n o r m o u s factor 
w h i c h is at least 1()2 0, the energies o f p r i n c i p a l pract ica l impo r t ance range r o u g h l y 
f r o m 0.1 to 10 M e V . I n this energy in t e rva l , the range o f d i rec t l y i on i z ing particles 
is general ly m u c h less than the d imens ions o f the h u m a n body o r even the 
d imens ions o f organs of small animals . Consequent ly , i r r a d i a t i o n by d i rec t l y 
i on i z ing particles a r i s ing f r o m ex te rna l sources is o f l i m i t e d signif icance, b u t it is 
i m p o r t a n t in the case of radioact ive substances that are depos i ted w i t h i n the 
i r r ad i a t ed tissues by physio log ica l processes. Examples inc lude locat ion o f i n -
grested o r i n j e c t e d r a d i u m i n H o n e a n d c o n c e n t r a t i o n o o f r a d i o a c t i v e i o d i n e 

isotopes i n the t h y r o i d . W i t h a few except ions (such as the presence o f water-
c o n t a i n i n g t r i t i u m , the radioact ive isotope o f hyd rogen ) , i n t e r n a l i r rad ia t i ons 
t end to be qu i t e n o n u n i f o r m . M o r e o r less u n i f o r m i r r a d i a t i o n o f organs o f who le 
animals usual ly occurs when the m o r e p e n e t r a t i n g ind i r ec t l y i o n i z i n g rad ia t ions 
are app l i ed . 

I t may be useful to p rov i de numer i c a l ind icat ions o f the degree o f p ene t ra t i on 
o f some o f these rad ia t ions . F i gure 1 depicts the mean free p a t h , λ, and its inverse, 
the l inear absorp t ion coefficient, μ, i n water f o r p ro tons a n d neu t rons o f energies 
between 10 k e V a n d 10 M e V ; μ is de f ined by the equa t i on 

N=Noe-»d (1) 

where No is the n u m b e r o f i n c iden t part ic les a n d Ν the n u m b e r o f part icles that: 
a r r i ve at a d e p t h d. T h e mean free p a t h λ is equal to 11μ. W h e n d is equal to l/μ, the 
f r ac t i on o f particles tha t have n o t in terac ted is e~\ w h i c h is a p p r o x i m a t e l y 0.37. 
For example , μ f o r 1 M e V pho tons is a p p r o x i m a t e l y 0.07/cm, w h i c h means tha t a 
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thickness o f about 1/0.07 o r app rox ima t e l y 14 cm o f water w i l l t r ansmi t 37% o f 
i nc iden t 1 M e V pho tons w i t h o u t interact ions . 

I t mus t be no t ed tha t these curves cannot be used to der ive immed ia t e l y energy 
depos i t i on as a f u n c t i o n o f d e p t h i n i r r ad i a t ed mate r i a l because in many instances 
the interact ions lead to the p r o d u c t i o n o f secondary rad iat ions w h i c h have 
apprec iable p ene t r a t i on o f t h e i r o w n , w i t h the resul t that m o r e energy arr ives at 
any g iven d e p t h t h a n that mere ly ca r r i ed by the p r i m a r y r ad i a t i on . I n the case o f 
pho tons , the three p r i n c i p a l types o f in t e rac t i on ref lected i n Fig . 1 are the 
photoelectric effect, the Compton effect, and pair (and to some extent triplet) production. 
T h e f irst o f these processes is o f impo r t ance on ly at the low e n d o f the energy scale 
and results i n the e ject ion of a pho toe l e c t ron and o f fluorescent r ad i a t i on , bo th o f 

the energy scale, results i n the p r o d u c t i o n o f an e l e c t r on -pos i t r on pa i r . F o l l ow ing 
the a n n i h i l a t i o n o f the pos i t r on , about 1 M e V o f the o r i g i na l p h o t o n energy 
appears as the shared energy o f two new pho tons w h i c h have apprec iable 
pene t ra t i on . T h e m a i n section o f the p h o t o n curve i n Fig . 1 is due to the C o m p t o n 
effect, i n w h i c h va r y ing f ract ions o f the inc iden t p h o t o n energy appear i n the f o r m 
of scattered pho tons , pa r t i cu l a r l y near the low end o f the energy scale. 

I n the case o f neu t r ons , by far the most i m p o r t a n t react ion responsible f o r the 
shape o f the curve i n Fig . 1 is elastic scattering ( p r inc ipa l l y by hyd rogen ) , i n w h i c h 
the n e u t r o n can r e ta in a substant ia l f rac t i on o f its energy. T h u s also i n this case 
apprec iable r ad i a t i on energy can penetrate b eyond the site where p r i m a r y 
r ad i a t i on has been absorbed. 

I n o r d e r to i l lus t ra te the far m o r e restr ic ted pene t ra t i on o f d i rec t l y i on i z i n g 
rad ia t ions , F ig . 2 shows the range o f w h a t are perhaps the two most i m p o r t a n t 
charged part ic les i n rad iob io logy , the e l ec t ron a n d the p r o t o n . I n contrast to the 
ind i r ec t l y i o n i z i n g rad ia t ions , w h i c h t end to be absorbed exponent i a l l y a n d cannot 
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be character ized by a we l l -de f ined range o f p ene t ra t i on , charged part icles have as 
a ru l e a reasonably we l l -de f ined distance o f p ene t ra t i on . 

T h e p r in c i pa l process d e t e r m i n i n g the range o f charged particles is e lectronic 
co l l is ion. T h e electrons o f atoms located in the v ic in i ty of the part ic le t ra jectory 
are subject to e lectr ical impulses that excite t h e m , o r eject them f r o m the i r pa ren t 
a t om w i t h v a r y ing energy. T o a good first a p p r o x i m a t i o n , the in te rac t i on is 
p r o p o r t i o n a l to the square o f the charge o f the inc iden t part ic le and inversely 
p r o p o r t i o n a l to the square o f its velocity. B o t h the e lectron and the p r o t o n carry 
u n i t charge, b u t because o f its far greater mass a p r o t o n moves m u c h more slowly 
than an e lectron o f equal energy. T h i s results i n a m u c h h i ghe r rate o f energy loss 
and consequent ly a m u c h shor ter range f o r the p r o t o n . 

T h e rate o f energy loss o f charged part icles is k n o w n as the linear energy transfer 
( L E T ) , a n d i t is usual ly specif ied i n terms o f k i loe lectron-vo l ts per m i c r o m e t e r i n 
the m e d i u m of interest (usually water o f tissue). F i gure 3 shows the L E T i n water 
o f e lectrons and p ro tons as a f u n c t i o n o f the energy. 

2.2. Dosimetry 

T h e physical quan t i t y w h i c h is o f centra l impo r t ance i n rad iob io logy is the absorbed 
dose, D, w h i c h is de f ined as 

D = Elm (2) 

where Ε is the energy depos i ted i n a v o l u m e e l ement a n d m is the mass con ta ined 



i n the v o lume e lement . Ε is p r o p o r t i o n a l to the p r o d u c t o f the n u m b e r o f charged 
part icles t rave rs ing the e l ement and to the i r L E T . 

I n the case o f i nd i r ec t l y i on i z i n g r ad i a t i on , the absorbed dose ev ident ly depends 
on the f rac t i on o f the inc iden t energy that is t r a n s f o r m e d i n t o k inet ic energy o f 
charged part ic les. A use fu l quan t i t y i n this connec t ion is the kerma, w h i c h is the 
k inet ic energy o f d i rec t l y i on i z ing rad ia t ions released per u n i t mass i n a specif ied 
mater ia l (here usual ly tissue). F igure 4 shows this quan t i t y per u n i t f luence 
( n u m b e r o f i nd i r ec t l y i on i z i ng particles per u n i t cross-sectional area) f o r elec­
t romagne t i c r ad i a t i on and neut rons . I n i r r ad i a t ed mat te r , k e r m a and the ab­
sorbed dose f r equen t l y have near ly the same n u m e r i c a l value. Because o f the 
shor t range o f charged part ic les, the energy absorbed per u n i t mass at some po in t 
in the m e d i u m is near ly the same as the k inet ic energy o f the charged particles 
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released. 1 his is the c ond i t i on k n o w n as radiation equilibrium. It does not exist 
when the absorpt ion of ind i rec t l y i on i z ing radiat ions is comparab l e to that o f the 
d i rec t ly i on i z ing radiat ions or when one is near interfaces o f d i f f e r en t mater ia ls . 
For example , in the case o f X - i n ad ia t i on soft tissues in p r o x i m i t y to bone receive a 
h i ghe r dose than those more distant because of the m o r e cop ious e lec t ron 
emission f r o m the i r r ad ia t ed bone. 

T h e u n i t general ly emp loyed for bo th absorbed dose and k e r m a is the rod, 
wh ich represents an energy absorp t i on o f 100 ergs per g r a m o f i r r a d i a t e d 
mater ia l . T h e reason for the m a g n i t u d e o f this un i t is largely h is tor i ca l a n d relates 
to ano the r quan t i t y , the exposure, and its special u n i t , the roentgen. T h e exposure is 
a measure o f X - and y-rad iat ions based on the i r abi l i ty to ionize a i r . Its exact 
de f i n i t i on is not necessary here, b u t it may be no ted that i n a lmost a l l cases o f 
interest exposure o f tissues to 1 roentgen results i n an absorbed dose that is equal 
to 1 rad w i t h i n less than 10%. I t appears very l ike ly that w i t h i n a few years these 
uni ts w i l l be replaced by those o f the I n t e r n a t i o n a l System of U n i t s (SI ) , w h i c h has 
been adop ted by v i r tua l l y all nat ions. I n this system, the a p p r o p r i a t e u n i t f o r 
absorbed dose a n d ke rma is the joule per kilogram (J/kg), w h i c h is equa l to 100 rads. 

U n d e r we l l -de f ined cond i t i ons , doses can be measured and o f t en also ca lculated 
w i t h i n an accuracy o f a few percent . However , i n some instances, a n d i n p a r t i c u l a r 
those r e l a t ing to h u m a n carcinogenesis, doses must o f t en be d e t e r m i n e d r e t r o ­
spectively on the basis o f incomple te i n f o r m a t i o n . U n d e r these c ond i t i ons , m a j o r 
uncerta int ies arise. 

2.3. Microdosimetry 

M a n y rad iob io log ica l p h e n o m e n a and probab ly at least one type of r a d i a t i o n 
carcinogenesis (see Section 5.1) are due to mu l t i c e l l u l a r response to r a d i a t i o n 
i n j u r y . However , in all instances i n d i v i d u a l cells are i n j u r e d r a n d o m l y , a n d i t is 
consequent ly the energy absorbed by i n d i v i d u a l cells that governs al l r a d i o b i o l o g i ­
cal phenomena . I t appears to be established that v i r tua l l y al l o f the r a d i a t i o n 
sensit ivity o f the euka i yot ic cell resides i n its nucleus, a n d i t is q u i t e p robab l e tha t 
the u l t ima t e target is D N A . T h e bio logical effect o f i on i z ing rad ia t i ons is t h e r e f o r e 
d e t e r m i n e d by energy concentrat ions in doma ins o f ce l lu lar d imens i ons . 

As exp la ined above, r ad i a t i on energy is deposi ted by discrete, d i r e c t l y i o n i z i n g 
part icles. Its concent ra t i on is there fo re subject to statistical fluctuations. These 
fluctuations can be apprec iable i n smal l vo lumes f o r doses tha t are suf f ic ient ly 
large to p roduce m a r k e d bio logical effects. Cons ider , f o r examp le , a r e g i o n w i t h a 
d iamete r o f 1 μηι in tissue tha t receives an absorbed dose o f 100 rads (1 J/kg). I n 
the case o f y-rays, the mean n u m b e r o f e lectrons t rave rs ing this v o l u m e is near 10; 
i n the case o f fast neu t rons , the f requency o f part ic le traversals is o n l y o f the o r d e r 
o f iiö. A n y rad i a t i on effects are, o f course, d e t e r m i n e d by the ene rgy ac tua l l y 
depos i ted , a n d i t is p l a in that this can d i f f e r great ly f r o m the mean o r expectation 
value w h i c h is represented by the absorbed dose. I n the example j u s t q u o t e d , the r e 
is no n e u t r o n secondary a n d there fo re no energy depos i t i on i n n i n e o u t o f t en 
cases, bu t i n the r e m a i n i n g one the energy densi ty is typical ly 10 t imes l a r ge r t h a n 



m i g h t be ex pec ted on the basis o f the absorbed close. Such f luctuat ions are the 
p r i n c i p a l subject o f m i c r odos ime t i y. 

The c en t r a l variable i n m i c rodos ime t i y is the specific energy, z, wh i ch is de f ined as 

z = ΑΕ/Δηι (3) 

w h e r e A Ε is the energy actual ly deposi ted in the r eg ion o f mass Am. 
U n l i k e the absorbed dose, the specific energy is a stochastic quan t i t y w h i c h has a 

range o f values in u n i f o r m l y i r rad ia t ed mat ter . T h e var iab i l i t y o f ζ is expressed by 
the d i s t r i b u t i o n func t i on /(z), wh i ch represents the p robab i l i t y that the specific 
energy is equa l to z. T h e w i d t h of this d i s t r i b u t i o n depends on three factors: 

1. T h e v o l u m e con ta in ing Am. Str ic t ly speaking , this involves bo th the size and 
the shape o f this v o lume , b u t as a ru l e shape is of secondary impor t ance and 
i t is usual ly assumed that the vo lume is at least app rox ima t e l y spher ical and 
tha t it can there fo re be character ized by its diameter, d. 
T h e absorbed dose. 

T h e L E T o f the charged part icles t rave rs ing Am. 

T h e in f luence of these factors is i l lus t ra ted i n Figs. 5 a n d 6, w h i c h are 
l o g a r i t h m i c representat ions of f(z) vs. ζ for var ious absorbed doses o f 5.7 M e V 
n e u t r o n s a n d 6 0Co-y-rays f o r spheres h a v i n g d iameters o f 0.5 o r 12 μηι. N e u t r o n s 
o f ene rgy 5.7 M e V are somewhat more energet ic a n d there fo re s l ight ly less 
densely i o n i z i n g t h a n fission neut rons . T h e average L E T is somewhat h i ghe r fo r 
n a t u r a l α-emitters a n d somewhat lower fo r m o r e energet ic neu t rons . Electrons 
p r o d u c e d by t i 0Co-y-rays exh ib i t m i n i m a l variance o f energy depos i t i on . I n the 
case o f X- rays , the statistical f luctuat ions are somewhat larger . 

T h e curves in Figs. 5 and 6 have c o m m o n characterist ics. A t h i g h doses the 
n u m b e r o f part icles is large, pa r t i cu la r l y f o r y - rad ia t i on and the larger d iameter . 
Consequen t l y , statistical f luctuat ions are small and ζ is un l ike l y to d i f fer great ly 
f r o m D. As the dose is r educed , f luctuat ions become greater because the n u m b e r 
o f par t i c l e traversals is co r r espond ing l y lessened. A t low doses, a d i s t r i b u t i o n is 
observed tha t has a shape largely i n d e p e n d e n t of dose b u t has an a m p l i t u d e 
p r o p o r t i o n a l to dose. T h i s occurs when the average n u m b e r o f events is less than 
1. I n th is case, one is dea l ing w i t h the energy-depos i t i on spec t rum generated by 
single part ic les ( ind icated by the b r o k e n lines i n Figs. 5 and 6). A r e d u c t i o n o f dose 
mer e l y resul ts i n a decrease o f the a m p l i t u d e o f the spec t rum w i t h the r e m a i n d e r 
o f the d i s t r i b u t i o n a p p e a r i n g at ζ = 0. 

Fo r any d i s t r i b u t i o n , f(z), the mean value o f ζ is de f ined by 

z/(z) dz (4) 

I n Figs. 5 and 6, a n d at h i g h doses, i t is ev ident tha t ζ is equal to D. A l t h o u g h the 
shape o f the d i s t r i b u t i o n f o r finite energy losses does no t change w i t h decreasing 
dose w h e n on ly single events are o f impo r t ance , the decreas ing f requency o f 
events a n d the c o r r e s p o n d i n g increase o f instances in w h i c h there is no event 
resu l t i n equa l i t y between ζ a n d D at al l doses. 
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F I G U R E 5 . P r o b a b i l i t y p e r u n i t l o g a r i t h m i c i n t e r v a l o f speci f ic e n e r g y , z, at 

v a r i o u s doses o f 6 0Co-)>-rays i n a s p h e r i c a l t issue r e g i o n o f d i a m e t e r (a) 0 . 5 μιτι 

a n d (b) 1 2 μτη. T h e d i s t r i b u t i o n s o f t h e i n c r e m e n t s o f ζ p r o d u c e d i n s ing le 

events a re g i v en as b r o k e n l ines . 
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F I G U R E 6 . P r o b a b i l i t y p e r u n i t l o g a r i t h m i c i n t e r v a l o f speci f ic e n e r g y , z, a t 

v a r i o u s doses o f 5 . 7 M e V n e u t r o n s i n a s p h e r i c a l t issue r e g i o n o f d i a m e t e r (a) 

0 . 5 μτη a n d (b) 1 2 μπι. T h e d i s t r i b u t i o n s o f t h e i n c r e m e n t s ζ p r o d u c e d i n s ing l e 

events a re g i v e n as b r o k e n l ines . 



4 1 4 T h e biological effect o f r ad i a t i on on the cell must be due to depos i t i on of energy 
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KKLLLRLR probab i l i t y o f it be ing affected is E(z). A n y dose D produces a c o r r e spond ing 
Λ Ν Ι ) d i s t r i b u t i o n /(z) a n d E(D). T h e effect p r o d u c e d by this dose is g iven by 
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Compar i s on of equat ions (3) and (4) indicates that i f 

E(z) = kz (6) 

i.e., i f the effect p robab i l i t y is p r o p o r t i o n a l to z, t h e n 

E(D) = kz = kD (7) 

T h u s ζ a n d the re f o re also the absorbed dose are m e a n i n g f u l averages o f specific 
energy p r o v i d e d that the effect probabi l i t i es are p r o p o r t i o n a l to z. As w i l l be seen 
i n the nex t section, most i f no t al l somatic r ad i a t i on effects o n h i g h e r organisms are 
character ized by a dependence w h i c h is no t p r o p o r t i o n a l to ζ b u t ra the r to z1. T h i s 
statement applies i n pa r t i cu la r to the two instances where the i n d u c t i o n o f 
mal ignancies by i on i z ing r ad i a t i on cou ld be s tud ied in adequate deta i l . T h i s 
non l i n ea r dependence is the u l t imate reason for the need to emp loy m i c r o -
dos imet ry i n the analysis o f the p r i m a r y steps in rad ia t i on carcinogenesis. 

3. General Stochastic Considerations 

3.1. The Linear Dose-Effect Relation at Small Doses 

As has been po in t ed out in the p r eced ing section, the absorbed dose de te rmines 
on ly the mean value of the energy absorbed in a cell o r in its sensitive nuc lear 
r eg i on . T h e energy actual ly absorbed i n microscopic vo lumes may wide ly deviate 
f r o m this mean value. I t has also been conc luded in the p r e ced ing section that the 
statistical f luctuat ions in energy depos i t i on play no ro le i f the ce l lu lar damage is 
p r o p o r t i o n a l to the specific energy, z; in this case, the average effect observed at a 
g iven absorbed dose is p r o p o r t i o n a l to this absorbed dose. 

I n al l effects o n h i ghe r organisms, one finds, however , tha t densely i o n i z i n g 
rad ia t ions are m o r e effective t h a n sparsely i on i z i ng rad ia t ions , such as X-rays o r 
y-rays. A l l c o m m o n l y emp loyed i o n i z i n g rad ia t ions w o r k by the same p r i m a r y 
physical processes, name ly by e lectronic exci tat ions and by ionizat ions. T h e 
unequa l b io log ical effectiveness o f d i f f e r en t types o f i on i z i ng rad ia t ions can 
there fo re on ly be exp la ined by the d i f f e r en t spatial d i s t r i b u t i o n o f absorbed 
energy o n a microscopic scale. Specifically, the increased bio log ica l effectiveness o f 
densely i on i z i ng rad ia t ions mus t be due to the h i g h local concen t ra t i on o f 
absorbed energy i n the tracks o f heavy charged part ic les. Acco rd ing l y , one 



concludes that the dependence o f ce l lu lar damage on specific energy, z, is steeper 
t h a n l inear . The actual f o r m of the non l inea r dependence , E(z), w i l l be cons idered 
later. O n e can, however , d r aw cer ta in i m p o r t a n t conclusions w h i c h fo l low f r o m 
m i c r odos ime t r y a n d are val id regardless of the actual f o r m o f E(z). Such 
conclusions w i l l be dealt w i t h in the r e m a i n d e r o f this section. 

One genera l conc lus ion w h i c h fo l lows f r o m m i c rodos ime t r y is that i n the l im i t 
of small absorbed doses the average ce l lu lar effect is always p r o p o r t i o n a l to dose. 
Such a l inear r e la t i on between observed ce l lu lar effect and absorbed dose mus t be 
expected regardless of the dependence o f ce l lu lar effect on specific energy; i t is 
due to the fact tha t even at smallest doses finite amounts o f energy are depos i ted i n 
a cell w h e n this cell is t raversed by a charged part ic le . T h e energy depos i ted i n 
such single events does no t d e p e n d o n the dose; accord ing ly , the effect i n those 
cells w h i c h are t raversed by a charged part ic le does no t change w i t h decreasing 
dose. T h e on l y change w h i c h occurs w i t h decreasing absorbed dose is the decrease 
in the f r ac t i on o f cells w h i c h are subject to an event o f energy depos i t i on . T h i s can 
be t reated quant i ta t i ve l y , a n d m i c r odos ime t r y can f u r n i s h conclusions as to the 
range o f absorbed doses i n w h i c h the statement applies f o r d i f f e r en t r ad i a t i on 
qual i t ies. 

T h e effect p robab i l i t y , £ (D ) , at a g iven dose D is equal to the sum o f al l p roduc t s 
of the probabi l i t i es f o r var ious n u m b e r s , v, o f events (charged part ic le traversals) 
in the sensitive sites a n d the effect probabi l i t i es , E v , u n d e r the c o n d i t i o n that ν 
events occur : 

£ ( D ) = Σ Ρ·ε> (8) 
v = 1 

T h e equat i on is w r i t t e n i n the f o r m w h i c h does not inc lude the spontaneous 
incidence, E<>; i.e., i t is assumed that E(D) is corrected f o r the spontaneous 
incidence a n d that the lat ter need there fo re not be cons idered . 

Because energy depos i t i on events are by de f i n i t i on statistically i ndependen t , 
the i r n u m b e r fo l lows Poisson statistics; i.e., the p robab i l i t y , pv, that exactly ν events 
occur is 

pv = β-φη(φΩΥΜ (9) 

T h e t e r m φΌ is the mean n u m b e r o f events per site. Event frequencies, φ, f o r 
various r a d i a t i o n qual i t ies and site sizes w i l l be g iven below. 

I t w i l l i n the present contex t no t be necessary to evaluate equat ion (8) i n its 
complete f o r m . Ins tead , i t w i l l be suff icient to consider the case o f smal l event 
frequencies, </>£>, w h i c h occurs at smal l doses especially o f densely i on i z i n g 
radiat ions. 

I n o r d e r to evaluate the case where the n u m b e r , φΌ, o f events is smal l c ompa r ed 
to 1, equa t i on (9) can be e xpanded i n t o a power series. Because i t is assumed tha t 
φΌ <ζ 1, the t e r m β~φυ can be set equal to 1, a n d w i t h this s imp l i f i ca t i on one obtains 

E(D) = ΕχφΌ + Ε2(φΌ)2Ι2 Η- · · · (10) 
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4 1 6 Ει is the p robab i l i t y for the effect i f exactly one event has taken place; Ej is the 
A L B R E C H T Μ. effect p robab i l i t y i f two events have taken place. The p robab i l i t y E-> w i l l no rma l l y 

K L L L L R L R exceed Ει, bu t i f φΟ is suff ic iently smal l the quadra t i c t e r m and h i ghe r terms can 
A N D D e neglected i n compar i son w i t h the l inear t e r m . 

H A R A L D Η . ^ possible ob jec t ion to this conc lus ion is tha t Ει may be zero, whi l e £> is not zero; 
i.e., one c ou ld assume that the effect cannot be p r o d u c e d by a single charged 
part ic le , wh i l e i t can be p r o d u c e d by two part ic les. However , this assumpt ion is 
inconsistent w i t h m i c rodos ime t r i c evidence. I t has been f o u n d that f o r bo th 
sparsely i o n i z i n g a n d densely i on i z i n g r ad i a t i on there is a b road d i s t r i b u t i o n o f the 
increments o f specific energy p r o d u c e d in single events. T h e r e is always a 
p robab i l i t y , a l t h o u g h i t may be smal l , tha t the same a m o u n t o f energy deposi ted i n 
two events can also be depos i ted i n one event. O n e can there fo re qu i t e general ly 
state tha t i n the l i m i t i n g case o f small absorbed doses the ce l lu lar effect is 
p r o p o r t i o n a l to dose. I f , as p o i n t e d o u t above, the spontaneous incidence is 
e l im ina t ed by subt rac t i on f r o m the observed effect, one has the s imple l inear 
r e la t i on 

£(£>) = E^φD f o r φΌ « 1 (11) 

T h i s r e la t i on impl ies that i n the act ion o f i on i z i ng r ad i a t i on on i n d i v i d u a l cells 
there is no th r esho ld as far as absorbed dose is concerned . T h e p robab i l i t y £i may 
be smal l i f one deals w i t h sparsely i on i z ing r a d i a t i o n , b u t u l t imate l y i n the l i m i t i n g 
case o f very smal l absorbed doses the effect mus t be p r o p o r t i o n a l to dose. I t is 
i m p o r t a n t to realize tha t this is the case whe the r there is a th r e sho ld o r no 
th resho ld i n the dependence o f the ce l lu lar effect o n specific energy z. T h e 
absence o f a th r esho ld w i t h r egard to absorbed dose is mere ly due to the fact that 
even at the smallest doses some o f the cells receive re lat ive ly large amounts of 
energy when they are traversed by a single charged part ic le . 

T h e p r e ced ing considerat ions app ly on ly to objects w h i c h are smal l e n o u g h that 
at the lowest doses o f pract ical interest the n u m b e r o f absorp t i on events is smal l . 
T h a t this is the case for cells o r subce l lu lar un i ts b u t no t f o r mu l t i c e l l u l a r 
organisms can be seen f r o m the f o l l o w i n g example . T h e exposure to e n v i r o n m e n ­
tal rad ioact iv i ty a n d to cosmic r ad i a t i on leads to absorbed doses o f the o r d e r o f 
100 mrad/yr . T h i s b a c k g r o u n d exposure corresponds to a large n u m b e r o f 
events f o r a mu l t i c e l l u l a r o r gan i sm. For m a n , several charged part ic le traversals 
occur per second. For a smal ler an ima l , such as a mouse, a few events may occur 
per m i n u t e . For a single m a m m a l i a n cell , however , on ly a few events per year w i l l 
occur, a n d i f one considers on ly the nucleus o f the cell less t h a n one event per year 
w i l l take place. These are the frequencies w h i c h resul t ma in l y f r o m sparsely 
i on i z i ng rad ia t ions , such as the y c o m p o n e n t o f the e n v i r o n m e n t a l r ad i a t i on or the 
relat iv ist ic mesons f r o m the cosmic r a d i a t i o n . I f one were to consider the densely 
i o n i z i n g r ad i a t i on , event frequencies w o u l d be considerably lower . 

Tab l e 1 gives event frequencies per r a d f o r microscopic reg ions o f var ious 
d iameters and f o r d i f f e r en t qual i t ies. T h e largest r eg i on i n c l u d e d i n this table 
corresponds a p p r o x i m a t e l y to the size o f a m a m m a l i a n cell . Va r i ous rad i ob i o l og i ­
cal studies have shown that f o r most ce l lu lar effects on ly energy depos i t i on w i t h i n 
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D i a m e t e r o f 

c r i t i c a l r e g i o n 

ά(μιη) 
6 0 Co -y - r a y s 

• ( r a d " 1 ) 

N e u t r o n s , </>(rad ') D i a m e t e r o f 

c r i t i c a l r e g i o n 

ά(μιη) 
6 0 Co -y - r a y s 

• ( r a d " 1 ) 0 .43 M e V 5.7 M e V 15 M e V 

12 2 0 0.55 0 .51 0 .61 

5 3.6 0 .042 0 .086 0.1 1 

2 0 .58 3.9 x \0~'λ 1.2 x 10 2 1.6 x 1 0 " 2 

1 0 .12 8 x 1 0 " 4 3.2 x 1 0 " s 3.8 x 10~ a 

0.5 0 .017 2 x 10~ ' 7.3 x 1 0 " 4 9 x 1 0 " ' 

the cell nucleus is re levant ; the re fo re , a r e g i on of 5 μηι d iamete r , w h i c h co r re ­
sponds a p p r o x i m a t e l y to the cell nucleus, is i n c luded i n Tab l e 1. I n Section 4, 
evidence w i l l be g iven tha t fo r most effects i n eukaryo t i c cells the effective site 
d i ame te r is somewhat less t h a n the size o f the nuc leus; d iameters o f 1 μπι a n d 
2 μπι are the re fo re also o f interest . 

O n e can genera l ly state tha t the l inear c o m p o n e n t i n the dose-effect r e l a t i on 
mus t be d o m i n a n t whenever the event frequencies are substant ia l ly below 1 o r , i n 
o the r words , i f the absorbed dose is considerably smal ler t h a n l/φ. T h i s def ines 
the dose r eg i on i n w h i c h p r o p o r t i o n a l i t y between effect and absorbed dose can be 
assumed. For the who le cel l , the value o f 1 I φ is a p p r o x i m a t e l y 0.05 a n d 2 rads f o r 
y-rays a n d 5.7 M e V neu t rons , respectively. I f one considers on l y the nucleus o f the 
cell as the sensitive r eg i on , the values o f 1 I φ are a p p r o x i m a t e l y 0.3 a n d 24 rads f o r 
these two r ad i a t i on qual i t ies. As m e n t i o n e d ear l ier , a recent analysis (see Section 4) 
has shown tha t the actual sensitive sites i n the cell are somewhat smal ler t h a n the 
ce l lu lar nuc leus, and one deals there fo re w i t h even larger values o f l/φ. I t is a very 
i m p o r t a n t resul t f o r al l considerat ions r e g a r d i n g r ad i a t i on p ro t ec t i on that below 
fract ions o f a r a d , and for densely i on i z ing rad ia t ions at considerably h i ghe r 
doses, a l inear r e l a t i on mus t h o l d i f one deals w i t h effects o n i n d i v i d u a l cells. As 
p o i n t e d ou t , this is because even at the smallest doses apprec iab le amoun t s o f 
energy are depos i ted i n those cells w h i c h are subject to an event o f energy 
depos i t i on . T h e mean specific energy p r o d u c e d i n a single event i n the cell o r i n its 
sensitive site is equal to the rec iproca l , l/</>, o f the event f requency ; i.e., one deals 
w i t h f ract ions o f a r a d i n the nucleus o f the cell f o r sparsely i o n i z i n g rad ia t ions and 
w i t h tens o f rads f o r densely i o n i z i n g rad ia t ions , such as neu t rons . I n Sect ion 4, i t 
w i l l be shown tha t the effective event size p r o d u c e d i n single events is even h i ghe r 
because the re l evant average o f the specific energy p r o d u c e d i n single events is 
larger t h a n the f r equency average, w h i c h corresponds to the values o f φ. 

3.2. Dose-Effect Relation and the Number of Absorption Events 

T h e cons iderat ions i n this section are o f a m o r e abstract n a t u r e a n d r e q u i r e a 
cer ta in a m o u n t o f mathemat i ca l f o r m a l i s m . T h e essential resul t w h i c h l inks the 
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4 1 8 logar i thmic slope: o f the dose—effet t r e la t ion w i t h the n u m b e r of absorpt ion events 
ΛI BRECHT Μ. in the cell can, however , be unde rs t ood and app l i ed w i t h o u t deta i led knowledge 

KELLERER o f the mathemat i ca l d e r i va t i on . T h i s de r i va t i on is there fo re g iven in the A p p e n -
A N I ) d i x , and on ly the ma in conclusions are discussed in this section. A pract ical 

HARALD Η. app l i ca t i on o f the result w i l l be dealt w i t h in Section 5. For the purpose of the 
present discussion, r i go rous de f in i t i ons o f some o f the quant i t ies invo lved are 
necessary. 

T h e considerat ions in the p r e ced ing subsection are val id regardless whe the r the 
effect, £, is cons idered as the p robab i l i t y f o r a quanta l effect, i.e., an effect wh i ch 
e i ther takes place o r does no t take place i n the cel l , o r whe the r it is cons idered as 
the average value w i t h i n the i r r ad i a t ed ce l lu lar p o p u l a t i o n o f a g radua l effect. T h e 
f o l l o w i n g considerat ions w i l l be restr ic ted to the f o r m e r case; i.e., on l y the 
occurrence o r nonoccur rence o f cer ta in ce l lu lar effects w i l l be cons idered . T h e 
coefficients £(£>), £(z) , a n d Ev s tand there fo re f o r probabi l i t i es and can on ly take 
values between 0 a n d 1. Examples o f such quan ta l effects, w h i c h inc lude the 
surv iva l o f i r r ad i a t ed cells o r the occurrence o f cer ta in cytogenic a l terat ions, are o f 
great pract ica l impo r t ance i n quant i ta t i ve rad iob io logy . A n o t h e r example is 
t r a n s f o r m a t i o n o f i r r ad i a t ed cells, w h i c h under l i es carcinogenesis. T h i s lat ter case 
w i l l be f u r t h e r discussed i n Section 5. 

A c lar i f i ca t ion is also necessary c once rn ing the concepts sensitive site a n d gross 
sensitive region. T h e concept o f a sensitive site has f r equent l y been i n v o k e d in 
b iophys ica l models o f r ad i a t i on - induced cytogenetic a l t e ra t ion such as c h r o m o ­
some aberrat ions (e.g., see Lea, 1946; Wo l f , 1954;Savage, 1970; however , i t is not 
con f ined to r ad i a t i on effects on ch romosoma l s t ruc tu re . I n the next section, i t w i l l 
be shown that var ious effects o n eukaryo t i c cells can be unde r s t ood i f one 
postulates sites w h i c h are somewhat smal ler than the cell nucleus and w h i c h are 
affected w i t h a p robab i l i t y d ependen t on the square of the energy actual ly 
depos i ted in these sites. I n such considerat ions, i t is not necessarily i m p l i e d that 
the cell contains on ly one o f these sites, and i t is there fo re useful to app ly a concept 
w h i c h is somewhat more genera l . T h i s is the concept o f the so-called gross 
sensitive r eg ion (Rossi, 1964). T h e t e r m is used to designate that p a r t o f the cell 
w h i c h contains al l the sensitive s t ructures o r al l the s t ructures whose sensit iv ity has 
to be cons idered w i t h r e ga rd to the e xpe r imen ta l e n d p o i n t s tud i ed . T h e concept 
o f a gross sensitive r eg ion is no t necessarily equ iva lent to tha t o f a sensitive site 
since a cell may conta in several sites subject to damage p r o d u c e d by i o n i z i n g 
rad ia t ions ; the gross sensitive r eg i on w o u l d then inc lude al l the d i f f e r en t sensitive 
s t ructures . I n many pract ical cases, i t w i l l be a reasonable a p p r o x i m a t i o n to 
assume tha t the gross sensitive r eg i on o f the cell is the ce l lu lar nucleus. 

I n the f o l l ow ing , a s l ight ly d i f f e r en t t e r m w i l l be used: critical region. T h e reason 
f o r i n t r o d u c i n g yet ano the r t e r m is tha t i t w i l l be conven ient i n the f o l l o w i n g 
considerat ions to deal w i t h a re ference vo lume w h i c h contains all the sensitive 
s t ructures o f the cell b u t may be even larger than the gross sensitive r eg i on itsel f . 
T h e concept is use fu l , first, because i t can be app l i ed to a p o p u l a t i o n o f i r r a d i a t e d 
cells w h i c h are no t al l equal o r are no t al l i n the same stage o f the genera t i on cycle. 
I n such an inhomogeneous p o p u l a t i o n , the gross sensitive r e g i on and its size may 
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vary Crom cell to cel l ; however , the i r cr i t ica l r eg ion can be chosen in such a way that 4 1 9 
it is equal l o r al l i r r ad i a t ed cells. F u r t h e r m o r e , it is conven ient to obta in cer ta in B I O P H Y S I C A L 
conservat ive estimates in the absence o f precise knowledge c once rn ing the gross AS P L C LS O L 
sensitive r e g i on ; this can be done by equa t ing the cr i t ica l r eg ion e i ther w i t h the cell K A D I A l I O N 
nucleus o r w i t h the who le cell . CAR-

A n o t h e r concept w h i c h has to be f u r t h e r exp la ined is that o f an energy deposition 
(went, for brev i ty event. T h i s is de f ined ( I C R U , 1971) as energy depos i t i on by a 
charged par t ic le o r by a charged part ic le together w i t h its associated secondary 
part icles i n the r eg i on o f interest . T w o i on i z ing particles w h i c h pass the r eg ion are 
c oun t ed as separate events on l y i f they are statistically i ndependen t . Usual ly , for 
example i n the case o f n e u t r o n i r r a d i a t i o n , one can ident i f y an absorp t ion event 
w i t h the appearance o f a charged part ic le in the re ference r eg i on . 

These de f in i t i ons are o f interest i n connec t i on w i t h an i m p o r t a n t t h e o r e m 
c o n c e r n i n g the n u m b e r o f absorp t i on events i n the cell and the slope o f the 
dose-effect curves i n a l o ga r i t hm i c representa t i on o f effect p robab i l i t y as f unc t i on 
of absorbed dose. 

Assume that c is the slope o f the dose-effect r e la t i on i n a l o ga r i t hm i c represen­
t a t i on ; then 

d I n E(D) 
c = — (12) 

d\nD 

E(D) stands f o r the effect p robab i l i t y at dose D; i t is assumed that this p robab i l i t y is 
corrected f o r spontaneous inc idence, w h i c h need there fo re no t be cons idered . 

I t can be shown , a n d the deta i led de r i v a t i on is g iven i n the A p p e n d i x , that the 
slope c is equal to the di f ference o f the mean event n u m b e r , n f ; , in the cr i t i ca l 
r eg ion o f those cells w h i c h show the effect and the mean event n u m b e r , Γι, i n the 
cr i t ica l r eg ion o f the cells t h r o u g h o u t the exposed p o p u l a t i o n regardless o f 
whe the r they show the effect o r not : 

c=n,-n (13) 

T h i s equat ion holds at any value o f absorbed dose. T h e re la t i on remains va l id i f a 
cr i t ical r eg i on la rger than the actual gross sensitive vo lume is cons idered . T h e sole 
c o n d i t i o n is tha t energy depos i t i on outs ide the cr i t ica l r eg ion does no t affect the 
cell. As p o i n t e d o u t above, i t is o f t en suff ic ient to iden t i f y the cr i t ica l r eg i on w i t h 
the nucleus o f the cel l . I t is also i m p o r t a n t to note tha t b io logical var iab i l i ty , e.g., 
the var ia t i on o f sensit iv ity t h r o u g h o u t the ce l lu lar p o p u l a t i o n , does no t inva l idate 
the result . 

T h e t h e o r e m is f u n d a m e n t a l f o r the app l i ca t i on o f m i c r odos ime t r y to the 
analysis o f dose-effect re lat ions. I f f o r cer ta in values o f the absorbed dose the 
effect p robab i l i t y E(D) a n d the slope c o f the dose-effect curve i n l o g a r i t h m i c 
representa t ion are k n o w n , one can der ive the m i n i m u m size o f the cr i t i ca l 
s t ruc ture . A l t h o u g h n*, the f requency o f traversals i n the affected cells may no t be 
k n o w n , i t is e v iden t f r o m equa t i on (13) tha t i t canno t be less t h a n c. O n e can 
there fo re ask how large the sensitive s t ruc tu re mus t be so tha t at the dose D the cell 
is t raversed by at least c charged part icles w i t h a p robab i l i t y E(D). T h e answer to 
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4 2 0 this quest ion is g iven by m ic rodos ime t r i c data t o r var ious r ad i a t i on qualit ies and 
A L B R F C H l Μ. for d i f f e r en t sizes o f the cr i t i ca l r eg ion . I n this way, one can der ive lower l imi ts for 

K F L L F R F R the d imens ions of the sensitive s t ructures i n the cell and for the in terac t ion 
A N D distances o f e l ementary lesions in the cell . 

H A R A L D Η. Equa t i on (13) contains as a l i m i t i n g case a statement w h i c h is of signif icance to 
the analysis o f dose-effect curves at smallest doses. T h e re la t i on impl ies that i n the 
r eg ion o f smal l doses the slope c o f the effect curve i n the l o ga r i t hm i c representa­
t i on is equal to the o r d e r o f the react ion kinetics w h i c h de te rmines the effect. I n 
the l i m i t where the absorbed dose D (and consequent ly n) approaches 0, this fact 
may appear obvious. A c c o r d i n g to the considerat ions i n the prev ious section, i t is 
to be expected tha t at least in the case o f r ad i a t i on act ion o n i n d i v i d u a l cells 
first-order kinet ics app ly at low doses; this corresponds to a value o f c = 1 w h e n 
η <§: 1. 

I n connec t ion w i t h basic aspects o f r ad i a t i on carcinogenesis, i t is o f interest to 
d e t e r m i n e whe the r c can i n fact be less t h a n 1. T h e degree to w h i c h this can occur 
is l i m i t e d by the fact that nE cannot be less t h a n 1 since the n u m b e r o f absorp t i on 
events i n affected cells mus t be at least 1. Consequent ly , 

c>\-<t>D (14) 

T h i s inequa l i t y fo l lows d i rec t l y f r o m the m o r e genera l r e la t i on expressed i n 
equat ion (13). 

Studies p e r f o r m e d by Voge l (1969) and by Shel labarger et al. (1973) o n the 
i n d u c t i o n o f m a m m a r y t u m o r s i n Sprague-Dawley rats show a l o ga r i thm i c slope c 
o f the dose-effect curve f o r neu t rons i n the range o f very smal l doses w h i c h is 
considerably less t h a n 1. T h i s fact w i l l be f u r t h e r discussed in Section 5 a n d i t w i l l 
be conc luded that i n these expe r iments the observed t u m o r frequencies i n the 
i r r ad i a t ed animals cannot ref lect the act ion o f r ad i a t i on o n i n d i v i d u a l cells w h i c h 
give rise to the observed t u m o r s w i t h o u t m u t u a l in t e rac t i on o r in ter f e rence . 

4. The Quadratic Dependence of the Cellular Effect on Specific Energy 

4.1. Dose-Effect Relations 

I t has been po in t ed o u t i n the p r eced ing sections tha t the dependence , E(z), of the 
ce l lu lar effect on specific energy is n o t ident i ca l to the observed dependence , E(D), 
o f the ce l lu lar effect o n absorbed dose. T h i s w o u l d be the case on l y i f the ce l lu lar 
damage was a l inear f u n c t i o n o f specific energy. I n the p r e c ed ing sect ion, 
genera l statements have been de r i v ed w h i c h are va l id regardless o f the actual 
f o r m o f the dependence o f effect on specific energy. Par t i cu lar l y i t has been 
p o i n t e d o u t tha t at very low doses the ce l lu lar effect mus t always be l inear ly re la ted 
to absorbed dose. I t has also been possible to der ive a r e la t i on w h i c h connects the 
mean n u m b e r o f charged part ic les t rave rs ing the affected a n d unaf fected cells 
w i t h the slope o f the dose-effect curve i n the l o g a r i t h m i c r epresenta t i on . I n the 
present section, the actual dependence o f ce l lu lar effect o n specific energy w i l l be 
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analyzed. I t w i l l be seen that dose-effect re lat ions, as wel l as RBE-ef fect re lat ions, 4 2 1 
l o r h i ghe r organ isms po in t to a quadra t i c dependence of the p r i m a r y ce l lu lar B I O P H Y S I C A L 

damage o n specific energy. A S P E C T S O F 

As far as the p r o d u c t i o n o f two-break ch romosome aberrat ions is concerned , a R A D I A I I O N 
quadra t i c dependence o f the y ie ld o f the observed effect o n energy depos i ted in ( A R -
sensitive sites o f the cell has been postu lated as early as i n the works of Sax (1938, 
1941) and in n u m e r o u s o the r studies, pa r t i cu l a r l y those by Lea (1946) . I n this 
case, the quadra t i c dependence is mere ly due to the fact tha t two-break c h r o m o ­
some aberra t ions are assumed to resul t f r o m the in t e rac t i on o f two "s ingle 
breaks . " T h e y i e ld o f single breaks is assumed to be p r o p o r t i o n a l to energy 
absorbed in the cel l , a n d the average n u m b e r o f single breaks per cell is the re fo re 
s imp ly p r o p o r t i o n a l to dose. Statistical fluctuations i n energy depos i t i on i n the cell 
are, however , h i g h l y re levant i f the p robab i l i t y f o r the p r o d u c t i o n o f a two-break 
abe r r a t i on depends o n the square o f the concen t ra t i on o f single breaks i n the cel l . 
A two-break abe r ra t i on can resul t f r o m two single breaks w h i c h are p r o d u c e d i n 
the same charged part ic le t rack , o r i t can resul t f r o m the in t e rac t i on o f two single 
breaks p r o d u c e d by i n d e p e n d e n t part ic le tracks. I n the f o r m e r case one expects a 
l inear r e l a t i on to absorbed dose, i n the lat ter case one expects a quadra t i c 
dependence o n absorbed dose. For densely i on i z i ng rad ia t ions , such as neu t rons 
o r α-particles, the increments o f specific energy p r o d u c e d i n the cr i t ica l sites o f the 
cell are so large tha t the l inear c o m p o n e n t is d o m i n a n t . For sparsely i o n i z i n g 
rad ia t ions , such as X-rays o r y-rays, o n the o the r h a n d , the i on i za t ion densi ty i n the 
charged part ic le tracks is so low tha t n e i g h b o r i n g single breaks are usual ly 
p r o d u c e d by i n d e p e n d e n t par t ic le tracks. O n e mus t the re fo re expect the quad ra ­
tic c o m p o n e n t to be d o m i n a n t i n the la t ter case. T h i s character ist ic d i f ference 
between densely i on i z i n g r ad i a t i on a n d sparsely i on i z i n g r ad i a t i on has been bo rne 
o u t by e x p e r i m e n t a l results. 

Wh i l e the quadra t i c dependence o f the y ie ld o f the ch romosome aberrat ions o n 
absorbed dose is a p p r o x i m a t e l y va l id f o r sparsely i on i z i ng r ad i a t i on , it must be 
conc luded f r o m mic rodos ime t r i c data that at very smal l doses the dose-effect 
re la t ion mus t be l inear even f o r such rad ia t ions . U n t i l recent ly , i t has no t been 
possible to assess the m a g n i t u d e o f this l inear c o m p o n e n t because o f l im i ta t i ons i n 
the statistical accuracy o f the e xpe r imen ta l data. However , recent w o r k per­
f o r m e d i n d i f f e r en t laborator ies (see B r e w e n et α/., 1973; S chmid et α/., 1973; 
B r eno t et αι., 1973 w i t h X-rays and w i t h fast e lectrons has indeed shown a l inear 
r e la t i on at smal l doses o f X-rays w h i c h t u r n s i n t o a quadra t i c dependence on l y at 
somewhat h i g h e r doses. These studies thus c o n f i r m the pred ic t i ons made o n 
general m i c r odos ime t r i c pr inc ip les . As w i l l be shown, the re lat ive c on t r i bu t i ons o f 
the l inear a n d quadra t i c components can be accounted f o r o n the basis o f 
m i c rodos ime t r i c data. I n the f o l l ow ing , i t w i l l be seen that such considerat ions 
app ly also to o the r r a d i a t i o n effects o n eukaryotes. F u r t h e r m o r e , the quant i ta t i ve 
r e la t i on o f the site d iamete r , the r a d i a t i o n qua l i t y , a n d the ra t i o between l inear 
and quadra t i c componen ts o f the ce l lu lar damage w i l l be discussed. 

F igure 7 represents as an example/dose-effect re lat ions f o r the y i e ld o f p i n k 
muta t i ons in Tradescantia (SparrovyVi al., 1972. Curves are g iven f o r 430 k e V 

/ 
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F I G U R E 7. I n d u c t i o n o f p i n k m u t a n t cells i n the s t a m e n ha i r s o f Tradescantia by X - rays 

a n d 4 3 0 k e V n e u t r o n s ( S p a r r o w et αι., 1972) . T h e s p o n t a n e o u s i n c i d e n c e is sub­

t r a c t e d f r o m t h e obs e r v ed va lues . 

neut rons and for X-rays. For the purpose o f the present discussion, the saturat ion 
and the u l t ima te dec l ine o f the y ie ld i n the range o f h i ghe r doses w i l l no t be 
cons idered. T h i s lat ter effect may be connected to cell k i l l i n g , bu t as a recent s tudy 
on the t r a n s f o r m a t i o n o f cells in vitro (Borek a n d H a l l , 1973) has ind icated it may 
involve a complex i n t e r r e l a t i on between the observed ce l lu lar a l terat ions and cell 
k i l l i n g . 

I t shou ld be p o in t ed o u t that a l o ga r i t hm i c representa t ion has been used f o r 
these curves i n o r d e r to represent the e xpe r imen ta l data i n the range o f low doses 
a n d smal l observed yields o f muta t i ons w i t h suff icient accuracy. T h e l o ga r i thmic 
representa t ion has the f u r t h e r advantage tha t p r o p o r t i o n a l i t y o f the effect to a 
power , n, o f the absorbed dose expresses itself i n the slope, n, o f the effect curve . 
I n the i r i n i t i a l parts , b o t h the curve f o r neu t rons a n d the curve f o r X-rays have the 
slope 1; i.e., effect and absorbed dose are p r o p o r t i o n a l i n b o t h cases. T h e slope o f 
the X- ray curve approaches the value 2 at somewhat h i ghe r doses, a n d the 
observat ions are the re fo re consistent w i t h the statement tha t i n an in t e rmed ia t e 
dose range the y ie ld o f muta t i ons p r o d u c e d by X-rays is p r o p o r t i o n a l to the 
square o f absorbed dose. T h e accuracy w i t h w h i c h the l inear c o m p o n e n t i n the 
dose-effect curve f o r X-rays has been established i n this e x p e r i m e n t is due to the 
fact tha t this pa r t i cu l a r e xpe r imen ta l system pe rmi t s the scor ing o f ex t r eme ly 
large n u m b e r s o f i r r ad i a t ed cells i n the s tamen hairs o f Tradescantia. 



CAR­

CINOGENESIS 

W h i l e the examp le g iven in Fig. 7 suppor ts the general conclusions d r a w n f r o m 4 2 3 
m i c r odos ime t r i c cons iderat ions, it remains to be seen whe ther these results are B l O P H Y S l C A l 
also quant i ta t i ve l y in agreement w i t h pred ic t i ons based on m ic rodos ime t r y . For ASPECTS OF 
this reason, the quadra t i c dependency o f ce l lu lar damage on specific energy and RAIMA I ION 
the r e su l t i ng dose-effect re la t ion w i l l be analyzed in deta i l . 

I f one assumes that the degree o f ce l lu lar damage or the p robab i l i t y fo r a cer ta in 
effect in the cell is p r o p o r t i o n a l to the square o f specific energy: 

E(z) = kr (15) 

t h e n the average effect observed at a cer ta in absorbed dose is ob ta ined by 
ave rag ing the square o f the specific energy i n the sensitive sites o f the cells over its 
d i s t r i b u t i o n t h r o u g h o u t the i r r a d i a t e d p o p u l a t i o n : 

E(D) = k z2/(z) dz (16) 
Jo 

I t can be shown , a n d the mathemat i ca l details have been g iven elsewhere (Ke l l e rer 
a n d Rossi, 1972) tha t the in tegra l i n e q u a t i o n (16) has a s imple so lu t i on . O n e finds 
tha t this i n t eg ra l , w h i c h is the expecta t ion value o f z2, is equal to the square o f the 
absorbed dose p lus the p r o d u c t o f absorbed close and the energy average, ζ, o f the 
inc rements o f specific energy p r o d u c e d i n single events in the site: 

z2 = rf(z)dz= ζΌ+Ό1 (17) 
Jo 

Acco rd ing l y , one has 

E(D) = ΚζΌ+ D1) (18) 

T h e rat io o f the l inear c omponen t to the quadra t i c c omponen t is the re fo re equal 
I ο the ra t i o ζ/D o f the character ist ic i n c r emen t ( o f specific energy to the absorbed 
dose. I f the absorbed dose D i s smal ler than ζ, the l inear c o m p o n e n t domina tes ; i f 
the absorbed dose is la rger than ζ, the quadra t i c c o m p o n e n t dominates ; i f the 
absorbed dose is equal to ζ, b o t h components are equal . T h e value o f ζ is 
d e t e r m i n e d by the size o f the site and by the type o f the i on i z i n g r ad i a t i on . I t is 
largest f o r smallest site d iameters , a n d i t is considerably larger f o r densely i on i z i n g 
rad ia t i on t h a n f o r sparsely i on i z i n g r ad i a t i on , such as y-rays o r X-rays. 

F igure 8 represents the value o f ζ f o r d i f f e r en t r a d i a t i o n qual i t ies as a f u n c t i o n 
o f the d i ame t e r o f the re ference v o lume . These values are ob ta ined f r o m 
expe r imen ta l m i c r odos ime t r i c d e t e rm ina t i ons as we l l as f r o m theore t i ca l calcula­
t ions. I n the examp le represented i n F ig . 7, one finds tha t f o r X-rays the l inear 
c o m p o n e n t is equal to the quadra t i c c o m p o n e n t at a dose o f a p p r o x i m a t e l y 10 
rads. A c c o r d i n g to F ig . 8, the value o f 10 rads f o r £ corresponds to a site d i amete r 
o f a p p r o x i m a t e l y 2 μτη. A c c o r d i n g to the m i c r odos ime t r i c d e t e rm ina t i ons , the 
quant i t y ζ f o r n e u t r o n s shou ld be a p p r o x i m a t e l y 35 t imes la rger t h a n f o r X-rays, 
a n d this is i ndeed b o r n e o u t i n F ig . 7, where the i n i t i a l p a r t o f the n e u t r o n curve is 
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sh i f ted vert ical ly by about this factor w i t h r e ga rd to the in i t i a l pa r t o f the X-ray 
curve . 

T h e analysis o f dose-effect re lat ions f o r two-break ch romosome aberrat ions 
(Ke l l e rer a n d Rossi, 1972; S chmid et ai, 1973; B r e n o t et at., 1973) has led to 
somewhat larger values o f ζ, namely to values w h i c h co r r e spond to site d iameters 
o f app rox ima t e l y 1 μπι. 

Surv iva l curves f o r m a m m a l i a n cells in vitro can to a good a p p r o x i m a t i o n be 
represented by an exponen t i a l w h i c h contains a l inear and a quadra t i c t e r m in 
dose: 

where 5 (D) is the surv iva l at dose D a n d So is the surv iva l at zero dose. I f one uses 
this equa t i on , w h i c h has ear l ier been invoked by Sinclair (1968) , one obtains values 
w h i c h also c o r r e spond to site d iameters o f 1 to several m ic romete rs f o r cells i n 
S phase. For cells i n Gi a n d G 2 a n d i n mitosis, the in i t i a l l inear c o m p o n e n t is mor e 
p r o n o u n c e d a n d the values o f ζ c o r r e spond there fo re to smal ler site d iameters o f 
on l y a f r ac t i on o f a m i c r ome t e r . W h e t h e r this lat ter observat ion corresponds to a 
m o r e condensed state o f the D N A in these stages o f the genera t i on cycle o f the cell 
(see observat ions o f Dewey et αι., 1972, a n d ear l ier results by Cole, 1967) o r 
whe the r the i n i t i a l l inear c o m p o n e n t i n the surv iva l curve is pa r t l y due to a type o f 
ce l lu lar damage w h i c h is l inear l y re lated to specific energy i n the sensitive sites o f 
the cell r emains an open quest ion . 

O n e concludes tha t i n cer ta in cases, a n d i n pa r t i cu l a r i n such cases as cytogenetic 
effects where the observed e xpe r imen ta l end p o i n t is closely re lated to the p r i m a r y 
damage i n the cel l , the quadra t i c dependence o f ce l lu lar damage o n specific 
energy can be d i r ec t l y i n f e r r e d f r o m the dose-effect re lat ions. I n o the r cases, the 

S(D) = So e ,-k Km />" (19) 



s i tuat ion is m o r e compl i ca ted . Par t i cu lar ly this is the case for effects o n the tissue 

level, where the in t e rac t i on o f damaged cells may play a ro le . Such cases are 

compl i ca ted also because the scale used to measure the effect may o f t en be 

a rb i t r a r y . T h e r e are, for example , many ways i n w h i c h the degree o f lens 

opac i f i cat ion a f ter exposure o f the eye to i on i z ing r ad i a t i on can be measured . 

S imi la r compl i ca t i ons arise i f in a system, such as the Sprague-Dawley rat , 

m a m m a r y t u m o r s occur w i t h h i g h spontaneous rate so tha t the i r inc idence is 

mere ly accelerated a f ter exposure o f the animals to i o n i z i n g rad ia t ions . I n all such 

cases, the n u m e r i c a l f o r m of dose-effect curves has l i t t l e absolute mean ing . O n e 

can, however , assume that c omp l i c a t i n g factors such as the in t e rac t i on o f 

damaged cells o r the a r b i t r a r y cons t ruc t i on o f the effect scale cancel i f one 

considers equal effects o f d i f f e r en t r ad i a t i on qual i t ies. 

T h e re lat ive b io log ica l effectiveness (RBE) o f r ad i a t i on Β re lat ive to r ad i a t i on A 

is de f ined as the ra t i o DJDn o f the respective absorbed doses f o r equal effect. I t 

may be expected tha t this ra t i o o f physical quant i t i es is a measure o f the 

effectiveness o f energy d i s t r i b u t i o n o n the ce l lu lar o r subce l lu lar level on ly . 

4.2. Dose-RBE Relations 

T h e p r e c e d i n g cons iderat ions have ind i ca ted tha t the dose-effect r e l a t i on is an 

expression o f the c o m b i n e d inf luences o f p r i m a r y ce l lu lar (or subce l lu lar ) lesions 

and the i r in terac t ions . I f , however , a cco rd ing to the considerat ions p u t f o r w a r d at 

the end o f the last sect ion, on ly the p r i m a r y ce l lu lar damage depends o n r ad i a t i on 

qual i ty , the value o f the R B E is no t d e t e r m i n e d by in t e rac t i on processes between 

damaged cells. Equa l i t y o f the observed effect f o r two d i f f e r en t r ad i a t i on qual i t ies 

then impl ies equal levels o f p r i m a r y damage. 

I n the f o l l ow ing , the example o f n eu t r ons and X-rays w i l l be used, b u t the 

considerat ions are equal ly va l id fo r any two types o f r ad i a t i on . I f one assumes the 

quadra t i c dependence o f ce l lu lar damage on specific energy, the c o n d i t i o n f o r 

equal effectiveness o f X-rays and neu t rons is 

Whe r e ζχ a n d ζ» are the values of £ f o r X-rays a n d neu t rons , a n d Dx a n d D» the 

absorbed doses f o r X-rays a n d neu t rons . Since the re lat ive b io log ica l effectiveness 

o f neu t rons re lat ive to X-rays is de f ined as the ra t i o o f the X- ray dose to the 

equiva lent n e u t r o n dose: 

one can express the R B E as f u n c t i o n o f e i ther the X - ray dose o r the n e u t r o n dose. 

I n the f o l l o w i n g , the re lat ive b io log ica l effectiveness o f n eu t r ons w i l l be expressed 

as a f u n c t i o n o f the n e u t r o n dose. I n s e r t i n g equa t i on (21) i n t o equa t i on (20), one 

obtains 
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ΚζχΌχ + Dx'2) = k(C»Dn + Dn2) (20) 

R B E = Dx/Dn (21) 

Cx · R B E · Dn + R B E 2 · Dn
2 = ζηΌη + D„ 2 (22) 
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I t is easy to i d en t i f y cer ta in general characterist ics o f th is dependence of RBE on 
dose. A t very low doses, the l inear components are d o m i n a n t b o t h for neutrons 
a n d f o r X- rays , a n d R B E must t h e n have a constant value equa l to the rat io ζη/ζχοϊ 
the values ζ f o r neu t rons and fo r X-rays. T h i s p lateau o f R B E cor responds to the 
r e g i o n in the examp l e o f Fig. 7 where the in i t i a l p a r t o f the X - r ay curve runs 
para l l e l to the n e u t r o n curve . I n the range o f i n t e rmed ia t e doses, one can neglect 
the l inear c o m p o n e n t f o r X-rays, wh i l e the l inear c o m p o n e n t f o r neu t rons is sti l l 
d o m i n a n t . I n th is case, the R B E o f neu t rons is inversely p r o p o r t i o n a l to the square 
r o o t o f the n e u t r o n dose; i n a l o ga r i t hm i c p lo t o f R B E vs. n e u t r o n dose, one 
obta ins curves o f slope —1/2. A t the h i g h doses, f ina l ly , one s h o u l d expect that 
R B E tends t o w a r d the value 1. I t is, however , no t easy to o b t a i n m e a n i n g f u l 
b io log ica l data w i t h neu t rons at doses w h i c h are large e n o u g h tha t the l inear 
c o m p o n e n t can be neglected. 

T h e d o s e - R B E re la t i on expected o n the basis o f a q u a d r a t i c dependence o f 
p r i m a r y ce l lu l a r damage o n specific energy has been c o m p a r e d w i t h the expe r i ­
m e n t a l observat ions fo r a wide spec t rum of r ad i a t i on effects o n m a m m a l i a n cells. 
F i g u r e 9, t o g e the r w i t h Tab le 2, is a c omp i l a t i on o f such results . O n e must d raw 
the genera l conc lus ion that in the in t e rmed ia t e dose range i n w h i c h the available 
da ta are most comple te the observed dose -RBE re lat ions are i n ag reement w i t h 
the d ependence theoret ica l ly p r ed i c t ed . I n the e xamp l e o f the muta t i ons i n 
Tradescantia, i t has been possible to f i n d the p lateau o f the values o f R B E at low 
doses, a n d th is value agrees wel l w i t h m i c r odos ime t r i c data . I t is no t s u r p r i s i n g 
tha t re la t i ve ly few data are available i n the range o f e x t r eme l y smal l doses, because 

I 10 I 0 2 
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10' 

F I G U R E 9. Re l a t i v e b i o l o g i ca l e f fect iveness o f n e u t r o n s as a f u n c t i o n o f a b s o r b e d dose o f 

n e u t r o n s f o r v a r i o u s b i o l o g i ca l e n d p o i n t s . T h e e x p e r i m e n t a l c u r v e s b e l o n g t o t h e cases 

l i s t ed i n T a b l e 2. T h e d o t t e d l i n e c o r r e s p o n d s t o e q u a t i o n (23) w i t h ς χ = 0 a n d ζη = 1 0 0 0 r a d . 



T A B L E 2 

A u t h o r a n d n u m b e r N e u t r o n E s t i m a t e o f D i a m e t e r 
o f c u r v e i n F i g . 9 E n d p o i n t e n e r g y C ( rad ) d (μηι ) 

B a t e m a n et al. ( 1972 ) 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 150 3 

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

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 

S p a r r o w et al. ( 1972 ) 4 M u t a t i o n s o f Tradescantia s t a m e n ha i r s ( b lue to p i n k ) 4 3 0 k e V 8 0 0 1.8 

V o g e l ( 1969 ) 5 M a m m a r y n e o p l a s m i n t h e S p r a g u e - D a w l e y r a t F iss ion 2 2 0 0 1 

B i o l a et al. ( 1971 ) 6 C h r o m o s o m e a b e r r a t i o n s i n h u m a n l y m p h o c y t e s F iss ion 1300 1.4 

H a l l et al. ( 1973 ) 7 G r o w t h r e d u c t i o n o f Vic.ia faba r o o t , a e r a t e d 3.7 M e V 6 0 0 9 

8 G r o w t h r e d u c t i o n o f Vicia faba r o o t , a n o x i c 3.7 M e V 2 0 0 0 1.3 

F i e l d ( 1969 ) 9 S k i n d a m a g e ( h u m a n , r a t , m o u s e , p i g ) 6 M e V 1200 1.5 
W i t h e r s et al. ( 1 9 7 0 ) 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 i c cells i n t h e m o u s e 14 M e V 8 0 0 2 

S m i t h et al. ( 1968 ) 11 V a r i o u s effects o n seeds o f Zea mays Fiss ion 4 0 0 , 0 0 0 0 .15 



H A R A L D Η. 

ROSS I 

4 2 8 on ly few e xpe r imen ta l systems p e r m i t the necessary statistical accuracy at small 
A L B R E C H T Μ. doses. I t is however , r emarkab le that i n two e x p e r i m e n t a l systems, namely in the 

K E L L E R E R lens opac i f i cat ion studies a n d i n the system fo r i n d u c t i o n o f m a m m a r y t u m o r s in 
A N D t j l e r a t e x t r eme ly h i g h values o f the R B E o f neu t rons have been f o u n d at low 

doses. These values exceed the pred ic t i ons made o n the basis o f m i c rodos ime t r i c 
data, a n d they may be taken as evidence that , i n a d d i t i o n to the quadra t i c 
dependence o f the effect o n energy concen t ra t i on over regions o f the o r d e r o f 
m a g n i t u d e o f 1 to several m i c romete r s d iamete r , one deals w i t h a dependence o f 
the effectiveness o f i on i z i ng r ad i a t i on o n the d i s t r i b u t i o n o f energy i n reg ions o f 
the o r d e r o f on l y a few nanometers . Fo rma l l y , this w o u l d co r r e spond to a 
dependence o f the coefficients k i n equa t i on (18) o n r ad i a t i on qua l i t y . 

T h e examples o f the i n d u c t i o n o f m a m m a r y t u m o r s by neu t rons and X-rays 
and the s tudy o f l eukemia incidence af ter n e u t r o n i r r a d i a t i o n and exposure to 
y-rays w i l l be discussed i n the nex t section. As an example o f a dose -RBE re l a t i on 
w h i c h extends over an ex t r eme ly w ide range o f doses, the studies o n the 
opac i f icat ion o f the m u r i n e lens may be presented i n deta i l . F i gure 10 contains this 
r e l a t i on toge ther w i t h its 95% conf idence l im i t s . O n e shou ld note that the inverse 
r e l a t i onsh ip between the R B E o f n eu t r ons a n d the square r oo t o f the n e u t r o n dose 
extends over m o r e t h a n 4 o rders o f m a g n i t u d e o f the n e u t r o n dose i n this 
example . These results ob ta ined i n a mu l t i c e l l u l a r system are the re fo re i n good 
agreement w i t h the var ious o the r observat ions w h i c h s u p p o r t the assumpt ion that 
the p r i m a r y ce l lu lar damage is p r o p o r t i o n a l to the square o f the specific energy i n 
sites whose d iamete r is o f the o r d e r o f 1 to several m ic romete rs . 

These observat ions f o r m e d the basis o f wha t has been t e rmed the theory o f d u a l 
r ad i a t i on ac t ion , w h i c h is an i n t e r p r e t a t i o n i n terms o f the site concept o r i n t e rms 
o f the in t e rac t i on o f pairs o f ce l lu lar lesions w i t h a character ist ic i n t e rac t i on 
distance o f the o r d e r o f m a g n i t u d e o f m ic romete rs . T h i s is covered in an ear l i er 

F I G U R E 10. R B E . o f 4 3 0 k e V n e u t r o n s r e l a t i v e t o X - r a y s f o r t h e 

i n d u c t i o n o f lens o p a c i f i c a t i o n i n t h e m o u s e ( B a t e m a n et at., 1972 ; 

K e l l e r e r a n d B r e n o t , 1973 ) . 



pub l i c a t i on (Ke l l e re r and Rossi, 1972). I η the next section, the m a i n conclusions o f 4 2 9 
the p r e c e d in g section w i l l be app l i ed to e xpe r imen ta l f ind ings relevant to the B I O P H Y S I C A L 

et io logy o f t u m o r s . A S P E C T S ( ) ] · ' 

5. Applications to Radiation Carcinogenesis 

R A D I A T I O N 

C A R ­

C I N O G E N E S I S 

T h e subjects covered in the p r eced ing sections of this chapter are o f re lat ive ly 
recent o r i g i n . I n pa r t i cu l a r , the theory o f d u a l r ad i a t i on act ion was deve loped on ly 
a few years ago. Practical appl icat ions are few i n n u m b e r , and the results t end to be 
notable m o r e because o f the p r o o f they adduce f o r the theory t h a n because o f 
t h e i r d isc losure o f new facts. I n each o f the two instances where data r e l a t i ng to 
r a d i a t i o n carcinogenesis were analyzed, o the r useful results have nevertheless 
been ob ta ined . I n the case o f an e x p e r i m e n t a l a n i m a l t u m o r i t c ou ld be deduced 
tha t the observed inc idence depends no t on l y o n lesions i n i n d i v i d u a l cells b u t also 
o n r a d i a t i o n - i n d u c e d changes i n several cells o r i n tissues, a n d i n an analysis o f 
da ta o n the i n d u c t i o n o f h u m a n l eukemia conclusions were reached w h i c h are o f 
i m p o r t a n c e to r i sk estimates. 

5.1. Mammary Neoplasms in the Sprague-Dawley Rat 

B o n d et al. (1960) and Shel labarger et al. (1969, 1974) d iscovered that modera te 
doses o f y - rad ia t i on o r X-rays p r oduce a h i g h inc idence o f m a m m a r y neoplasms i n 
the Sprague-Dawley rat . T h e ma j o r i t y o f the t u m o r s are no t m a l i g n a n t 
( f ibroadenomas ) , bu t an apprec iable p r o p o r t i o n are adenocarc inomas. I t was 
f o u n d that the inc idence o f these t u m o r s is a p p r o x i m a t e l y p r o p o r t i o n a l to γ- o r 
X - ray dose u p to a few h u n d r e d r a d , where the inc idence curve f lattens and 
f inal ly decl ines w h e n closes i n excess o f 500 r ad are app l i ed . T h i s is a phenome ­
n o n that is c o m m o n i n rad ia t i on carcinogenesis. I t was also conc luded that the 
effect is n o t abscopal—i.e. , it requires i r r a d i a t i o n o f the tissue i n w h i c h the 
neoplasms are to a r i s e—and i t was moreove r demons t ra t ed tha t the effect can be 
p r o d u c e d by in vitro i r r a d i a t i o n o f excised m a m m a r y tissue w h e n i t is subsequently 
g ra f t ed o n t o u n i r r a d i a t e d animals . A re la ted f i n d i n g is tha t the inc idence o f 
m u l t i p l e t u m o r s fo l lows Poisson statistics, s u p p o r t i n g the view tha t the neoplasms 
arise i ndependen t l y f r o m i n d i v i d u a l foc i . 

Voge l (1969) , as we l l as Shel labarger etat. (1974), invest igated the effectiveness 
o f neu t rons f o r this p h e n o m e n o n a n d f o u n d i t to be h i g h i n r e l a t i on to tha t o f 
y-rays o r X-rays, pa r t i cu l a r l y at low levels o f inc idence. A n u m b e r o f compara t i ve ­
ly large-scale expe r iments i n w h i c h Shel labarger emp l oyed 0.43 M e V neu t r ons 
d o w n to doses as low as about 0.1 r a d y ie lded results o f suff ic ient accuracy to 
p e r m i t the analysis shown i n Fig . 11 . T h i s shows the dependence o f R B E o n 
n e u t r o n dose a n d the conf idence l imi ts o f this dependence . T h e b r o k e n l ine 
indicates the best est imate o f the dose -RBE r e l a t i on . T h e ver t ica l bars cover those 
ranges o f R B E w h i c h can be exc luded w i t h statistical ce r ta in ty exceed ing 9 5 % . 
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F I G U R E 1 1 . R B E o f 4 3 0 k e V n e u t r o n s r e l a t i v e t o sparse ly i o n i z i n g r a d i a t i o n 

f o r t h e i n d u c t i o n o f m a m m a r y t u m o r s i n t h e S p r a g u e - D a w l e y r a t (She l -

l a b a r g e r et al., 1974) . T h e v e r t i c a l bars i n d i c a t e t h e ranges o f R B E values 

w h i c h a re e x c l u d e d w i t h s tat is t ica l s i gn i f i cance e x c e e d i n g 9 5 % . 

T h e statistical analysis is based o n the d i rec t compar i son o f the effect o f each 
n e u t r o n dose app l i ed i n the e x p e r i m e n t w i t h tha t o f each X - ray dose. Details o f 
this p rocedure are descr ibed by Ke l l e re r a n d B r e n o t (1973). Ear l i e r results 
ob ta ined by B o n d et al. (1960) w i t h y-rays are also ut i l i zed in the analysis. As seen 
f r o m Fig. 11 , the slope o f — 1/2 postu lated by the theory o f d u a l r ad i a t i on act ion 
applies f o r R B E values as h i g h as 100, where the inc idence approaches levels that 
are at the b o r d e r o f e xpe r imen ta l de tec t ion . 

I t is one o f the ma jo r assumpt ions o f the theory tha t b e g i n n i n g w i t h the 
p r o d u c t i o n o f e l ementary lesions the series o f steps l ead ing to the effect u n d e r 
observat ion is the same regardless o f the r a d i a t i o n type invo l ved . T h e va l id i ty o f 
this assumpt ion is d i f f i cu l t to assess. Howeve r , one necessary ( a l though cer ta in ly 
no t suff icient) c o n d i t i o n is that the t ime course o f inc idence be the same. T h e 
curves i n Figs. 12 a n d 13 represent the mean n u m b e r o f m a m m a r y t u m o r s per 
a n i m a l as a f u n c t i o n o f t ime af ter exposure to neu t rons a n d to X-rays. N o 
systematic dif ferences i n the t ime course o f inc idence are suggested by these 
results. Except near the levels o f spontaneous inc idence, whe re the dependence 
appears to be somewhat steeper, the curves seem to be consistent w i t h s t ra ight 
l ines o f slope 1. Since i n these l o ga r i t hm i c plots the abscissa scale has been chosen 
twice as w ide as the o rd ina t e scale, s t ra ight l ines o f slope 1 w o u l d co r respond to 
p r o p o r t i o n a l i t y between the mean n u m b e r o f t u m o r s a n d the square o f the t ime 
af ter i r r a d i a t i o n . Such a r e l a t i on w o u l d be ob ta ined i f the t u m o r rate were 
constant d u r i n g the in t e rva l o f observat ion. A l t h o u g h f u r t h e r e xpe r imen ta l 
studies a n d a deta i l ed statistical analysis m i g h t lead to some modi f i ca t ions , one 
mus t conc lude tha t at present there is no evidence o f character ist ic dif ferences 



F I G U R E 1 2 . M e a n n u m b e r o f m a m m a r y t u m o r s i n t h e S p r a g u e -

D a w l e y r a t as f u n c t i o n o f t i m e a f t e r e x p o s u r e t o d i f f e r e n t doses 

o f 4 3 0 k e V n e u t r o n s ( She l l aba r g e r et at., 1 9 7 4 ) . T h e r e p r e s e n t a ­

t i o n is l o g a r i t h m i c ; t h e u n i t chosen f o r t h e abscissa scale is tw ice 

as w i d e as t h a t f o r t h e o r d i n a t e . 

between the n e u t r o n - a n d the X - r ay - i nduced effects. T h i s is f u r t h e r s u p p o r t e d by 
the analysis o f the re lat ive f r equency o f d i f f e r en t t u m o r types p r o d u c e d by the 
d i f f e r en t rad ia t i ons (Shel labarger et at., 1973). 

T h e i n f o r m a t i o n presented thus far corroborates the postulates o f the theory . 
Howeve r , there is ano the r aspect o f the results that is o f signif icance w i t h r e ga rd to 
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F I G U R E 1 3 . M e a n n u m b e r o f m a m m a r y t u m o r s i n t h e S p r a g u e -

D a w l e y r a t as f u n c t i o n o f t i m e a f t e r e x p o s u r e t o d i f f e r e n t doses 

o f 2 5 0 k V p X - r a y s ( She l l aba r g e r et al., 1 9 7 4 ) . T h e r e p r e s e n t a t i o n 

is l o g a r i t h m i c ; t h e u n i t chosen f o r the abscissa scale is tw ice as 

w i d e as t h a t f o r t h e o r d i n a t e . 
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F I G U R E 1 4 . M e a n n u m b e r o f t u m o r s p e r r a t m i n u s s p o n t a n e o u s i n c i d e n c e 4 0 0 

days a f t e r e x p o s u r e t o n e u t r o n s ( She l l aba r g e r et at., 1 9 7 3 ) , to X - r a y s (She l ­

l a b a r g e r etat., 1 9 7 4 ) , a n d t o y - r a y s ( B o n d etat., 1 9 6 0 ) . T h e b r o k e n l ines have n o 

m a t h e m a t i c a l s i gn i f i cance a n d are m e r e l y i n s e r t e d t o i n d i c a t e t h e t r e n d o f the 

da t a . T h e v e r t i c a l bars r e p r e s e n t t h e s t a n d a r d d e v i a t i ons . 

the mechan ism o f t u m o r induc t i ons . T h e RBE-dose r e l a t i on shown i n Fig. 11 puts 
cer ta in constr ic t ions o n the dose-effect re lat ions f o r b o t h X-rays a n d neut rons , 
a l t h o u g h i t does no t d e t e r m i n e the i r shape. I f dose-effect re lat ions are p lo t t ed 
exp l i c i t l y as i n Fig. 14, i t is at once apparen t tha t i n this l o ga r i t hm i c representat ion 
the slope o f the l ine f o r neu t rons is less t h a n 1, i nd i c a t i n g that t u m o r p r o d u c t i o n is 
not p r o p o r t i o n a l to dose. T h i s has become especially indicat ive w i t h the recent 
avai labi l i ty o f the data at very low doses, a l t h o u g h even w h e n an ear l ier analysis 
(Rossi a n d Ke l l e rer , 1972) was ca r r i ed o u t i t was a lready necessary to conclude that 
the n o n p r o p o r t i o n a l i t y extends to doses that are so low that m u l t i p l e traversal o f 
cells is improbab l e . As m e n t i o n e d above, the average n u m b e r o f particles 
t rave rs ing a cell nucleus is o f the o r d e r o f 1 f o r a n e u t r o n dose o f about 25 r a d . 
T h e lowest dose used i n these expe r iments was about 0.1 r a d , where on ly one i n 
about 240 cell nuc le i experiences the traversal by a n e u t r o n secondary; i.e., where 
the mean n u m b e r , n, o f events per nucleus is r o u g h l y 0.004. I f one considers the 
who le cel l , the mean n u m b e r , n, o f events at 0.1 r ad o f 430 k eV neu t rons is about 
0.05. I n Section 3.2, i t has been conc luded that i n a l o ga r i t hm i c p l o t o f the effect 
p robab i l i t y vs. dose the slope o f the r e su l t i ng curve can never be smaller t h a n 
1 — n, p r o v i d e d that the effect depends on ly o n the lesions i n i n d i v i d u a l cells. 
Because i n the present expe r iments the slope is considerably less, one must 
conc lude tha t the observed incidence depends no t on l y o n the t r ans f o rma t i on o f 
i n d i v i d u a l cells b u t also o n r ad i a t i on - i nduced changes i n adjacent cells o r o n 
dose-dependent changes at the tissue level. A t this t ime , no f u r t h e r statement can 
be made , b u t one may consider factors such as v i rus release by lysed cells w i t h 
some local sa tura t i on o r w i t h a t t endant increase i n i m m u n e reactions even at low 
dose levels o f the o r d e r o f f ract ions o f a r a d . 



5.2. Radiation Leukemogenesis 

For m a n , the p r i n c i p a l somatic hazard o f i on i z i n g rad ia t i on is carcinogenesis. 
A l t h o u g h i t is now established that r ad ia t i on can induce a var iety o f neoplasms in 
h u m a n s , the most f r equent l y observed and the most extensively d o c u m e n t e d is 
l eukemia . Howeve r , even i n this disease the available i n f o r m a t i o n is insuf f ic ient to 
p e r m i t firm conclusions r e g a r d i n g the m a g n i t u d e o f the hazard , especially fo r 
doses near the m a x i m u m p e r m i t t e d by var ious r e commenda t i ons , codes, o r laws. 

T h e most i m p o r t a n t source o f i n f o r m a t i o n o n r ad i a t i on - induced l eukemia is 
data ob ta ined f r o m studies o n surv ivors o f the Japanese cities bombed w i t h 
nuc lear weapons at the end o f W o r l d W a r I I . N o t on l y are the popu la t i ons 
invo l ved far la rger t h a n those i n o the r studies, b u t also special ef forts have been 
made by the A t o m i c B o m b Casualty Commiss i on to achieve m a x i m u m f o l l ow -up 
i n o r d e r to select o p t i m u m con t r o l popu la t i ons a n d to d e t e r m i n e as accurately as 
possible the doses received by ind i v idua l s . 

A n o t h e r i m p o r t a n t aspect o f these observat ions is that they were ob ta ined f o r 
two types o f rad ia t ions . I n H i r o s h i m a , a substantial n e u t r o n dose was de l i ve red 
w h i c h was p r i m a r i l y responsible f o r the b io log ica l effects observed. I n Nagasaki , 
the re lat ive n e u t r o n dose was very low a n d v i r tua l l y neg l ig ib le at greater distances 
f r o m the ep icenter o f the exp los ion ( I s h i m a r u et α/., 1971). Dos imet r i c i n f o r m a ­
t i on f o r b o t h rad ia t ions has been de r i v ed f o r b o t h cities. W h a t is said to be the 
"dose" o r " a i r dose" is actual ly the tissue k e r m a i n free a ir (see Section 2). A t any 
distance f r o m the ep icenter o f the exp los ion , the free-air ra t i o o f n e u t r o n k e r m a 
to y-ray k e r m a m u s t have been h i ghe r t h a n the ra t io of the respective absorbed 
doses i n the b l o o d - f o r m i n g organs since the o v e r l y i ng body tissues at tenuate 
neu t rons m o r e s t rong ly t h a n the p r o m p t y - rad ia t i on em i t t ed by a burs t . T h i s 
necessitates a co r r e c t i on o f perhaps a factor o f 2 f o r the absolute value o f the R B E 
b u t shou ld have a m i n o r effect o n relat ive values. 

T h e avai labi l i ty o f data fo r b o t h n e u t r o n and ( - radiat ions prov ides an o p p o r ­
t u n i t y to address the quest ion o f whe the r the dose dependence o f R B E regu la r l y 
f o u n d i n o the r systems can be shown to app ly also to h u m a n leukaemia . T h i s is a 
quest ion o f i m p o r t a n c e to r isk estimates, because a dose-dependent R B E makes i t 
impossib le tha t such estimates can be m e a n i n g f u l l y ca r r i ed o u t by l inear ex t rapo ­
l a t i on f r o m h i g h doses f o r both rad ia t i ons since the shapes o f the i r dose-effect 
curves m u s t be d i f f e rent . 

T h e es tab l ishment o f the RBE-dose r e l a t i on is d i f f i cu l t n o t on ly because o f 
considerable statistical uncer ta int i es b u t also because the neu t r ons at H i r o s h i m a 
were accompan ied by y - rad ia t i on w h i c h i n t e rms o f k e r m a was f r o m about 1.5 to 
2.5 t imes as intense between the i n n e r a n d the ou t e r per imete rs o f the zone o f 
interest i n this analysis. Consequent ly , i f i t is assumed that a l l o f the r a d i a t i o n at 
H i r o s h i m a was neu t r ons a n d a l l the r ad i a t i on at Nagasaki was y-rays, one obtains 
an underes t imate o f the n e u t r o n R B E w h i c h becomes progressively l a rger at 
lower values o f k e rma . Acco rd ing l y , one observes less o f an increase o f R B E at low 
levels o f effect t h a n i f one deal t e i ther w i t h a p u r e n e u t r o n r ad i a t i on o r w i t h a 
constant m i x t u r e o f n eu t r ons a n d y-rays. 
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F I G U R E 1 5 . Re la t i ve b i o l o g i c a l ef fec­

t iveness o f t h e r a d i a t i o n i n H i r o s h i ­

m a f o r t h e i n d u c t i o n o f l e u k e m i a 

c o m p a r e d t o t h a t i n N a g a s a k i as a 

f u n c t i o n o f k e r m a i n H i r o s h i m a 

(Rossi a n d K e l l e r e r , 1 9 7 4 ) . T h e ba r s 

i nd i c a t e those va lues w h i c h can be 

e x c l u d e d w i t h 9 5 % c o n f i d e n c e ; t h e 

b r o k e n b a r s tands f o r a l eve l o f c o n ­

fidence o f 8 6 % . T h e b r o k e n c u r v e is 

t h e r e s u l t o f a least-squares fit. 

I f one nevertheless analyzes the data w i t h this assumpt ion u t i l i z i n g the same 
techn ique discussed i n the prev ious sect ion, one obtains the r e la t i on dep ic ted i n 
Fig. 15.* A l t h o u g h the most c ruc ia l o f the l imi ts ( the lower b o u n d as 10 rad ) is 
established w i t h 86% ra the r t h a n 95% signif icance, this value seems suf f ic ient ly 
large, pa r t i cu l a r l y i n view o f the conservative assumpt ion made. I t may thus be 
conc luded tha t the n e u t r o n R B E f o r h u m a n l eukemia , l ike that f o r al l o t h e r 
somatic effects invest igated, increases w i t h decreas ing level o f effect. 

W h i l e this finding is o f interest , i t is o f course even m o r e desirable to d e t e r m i n e 
the shapes o f the dose-effect re lat ions. I n pa r t i cu la r , the very i m p o r t a n t ques t i on 
arises o f whe the r , as i n the case o f m a m m a r y neoplasms, the n e u t r o n dose-effect 
r e la t i on rises w i t h a power o f the dose tha t is less t h a n 1 o r whe the r the power is 1 
o r exceeds 1. L inea r ex t rapo la t ions w o u l d i n the f o r m e r case underes t imate the 
n e u t r o n hazard b u t i n the latter case overest imate the y-ray hazard . 

I n o r d e r to ga in i n f o r m a t i o n on this p o in t , i t was assumed that f o r bo th cities the 
dose-effect can be a p p r o x i m a t e d by 

I(K) = Jo + α Κ + bK2 (24) 

where I is the inc idence a n d J 0 its c o n t r o l level, Κ is the to ta l k e rma , and a a n d b are 
constants. U t i l i z i n g a statistical t r e a tmen t descr ibed elsewhere (Ke l l e rer a n d 
B r e n o t , 1974), i t was established tha t f o r H i r o s h i m a the quadra t i c c o m p o n e n t has 
to be re jected a n d on l y a l inear c o m p o n e n t need be assumed. For Nagasaki , the 
most probab le value f o r a t u r n e d o u t to be negative, a n d on l y the quad ra t i c 
c o m p o n e n t was there fo re cons idered i n the f u r t h e r analysis. I t thus appears t h a t 

* I n th i s as w e l l as i n t h e o t h e r analys is , t h e i n f o r m a t i o n f o r t h e h i g h e s t k e r m a leve l at Nagasak i a n d t h e 

t w o h i g h e s t k e r m a levels a t H i r o s h i m a has been i g n o r e d . T h i s has t w o reasons . O n e is t h a t s u r v i v o r s 

i n these ca tegor ies m u s t r e p r e s e n t a h i g h l y se lected a n d u n c e r t a i n g r o u p because L D 5 0 levels a r e 

a p p r o a c h e d o r e ven e x c e eded . T h e o t h e r r eason is t h a t , i n a c c o r d w i t h al l o t h e r e x p e r i e n c e w i t h 

r a d i a t i o n ca rc inogenes i s , i t m u s t be e x p e c t e d t h a t t h e dose -e f f ec t c u r v e s h o u l d at such h i g h doses 

sa tu ra t e o r e v en decrease. 
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f o r t h e p e r i o d f r o m O c t o b e r 1950 

t o S e p t e m b e r 1966 vs. k e r m a at 

H i r o s h i m a (Rossi a n d K e l l e r e r , 

1974 ) . T h e bars r e p r e s e n t 9 5 % 

c o n f i d e n c e r anges ; t h e s h a d e d 

a rea is the 9 5 % c o n f i d e n c e r e g i o n 

f o r t h e u n i r r a d i a t e d p o p u l a t i o n 

o f t h e c i ty . T h e b r o k e n c u r v e is 

t h e r e s u l t o f a least-squares fit. 
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at H i r o s h i m a , where the bio log ical effect o f the neu t rons was d o m i n a n t (because 
o f t h e i r h i g h e r RBE ) , r a d i a t i o n i n d u c e d l eukemia at a rate p r o p o r t i o n a l to 
k e r m a , wh i l e at Nagasaki , where neu t rons c ou ld be al l b u t neglected, the inc idents 
increased w i t h the square o f k e rma . 

I n a final step, a m o r e accurate t r e a tmen t was ut i l i zed by assuming tha t i n b o t h 
cities the inc idence c ou ld be expressed by 

i = Jo + aKs + bK? (25) 

where K* a n d Kx are the kermas o f neu t rons a n d X-rays and the parameters J 0 , a, 
a n d b are the same f o r b o t h cities. T h e least-squares fit ob ta ined o n this basis is 
shown i n Figs. 16 and 17 toge ther w i t h the observed incidences a n d the i r s tandard 
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1974) . T h e bars r e p r e s e n t 9 5 % 
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area is the 9 5 % c o n f i d e n c e r e g i o n 
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deviat ions. T h e r esu l t ing values o f the est imated parameters are /<> = 4.8 x 1 ()"'', 
a = 2.2 x 10 1 ( rad '), and /; = 8.7 x 10 s ( rad 0· T h e data are for leukemias o f all 
types and relate to inc idence w i t h i n the observat ional pe r i od f r o m October 1950 
to September 1966. Because o f the smal l numbe r s invo l ved , a m e a n i n g f u l s tudy of 
i n d i v i d u a l types seems imprac t i ca l . 

I t is no t ewo r thy that i n the two types o f carcinogenesis considered in this section 
the dose-effect re lat ions t u r n o u t to be qu i t e d i f f e rent . T h e quest ion o f whe the r 
this is because the e xpe r imen ta l an ima l t u m o r s have a h i g h spontaneous inc idence 
wh i l e the n o r m a l inc idence o f h u m a n l eukemia is m u c h lower is i n t r i g u i n g , b u t it 
cannot at this t ime be answered w i t h any cer ta inty . 

6. Appendix 

I n the f o l l ow ing , a f o r m a l de r i va t i on w i l l be g iven o f the th eo r em w h i c h is 
expressed i n equa t i on (13) o f Section 3.2. As exemp l i f i ed i n Section 5 .1 , this 
t h e o r e m can be ut i l i z ed to decide whe the r an observed dose-effect r e l a t i on is 
compat ib l e o r incompat ib l e w i t h the assumpt ion tha t the effect is due to i n d e p e n ­
den t a l terat ions i n i n d i v i d u a l cells. 

Le t £ v be the p robab i l i t y o f observ ing the effect i n a cell a f ter exactly ν energy-
depos i t i on events have o ccur r ed . As po in t ed ou t ear l ier , an event is energy 
t rans fe r to the cr i t i ca l r eg i on o f the cell by a charged part ic le and/or its 
secondaries. T h e cells are assumed to be long to an i r r ad i a t ed p o p u l a t i o n i n w h i c h 
no in t e rac t i on o f ce l lu lar damage occurs; i.e., energy depos i t i on i n one cell does 
no t in f luence the effect p robab i l i t y f o r ano the r cell. 

Energy depos i t i on events are by d e f i n i t i on statistically i ndependen t ; t h e i r 
n u m b e r is the re fo re d i s t r i bu t ed acco rd ing to Poisson statistics. A c c o r d i n g to 
equat ion (8), the effect p robab i l i t y at dose D is 

I t is i m p o r t a n t to note that this equa t i on holds even f o r an in homogeneous 
p o p u l a t i o n . T h e sole c o n d i t i o n is that the cr i t ica l reg ions f o r the i n d i v i d u a l cells 
are chosen to be o f equal size. W i t h o u t this c o n d i t i o n , Poisson statistics w o u l d n o t 
app ly . Since the cr i t ica l regions can be la rger t h a n the sensitive sites of the cells o r 
even t h a n the cells themselves, the c o n d i t i o n o f equal i ty o f cr i t ica l reg ions can 
always be me t even f o r a p o p u l a t i o n o f unequa l cells. I t is f u r t h e r m o r e essential to 
note tha t the coefficients JE» d o no t d e p e n d o n absorbed dose. T h i s is the case 
because, by d e f i n i t i o n , energy depos i t i on outs ide the cr i t ica l r eg i on does n o t 
in f luence the fate o f the cel l ; the effect is d e t e r m i n e d solely by the n u m b e r o f 
events t a k i n g place w i t h i n the cr i t ica l r e g i on a n d by the a m o u n t o f energy 
i m p a r t e d by these events. 

T h e slope o f the dose-effect r e la t i on i n the l o g a r i t h m i c representa t ion is 

E(D)= Σ P v £ v = Σ e 
φ'\φθγ/ν\Εν ( A I ) 

ν = 1 ν = 1 

d\n Ε D dE 
c = 

din Ό Ε dD 
(Α2 ) 
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can be u n d e r s t o o d as a cond i t i ona l p robab i l i t y , namely as the f rac t i on o f cells w i t h 

exactly ν events a m o n g those cells w h i c h are affected. F r o m equat ions (A3) a n d 

(A4) , 
cc 

c = Σ νττν - φΌ (A5) 
v = 1 

T h i s f o r m o f the equat i on fo r the l o ga r i thm i c slope o f the dose-effect curves has a 

h i gh l y in t e r es t ing i n t e r p r e t a t i o n . T h e s u m ^ νπ, is the mean n u m b e r o f events 

in those cells wh i ch show the effect; one can symbolize this mean value by nK. O n 

the o t h e r h a n d , the mean n u m b e r o f absorp t i on events t h r o u g h o u t the cell 

p o p u l a t i o n , regardless o f whe the r the cells w i l l show the effect o r no t , is equal to 

</>D; this lat ter quan t i t y can there fo re be symbol ized as n. T h u s the di f ference o f 

the mean event numbe r s i n those cells w h i c h show the effect and in the cells 

t h r o u g h o u t the p o p u l a t i o n is equal to the slope o f the dose-effect curve i n the 

l oga r i thmic r epresenta t i on at the par t i cu la r value o f the absorbed dose w h i c h is 

cons idered. T h i s is the t h e o r e m discussed i n Sections 3 and 5: 

c = nF — η (A6 ) 

A somewhat m o r e genera l f o r m u l a t i o n o f the re la t i on can be f o u n d elsewhere 

(Ke l l e rer a n d H u g , 1972). 
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