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ABSTRACT—The biophysical factors in brachytherapy with particular reference 
to differences between gamma and neutron emitters are analyzed. Physical 
parameters are source strength, distance, and time; biological factors are repair 
of sublethal damage, cell proliferations, and the nature of the dose-effect rela-
tionship. The principal relationships are considered on the basis of the theory 
of dual radiation action. Experimental results with a model System are in 
substantial agreement with predictions. The most important practical con-
clusion is that the biological effect decreases much more slowly with distance 
from an implant i n the case of neutrons. 
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SE V E R A L major radiotherapy centers are i n the 
process of evaluat ing 2 5 2 C f for the interst i t ia l 

or in t racavi tary treatment of mal ignant lesions 
beeause of the expectation that anoxic tumor cells 
are re lat ively less resistant to the neutrons emit ted 
b y this nuclide. The choice of treatment param­
eters w i l l probably be influenced b y the long ex-
perienee accumulated w i t h r a d i u m a n d other 
materials emi t t ing gamma radiat ion, but i t is 
evident that there are a number of aspects of 
radiotherapy w i t h 2 5 2 C f that require fundamental 
modifieation. These are the different dependenee 
of absorbed dose rate on distance f rom the source, 
a different effect of dose rate variat ions a n d an 
R B E that is not only different f rom 1 but also 
depends on dose and dose rate. These factors 
combine to m o d i f y the pattern of cellular in jury 
at various distances f rom a 2 5 2 C f source compared 
to that obtained w i t h g a m m a emitters. T h i s has 
already been noted b y H a l l et al. (4) but the discus-
sion on this point was incomplete and also, as w i l l 
be seen, p a r t l y incorrect. 

Beeause of the pract ical importance of the sub-
ject, we shall analyze i n some detai l the various 
factors and their interrelat ion. T h i s can be done 
more effectively if one first considers the pr inc ipa l 
b iophysical relations. These w i l l be p r i m a r i l y de-
r i v e d on the basis of the theory of dual radiat ion 
act ion (6). Modi f iea t ion of the pr inc ipa l relation­
ships between parameters that results when 
growing cultures of m a m m a l i a n cells are contin-
uously i rradiated w i l l be considered i n a separate 
section. 

PRINCIPAL RELATIONvS 

The T h e o r y o f D u a l R a d i a t i o n A c t i o n : T h i s 
postulates that inact ivat ion of the cells of higher 
organisms b y ioniz ing radiat ion is caused b y ele-
mentary lesions whose y i e l d is proport ional to the 
Square of the specific energy, s, (which is s imply 
the rat io of energy absorbed and mass) i n sites 
h a v i n g dimensions comparable to those of cell 
nuclei . Observed effects m a y depend on the y i e l d 
of elementary lesions through various factors i n -
dependent of the pattern of p r i m a r y energy dep-
ositions. These factors determine the shape of 
the dose-effect relation but cancel if the R B E 
(relative biological effectiveness) is considered. 

I t can be shown (7) that at any value of the 
absorbed dose, D , the average value of the square 
of the specific energy is given b y 

i " 2 = f D + D 2 (1) 

where f is a constant 2 characterizing radiat ion 
qual i ty . I t follows that the y i e l d of elementary 
lesions is given b y 

e ( D ) = k t f D + D > ) (2) 

T h e constant appears to be p r i m a r i l y related to 
the nature of the biological effect and to be largely 
independent of radiat ion qua l i ty . 

F o r m a m m a l i a n cells f is t y p i c a l l y of the order 
of tens of rads for x or y rays and roughly thou-
sands of rads for fission neutrons. F r o m this i t 
follows that i n the dose ränge relevant to radio­
therapy one m a y i n a first approximat ion assume 
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2 f is the dose average specific energy for single events as given by £ = 0fm z d ( z ) d z ; where d ( z ) is the distribution of absorbed energy 

in the specific energy z produced in individual particle passages (7). f depends on the radiation quality and on the size of the ref­
erence site. It is largest for small sites and for densely ionizing radiation. shan 
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Fig. 1. Schematic representation of the interdependence of the biophysical factors of source strength (activity), distance, dose rate, 
dose, time, and biological effect. 

A. Neutrons. 
B. 7 rays. 

that on the right hand side of E q u a t i o n 2, only 
the second term is significant for y rays and only 
the first term is of importance for neutrons. T h u s 

and 

e ( D x ) ~ H V 

e ( D n ) ~ H D n 

(3) 

(4) 

T h i s implies that elementary lesions are due to 
single secondary particles (usually protons) pro-
duced b y neutrons. O n the other h a n d the qua-
dratic dependence for gamma rays implies that 
more than one electron secondary to gamma rays 
is necessary to induce a lesion. A l t h o u g h not 
str ict ly proved the assumption m a y be made that 
two electrons produce each elementary lesion; 
but even if more electrons were i n v o l v e d i n the 
second order reaction, the fol lowing argument 
w o u l d be unaffected: 

F r o m Equat ions 3 and 4, i t m a y be concluded that 
( a ) The product ion of lesions is proport ional 

to neutron dose but depends on the Square of 
the 7-ray dose. B y equating Equat ions 3 and 
4 and setting the R B E (the inverse rat io of 
absorbed doses for equal effect) equal to D x / D n 

i t is a simple matter to show that the R B E is 
proport ional to D x ~ l or D n ~ ~ y / \ 

( b ) Since neutrons produce elementary le­
sions i n a single step, no repair of sublethal 
damage has to be considered. O n the other 
h a n d if there is an increasing period of t ime be­
tween the ar r iva l of the two electrons respon-
sible for the product ion of the elementary lesion, 
the probabi l i ty for repair f r o m the effects of 
the first electron increases. T h u s an absorbed 

dose D delivered i n t ime t is less effective t h a n 
if delivered i n s t a n t l y . A c c o r d i n g to the theory 
of d u a l rad ia t ion act ion, th is is described b y a 
modif ied f o r m of E q u a t i o n 2 (8): 

t { D ) = *(fZ? + q ( t ) D > ) (5) 

where the reduct ion factor q ( t ) depends on the 
length t of the i r r a d i a t i o n t ime . T h u s whi le 
E q u a t i o n 4 for neutrons remains unchanged, 
one has the modi f ied equat ion 

e ( D ) = k q ( t ) D 2 (6) 

i n the case of g a m m a rays . If var ious doses are 
delivered i n the same t ime (by Var ia t ion of dose 
rate) the reduct ion factor is constant, and the 
quadrat ic dependence of effect on dose is there-
fore preserved. One notes that this is not the 
case if the dose rate is kept constant and the 
t ime is var ied . 

The General Q u a d r a n t P l o t : I t so happens that 
al l the basic b i o p h y s i c a l parameters of brachy­
therapy are p r i n c i p a l l y related b y power functions 
and that consequently their in terre la t ion can be 
represented b y s tra ight lines on logar i thmic plots. 
I n F igure 1, A a n d B show the resul t ing schemes 
for neutrons a n d g a m m a rad ia t ion , respectively. 

Beg inning w i t h the Upper r i g h t h a n d corner, the 
relation between d, the distance f r o m a source, a n d 
D , the absorbed dose rate, is i n the logar i thmic 
representation g iven b y a line of slope —1/2 i n 
accordance w i t h the inverse Square law. A 
change of source strength results i n a propor t iona l 
displacement of this l ine : 

b = % ^ 
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If one considers a f ixed i r r a d i a t i o n time t, the 
absorbed dose D is p r o p o r t i o n a l to the dose rate D : 

D = t b (8) 

T h u s i n the second q u a d r a n t one has lines of slope 
+ 1 w i t h a para l le l shift p r o p o r t i o n a l to t ime. 
T h i s merely expresses the l inear increase of the 
phys ica l q u a n t i t y absorbed dose w i t h t ime. 

T h e first two quadrants refer to the physical 
quanti t ies a n d their p r i n c i p a l interdependence 
which is the same for either radiat ion . T h e 
second two quadrants i n v o l v e biological responses 
that are different for the two radiat ions . 

F o r neutrons, the p r o d u c t i o n of elementary 
lesions is propor t iona l to D ( E q u a t i o n 4) : 

en = H D (9) 

T h i s re lat ion appears as a l ine of slope + 1 i n the 
t h i r d quadrant of F i g u r e 1, A . There is only one 
line beeause e is independent of the t ime i n w h i c h 
the dose is del ivered. F o r g a m m a rays, the 
dependence is quadrat ic ( E q u a t i o n 6) and one 
therefore has lines of slope 0.5 i n the t h i r d quadrant 
w h i c h are shifted para l le l w i t h v a r y i n g values of t: 

ex = k q ( t ) D * (10) 

T h e shifts represent the b iological consequence of 
changing the length of the i r rad ia t ion period. 
Since q ( t ) decreases w i t h increasing /, the effect of 
time is opposite to tha t i n the second quadrant . 

B y a stepwise connect ion of the lines i n quad­
rants 1 t o 3 one obtains the result ing line i n 
quadrant 4 . F o r g a m m a rays one finds the slope 
— 1/4, or aecording to E q u a t i o n s 7, 8, and 10: 

e x ( d ) = k q ( t ) t 2 C 2 / d * (11) 

F o r neutrons, on the other h a n d , the resulting 
line has the slope —1/2, or corresponding to 
E q u a t i o n s 7, 8 a n d 9 : 

e n ( d ) = H t C / d 2 (12) 

T h e quadrant p lo t therefore demonstrates the 
basic result tha t the effect of a neutron source 
decreases o n l y w i t h the square of the distance, 
while for a g a m m a source, i t decreases w i t h the 
fourth power of the distance. 

A C T U A L R E L A T I O N S O B S E R V E D I N T I S S U E C U L T U R E S 

C O N T I N U O U S L Y I R R A D I A T E D B Y R A D I U M A N D 

C A L I F O R N I U M S O U R C E S 

D e v i a t i o n s f r o m Idealized C o n d i t i o n s : I t ap­
pears that the o n l y avai lable series of experiments 
that can be tested against the theoretical pre-
dict ions is that of H a l l et al. (4) i n w h i c h growing 
cultures of hamster cells were i rradiated con-
t inuously . T h e relevance of these experiments to 
tumor therapy is of course l i m i t e d , but they 

present a feasible model System and they m a y also 
serve to i l lustrate the general modifications re-
quired if the theoretical considerations are appl ied 
to pract ica l cases. 

There are a number of physica l aspects that are 
different i n pract ical situations. I n order to 
achieve Optimum dose uni formity , tumors are 
usual ly i rradiated b y arrays of sources and if the 
distance d i n the quadrant plot is that to the geo-
metr ica l center of the array, the dose rate de­
creases more slowly than the inverse square of d i n 
the v i c i n i t y of the array, a l though the inverse 
square dependence is approached at more distant 
locations (e.g., normal tissue beyond the t u m o r ) . 
A factor operating i n the opposite direction is 
at tenuation of radiat ion. I n the modif ied plots 
given below, a single needle-shape source is i m ­
pl ied. T h e appropriate modifications for other 
types can be readily performed. 

T h e neutrons emit ted b y 2 5 2 C f have energies of 
the order of 1 M e V and m a y be regarded as h igh-
L E T radiat ion i n the sense that first order i n -
act ivat ion predominates. However the 2 5 2 C f 
sources employed i n brachytherapy emit not only 
neutrons but also gamma rays and the neutron 
capture b y hydrogen i n the surrounding tissues 
results i n addit ional g a m m a radiat ion. T h u s 
the absorbed dose rates of the two types of 
radiat ion are comparable. However , the R B E 
of the neutrons is h igh and i n order to a v o i d the 
complexities of its Var iat ion w i t h dose, dose rate, 
and a v a r y i n g neutrons-to-gamma ratio w i t h 
distance, the gamma radiat ion has been ignored 
i n the first quadrant of the neutron plot . Its i n -
fluence on the experimental curves i n the other 
quadrants should be minor . 

There is strong indicat ion that 2 5 2 C f inactivates 
cells i n single events. T h e growth curves for 
viable cells i n Figure 1, B i n H a l l et al. (4) appear 
to be proport ional to e ^ - ö / w where JJL is the 
mul t ip l i ca t ion rate ( M ) . 0 6 h r - 1 ) , and D 0 the dose 
required for a s u r v i v a l ratio of e~l (^60 rad) . 
T h e decline which occurs several days after the 
beginning of i r radia t ion—presumably beeause 
cells stop d i v i d i n g i n the stat ionary phase—is also 
rather accurately proport ional to g - T h e 
curves for r a d i u m i r radiat ion (F ig . 1, A of the 
reference) exhibit the differences one might expect 
qual i ta t ive ly i n that they seem less linear and 
show a more pronounced dependence on dose rate. 
However , beeause of the complexities of the 
inact ivat ion mechanism and i n view of various 
imponderables (especially divis ion delay), a n u -
merical analysis seems impract ica l . 

T h e dependence of R B E on neutron dose is that 
postulated b y theory. The lines i n Figure 3 i n 
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Fig. 2. Dependence of R B E on neutron dose for cell irradia-
tions protracted over various periods [after Hall et a l . (4)]. 

H a l l et al. (4). give the R B E as a funct ion of dose 
rate for various periods of i r radia t ion . M u l t i -
p l icat ion b y the durat ion of these periods of the 
dose rates on the abscissa produces the relations 
between R B E and dose i n our Figure 2. T h e figure 
represents lines of the same slope shifted to higher 
neutron R B E as i r radiat ion is protracted. T h i s is 
i n accord w i t h the theoretical results g iven above, 
as is the slope which at —0.47 is near the pre-
dicted value of —0.50. E v e n the sl ight dis-
crepancy (although w i t h i n experimental error) is 
i n the right direct ion if the gamma contaminat ion 
of the 2 5 2 C f source is taken into account. 

There is one difference between the basic 
theoretical relations and the actual behavior of 
this dynamic system i n that there m a y be a slight 
dose rate effect w i t h C f [cf. F i g . 4 i n H a l l et al. 

(4)]. T h e accuracy of the data is i n fact such 
that i t is not certa in whether the three curves i n 
the t h i r d q u a d r a n t of our Figure 3, B , w h i c h w i l l be 
discussed i n the next section, are different. If 
they are, this m a y be due to contaminant g a m m a 
radia t ion or to some other cause, such as sensi t iv i ty 
shifts w i t h increasing age of the popula t ion . 

The Specific Q u a d r a n t P l o t : T h e ac tual quad­
rant plots for t h e case of continuous i r r a d i a t i o n of 
growing cultures of hamster cells are g iven i n 
F igures 3, A a n d 3, B for encapsulated sources of 
2 2 6 R a (and i ts decay products) , and 2 5 2 C f (and its 
fission products ) . 

A s s tated above, the sources are assumed to be 
single needles, a n d the curves i n the first quadrant 
are based on da ta b y G o o d w i n et al. (2) a n d C o l -
ve t t et al. (1), respectively. 

C o m p a r i s o n between theory a n d experiment 
involves the relat ionship between e(D) a n d S ( D ) , 
the cel l s u r v i v a l . T h e simplest assumption is 
that at a n y s u r v i v a l the number of survivors de­
creases i n p r o p o r t i o n to the number of lesions 
produced, leading to 

e - ( e D ) (13) 

T h e q u a n t i t y e on the fourth axis i n the quadrant 
p lo t is therefore set equal to — I n S where S is the 
observed s u r v i v i n g fract ion. 

F i g u r e 3 is i n substantial agreement w i t h 
F igure 1. 
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Fig. 3. Actual dependence of the factors in Figure 1 as observed in continuous irradiation of growing cultures of mammalian cells 
[after Hall et a l . (4)]. 

A. Neutrons. 
B. y rays. 
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DISCUSSION 

T h e most impor tant prac t i ca l consequence of 
these considerations is that tissue damage at 
some distance f rom a b r a c h y t h e r a p y i m p l a n t is 
l ike ly to be more severe for 2 5 2 C f t h a n for g a m m a 
emitters. G o o d design of the source a r r a y m a y 
Jessen the h a z a r d and avoid the entire differential 
i n the k i l l i n g rates for single p o i n t sources. I n 
addi t ion , the doses applied i n r a d i o t h e r a p y m a y 
be larger t h a n those employed i n the experiments 
of H a l l et al. (4). If this results i n a n appreciable 
contr ibut ion of the second order t e r m for n e u t r o n s , 
the curves i n the t h i r d quadrant of F i g u r e 3, A 
a n d B become more alike at h i g h doses. N e v e r -
theless, the problem is l i k e l y to be serious i n 
certain pract ica l situations. A n example w o u l d 
be damage to rectum or bladder i n t reatment of 
Carcinoma of the cervix uteri . 

I t also follows that i n a d d i t i o n to pos ing a 
greater h a z a r d to the normal tissues of the pat ient , 
neutron brachytherapy involves greater r isks to 
other persons i n p r o x i m i t y to the pat ient . C u r -
rent radia t ion protect ion rules a l low for this to a 
l i m i t e d extent b y imposing a q u a l i t y factor Q of 
10 (5, 9) w h i c h is somewhat higher t h a n the 
R B E values applicable for therapy (3). H o w e v e r 
the considerations presented here suggest that 
this m a y not adequately reflect the dependence of 

R B E on dose. A l t h o u g h a sufficient marg in of 
safety m a y be afforded b y the low levels of M P D 
current ly employed, this marg in is l ike ly to be 
less for neutrons and careful attention to radiat ion 
protect ion is indicated. 
Dr. Albrecht M . Kellerer 
Radiological Research Lab. 
Department of Radiology 
Columbia University 
College of Physicians & Surgeons 
630 West 168th Street 
New York, N . Y . 10032 
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