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RBEOER: A FORTRAN PROGRAM FOR THE COMPUTATION

OF RBEs, OERs, SURVIVAL RAT[US, AND THK

EFFECTS '.F FRACTIONATION USING THE THEORY OF DUAL RADIATION ACTION

by

M. Zaider and J. F. Dicello

ABSTRACT

The computer code RBEOER calculates RBEs,
OERs and survival curves as a function of the
dose delivered to a biological system and the
temporal distribution of the dose (fractionation).
The method of calculation is based on the theory
of dual radiation action. The basic formalism
and the input parameters are described. A sam-
ple output is presented.

I. INTRODUCTION

This report describes the computer program RBEOER,which calculates relative
biological effectiveness (RBE) and oxygen enhancement ratios (OER) as a function
of the dose delivered to a biological system while taking into account the effects
of the temporal distribution of the dose (fractionation). Survival curves, under
both aerobic and anoxic conditions are calculated also. The program is based on
the theory of dual radiation action as developed by Kellerer and Rossi.1 The main
input to the program consists of microdosimetric spectra characterizing th.2 dis-
tributions of the energy deposited by the radiation. Other parameters, related
to the type of particle utilized in irradiations, the size of the sensitive site
in the biological system, and the temporal conditions of the irradiations are read
in as input data. In its most complete form, the calculation describes an experi-
mental situation in which the dose is delivered at a specified dose rate, in a
number of fractions separated by a constant time interval, with recovery, repair,
saturation,and oxygen effects specifically included. Less complex experiments
(e.g.,single dose, no recovery, etc.) can be described also.

The RBEOER program was written for the needs of the research work at the bio-
medical channel at LAMPF. In its present form, this code runs on a rDP-11/45
computer under the RSX-11 6.2D version. A plotting package2 for the Tektronix
^010 terminal is used for graphic displays. With minimal changes, this program
could be run on any medium-size memory computer.



II. CALCULATIONAL METHOD

A. Basic Formalism
This section briefly describes the theoretical concepts utilized in the

RBEOER code. A more complete and detailed description of th^se concepts can be
found in the original paper by Kellerer and Rossi.1

The basic assumption in the theory of dual radiation action is thac the yield
of elementary biological lesions, c(z), is a quadratic function of the specific
energy, z:

e(z) = kz2 , (1)

where z is the local energy concentration per unit mass within microscopic regions
(sites). It should be noted that Eq.(l)is also a working definition of a biolo-
gical lesion; i.e.,any process satisfying Eq.(l)can be described by this theory.
Let f(z;D)dz be the probability that, for a given absorbed dose f), the specific
energy z lias a value between z and z + dz. Then, the yield of elementary lesions
corresponding to an absorbed dose D can be calculated:

e(D) = / e(z)f(z;D)dz = k / z2f(z;D)dz = k z2(D). (2)
o 0

As shown in Ref. 1,

P (D) = z 1 D D + D
2, (3)

where

'"> " >o

/ OO

2f (z)dz// zf (z)dz. (4)
/ 0

Here f (z) is the probability distribution of z for single-event depositions
(called single-event spectrum). fi(z) can be calculated from a measured micro-
dosimetric spectrum. From (2), (3)s and (4), it follows that:

e(D) = k(z1E)D + D
2 ) . (5)

Equation (5) is the basic description of the relationship between delivered
dose and biological effect in the theory of dual radiation action. One can see
chat for doses much smaller than z^D, the dose-effect dependence is practically
linear, while for doses much larger than z we have a quadratic dependence of



the biological effect on dose. This can explain, for instance, :h._- R:;-.V::I iuadra-
tic and linear aose-effect relations for x ra>, s and neutrons, ressecLively (zv,
for 14-MeV neutrons is about 50 times higher than for x rays) in the range oi low
doses.

On a practical side, one has to determine f^(z) through a raicrociosimetric
measurement and then calculate zip. zip is a function of the simulated site
diameter d. Correspondingly, the biological interpretation of the results is,
therefore, dependent on the site size chosen.

If a linear terra is present in Eq. (1)

e(z) = k(XQz + z
2), (6)

one can show that the new dose-response relation becomes

e(D) = k[(zlD + XQ) D + D
2 ] . (7)

Let D and Dx be the doses delivered utilizing heavy particles and x rays,respec-
tively, in order to obtain the same effect

e(D) = e(Dx). (8)

One can calculate the RBE

D
~ , (9)

or

2Wk (A + z + D)
R B E = x 9 IP — (10)

Aox + ZlDx + / ( Aox + Z1DX>^ + ^ ( A O + Z1D ) D + D

v;ith obvious notations for the heavy particles and the x rays. There are four
quantities: k/kx, Xox» Xo, and the site diameter d (through z l D, z1Dx) that muse
be specified from microdosimetry or biology. For a spherical site of diameter d,
the specific mean energy z± is related to the mean lineal energy y^ by:



y (keV/jim)

The lineal energy is defined as the energy deposited in a site divided by the
mean pathlength through the site. Throughout the rest of the report y and z will
be used interchangeably. One should keep in mind that in most of the cases, mi-
crjdosimetric spectra are expressed in terms of y, while the expression (II) can
be used to convert from one quantity to another. Also, we shall restrict our-
selves to the simplified case for which A = A = 0 •

o ox

2. Saturation Effect
It has been observed experimentally3'"4 that the RBE decreases for particles

having a mean lineal energy of more than about 125 keV/^m. This "saturation ef-
fect" has been interpreted as an overkill effect resulting from a waste of energy
deposited in the biological sites. In order to take into account this effect in
Che present model, Eq.(l)is changed r.o

e(z) = kz2[l - e~
( z / z o ) ]. (12)

zo is a parameter characterizing the specific energy at which saturation effects
become important. For z << zo we regain the original relation (1). One has now:

oo 2

e(D) = kz2 / [1 - e"
( z / z o ) ] f(z;D)dz. (13)

This expression is not a simple function of D. One can make, however, the follow-
ing remark: the saturation effect is expected to be important for particles
characterized by a high Zip. For these particles, the dose-effect relation (5)
will be dominated by the linear term for doses not exceeding z^D. It is there-
fore reasonable to account for the saturation effect by writing:

£(D) = k(z*D D + D
2) (14)

with

N2 / °°

>; ] f (z)dz/ / zf1(z)dz. (15)
/ 0



C. The Oxygen Effect

In ordtr to account for the oxygen effect, the assumption is made that under
anoxic conditions the relation (1) becomes

£A (z) = kp(z) z
2 , (16)

or, considering tht saturation effect:

= kzo
2[l - e"(p Z / Z o > ] (17)

and

00 2
e.(D) = kz o

2 / [1 - e" (P z / Z o ) ] f(z;D)dz , (18)

where p(z) is determined from experimental data. Figure 1 shows the results of
such an analysis obtained from data presented in Refs. 1, 3,and 4. One can see
that for lineal energies up to about 10 keV/nm, p is constant and equal to 0.62.
For lineal energies above 170 keV/p,m, p is equal to 1 (no oxygen effect). One
can use arguments similar to those utilized in obtaining the relations (14) and
(15) for the saturation effect and write:

with the subscript A denoting the anoxic case, and

z/z°} ] f1(z)dz^/ zf1(z)dzZA ' \ ic U " '

The oxygen enhancement ratio (OER) is defined:

OER = -^ (20)

for

e(D)



2(z*D + D)
OER = —:

^IDA + /Z^T + 4P"2(O)D(*JD + D) (22)

D. Dose-Rate Effects and Fractionation -,
The relation (5) is interpreted in the theory of dual radiation action as

representing contributions from intratrack interactions (the linear term) and
intertrack interactions (the quadratic terra). Under this interpretation, the
linear term is independent of dose-rate effects, while the quadratic term should
decrease with increasing exposure time. This decrease is formally represented
by a coefficient q defined as:

CO

q = / x(t) h(t)dtj (23)
o

where t(t) is the recovery function. For the present, it h.is been assumed that

-t/t0
T(t) = e . (24)

h(t) is the distribution of time intervals t between dose increments. h(t) can
be expressed as:

h(t) = p.- / Ks) I(s + t)ds » (25)

where I(s) is the dose rate as a function of time. It can be shown (see the Ap-
pendix) that if the dose is delivered in n equal fractions of c min each, and
which are separated by the time b min, then:

- b/t
o

c/to / o

with x = e s = e . \2.1)

In the special case of a single fraction dose (n = 1) one obtains:

q = ££°1 [ ~ + e" c/t° - 1]. (28)
c



The dose-effect re]at ion becomes

New expressions for RBE and OER, which include the dose-rate effects, could r.ow
be easily calculated, and will be presented in the nex*- section.

E. Summary
In this section the relations presented before, which include effects fror.

saturation, oxygen, dose rate, and fractionation, are summarized. These expres-
sions are utilized in the RBEOER computer code:

*

+ D
RBE = 2~ * -i — ^ -, ; -30)

+ 4ji a D c— + D>

OEk =

2 ( Z 1 D + D )

Z1DA [/IDA,2 2, /ID

T ~ + [{~V~) + p (o)D ( ~ + D)

- 20.A I f (32)
d

Z 1D

IDA = Zo ! U " 6 ] f (z)dz// zf (z)dz
O o

= 4 - 2 j n t c + n t 2 ( 1 ^ ) + t 2 ( x + i -nc ( o ox o x
( 3 5 ;

where : x = e ° s = e ° 'K3'-'

z = specific energy (rad)

y = lineal energy (
d = site diameter (jj,m)



zo = saturation-effect constant (rad)
p(z) = oxygen-effect parameter
p = number of fractions
co - r- covery—effect constant (min)
c = tim^/fraction (min)
b = time between fractions (min)
f^(z) = distribution of single-event energy depositions :

Survival curves are calculated from

-k(z1D D + qD )
S/So = e * (37)

III. THE CODE RBEOER

A. Input
The program RBEOKR is written in FORTRAN IV. In its present form, the

program reads the input through any PDP computer terminal. Although most of the
question-answer type of input is self-explanatory, a description of some of the
input parameters follows.

As mentioned in the Introduction, the main input of the RBEOER code consists
of microdosimetric spectra. These spectra, for the heavy particles and x rays,
should exist on the system disc as data files NAMEIN.DAT, where NAMEIN can be any
6-character name. Among the many ways a microdosimetric spectrum can be repre-
sented, we have chosen the Y f(Y) vs Y representation, where Y is the event size
in keV/u>m. The event size is defined as the energy deposited in a site divided
by the site diameter. A data file consists of 50 numbers Y2f(Y) (in format
5F10.2) corresponding to event sizes Y equally spaced on a logarithmic scale.
The Y values are calculated in the program from

Y(i) = 10 ( 0 > 1 X L " 2 > 1 ), I = 1,2,3,...,50 . (38)

For otli.'r representations of the microdosimetric distributions, straightforward
changes could be made in the program.

The next two input data consist of yo [as defined in Eqs.(ll)and(12)] and the
average pathlength in the detector. For a spherical counter, for instance, the
average pathlength is 2/3 of the detector diameter.

There is no prediction given in the present model for the value of the pro-
portionally constant k between e(z) and z2 [see Eq.(l)]. k may be empirically de-
duced from a measured survival curve, if a fit of the type

s/s , e - ( « D + B D )
o

is made. As recognized by Kellerer and Rossi k represents a problematic para-
meter, as the values of predicted RBEs depend directly on the ratio k/kjj. Only

8



a direct comparison with experimental data could show whether, a no ,:.cur :....-i
conditions, unique values for k and k could fit a complete set r-f r̂ st;Its c-.y.i-
sistently.

The program can be run with or without recovery effects. In the rirst CSE'1 .
the dose rate (rad/min), number of fractions, the time between fractions Cti)
and the recovery constant t [see Eq. (24)] for both the heavy particle and ;-.
rays are read in.

The plotting of the survival curves and RBE as a function of dose is per-
formed using subroutines from a Tektronix 4010 graphical package- Should any
other type of terminal be used, the plotting routines should be turned off. This
is done in the program by a YES/NO input parameter corresponding to the last ques-
tion.

A sample of the input procedure is shown in Fig. 2.

B. Output
RBE, OER, and survival ratios are calculated for doses ranging from 10 to

10 000 rads in 16 steps. Survival curves for the heavy particles and x rays
(aerobic and anoxic) are plotted as log^odO-'S/So) vs dose. RBE is plotted as a
function of dose on a logarithmic scale. In order to obtain the nexf~ plot one
has to hit a "carriage return."

Figures 3-8 show a sample output corresponding to microdosimetric spectra
for pions (Fig. 9) and x rays6 (Fig. 10).

A detailed analysis with the present code of the available experimental data
(biology and physics) obtained for pion fields at the biomedical channel at LAMPF
is in progress and will be reported elsewhere.

IV. COMMENTS

The present treatment of recovery and fractionation effects is simplified.
A more realistic model should include such factors as changes in f'ne cell radio-
sensitivity throughout the fractionation scheme, repopulation of surviving cells,
tumor regrowth, etc. A comparison between the model in its present form and
biological data will reveal the extent to which these additional factors must be
incorporated.
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Figure 1

The dependence of the factor p on the lineal energy y. The

data are obtained from Refs. 1, 3,and 4.

IF YOU WONT OUTPUT ON TI TYPE "5> OH LP TYPE 6s
TYPE IN DO TO Flic NflME rOP PPPTICLE
TYPE I N PHTH riLL" Nrtfir FOP '••-r-MV? o CHF<P.
PLL THE INPUT FOPMHT" OPF F:o.5
V 2Ef?D FOP THE ^OTUPnTIOM EFFECT
DETECTOP p I f iMrTfP :. MtCP. • = 1 . 3
K FDP HEftVY F'HFTICLE= C. 00 00 021
K FDR .V--JPflV;= .0. 00&00C1
flHY PECDVEPY EFPCCTT. " YE'C DP ND :
FIPST.THE HEPVY PWTICLE
DD5E PflTE ::pfln.--riIM: = 5.
T ZEPO FDP RECDVFPY MIM5
HOW MHNV F E H C T T n n : . " : n .
TIME BETWEEN FPfiCTIONC-
NC1W»FDP >i--Pnv^
DOSE PflTE fF f tn .MIN ; = 5 .
T 2EP0 FDP PECOVEP',' MIN~ = JOO.
HOW MPMY FPOCTIDN"- ? 10.
TIME BETWEEN FPOf.TIONS 'HOUP?:> £ 4 .

••WPPHI Nij • • • •
IF YOU BON T U : r fi 401 fi TEPMINOL*
THE ftNJUEP TO THE MEXT CUE"TIDM
IS ND
0 0 YOU 1-iriNT PLOTS ? N

= .300.

Figure 2

An example of an input procedure for the code RBEOER.
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DATfl FILE FOR HEAVY PARTICLE:
DftTft FILE FD» X-PftYS: >3?OYS!

Y2E0O 125.0 KEV/MICPOM
ER- 1.30 nlCf-OnS

HEA«Y PHPTICLE

YF
0.79

DOSE PflTE
5.uO

X-RAY9

YF
1.76

DOSE RfiTE
5.88

DOSE(RAD)
10.
20 .
38 .
sa.

100.
200.

4L>': .
5.JC>!

3tiOf>.
40vi l .
Sik'O.
PC'CO.

lOtJOO.

VI)
13.86

(RHD'MIH)

YD
3.81

(RfcD'MIN)

YSTAR
14.09

T ZERO
388.08

YSTftR
5.70

T ZERO
388.06

PBE QER OERX Q(T)
2.40
2.34
2.28
2.19
2.02

.31

.66

. 9

.52

.34
. . ' • < ;

. 15

. 12

. 10

.Ob 1

a? ;i.c.4 0 . 10
86 2.45 0.18
66 2.45 0.18
85 2.3? 0.!0
84 ;
6i ;
79

7i

€i
i E.
£5
£.5
£.4
62

?.24 0 . 10
».C5 6 .10
. '-ii 0.10
.3 . ' fJ. 10
.f;9 f) . IP
. TB 0 . l i t
. r7 I 0.1 0
.C3 0.10
,6r- 0.09
.bi-i 0.09
.C4 0.33
.C4 0.03

YSTfIR ftNOXIC
7.

K

54

FRACTIONS T I M
8.21E-05

YSTflR flHOXIC
2.

K

20

18.

*RfiCTIONS TIME
0.2IE-05

0(TiX
0. 18
B.18
0. I?
8.18
a. la
e. 10
e. IO
0. 10
0. 10
0. 10
(3. 10
0. 10
0 .09
0.09
0.09
0.06

5/S8 HP
0.10E+01
0.99E+00
8.99E+08
8.98E+00
0.9eE+e0
Q.92E+00
0.5'BE+OO
O.e4FtO0
0.?9E-»>";Q
u.S'E+OO
0.:-. i" <ua
O. ' i . 'E-Ol
0 . 1 0 c - 0 1
0. 1-ifc 02
P. SCE-iib
0. ti^t-09

18.

S/S0 fiNOXIC
0.!0E+B1
0.1BE+01
0.99E+B0
a.99E-t83
0 .9yE*00
O.y£E-t00
0 . 54F + PJ.3
0 .9 1£-»OJ
C. :;.:<!:-CO
Cct ' -OO
n. = nf '00
0.:. ;r.-Ou
0.l-E+OO
U.t- I£-t l l
C.2t-E 02
0. 19E-02

BETUEEN FROCTIONS
24.0 HOURS

BETUEEN FRfiCTIONS
24.0.HOURS

S.-SB X
0.18E+31
0. iCC-fdl
e. icE-i-ei
0.99F_»C0
B.9BE+C0
O.̂ GE-'CO
0.94F*C0
U.' i iLtuU
P . ; «E->.;CI

0.??e-rf
0 . : IE-.'-O
C.^'.E-iJl
8.4i'.E-fi2
0.31E-05
0.63t-OB

S/S9 XfiNO

e
a
0
0
0
0
0
0
3
t
0

a
e
0
0
0

16£*01
1BE+01
IBE+01
S9£-*0G

SfE-'C'O

SvLf 03
7rii»C'C'
-3oF *00
1--.E-00
ftF.-e".
6ZE-02
62C-05
17E 0 '

Figure 3
A sample output listing for the code RBEOER.

Figure h
Calculated aerobic eel]-survival curve for nega-
tive pions.
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Figure 5
Calculated anoxic cell survival curve for nega-
tive pions.

Figure 6
Calculated aerobic cell survival c;.i.ve for x rays.
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Figure 7
Calculated anoxic cell survival curve for x rays.

Figure 8
Calculated RBE as a function of the dose delivered
for negative pions.
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Microdosimetric distribution for negative pions (Ref. 5) The abscissa
represents the event size Y and the ordinate is the product of Y and
the dose distribution Yf(Y), where f(Y) is the frequency distribution
in Y.
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Figure 10
Microdosimetric distribution for x rays (Ref. 6). The same represen-
tation as in Figure 9 was used.
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APPENDIX

In this Appendix, we calculate explicitly the factor q defined in Sec. II,
Eq. (23). Suppose the dose is delivered in n equal fractions, separated by the
time b. The u>se rate a is constant and each fraction is delivered over a time
c. This situation is represented in Fig. A-l.

Analytically, this dose-rate distribution can be represented by

where

(Al)

m=l

is defined

I XI <

o Ixl >
(A2)

4

n

Oott rate

i i i

0 b 2b nb Time

Figure A-l
Schematic representation of the temporal distribution of the dose rate
used in the calculation of the Appendix.
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The distribution of time intervals x between dose increments can be calculated
from

+
I(x) = / f(u) f(u + x)du. (A3)

This expression can be evaluated using the convolution theorem for courier
transforms.' If we define the Fourier transform F(s) of a function f(x) as

+00

F(s) = / f(x)e -27rixs dx, (A4)

it can be easily seen that the Fourier transform of a function all( ) is given
by C

w \ -2TTimbs , x /AC.
F(s) = ac e sine (cs) , (A5)

where

, . sin (ITS) ,.,V
sine (s) = *—- . (A6)

II S

Using the convolution theorem, we have

+00

/ F(s) F(-s) e
2 7 T i s x

 u s (A7)

+00 n n+00
, .2 r . 2, . 2-rrixs , V * -2irimbsw \^ 27Tijbs, .

= (ac) / sine (cs)e ( J. e ) ( Z _ ^ e } d s *

Further,

n n n-1

^ ^ ^ 2(n-m)cos(21Tsmb) , (A8)

m=l j= l m=l

16



And, replacing (A8) in (A7):

I(x) = (ac) n / sine (cs) COS(2TTXS) ds (A9)

n-1

+ 2(ac) / (n-m) j sine (cs) COS(2TTXS) cos (2TTsmb).
_oo

After a few simple trigonometric transformations, the expression (A9) can be
written:

n,a. I r sin(iTcs)sin(irc + 2TIX)S ,
= - ( ? ) / 2 d s

L -°° s
•H»

/ sin(7rcs)sin(7rc - 2TTX)S

s
2

2
n-1

+OO _
sin 7T(c 4- 2x)s * sin T>(C -I- 2mb) s

2
m=l L s

- / sin n(c + 2x)s » sin TT(2mb-c)s
2

s

+0O

+ / sin TT(C-2X)S * sin TT(C + 2mb)s
2

s

- / sin fT(c-2x)s • sin n(2mb-c) a i m

_oo 2 J * k ;

s

The integrals in (A10) can be solved using the result;

(• s i n a x s i n b X _ T f a , , . . / - M I \
J j ~? (a ^ b) . (All)

17



If we consider only positive time intervals, the result is

2a2n[c-x] xf[O,c]

2
I(x) = 2a (n-m) [-(mb-c)+x] xe[mb-c, mb] _ i -> i

0 m — i,/,»..,n—1
2a*"(n-m)[+(mb+c)-x] xe[mb, mb+c]
0 elsewhere (A12)

In order to normalize I(x), we calculate:

oo

/ I(x)dx = (acn)2 , (A13)
o

which represents the square of the total dose delivered. Now, we can calculate
the factor q:

00

q = J~yT j I(X)T(X) dx , (14)

with

T(X) = e "
X / X° (A15)

being the function describing the recovery process.

One obtains

< A 1 6 )

with

z = e " c / xo , y - e "
b / x° • (A17)

For the case of one single fraction (n = 1)>

2

q = ^
ex o

c. + -c/xo _ 1} t ( A 1 8 )

18



which is identical with the expression obtained in Kef. 1 | •.'.;. {b. i J) <. As a
further check, one can show that for a system with no recovery [-.(>0 = lj :>ne
obtains

lim q = 1 , (A19>
JJ ->• CO

O

as expected.
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