1 O oy
7 De. 192

LA-7196-MS
UC-32 and UC-34

!, informal Report .
Issued: May 1978 * -

RBEQER: A FORTRAN Program for the Computation of
RBEs, OERs, Survival Ratios, and the Effects of
Fractionation Using the Theory of Dual Radiation Action

M. Zaider
J. F. Dicello
{ - --=NOTICE
</ e ~
/< TS MN ONLE
- FORTICNS OF T15 PEPQRT ARE ILLEGIBLE. it
t his vecit recroduced tram the bast available
copy to permit the breadest possible avail

los alamos aoy,
scientific laboratory
of the University of California
LOS ALAMOS, NEW MEXICD 87545

/A

An Affirmative Action/Equal Opportunity Empleyer

UNITED STATES
DEPARTMENT OF ENERGY
CONTRACT W-74008-ENG. 3¢



001-02%
026-050
051-075
076-100
101-128

L. Add $2.50 fo1 each sdd 1 100-page

400
4.50
5.25
6.00
6.5¢

Pnnied in the United States of Amenca Avatlable from
N o Techmcd Inf. Service
US. Depariment of Commerce
5285 Port Royal Road
Springticld. VA 22182

Mrratche 3 3.00

126-150 2.25 251-275  10.78 376400 1300
151178 8.00 76-300 1100 401425 1128
176-200  9.00 308325 1118 426450 1400
201-225 928 326350 1200 451475 14.50
126230 9.50 3I51-378 1250 476-5¢0 15.09

from 601 pages up.

This report 'was 3 4 an of work
by the Unite States Government. Neither the Umited States
nor the United States Department of Energv. nor eny of their
empioyess, nor any of their contractlors, subcontractors, or

thelr employres, makes any . or impled, or
any legsl or for the y.

or of any
4, or that 1ts use would

or
not {nfringe privately owned rights.

501-525
526-550
551-575
516600
601-up

1528
15 50
16 28
16.50
-1



RBEOER: A FORTRAN PROGRAM FOR THE COMPUTATION
OF RREs, OFRs, SURVIVAL RATLUS, AND THE

EFFECTS _F FRACTIONATION USING THE THEORY OF BDUAL 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 rclative
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.' The main
input to the program consists of microdosimetric spectra characterizing the 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.»singls 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 TDP-11/45
computer under the RSX-11 6.2D version. A plotting package? for the Tektronix
4010 terminal is used for graphic displays. With minimal changes, this program
could be run on any medium-size memory computer.



IT. CALCULATIONAL METHOD

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

RBEOER code. A more complete and detailed description of these concepts can be
found in the original paper by Kellerer snd Rossi.

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

energy, z:

e(z) = kz? , (1)

wheve z is the local energy concentration per unit mass within microscopic regions
(sites). 1t should be noted that Eq.(l)is alsc 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: D, the specific
energy z has a value between z and z + dz. Then, the yicld of elcnentary lesions
corresponding to an absorbed dose D can be calcuiated:

o o] fee]

e(d) = [ e(z)f(z;D)dz = k [ 22f(z;D)dz = k z°(D). (2)
o) 0O

As shownt in Ref, 1,

-2 - + 2 (3
z° (D) 21 D+ D", (3)

where

= f zzfl(z)dz f zfl(z)dz. (4)
[e] 0]

Z1p

Here f_(z) is the probability distribution of z for single-~event depositions
(called single-event spectrum)., f)(z) can be calculated from a measured micro-

dosimetric spectrum. From (2), (3), and (4}, it follows that:

€(D) = k(z D + D?). (5)

Equation ¢3) is the basic description of the relationship between delivered
dose and biological effect in the theory of dual radiation action. One can see
that for doses much smaller than z;yp, the dose-effect dependence is practically
linear, while for doses much larger than Zy we have a quadratic dependence of



the biological effect on dose. This can explawn, for instance, ih known Guadra-—

1

tic and linear dose-effect relations for x rays and neutrons, respectiveiy (z3
for l4-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 fj(z) through a microdosimetric

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 term is present in Eq. (1)

e(z) = k(A z + z2), (6}

one can show that the new dose-response relation becomes

(D) = k[(zyp + 1)) D+ D?1]. (7

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

e(d) = e(d). (8)

One can calculate the RBE

DX
RBE = D ’ (9)
or
2k/k_(A_+ z,_ + D)
RBE = X o 1D : (10)
5 .2 ] v4 ;
xox + Zioe F /(on + Zle) + 4[(AO + le)D + D ]k/kx

with obvious notations for the heavy particles and the x rays. There are four
quantities: k/kx, Aoxs Aos and the site diameter d (through z,p, 2Zjpy) that mus:

3

be specified from microdosimetry or biology. For a spherical site of diameter ¢,
the specific mean energy z; is related to the mean lineal energy yp by:



v (keV.fum)

le(rad) = 20.4 aZams

(11)

The lineal energy is defined as the energy deposited in a site divided by the
mean pathiength through the site. Throughout the rest of the report y and z will
be used interchangeably. One should keep in mind that in most >f ¢he cases, mi-
crudosimetric spectra are expressed in terms of v, while the expression (1li) cam
be used to convert from one quantity to amother., Also, we shall restrict our-

selves to the simplified case for wiich XO = on = 0.

U Saturation Effect

It has been observed experimentally3’“ that the RBE decreases for particles
having a mean lineal energy of more than about 125 keV/um. 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
the present model, Eq.(l)is changed to

.2
£(z) = kzg[l - e (#/20) 1. (12)

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

g 2
£(D) = kz; [ - e_(Z/ZO) ] f(z3D)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
tharacterized by a high z;. For these particles, the dose-effect relation (5)
will be dominated by the linear term for doses not exceeding zjp. It is there-
fore reasonable to account for the saturation effect by writirg:

* 2
e(D) = k(le D + D) (14)
with
* ~ o - / 2 o
Z1p = zo‘ fo 1 -e (2/20) ] fl(z)dz fo zfl(z)dz. (15)



C. The Oxygen Effect

In order to account for the oxygen effect, the assumption is mace that under

ancxic conditions the relation (1) becomes
e, (2) = ko(z) z°
C.AZ-‘D\ZZ,

or, considering the saturation effect:

2
kz 2[1 - o (P 2/%0)7

€,(2) =
and
2 [ - (0 2/20)°
g™ = k2t [ 1 -e ] £(z;D)dz ,
9

(17)

(18)

wh2re 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.

Jne can see

that for lineal energies up to about 10 keV/um, p is constant and equal to 0.62.

For lineal energies above 170 keV/um, p is equal to 1 (no oxygen effect).

One

can use arguments similar to those utilized in obtaining the relatiors (14) and

(15) for the saturation effect and write:
e, (0,) = k[z'D, + 0°(0)D°]
A'PA ZaPa TP Al

with the subscript A denoting the anoxic case, 4nd

The oxygen enhancement ratio (OER) is defined:

o

A

OER = o

for

e(D) = EA(DA).

2 oo
z = Zi f 1 - e-(p z/zo) ] fl(z)dz/fO zfl(z)dz.

(19)



*
2(z + D)
OER = * Tk fD Vi x )
Zipa * /leAh + 40‘(0)D(le + 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 lincer term) and
intertrack interactions (the quadratic term). 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 formaily represented

by a coefficient q defined as:

o]

q = [ T(t) h(t)ct
o’

Py
~No
w

~

where T(t) is the rocovery function. For the present, it has hcen assumed rhat

-t/t
ey =e O, (247

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

[o o]

> [ I(s) I(s + t)ds , (25)
o

h(t) =

(=)

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 fraction: of c¢ mir each, and
which are separated by the time b min, then:

n
2 2,0 1., ¢ 1_ n__ s(l-s ) } P
q = —i {ntoc + nto (1 x) ¢ t0 (x + ” 2)[1_5 (1-5) 2 ’ {("6)

- cft - b/t
with X =e ° s = e © . 27)

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

2t,2 ; ¢© - c/t
a=Zg [ +e oo 28)



The dose-effect relation becomes

. * 2 .
£e(D) = klz D+ qb ]« (29)

1D

New expressions for RBE and OER, which include the dose-rate effects, could rnow
be easily calculated, and will be presented in the next section.

E. Summary

In this section the relations presented before, which include eifects from
saturation, oxygen, dose rate, and fractionation, are summarized. Thuse crpres-—
sions are utilized in the RBEOER computer code:

%
z.
. D, p
RBE = ZE '% T *q = . r 303
z z z 3
x Ix le+[(le)2+4_}<_ —‘lD(lD+D)]
9y 9 kG 9
2(21D + D)
OER = q_ (31)
* * ) * .
2z z 2z 3
1DA 1DA 2 1D ]
+ + 4 D (= + D)
q [( q ) (o) (q )
y
"D
= Lo
ZlD 20.4 2 (j._)
d
=2l fw (L - e _(2/20)2] f (7)dz/fm zf (z)de (315
21p T %o y v . 1 . 7
L2
" 5 2 -(p(z)z/2y) o
=z [[l-e ] £ (2)dz/[ 2f (2)dz (34)
ZlDA 2O n 1 ; . 1 25
. {ntc+nt 20y 4o B e b2 gy _ sCesh) } (35
9 = R7%¢? o o X ) X Il—s (1-8)° o
- h/t ’
where: x = e C/to s = e b/t, (3a
z = gpecific energy (rad)

lineal energy {(keV/um)
site diameter (wm)

ft

o«
it



o = saturation-effect comstant (rad)

(z) = oxygen-effect parameter

= number of fractions
o = rrcoverv—effect constant (min)

= tim>/fraction (min)

= time between fractions {(min)
1 (2) = distribution of single-event energy depositions

o N

MO0 M3

Survival curves are calculated from

* 2
--k(zlD D+ qD7)

5/5 ) = e . (373

I1I. [HE CODE RBEOER

i Inpuc
The program RBEOFR 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 micredosimetric spectrum can be repre-
sented, we have chosen the Y?f(Y) vs Y representation, where Y is the event size
in keV/um., The event size is defined as the energy deposited in a site divided
bv the site diameter. A data file consists of 50 numbers Y2£(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(O.l X i - 2.1), I = 1,2,3,000s50 - (38)

For other representations of the microdosimetric distributions,straightforward

changes could be made in the program.
The next two input data consist of y, [as defined in Eqs.(il)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 €(z) and z° [see Eq.(1)]. k may be empirically de-
duced from a measured survival curve, if a fit of the type

2
S/SO = @ ~(aD + BD7) (39)

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

8
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a direct comparison with experimental data could show whether, 2no

conditions, unique values for k and k could fit a complete set ~7 resultls con-
sistently.

The program can be rur with or without recovery effects. 1In the first case,
the dose rate (rad/min), number of fractions, the time between fracticns {(h}

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/NQ input parameter corresponding to the last ques-
tion.

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

B. OQutput

RBE, OER, and survival ratios are calculated for doses ranging from 10
16 000 rads in 16 steps. Survival curves tor the heavy particles and x ravs
(aerobic and anoxic) are plotted as 1og10(10 S/So) vs dose. RBE is plotted as a
function of dose on a logarithmic scale. 1In order to obtain the next =lot one
has to hit a "carriage return."

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

Lo

IV. CCMMENTS

The present treatment of recovery and fractionation effects is simplified.
A more realistic model should include such factors as changes in the cell radic-
sensitivity throughout the fractionation scheme, repopulation of surviving ceils,
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.
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Figure 2
An example of an input procedure for the code RBEOER.



DATA FILE FOR HEAVY PARTICLE: BROALZ
DRTA FILE FOR X-FAYS: >RAYS)

YZERDs 125.8 hEV/MICEIN

PIGMITER: 1,20 MICFOnS

HERVWY FARTICLE

YF vh YSTAR  YSTAR ANOXIC
8.78 12.86 14.09 7.54
DUCE PATE (RAD-MIN) T ZERO K FRACTIONS TIME BETLEEN FRACTIONS
S.ud 380.68 8.21£-85 18. 24.90 HOURS
Y-RAYS
YF D YSTAR  YSTAR ANOKIC
1.76 3.81 5.70 2.28
vy W
DOSE RATE (RED/MIN) T ZERO K FRACTIONS TIME BETWEEN FRACTIONS
5.60 300.06 8.21£-85 18. 24.8 HOURS
DOSE(RADY RBE  QER OQERX O(7 B{T)X 5,58 HP S/58 ANOXIC S.58 X  S/58 XANOXIC
10, 2.48 1.87 2.€4 9.18 0.12 0.10E+8! B.!BE+B] B.18E+3] e.l2e+gl
20, 2.34 1.B6 2.45 2.190 8.1%2 0.99e+98 8. 12E+8! B. 18€+91 8. 1ez+81
3a, 2.28 1.86 2.45 8.18 0.1°¢ 0.99E+98 P.99E+RA 8. 1CE+B1  B.1BE+D1
Sa. 2.19 1.B5 2.37 9.18 0.18 ©.98E+88 @.95€+38  B.59E.E8 B, 1BE+R]
108. 2.82 1.842.240.18 0,18 0,96E+88 0.98E+00 B.9RE+28 2.
200. 1.81 1.51 2.85 6.10 ©.18 0.92£+00 0.9€E408 §.%3E« 0.
ESBS 1.66 1.79 1.%9 @18 8.10 0.28E+00  0.54F+03  8.93F+00 0.7
aga, 1.9 1.75 1.32 0,10 B.190 0.BaF+00  0.91E+00  0.%iE+30 Q.
€0, 1.2 176 1.85 DUI0 D.10 8.7%E+5B C.:ibel D a.
1. 1,23 1.72 1.78 8,100 8,18 0.5 €400 8.,28.50 €. .
2003, 1.8 1.€3 1.71 0010 .10 0,253 A, . g.
3000, 1.1S 1.6 1.€3 0.18 8.18 ©.%E-01 0. 0. .
430, .12 1.5 1.67 9,09 0.89 g.idf-81 8. . e.:
Suui, 1,10 1.65 1,65 0.09 6.09 B.1.E-02  u.¢ o.- 0.€
ecta, .87 1.4 1.€4 0.83 0.99 D.UE-E [ 0.2 a.
10000, [.06 1.€2 1.€34 0.08 0.08 0.2c6-93 O, 0. 0.
Figure 3

A sample output listing for the code RBEOER.

Figure 4
Calculated aerobic cell-survival curve for nega-
tive pions.



12

Figure 5 .
Calculated anoxic cell survival curve for nega-
tive pions. )

SURUIUAL FOR X-RAYS

Figure 6
Calculated aerobic cell survival cu.ve for x rays.



Figure 7
Calculated anoxic cell survival curve for x ravs,

Figure 8
Calculated RBE as a function of the dose delivered
for negative piors.

13
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Figure 9

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
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Micrcdosimetric distribution for x rays (Ref. 6).
tation as in Figure 9 was used,

The same represen-



APPENDIX

In this Appendix, we calculate explicitly the factor q defined in Sec. 1I,
Eq. (23). Suppose the dose is delivered in n equal fractions, separated by the
time b. The u»rse rate a is constant and each fraction is delivered over a time
c. This situation is represented in Fig. A-1l.

Analytically, this dose-rate distribution can be represented by

n

F(x) = az ne= . (A1)

m=1

where n(x) is defined

1 x| < %
Mo - (A2)
0 x| > %
1
’FDO“ rate
ol £
§ 4 { RN
0 ] 2b nd Time

Figure A-1
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

40
I(x) = [ £(u) f(u + x)du. (a3)

-

This expresgion can be evaluated using the convolution theorem for Fourier
transforms,’ If we define the Fourier transform F(s) of a functien f(x) as

+oo 274
F(s) = f f(x)e 1xs dx, (a4)

-00

X-mb, . .
) is given

it can be easily seen that the Fourier transform of a function all(
by

<

F(s) = ac e ~2Timbs sinc (cs), (A5)
where
. _ sin (ms)
sinc (s) = s - (a6)

. 7
Using the convolution theorem, we have

+e 2mi
I(x) = [ F(s) F(-s) e” " °% us (A7)
-—00
400 ] n - n i
- (ac)z f sincz(cs)eznlxs (E : e ~ ﬂlmbs)(E :e '!TlJbS) ds.
- m=1 j=1
Further,
n n n-1
( E e —anmbs)( z :eznins) =n + E 2(n-m)cos (2Tsmb) , (A8)
m=1 i=1 n=1

16



And, replacing (A8) in (A7):

2 [ 2
I(x) = (ac)“n [ sinc“(cs) cos(2mxs) ds (A2)

-0

n-1

2 2
+ 2{ac) E {n-m) f sinc (cs) cos{2mxs) cos(2Tsmb}.
m= —0

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

L) = %(%92 [ I+“ sin(ﬂcs)ginéﬂc + 27x)s ds

S

-0 2

40
+ f sin(mes)sin(me - 27Tx)s ds
s

n-1
+ (%)2 E :(n'm)ljf+w sin T{c + 2x)s - ;in Ti{(c + 2mb)s
m=1 - s

00
- sin M(c + 2x)s * sin 7(2mb-c)s

o 3 ds

S

40
+ f -~ sin M(c=-2%X)s 'zsin T(c + 2mb)s ds

B S

400
- f_m sin 7{c-2x)s ; sin m(2mb-c) ds . (A10)

]

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

(All)

teo . .
f sin ax sin bx _ Ta (a < b)

2 2
0 X

17



If we consider only positive time intervals, the result is

2a%nfc-x] x€[0,¢]
_ 2
I(x) = 2aq(n—m)[-(mb-c)+x] x€ [mb-c, mb] m=1,2,...,0-1
2a“ (n-m) [+(mb+c)-x] xe[mb, mbic]
0 elsewhere (412)

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

[ 1(x)dx = (acn)2 . (A13)
o

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

q = 15%577- [ 10T dx (14)
]
with
) = e %o (A15)

being the function describing the recovery process.
One obtains

n
=2 2, 1 2 1 2 _ yd-y)
q = (ae)2 {nxoc + nxo(l z) + xo(z + m 2)[1_y (1) 2 . {Al6)
with

= e "% y=e /% (A17)

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

Na]
]
N
o|R
S

(S +e /%], (a18)
) .
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which is identical with the expression obtained in Ref. 1l ii«4.(5.
further check, one can show that for a svstem with no recovery [

1

obtains

lim q =1 (Al9)
x
(o)

> 0O

as expectea.
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