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Abstract

Resumo

Computer simulation of a 6 MV photon beam in different
heterogeneous media utilizing the PENELOPE code™

Simulacdo computacional de um feixe de fotons de 6 MV em diferentes meios
heterogéneos utilizando o cédigo PENELOPE

Camila Salata’, Claudio Hissao Sibata?, Nadya Maria Ferreira®, Carlos Eduardo de Almeida*

OBJECTIVE: The PENELOPE code was utilized to simulate irradiation geometries where heterogeneities are
present and to simulate a photon beam behavior under these conditions. MATERIALS AND METHODS: For
the homogeneous case, the ionizing radiation behavior was simulated only with water, and different materials
were introduced to simulate heterogeneous conditions. Cubic geometries were utilized for the homogeneous
phantoms, and parallelepiped-shaped geometries for the heterogeneities with the following composition: bone
and lung tissue simulators, as recommended by the International Commission on Radiological Protection,
and titanium, aluminum and silver. Input parameters were defined as follows: energy and type of source, 6
MV photons; source-surface distance =100 cm; and radiation field of 10 x 10 cm?. RESULTS: Percentage
depth-dose curves were obtained for all the cases. As result, it was observed that for high electronic density
materials, such as silver, the absorbed dose is higher than the absorbed dose in the homogeneous phantom,
and for the lung tissue simulator, it is lower. CONCLUSION: Results clearly demonstrate the relevant role of
heterogeneities in the treatment planning system algorithms utilized in the calculation of dose distribution in
patients, increasing the accuracy of the dose delivered to the tumor and avoiding unnecessary irradiation of
healthy tissues.
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OBJETIVO: Utilizar o c6digo PENELOPE e desenvolver geometrias onde estdo presentes heterogeneidades
para simular o comportamento do feixe de fé6tons nessas condicdes. MIATERIAIS E METODOS: Foram feitas
simulacdes do comportamento da radiacédo ionizante para o caso homogéneo, apenas agua, e para 0os casos
heterogéneos, com diferentes materiais. Consideraram-se geometrias cubicas para os fantomas e geometrias
em forma de paralelepipedos para as heterogeneidades com a seguinte composicéo: tecido simulador de
osso e pulméo, seguindo recomendacdes da International Commission on Radiological Protection, e titanio,
aluminio e prata. Definiram-se, como pardmetros de entrada: a energia e o tipo de particula da fonte, 6 MV
de fétons; a distancia fonte-superficie de 100 ¢cm; e o campo de radiacdo de 10 x 10 cm?. RESULTADOS:
Obtiveram-se curvas de percentual de dose em profundidade para todos os casos. Observou-se que em
materiais com densidade eletronica alta, como a prata, a dose absorvida é maior em relacdo a dose absor-
vida no fantoma homogéneo, enquanto no tecido simulador de pulmio a dose é menor. CONCLUSAOQ: Os
resultados obtidos demonstram a importancia de se considerar heterogeneidades nos algoritmos dos siste-
mas de planejamento usados no calculo da distribuicio de dose nos pacientes, evitando-se sub ou superdo-
sagem dos tecidos préximos as heterogeneidades.
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INTRODUCTION

Thesimulation of ionizing radiation be-
havior in a certain medium can be made
provided that the various physical interac-
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tion processes are known®?. In this bio-
logical study, particles are transported
along materials that are analogous to the
human body, with the dose cal culation pro-
cessbeing divided into two phases: thefirst
oneisindependent from the absorbing me-
dium geometry, and is related to the pro-
duction of the radiation beam by the linear
accelerator and generation of the phase
spaces, where information on energy and
particles position can be found; in the sec-
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ond phase, the particles constituting the
phase space are transported thru the con-
sidered geometry, codified on the basis of
the information contained in images ac-
quired by an axial computed tomography
and absorbed dose distribution®.

The PENEL OPE, an agorithm that uses
the Monte Carlo method, is a computa-
tional code utilized for several simula-
tions®®, This algorithm is based on the
scattering model which combines a nu-
merical data base with shock section mod-
els for the different interaction mecha-
nisms, being applicableto energies (kinetic
energy in the case of electrons and
positrons) from a few hundreds eV to ap-
proximately 1 GeV. The photons simula-
tion is performed by means of the conven-
tional method in detailed form, while the
electrons and positrons simulation is per-
formed by amixed process®®. An impor-
tant characteristic of this code is that the
most sensitive part of this simulation is
internally treated, thus electrons, positrons
and photons are simulated utilizing the
same subroutine. From the user’s point of
view, PENEL OPE alowstheelectronsand
positrons simulation to be treated as sim-
ply asthe photons simulation, although the
charged particles simulation requires a
longer processing time®®®),

This code has been very frequently uti-
lized and has proved to be a valuable tool
for simulationswith complex geometriesas
in the case of heterogeneities”™ . The
PENEL OPE code also describes with pre-
cision the photons and electrons transpor-
tation in the matter and achieves good re-
sults in the vicinity of interfaces between
different materials”. In spite of the high
level of accuracy, the time necessary to
achievethesimulationsresultsisstill long;
for that reason its use in the clinical prac-
ticeis still limited. Its greatest usefulness
isin the comparison of experimental data
with those obtained by the planning sys-
tem.

It is important to demonstrate that the
simulations obtained with the use of
PENEL OPE show results similar to those
experimentally obtained, thus allowing its
futurewider utilizationin planning systems
at radiotherapy centers.

The main purpose of the present study
in using the PENEL OPE algorithm with
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the Monte Carlo method and developing
geometries in which heterogeneities are
present, isto simulate the photon beam path
generated by the system in these geom-
etries. Thus, curves showing the variation
of absorbed dose with depth and distur-
bances caused by heterogeneities are ob-
tained.

MATERIALSAND METHODS

Simulations were made for the homo-
geneous case, that is, with the simulator
containing only water, and for the hetero-
geneous case, in which heterogeneitiesthat
varied mainly in terms of material density,
were introduced.

Throughout this phase a computer
equipped with an Intel® Core T 2 Quad
microprocessor, CPU Q6600, 2.40 GHz, 2
GB RAM memory. The programs were
written with the GNU Fortran g77 com-
piler.

Phantom geometry

The phantom geometry is cubic with 40
cm edges and the heterogeneities are par-
allelepiped-shaped, measuring 40 x 40 x
10 cm?. In order to simulate heterogeneities
of greatest clinical relevance, the follow-
ing materials were introduced in the phan-
tom: bone and lung tissues simulator, in
compliance with the International Com-
mission on Radiological Protection recom-
mendations, titanium (material utilized in
metallic prostheses), aluminum (eventual
bone substitute) and silver (the main com-
ponent of amalgams).

Monte Carlo simulation

Thesimulation performed with the sub-
routine PENEASY of PENEL OPE can be
performed in one or more steps. In the
present study, the simulation was devel-
oped in only one step, considering that the
source was monoenergetic.

The following input parameters were
defined?: the energy and type of source
particle, 6 MV photons; the source-surface
distance, 100 cm; and treatment field, 10
x 10 cm?.

Also in the input file, the phantom ma-
terials properties were defined: electrons
and positrons energy absorption, in all the
materials, 100keV, i.e., electronsand posi-

tronswith kinetic energy < 100 keV will be
absorbed by the medium; photons absorp-
tion energy, in all the materials, 10 keV,
with photons with values lower than this
energy being absorbed by the medium; cut-
off energy for inelastic callisions, 10 keV,
i.e., only energy losses higher than this
valuewill be considered; cut-off energy for
bremsstrahlung emissions, 1 keV, that is,
only photons emitted with values higher
than this energy will be considered.

The trajectory of the photon beam is
simulated in the phantom, and repeated for
each phantom, so that absorbed dose
curves as a function of the depth of each
material separately introduced can be ob-
tained and compared.

The file tallySpatia DoseDistrib.dat
with data on the spatial dose distribution
was generated during the simulation. In
order to obtain data on the absorbed dose
at the Z depth, theinput file on this section
was modified so that the dose only on the
Z axiscould bevaried, whilekeeping X and
Y constant. The depth ranged from 0t0 40.0
cm, asthe phantom is40 cm deep, with 100
bins. This number indicates that the inter-
val between measurementsmust be 0.4 cm.

RESULTS

Figure 1 shows the percentage depth
dose (PDD) curve obtained for the homo-
geneous case (only water). The results ob-
tained in the heterogeneous cases are
shown on Figures 2 thru 5. The curves
show the percentage of absorbed dose asa
function of depth in centimeters.

The curve obtained for the homoge-
neous case (Figure 1) presents a tissue
phantom ratio (TPR), 10 = 0.6818, corre-
sponding to a6.39 MV beam. This differ-
ence is observed because the simulation
was made with a monoenergetic source of
6 MV, and not with the spectrum of aclini-
cal accelerator.

Figure 2 showsthebehavior of thebeam
when the heterogeneity of aluminum is
introduced. For a depth of 24 cm, the ab-
sorbed dose in aluminum is 24.2% lower
when compared with the homogeneous
phantom.

In the case of bone heterogeneity (Fig-
ure 3), the absorbed dose is 11.1% lower
for the same depth.

Radiol Bras. 2009 Jul/Ago;42(4):249-253



Computer simulation in heterogeneous media

T T T T

PDD (%)

Profundidade (cm)

T I I T T
1,0 4 Homogéneo
0,8 4 -
£ 06- .
o
o
o
0.4 4
024 §
00 —————— —— T ¥ -

v T
Agua

T

Aluminio

45

45
Profundidade (cm)

Figure 1. Percentage depth dose curve for the homogeneous case.

Figure 2. Percentage depth dose curve for the aluminum heterogeneity case.
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Figure 3. Percentage depth dose curve for the bone heterogeneity case.

Figure4 showsthesilver heterogeneity,
amaterial with high electronic density, in
which the absorbed dose at the 24 cm depth
is 89.2% lower than in water; a similar
behavior can be seen on Figure 5, with the
titanium heterogeneity, amateria with high
electronic density, in which, at the same
depth the absorbed dose is 44.2% in rela
tion to water.

The case of thelung (Figure 6) presents
adifferent behavior from al the others, as
the electronic density of this materia is
lower than that of water. Thus, in this case
the absorbed dose at the 24 cm depth is
12.6% higher than that of water.

On Figures 2 thru 5, atransition region
can be observed, where the scattering con-
tributes for a peak in the region between
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14.8 and 15.0 cm, where heterogeneity
begins, and a region of build-up loss, be-
tween 24.8 and 25.0 cm, the end of the
heterogeneity. The peak occurs when the
beam passes from alower density medium
to ahigher density medium, and the build-
up loss region occursin the reverse sense,
from higher to lower density. In denser ma-
terials, such astitaniumand silver, thesere-
gions become more evident than in less
dense materials, such as bone and alumi-
num. Figure 6, related lung heterogeneity,
shows opposite behavior in the scattering
region, that is, the build-up loss region is
between 14.8 and 15.0 cm, and the build-
up region is between 24.8 and 25.0 cm,
since the lung density islower than that of
water. These scattering regions may con-

Figure 4. Percentage depth dose curve for the silver heterogeneity case.

tribute for an unnecessary dose increasein
organs adjacent to heterogeneities.

DISCUSSION

In the present study the absorbed dose
was evaluated in the interior and in the
proximity of certain materials containing
heterogeneities with different densities by
means of Monte Carlos simulations. When
apatient istreated with non-homogeneities
in his’her body, the heterogeneity-tissue
dose may undergo alterations. The success
or failure of aradiation therapy dependson
the dose delivered to the whole volume of
the tumor, and shall not vary by more than
5% of the prescribed dose™. There is a
consensus amongst practitioners that an
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Figure 5. Percentage depth dose curve for the titanium heterogeneity case.

overdose may increase the risk for necro-
sis, and an underdose may impair the de-
struction of the tumor, and should also be
evaluated™?,

The main objective of the simulation
was to study the behavior of the photon
beam as it passes through interfaces and
media not equivalent to water. In order to
evaluate the behavior of the beam, curves
of absorbed dose percentages asafunction
of depth in the phantoms, were obtained.

Analyzing the obtained absorbed dose
curvesasafunction of depth, onefindsthe
TPRyy10 = 0.682, for the homogeneous
case, which correspondsto a6.4 MV beam.
This difference is observed because the
simulation was performed considering a
monoenergetic source of 6 MV, and not the
actual spectrum of an accelerator. Studies
developed by Allal et a.*? have evaluated
theinfluence of facial reconstruction plates
made from titanium on the dose variations
in the metal/tissue interface, utilizing a 6
MV photons accelerator. The results dem-
onstrated an overdosein thetitanium/tissue
interface.

The results of the present study, for the
heterogeneous cases, show that the ab-
sorbed dose does not depend on the atomic
number of the material, but varies with the
number of electrons by cubic centimeter
(e/em®) of the material because, in the en-
ergy rangeof 6.0 MV utilized, the Compton
effect is predominant™®. Studies devel-
oped by Carolan et a.* have evaluated the
influence of the presence of coxofemoral
prostheses on the radiation distribution in
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patients submitted to radiotherapy with 6
MV of photons. In this study, prostheses
cast with Co-Cr-Mo alloys were analyzed
duetotheir high electronic density, present-
ing greater impact on the irradiated dose
distribution. Theresultshave demonstrated
that an increase in dose can be observed in
the tissue above the prosthesis, at 5 mm,
and a decrease in absorbed dose in the tis-
sue immediately below the prosthesis,
when it is present.

Silver, amongst the materials analyzed
in the present study, is the one with the
highest electronic density, 27.45 x 10%
e/lem®, while water has 3.34 x 10% e/cm?®
and thelung, with lower electronic density,
has 0.69 x 10% ¢/cm?®. It is observed that,
in materials with a high number of e/cm?®,
such as silver, the absorbed dose is higher;
on the other hand, in the lung tissue simu-
lator, it islower. For the depth of 24 cm, for
example, the absorbed dose by silver was
89.2% in relation to the dose absorbed in
the homogeneous phantom.

Inthe PDD curves, one can a so observe
that the scattering in the beginning and at
the end of heterogeneities corresponds,
respectively, to apeak region and aregion
of build-up loss. These regions are more
evident in denser materials such as silver.
Gez et a.™ have eval uated the dose distur-
bance dueto the presence of aprostatic stent
(50% Ni and 50% Ti) in patients undergo-
ing pelvic radiotherapy, with 6 MV photon
beams. Theresultsdemonsirated a20% dose
increase immediately above the stent and
18 % reduction below it. The increase in

Figure 6. Percentage depth dose curve for the lung heterogeneity case.

dose was attributed to electron scattering
caused by themetal stent with ahigh atomic
number, with the radiation being attenuated
by the stent and not by the tissue.

CONCLUSION

Theresultsobtained in the present study
demonstrate the importance of taking the
heterogeneity into consideration in the cal-
culation algorithms utilized in planning
systemswhen cal culating dose distribution
in patients, avoiding underdose or overdose
in adjacent tissues™. The scattering con-
tribution in interfaces between mediawith
very different atomic numbers should also
betakeninto consideration, likein the case
of metal prosthesis®®16-18),
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