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This paper describes the application of SRNA Monte Carlo package for proton trans-
port simulations in complex geometry and different material composition. SRNA
package was developed for 3D dose distribution calculation in proton therapy and do-
simetry and it was based on the theory of multiple scattering. The compound nuclei
decay was simulated by our own and the Russian MSDM models using ICRU 63 data.
The developed package consists of two codes: SRNA-2KG, which simulates proton
transport in the combinatorial geometry and SRNA-VOX, which uses the voxelized
geometry using the CT data and conversion of the Hounsfield’s data to tissue elemen-
tal composition. Transition probabilities for both codes are prepared by the
SRNADAT code. The simulation of proton beam characterization by Multi-Layer
Faraday Cup, spatial distribution of positron emitters obtained by SRNA-2KG code,
and intercomparison of computational codes in radiation dosimetry, indicate the im-
mediate application of the Monte Carlo techniques in clinical practice. In this paper,
we briefly present the physical model implemented in SRNA package, the ISTAR pro-
ton dose planning software, as well as the results of the numerical experiments with
proton beams to obtain 3D dose distribution in the eye and breast tumor.
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INTRODUCTION

During past twenty years, special attention has
been paid to the development and implementation
of Monte Carlo calculation in radiation protection,
spectral distribution calculations and particularly in
medicine. Recently, various commercial versions of
Monte Carlo algorithms have started being imple-
mented in practice and it has become obvious that
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Monte Carlo represent a convenient computing
method with significant clinical application.

There is the increasing evidence that Monte
Carlo based codes are the most powertul tools for
nuclear particle transport calculations. A growing
number of medical physicists believe that, in the fu-
ture, routine dose calculation will be performed us-
ing Monte Carlo techniques, which will prove to be
the dominant engine for dose computation in ra-
diotherapy treatment planning [1, 2]. The most
powerful attribute of Monte Carlo techniques is
their capability to simulate all individual particle in-
teractions in three dimensions as well as to perform
numerical experiments with specified uncertainties.
In the frame of design and construction of the
TESLA Accelerator Installation at VINCA Insti-
tute of Nuclear Sciences, it became necessary to de-
velop a special code suitable for proton radiation.
These facts were the primary motivation for devel-
opment of SRNA* — general-purpose Monte Carlo
package for proton transport simulation. A wide

*srna = doe (Engl.)
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range of SRNA applications required the develop-
ment of two codes such as SRNA-2KG code and
SRNA-VOX code. The first one is assigned to pro-
ton transport simulations in technical systems de-
termined by standard geometrical forms (sphere,
cone, cylinder, cube). The second one is designed
tor calculations of deposited energy distribution in
patients based on CT data for radiotherapy pur-
poses. It is possible to use both codes in the case of
3D proton sources with an arbitrary energy spec-
trum from 100 keV up to 250 MeV. Transition
probabilities are prepared by SRNADAT code.

The correctness of the physical model imple-
mented into SRNA package was verified either
through direct comparison with other referent
codes for proton transport simulation, or through
experiments. The most recent results of verification
are listed bellow. Great degree of reliability of the
proton simulations carried out by SRNA package,
motivated us to develop ISTAR proton dose treat-
ment planning software examined through the eye
and breast tumor irradiation planning.

SRNA package and ISTAR proton dose plan-
ning software are coded in Fortran 77 and run on PC
under the Windows and Linux operating systems.

SRNA PACKAGE VERSIONS AND
THEIR VERIFICATIONS

SRNA proton transport model

The simulation of proton transport in SRNA
package is based upon the multiple scattering the-
ory of charged particles [3-5], energy losses with
fluctuation [6, 7], and our own and Russian MSDM
models of compound nucleus decay simulation af-
ter proton absorption in inelastic nuclear interac-
tions. The further details of this model can be found
in the basic reference [8]. Only a brief overview is
given here. In order to simulate the proton trans-
port, the proton trajectory is divided into small
steps with length designated As as followed by a
small energy loss AE chosen to be several percent of
the initial proton energy. The model implemented
in PTRAN code [9] gives the best results with com-
bined energy scale: logarithmic from 100 keV up to
10 MeV and linear for energy up to 250 MeV. The
stopping power (dE/dx) can be obtained from
ICRU 49 data base [10]. If the particular value for
(dE/dx) is not available in the data base, it is calcu-
lated according to the empirical formulae [11].

After the preparation, the nominal energy
scale is modified so that the average number of colli-
sions over the step As is greater than the minimal
value (€2, >10), and the Vavilov’s parameter « is
smaller than the maximal value (k< 20). The modi-
tied energy scale is then used for calculation of:

Vavilov’s energy loss distribution, multiple scatter-
ing Moliere distribution and all inelastic nuclear
interaction distributions (according to the cross sec-
tion data from ICRU 63 and from SCHIELD code
[12, 13]). Only secondary protons are included in
the transport simulation model, while the energy of
deuterons, tritons and alpha particles is deposited
on the spot of their creation. Neutrons and photons
are registered in a data file and can be further used
by MCNP code [14] with the aim to simulate the
neutron and photon transport, or by FOTELP [15]
and PENELOPE [16] codes for photon shielding
and dosimetry calculations.

Particle transport simulation is limited by the
geometrical description of the transport medium.
Real geometric shapes of technical systems could be
described in several ways by planes and second or-
der surfaces, as in RFG [17] or PENGEOM from
PENELOPE codes and fourth order surfaces, as in
MCNTP code. For description of the patient geome-
try, standard shapes are usually applied. However,
this is only a rough approximation, because it is a
technical description of the patient’s geometry. The
most accurate way of describing it is by means of the
CT data [1, 18]. They allow 3D transport simula-
tion, including variations of the tissue densities and
compositions. Using the same proton transport
model, we developed two versions of SRNA code.
The first version uses the RFG or PENGEOM
codes for geometric modeling. The second,
voxelized version, SRNA-VOX, is adjusted to use
the CT data.

The problems concerning the determination of
density and elemental composition of the patient’s tis-
sue on the basis of the CT data, for Siemens Somatom
Plus 4 scanner, are described elsewhere. In our model,
the Hounsfield’s numbers (HU) are associated to the
density and the elemental tissue composition [18].

The HU space is divided into 21 groups. HU
values less than —950 are treated as air. Each remain-
ing group from HU = -950 to HU = 1500 has the
density and elemental composition suitable for the
group’s upper limit. Starting from such presenta-
tion of HU, we use SRNADAT code to prepare all
previously mentioned transition probabilities for
the proton energy range from 0.1 up to 250 MeV,
for all tissue types. From the entire available CT data
only the part that contains the region of interest for
irradiation planning is extracted, and consequently
only the data for the selected region are processed
and stored in the computer memory.

Verification of SRNA package

The first verification of SRNA package per-
formed for proton energies of 26.4, 66, 100, 205,
and 250 MeV, is based on the good agreement with
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the results obtained by the referent proton transport
codes [8]. Numerical experiments performed by
SRNA-2KG and GEANT-3 codes, as well as by
SRNA-2K3 and GEANT-4 codes gave an additional
confirmation that our proton transport model is con-
sistent. The simulation and measurement [19] of pro-
ton beam energy spread using Multi-Layer Faraday
Cup at IUCE Indiana University, as well as the simu-
lation of positron emitter generation [20] at
Brookhaven National Laboratory contributed to the
evidence that SRNA package could be successtully
applied for dosimetry and radiotherapy purposes.
The final stage of SRNA-2KG verification was
QUADOS intercomparison [21] of proton transport
codes. The results obtained by our code, using an ar-
tificial voxelized eye model, were compared to those
obtained by FLUKA-2002, being the referent code
of the mentioned intercomparison. Very good agree-
ment of results encouraged us to develop the
SRNA-VOX code as an engine within ISTAR soft-
ware for proton therapy planning.

TESLA ACCELERATOR
INSTALLATION

The TESLA Accelerator Installation is a facility
tor production, acceleration and use of ions consist-
ing of three machines and a number of low energy
and high energy experimental channels. The ma-
chines are the VINCY Cyclotron — a compact
isochronous cyclotron, the mVINIS Ion Source —an
electron cyclotron resonance heavy ion source, and
the pVINIS Ion Source — a volume light ion source.
In the low energy experimental channels one shall be
able to use ion beams from the mVINIS Ion Source,
and in the high energy experimental channels ion
beams from the VINCY Cyclotron. Programs of use
of this facility include basic and applied research in
physics, chemistry and biology, development of ma-
terials and nuclear technologies, production of radio-
isotopes and radiopharmaceuticals, and proton ther-
apy [22]. The first program of use of the VINCY
Cyclotron will be routine production of radionuclide
BF and radiopharmaceutical 8FDG. This
radiopharmaceutical will be used for positron emis-
sion tomography, which is an advanced diagnostic
technique used in oncology, cardiology, endocrinol-
ogy, and neurology. Radionuclide '8F will be pro-
duced with protons of the energy of 15 MeV. Proton
therapy will be performed with the beam from the
VINCY Cyclotron of the energy of 65 Me V. It will be
used for eye tumor treatments. As the SRNA code
was designed for protons of the maximal energy of
250 MeV, it will be a suitable tool in planning of pro-
ton therapy with this machine.

In proton experiment planning, it is understand-
able that a proton beam is determined by the shape of a

channel, and that targets in the beam are space adjust-
able according to experiment conditions. For
numerical experiments, it is reasonable to accept a fixed
target, and that a proton beam should be within the
space angle of 4, according to the symmetrical axis of
the target. The accelerator target geometry is complex,
and protons arrive at targets with an arbitrary spec-
trum. Some of the applications of developed SRNA
code used in TESLA program are: proton therapy, de-
sign of accelerator driven systems, radioisotopes pro-
duction for medical applications, simulation of proton
scatterer and degrader shapes, and composition as well
as radiation protection at accelerator installations.

ISTAR - PROTON DOSE
PLANNING SOFTWARE

Last few years, the attention of medical physi-
cists was focused on possible applications of Monte
Carlo techniques for radiotherapy planning in gen-
eral, and especially for proton therapy. In the clinical
practice, available anatomy imaging techniques are
nearing the desirable geometric resolution for defi-
nition of the tumor shape and dimensions, neces-
sary for therapy planning.

Such trends lead to solving two important
problems in proton therapy planning: (1) devel-
opment of Monte Carlo proton transport numeri-
cal engine capable of producing a therapy plan in
less than 30 minutes and (2) development of clini-
cally acceptable on-line procedures comprising all
steps necessary for proper patient treatment. In
the following, the capability of ISTAR software in
solving the first of these problems is presented.

ISTAR has a capability of working with two
CT files simultaneously, so that the user can
switch between them during a computing ses-
sion. This is illustrated in fig. 1, where breast and
eye CT images are taken as examples. It is as-
sumed that the tumor location is defined using
the CT image with sufficient accuracy. The irradi-
ation plan begins with the selection of the tumor
region within a rectangular box. The selected re-
gion is defined by the indices of the first and the
last CT slice in the longitudinal (Z) direction, and
by marking the area in the transversal (X-Y) plane.
The beam center position, defining the position
of the proton beam axis, should be selected at this
step, together with the proton energy distribu-
tion (mean energy and standard deviation for
Gaussian distribution, or custom defined spec-
trum), simulation cutoff energy, number of pro-
ton histories and simulation time limit.

The appropriate transition probabilities are pre-
pared only for the materials in the tissue selected for ir-
radiation. The transport of the protons is simulated in
batches (typically 20), performing statistical analysis



R. D. Ili¢, et al.: The Monte Carlo SRNA Code as the Engine in ISTAR Proton Dose Planning Software ... 33

Proton Planning Data i . X
Simulation space boundaries-Beam geometry Simulation setup
i Energy distribution type
3%?511 ;fgthrough 28  CT data (Z,X,Y) coordinate system WP
Y: 20-163 (pixels) ,“'l‘ X NC AT MY
Breast proton ’ / 5 j’ 65
2D dose £ GORS Std. deviation [MeV]
' proton 1.5
Beam
: SRNA-VOX
il grs local coord, sys.
' ¥ _ Cutoff energy [MeV]
S Source geometry Radius [cm] W_
Ele proton s {cylindrical =} [1.25 Proton number
D dose Beam direction 1000000
Alpha Beta Gamma Cutoff time [min.]
0 {0 1135 (25
Proton emition angles :
Bt J SRNA.EXE file path
50 a5 [ masnorEnBA L

Beam isocenter: [55, 44] [pixels]

v OK | XCancell

Figure 1. Proton Planning Date window (Interested reader can obtain more
detailed color pictures at the author's address)

of the scores after each single batch. The absorbed
dose in each voxel is stored in a 3D matrix, which is
appropriate for further numerical manipulation. The
calculated values of the absorbed proton dose are dis-
played over the CT slice image. These values can be
normalized either to the maximum value in the slice,
or to the maximal value in the entire irradiated region.
Image viewing commands include a transparency in-
tensity control. The code allows selection of different
palettes, for displaying various isodose levels.

RESULTS

Taking into consideration that the previous
results of the verification of SRNA package con-
cern only the proton transport simulations in wa-
ter phantoms, and that the considered geometries
were relatively simple, in this paper we have de-
cided to treat some more realistic cases, both in
shape and material composition. As for the pro-
ton energies, they are chosen to correspond to the
proton beams which will be available from the
VINCY Cyclotron at the TESLA Accelerator In-
stallation [20]. The capabilities of ISTAR proton
dose planning software are illustrated in the fol-
lowing two examples: eye uvela melanoma and
breast tumor, using 1.6 GHz/512 MB PC.

Eye dose distribution

The CT of the patient’s head with voxel di-
mensions of 0.5 x 0.045 x 0.045 cm?® was used. The

melanoma was assumed to be at the bottom of the
eye, spherically shaped with a radius of 0.8 cm. Us-
ing ISTAR software, a therapy plan was made using
a cylindrical proton beam of 1 cm radius and
Gaussian energy spectrum (<E> = 50 MeV, energy
spread 1.2 MeV). The simulation was performed
with 10 proton histories. Figure 2 shows the pro-
ton dose distribution on a slice in the equatorial
plane of the eye. Similar figures can be produced for
each slice above/below the equatorial plane, within
the boundaries of the selected region. This simula-
tion took 7.62 minutes on the aforementioned PC.

Figure 2. Dose distribution in equatorial eye plane,
simulated by SRNA-VOX code, using 50 MeV pro-
tons with 1.2 MeV energy spread. The isodoses are at
the values of 20, 60, 80, and 100% of dose maximum
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Figure 3. Dose distribution in breast in the central beam
plane simulated by SRNA-VOX code using 65 MeV
protons with 1.5 MeV energy spread. The isodoses are
at the values of 20, 60, 80, and 100% of dose maximum

Breast dose distribution

As the second example, a CT image of a breast
with voxel dimensions of 0.5 x 0.0732 x 0.0732
cm?® was chosen. A therapy plan with a cylindrical
proton beam of 1.2 cm radius and with Gaussian
energy spectrum (<E>= 65 MeV, energy spread
1.2 MeV) and 106 protons in the beam was used.
The resulting proton dose distribution is displayed
in fig. 3. Simulation run-time on the aforemen-
tioned PC was 9 minutes.

CONCLUSIONS

The development of SRNA package has been
going on by continual upgrading of the imple-
mented physical model, broadening of the proton
energy range, and increasing the efficiency of the
implemented algorithms in order to decrease the
time necessary for proton transport simulation. In
parallel with this subsequent verification the main
steps of improvement were carried out by compari-
son with the referent codes for proton transport
simulations. Unfortunately, comparison with mea-
sured or calculated results in 3D heterogeneous
phantoms was not done since we didn’t find any
such results in the available literature. The results of
this verification proved the consistency of the model
implemented in SRNA package, and motivated us
to develop ISTAR proton dose planning software,
based on the knowledge and experience acquired in
working on SRNA package. Additional motivation
was the fact that typical execution time for the
Monte Carlo based codes on common PC comput-
ers in everyday clinical practice was getting substan-

tially shorter, thus removing the main obstacle for
introducing them. In its present status, ISTAR is ca-
pable of accepting CT data for defining patient’s
anatomy and tissue composition. A simple proce-
dure for selecting the irradiation area and incident
proton beam parameters allows fast and comfort-
able calculation of the dose distribution and its visu-
alization in each CT recorded slice of the patient’s
body. Acceptable statistical uncertainty of the calcu-
lated dose can be reached within 30 minute of com-
puter run time. The future activities in the upgrad-
ing of ISTAR software will include visualization of
the dose distribution over a 3D transparent model
of the patient body.
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Paposan [I. UJINhK, Becna CITACUh-JOKHNh,
[Merap BEJINYEB, Munom IPATOBUh

SRNA - MOHTE KAPJO ITIPOTPAM KAO AJIAT ISTAR CO®TBEPA 3A
IINIAHUPAIBE TEPAIIWJE IPOTOHUMA HA AKIEJIEPATOPCKOJ
NHCTAJALINIA TECJTA

Omnucana je mpumeHa SRNA — Monte Kapmo nakera 3a cumysanyjy NpOTOHA Y CIOKEHO]
reOMETPUjH U MaTepujaauMa pa3aumauTor cacraBa. [Tlaker SRNA je pa3Bujen 3a Tpogumensuonainiu (3D)
IpopavyH pacnojielie 103€ y IPOTOHCKO] TEPANUj| U JO3UMETPHjU U 3aCHOBAH j€ HA TEOPUjH BULLIECTPYKOT
pacejama. Pacmaj cioxeHor jesrpa je cUMyJUpaH HallUM COICTBEHUM U pyckum MSDM Mmopenom
kopuitheweM nopataka u3 ICRU 63. Pa3Bujenu nmaker ce cactoju op fBa nporpama: SRNA-2KG koju
CHUMYyJIMpa TPaHCIOPT IPOTOHa y KoMOuHOBaHOj reomeTpuju 1 SRNA-VOX Koju KOpucTU BOKCETU30BAHY
reomeTpujy npumeHom CT mopaTtaka m KOHBep3WjoM XayHCWINOBHX OpojeBa 3a TKUBA Pa3TUINTOT
cacraBa. BepoBaTHohe mpena3za 3a o0a mporpama mnpumpema mnporpaMm SRNADAT. Cumynanuja
KapaKTepusalyje IpOTOHCKOr cHoma KopuiitheweM BulieciaojHor PapajejeBor kaBesa U MPOCTOpPHE
pacnogesne emurepa nosurposa gooujeHa SRNA-2KG nporpamoM U HMHTEpKOMIIapanyja padyHCKUX
IporpamMa y JO3UMETPHjU HarOBEIITABA]y AUPEKTHY NpuMeHy MoHTe Kapiio TeXHuKa y KTMHIYKO]j IPAKCH.
Y oBOM pajly cMO yKpaTKO IpHKa3zanu (usuuke mofene npuMmewmeHe y nmakety SRNA, codTsep 3a
ImaHupame npoToHcke fo3e ISTAR u pesynaraTe ca HUM U3BEACHUX HYMEPHUKHUX €KCIepHMEHaTa 3a
nodujame 3D pacnopese o3e y TyMOpuMa OoKa | IojKe.



