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This paper illustrates the potential of the FOTELP-VOX code, a modification of the gen-
eral-purpose FOTELP code, combining Monte Carlo techniques to simulate particle trans-
portation from an external source through the internal organs, resulting in a 3-D absorbed
dose distribution. The study shows the comparison of results obtained by FOTELP software
and the volumetric modulated arc therapy technique. This planning technique with two full
arcs was applied, and the plan was created to destroy the diseased tissue in the eye tumor bed
and avoid damage to surrounding healthy tissue, for one patient. The dose coverage, homoge-
neity index, conformity index of the target, and the dose volumes of critical structures were
calculated. Good agreement of the results for absorbed dose in the human eye was obtained

using these two techniques.
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INTRODUCTION

Monte Carlo based programs have been the
dominant tools in numerical experiments simulating
radiation fields, and especially in radiotherapy plan-
ning, in recent years [1, 2]. Particle transport simula-
tion problems may be classified into two categories.
The first category includes simulations in which the ir-
radiation medium's geometry is determined by techni-
cal construction using standard geometric shapes
(plates, disks, spheres, cylinders, efc.). Another trans-
port simulation topic is the organs of live beings,
which constitute a collection of geometric ones [3].
Because of the use of computed tomography (CT) in
the treatment plan, several advances in radiotherapy
have been noted in dose distribution, optimization,
and patient positioning. This was accomplished by es-
timating and adjusting the radiation dose to get the op-
timal dose distribution for the intended growth while
preserving healthy cells [4]. The absorbed dose in ocu-
lar cancer may be calculated using voxelization of CT
images. The preparation of simulation data is based on
the dimensions and number of voxels, as well as
Hounsfield numbers [5, 6].
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Ocular cancer is a rare tumor, and its treatment is
achallenge because of anecessity to destroy the tumor
with minimum visual loss. Primary ocular cancers
arise inside the eyeball. Secondary ocular cancers oc-
cur somewhere in the body and then spreads to the eye.
Lung, and breast cancer most commonly spread to the
eye [7]. Secondary cancer is more common than pri-
mary ocular cancer. In adults, patients of both sexes
are equally represented, while their average age at the
time of diagnosis is about 60 years and the most com-
mon type of this cancer is primary intraocular.

Treatments for this type of cancer include sur-
gery, chemotherapy or radiotherapy, or a combination
of these because even after surgery, there is a risk of
microscopic tumor cells in the tumor bed. Most recur-
rences are located in the nearness to the tumor bed.
That is why it is important to provide that a postopera-
tive tumor bed is irradiated with appropriate radiother-
apy techniques. The conventional radiotherapy tech-
nique, in the past, used a single enface electron beam
or AP beam. Delivering radiation was performed us-
ing wedged anterior and lateral fields directed at the
target volume. However, this is technically very diffi-
cult due to the location of cancer. The development of
technology has allowed advances in radiotherapy that
have enabled more accurate and conformal dose deliv-
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ery in the case of ocular cancer [8, 9]. Especially the
volumetric modulated arc therapy (VMAT) technique
that uses continuous changing multileaf collimator
(MLC) movement, gantry rotation, and dose rate with
less monitor units (MU) and delivery time [10], allow-
ing greater sparing organs at risk of achieving good tu-
mor coverage [11]. For this purpose, it is possible to
use systems designed for routine clinical use, which
utilize in-house designed worksheets for dose calcula-
tion based on relevant parameters introduced by the
ICRP publications [12, 13].

Several scientific studies have shown the advan-
tage of applying the VMAT technique in the treatment
of ocular cancer [14, 15], In this paper, the dosimetric
results obtained using the FOTELP program and the
VMAT planning system at the University Clinical
Center Kragujevac were compared. The presented re-
sults in this study confirm that this program could help
in the implementation of Monte Carlo methods in clin-
ical practice.

MATERIALS AND METHOD

The use of voxels in the FOTELP program re-
quires the limitation of a portion of the space so that an
environment within a parallelepiped can be irradiated
with a particle source. If the source is located outside
of the irradiated region, the mentioned space should
include a portion of the surrounding air. A particle's in-
teraction with the initial voxel is identified by the

voxel related to the density. The addresses of the voxel
are then assigned dimensions and six planes to its
parallelepiped in each co-ordinate system. The tech-
nique continues until the particle's fate is complete, af-
ter verifying whether the particle on that path has any
interactions and modeling these processes. This tech-
nique utilizes voxel addresses and temporary voxel
placement co-ordinate levels. This prevents planes
that define fixed geometry in other programs from be-
ing loaded into the geometry. The GEMVOX function
is used by the FOTELP program to temporarily place
only that current voxel in the co-ordinate system. As a
result, memory space is saved, and the simulation
takes place with only one voxel. To simulate particle
delivery, it uses Monte Carlo techniques. When parti-
cles are carried from an external source via the human
body, as a result, the absorbed dose has a 3-D distribu-
tion. A user can choose between a photon or electron
beam of any shape before this stimulation. On the
other hand, the energy should be more than 1 keV to al-
low for the computation of the 3-D distribution. The
CT data is used to characterize the anatomy of the pa-
tient.

Figure 1 illustrates the FOTELP-VOX software
interface, with all the possibilities for monitoring par-
ticle transport. The FOTELP-VOX offers two prede-
fined tissue configuration files: one containing 11 tis-
sues and the other containing 21 tissues. The user can
simply choose which file to use in the simulation. Se-
lecting this step displays the information about the pa-
tient's geometry. Generally, the user must load a CT
image.
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Figure 1. View of the photon dose planning menu in FOTELP-VOX
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A relevant tissue rectangle should contain all
voxels of the patient's tissue, but at the same time, it
should have minimal size, with as little air around the
body as possible. The program displays the initial rect-
angle after the image is loaded. Users can modify the
rectangle's X-Y position and size. The user must also
determine the first and last slice of the tissue rectangle.
The next step is defining the tumor center.

After the patient geometry has been defined, the
user launches AVOXMAT which prepares the selected
portion of the CT image for simulation by translating
Hounsfield's numbers into corresponding material in-
dexes applying from file MATERIAL.dat, and file
FEPDAT.inp file as input file for the Fepdat code run-
ning. A user must run the FEPDAT application after
running the AVOXMAT program. FEPDAT prepares
the transition probabilities and input files for all se-
lected materials (tissues) needed for the later Monte
Carlo simulation by FOTELP-VOX code. When all
previous steps are completed, FOTELP-VOX starts
the Monte Carlo simulation. This step can be repeated
with previously prepared data if the uncertainty is not
satisfactory. After the simulation is finished, deposited
doses in CT-defined voxels (file REDOSE.txt) will be
displayed over the CT data. Program DICVOX and
VOXELVIEW load CT data as at the beginning, and
then read REDOSE.txt to make anatomical images via
image dose distribution, normalized to the maximum
in each slice.

Users can change the palette for the deposited
dose display as well as the transparency level fig. 2.
File REDOSE.txt contains the deposited doses in tu-

Voxels Palette Options Help

Options

mor cube voxels. This file can be displayed by clicking
on the Show button. Also, by selecting this option the
tumor dose and statistical uncertainty will be dis-
played.

A patient with confirmed left eye primary ocular
cancer is included in this research and he was immobi-
lized in the supine position using a thermoplastic mask
and according to standard procedures scanned with CT
(GE Discovery CT590, GE Healthcare, United States)
with a 2.5 mm slice spacing. Gross target volume
(GTV) was defined as gross tumor volume using CT
and MRI scans. Planning target volume (PTV) was de-
lineated with a 5 mm margin from GTV. The location of
the tumor bed was in the left eyeball, the PTV volume
was 39.7 cm? (the volume of the eyeball is 6.2 mL).
Also, the radiation oncologist contoured organs at risk
(OAR) right lens, right eyeball, optic nerve, optic
chiasm, pituitary, brain, and brainstem. Treatment
planning was to optimize coverage of at least 95 % of
PTV with 95 % of the prescription dose and provide
maximum protection for organs at risk. The prescrip-
tion was normalized to 60 Gy at 30 fractions at 6 MV
and two full arcs VMAT plan was generated for the pa-
tient using the ECLIPSE version (15.6) (Varian Medi-
cal Systems, Palo Alto, CA). Using DVH diagrams, and
calculated values of CI, HI, and DHI indexes, a quanti-
tative evaluation of the plan was performed. The radia-
tion conformity index (CI) is a measure of target cover-
age and the conformity of the high dose region to the
PTV, and it is defined as [13]

Vri

(1)

Clrro =
PTV

Figure 2. The appearance of the
VOXVIEW program interface
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where V' reference isodose volume, Vpry [cm3] PTV
target volume. Perfect conformance gives C/= 1 while
lower values of CI mean poorer plan quality.

The homogeneity index (H/) is a ratio between
the maximum dose in the target volume and the refer-
ence isodose [16] was calculated as

HI = L inax (2)
RTOG = p
where /I, is the maximum isodose in the target, and R/
is the reference isodose. Smaller values of HI indicate
better dose homogeneity in the PTV.

Dose homogeneity index (DHI) is defined as a ra-
tio between the dose reached in 95 % of the PTV vol-
ume (D =95 %) and the dose reached in 5 % (D > 95 %)
of the PTV volume

1y D 2 95% (within PTV)
D > 5% (within PTV)

3)

RESULTS AND DISCUSSION

Ocular cancer can be a significant example of how
voxelized geometry can be used in radiotherapy. As an il-
lustration of the use of CT data to simulate transport by
the FOTELP-VOX program in voxelized geometry, CT
data of a patient eye is used. A CT scan of the patient's
head was used, with voxel sizes of 0.5 mm, 0.5 mm, and
1.0 mm. The melanoma was thought to be spherically
formed and located at the bottom of the eye. A therapy
plan was created using FOTELP-VOX software and a
1 cm radius cylindrical photon beam with a mean energy
of 6 MV. A total of 108 photon histories were used in the
simulation.

The planning acceptance criteria for OAR are
listed in tab. 1. Planners adjusted the planning goals
for individual cases in consultation with the attending
physicians due to variability in the anatomic relation-
ship between PTV and OAR across each case.

Color wash [cGy]

Roa

Figure 3. Dose distribution in
VMAT for one
intraocular cancer patient

Table 1. The OAR planning acceptance criteria, VMAT
and FOTELP-VOX delivery parameters and mean dose
in target tumor

Contralateral lens, Dy.x < 10 Gy 32 2.5
ContDril:tirilSe(y}iball, 12.3 13.3
Bramst]e)rln,<D5n5,X(§/54 Gy, 245 228
Optic nerve, Dyx < 54 Gy 27.2 25.2
Chiasm, Dy, < 54 Gy 31.9 30.8
Pituitary, Dy.x < 50 Gy 25.21 28.0
Spinal cord, Dy, <48 Gy 1.2 0.9
Brain, Dy, < 68 Gy 67.5 63.6
Diean 62.5 60.8

As shown in tab. 1. FOTELP-VOX and VMAT
meet the clinical requirements, and they are compro-
mised so that other OAR like the brain also meet the re-
quirements. The absorbed doses were determined,
with the difference between these two techniques
ranging from 2.5 % to 25.0 %.

Foraselected patient, fig. 3 shows dose distribu-
tions represented by 95 % isodose lines from the two
full arcs VMAT.

A standard dose-volume histogram (DVH) was
used to evaluate the clinical treatment plan, fig. 4. In this
case the irradiation of the eye, DVH calculation indi-
cated that the treatment plan satisfied the dose-volume
constraint placed on the tumor bed. The DVH showed
thatabout 50 % of the right eye volume received 5.2 Gy,
the right lens received 3.2 Gy in maximum, while about
6.3 % of the brain received 60 Gy.

Coverage of PTV for the VMAT technique was
within the limits of clinical acceptability with a V95 of
99.6 % The HI, DHI and CI were, 1.076, 0.959, and
1.204, respectively. Maximum isodose in the target
Imax, and RI is reference isodose was 6457.0 and
6000.0. The number of MU per field was 242 and 246.
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Figure 4. Cumulative DVH

Table 2. Target coverage

PTV VMAT
Dinax [¢Gy] 6457.0
Dinean [¢Gy] 6077.7
V95 [%] 99.6
D2 [cGy] 6224.3
D50 [cGy] 6083.6
D98 [cGy] 5885.3
Vri [Cms] 47.8
Very [em’] 39.7
D95 9 (within P1v) [€GY] 5941.4
D5 o, (within PTv) [€GY] 6192.4
Tnax [cGy] 6457.0
RI [cGy] 6000.0
HI 1.076
DHI 0.959
CI 1.204

These, as well as other dosimetric parameters, can be
found in tab. 2.

The VMAT technique gave good but mixed re-
sults for sparing organs at risk. The contralateral eye-
ball and spinal cord are irradiated at a very low dose.

CONCLUSION

The main objective of this paper is to illustrate
the potential of the programs in the treatment of eye
melanoma. The FOTELP-VOX is voxelized geometry
Monte Carlo transport algorithm based on CT data. In
the treatment of intraocular cancer, a radiotherapy plan
can be made using the VMAT technique. The VMAT
achieved good homogeneity and conformity for target
volume and delivered a small dose to the contralateral
lens and eyeball. However, it increased the low dose
volume of the OAR.
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Munena I1. XUBKOBWH, Tatjana b. MUWIAIWMHOBWUh,
Anekcangap M. MMWIIAJIMHOBUh, Yna J. MOJ/IHAP, [Iparana K. KPCTU'h

PACIIOAEJA AINICOPBOBAHE JO3E Y JbYJACKOM OKY
CUMYJ/INPAHA KOJOM FOTELP-VOX U BEPU®PUKOBAHA BOJTYMEHCKU
MOAYIUCAHNUM JTYYHUM IIITAHOM TEPAIINJE

Y oBoMm papy minycrpoBanu cMo noreHugjain FOTELP-VOX kopa, moguduxanuje FOTELP kopa
OIIIITe HaMeHe, Koju KoMOuHyje MonTe Kapio TexHrKe 3a cMyanyjy TpaHCIOpTa YeCTUIA U3 CHOJbAIIIHET
M3BOpa Kpo3 yHyTpallmke oprane. Kao pesynraT 1odujaMo TpoMeH3NOHAIHY AUCTPUOYIH)y ancopboBaHe
nose. Cryauja nokasyje nopebeme pesynrara gooujerux coprsepom FOTELP u VMAT (Volumetric Modu-
lated Arc Therapy) rexuukom. [TpumereHa je TexHuKa manupamba VMAT-a ca iBa IyHa JiyKa 1 HallpaBJbeH je
IUIaH KaKo O¥ ce YHUIITHIIO 000JIEII0 TKHUBO Y JIEXKMUIITY TYMOpa OKa 1 U30erIIo omrehere OKOTHOT 3[[paBor
TKUBA, 32 jelTHOT MaryjeHTa. Mi3pauyHaTy cy MOKpUBEHOCT J030M, MH/EKC XOMOTE€HOCTH, MHAEKC YCKIaheHOCTH
MeTe U 3allpeMIHE J103e KpUTHIHUX CTPYyKTYypa. [JoOpa cariacHOCT pe3yJTaTa 3a ancopooBaHy 03y Y JbYICKOM
OKYy JJoOUjeHa je KOpHUIIhemheM OBE JIBE TEXHUKE.

Kwyune peuu: meaarom oxa, FOTELP-VOX koo, aiicopbosarna 0oza, VMAT



