Onkologia | Radioterapia®

Vol. 17 Iss.10: 001-006+ Research Article

Dosimetric comparison of different allocations of 1-125 source for
brain tumor brachytherapy: a comprehensive simulation study

using MCNP and TLD evaluation

Hadi Nasrollahi*, Mohsen Hasani?, Hasan Ali Nedaei?, Hamideh Naderi?

1 Department of Radiotherapy Physics, Shahid Beheshti Hospital, Qom University of Medical

Sciences, Qom, Iran

2 Department of Radiotherapy Physics, Cancer Research Centre, Cancer Institute, Tehran University

of Medical Sciences, Tehran, Iran

3 Department of Medical Physics, Qom University of Medical Sciences, Qom, Iran

ABSTRACT

Introduction: Brachytherapy has proven to be an effective method for
the treatment of brain tumours. Given the presence of sensitive
organs in the brain that control vital bodily functions, it becomes
paramount to optimize the dose distribution of these radiation
sources. This study aims to evaluate the dose distribution
characteristics of different implantation of I-125 sources using Monte
Carlo simulations for the treatment of brain tumours.

Materials and Methods: In this study, we first calibrated GR-207A
TLDs using an orthovoltage machine operating at 100 keV energy,
deriving the calibration curve. Subsequently, 1-125 (Model IR-Seed2)
source manufactured by Iran was exposed to TLDs within a Perspex
phantom for 48 hours, and absorbed doses were determined in the
perpendicular direction to the source's longitudinal axis at various
distances. Next, patient head simulations were conducted in the
MCNPX code using DICOM CT images and the Scan2MCNP
program to assess different number of 1-125 sources implantation.
The simulation accuracy was evaluated using the third type Mesh
Tally method and data obtained from TLD measurements.

Results: The dose distribution achieved with the implantation of four I-
125 sources within the tumour exhibited a superior response
compared to configurations involving one or two sources for the
treatment of brain tumours. Additionally, this approach significantly
reduced the required source implantation time.

Conclusion: Using one or two sources within the tumour is not
suitable for brain tumour treatment due to significant damage and the
risk of necrosis. In contrast, using four sources provides a better dose

distribution and is a superior approach for brain tumour treatment.
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INTRODUCTION

Over 100 types of brain tumours have been
identified to date. Severe brain tumours
often exhibit resistance to conventional
treatments such as surgery, chemotherapy,
and external radiotherapy. While
radiosurgery offers the best local control for
such cases, it can lead to substantial tissue
damage and side-effects on the nervous
system, consequently diminishing patient
survival rates and quality of life [1, 2].

The fundamental objectives of radiotherapy
encompass the delivery of an adequate
radiation dose to cancerous cells while
minimizing damage to healthy tissues [3].
Brachytherapy, involving the precise
placement of radioactive sources inside the
tumour and the delivery of the majority of
radiation energy over very short distances,
effectively aligns with these goals. The use
of brachytherapy for brain tumour
treatment was pioneered by Mundinger in
1960, initially employing Ir-192 sources.
However, in 1979, Mundinger's research
demonstrated superior outcomes when using
I-125 sources instead of Ir-192.
Consequently, 1-125 sources have become
the standard choice for brain tumour
treatment [4].

Given the presence of critical organs within
the brain that govern various bodily
functions, the precise implantation of
radiation sources and the resulting dose
distribution take on heightened significance
compared to other anatomical regions. The
dosimetry parameters of, 1-125 (Model IR-
Seed2) sources manufactured by Iran align
with international standards and are
comparable to similar standard sources.
Consequently, this study focuses on

-1



Onkologia | Radioterapia®

Vol. 17 Iss. 10: 001-003« RESEARCH ARTICLE

evaluating  Iranian-manufactured 1-125
(Model IR-Seed2) sources for brain tumour
treatment through Monte Carlo simulations,
with a particular emphasis on assessing
dose distribution for various number of I-125
sources implantation configurations [5].

MATERIAL AND METHODS

In this study, treatment planning of brain
tumours by I-125 (Model IR-Seed2) source
manufactured by Iran was performed using
by Scan2MCNP program in the MCNPX
code for different source allocation. In the
following, the calibration of TLDs was
performed and to evaluate the validity of the
simulations, Perspex phantom and TLD
(Thermoluminescent Dosimeter) were
employed.

IR-Seed? I-125 source

The IR-Seed2 I-125 source is composed of a
cylindrical titanium capsule measuring 48
mm in length and 0.8 mm in diameter.
Internally, the source boasts a diameter of
0.7 mm and contains six resin beads with a
diameter of 0.5 mm. The surface of these
beads is superficially coated with I-125 [5].

TLD calibration

The accuracy of the simulations was
evaluated using GR-207A TLDs. These
TLDs were in the form with diameter of 4.5
mm and a thickness of 0.8 mm, and
demonstrating a linear response in the
range of 106 to 12 Gy [6]. The TLD data
obtained from the LTM TLD reader (Fimel,
Vélizy, France), and represented as numbers
in Normalized Counts (NC) or simply
counts, exhibiting  inherent  random
variations. To determine the absorbed dose,
both individual and group calibrations were
performed.

For individual calibration, ECC coefficients
were calculated. The irradiation was
performed in a Perspex phantom under the
condition of a 15 cm? x 15 cm? field size at
100 cm Source To Surface Distance (SSD)
and depth of 2 cm, and of the 6 mV energy.
Ten Perspex slabs (each with a thickness of
1 cm) were placed under the TLDs to create
a complete electron equilibrium condition.
Subsequently, the TLDs were read using an
LMT reader, and ECC or correction
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coefficients were computed for each TLD
using the following equation:

" ECC] _j=(<TLR>)[ TLR] _j

Where:

(ECC) _j: The individual calibration
coefficient of number j TLD

TLR: The average of TLDs reading at equal
radiation.

(TLR] _j: The response of number j TLD to
equal radiation

The group calibration of the TLDs was
performed utilizing an Orth voltage machine
operating at 100 kVp energy and a dose rate
of 186.6 units. To ensure electron
equilibrium conditions, two Perspex sheets
were placed beneath the TLDs. Subsequent
to irradiation, the TLDs were subjected to
reading by an LMT reader, and the
calibration curve for the TLDs was
established based on the ECC coefficients,
particularly in the context of 100 kVp
energy.

Scan2MCNP software

The initial step in Monte Carlo-based
simulations involves the crucial task of
importing patient data into the MCNP
program. Scan2MCNP software plays a
pivotal role in this context. It is capable of
converting DICOM images derived from
MRI and CT imaging systems into an input
file compatible with the MCNP code.

Scan2MCNP software boasts a
comprehensive library encompassing a
diverse array of  materials, each
accompanied by their respective densities.
This library includes a wide spectrum of
materials, such as various gases, liquids,
metals, and body tissues like bone, soft bone,
soft tissue, lung, and more.

Each image within this framework is
characterized by grayscale values ranging
from 0 to 256. For instance, pixels appearing
white in the images possess a colour
intensity value of 256 and correspond to
bone tissue. Conversely, pixels appearing
black exhibit a colour intensity value of O,
signifying air. The remaining pixels exhibit



a diverse range of colour intensities falling
between 0 and 256, each indicative of
different materials employed in the
simulation [7, 8].

Upon implementing the Crop command and
applying meshing within the Scan2MCNP
program, the total count of cells that are
simulated in MCNPX is precisely 243,089.
These individual cells each possess
dimensions measuring 0.094 cm X 0.094 cm
x 0.2 cm. This specific cell size is well-suited
for conducting investigations pertaining to
low-energy brachytherapy.

Monte Carlo calculations

In this study, simulations were conducted
using the Monte Carlo N-Particle radiation
transport code MCNPX 2.7.0, developed by
The Los Alamos National Laboratory
(LANL). MCNPX offers various tally options
for calculating diverse physical properties
within the simulation. To reduce the volume
of inputting data, especially in cases with a
large number of cells, the mesh tally method
is applicable. Consequently, the MCNP
simulation utilized the third type of mesh
tally, involving the tracking of 1010
particles.

The simulations provided average absorbed
dose values within each voxel, focusing on a
case where each radiation source had an
activity of 3 mCi. The output from MCNPX
was 1n  MeV/em3, which required
normalization by density to obtain absorbed
dose values. The photon spectrum for 1-125
used in MCNPX simulations was derived
from ICRU-38, with an energy cut-off set at
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6=5 keV, accounting for characteristic X-ray
production in titanium [9, 10].

To validate the accuracy of the MCNPX
simulations, absorbed dose calculations were
performed for water within a Perspex
medium, generating data that could be
compared to TLD measurements. The
simulation code was executed with 1010
particles, ensuring that the program's

average error across all cells remained below
5%.

The results from the MCNPX simulations,
presented as isodose curves, were visualized
using MATLAB software version 7.9.0
(R2009b). This involved employing various
MATLAB commands such as reshape,
resize, imrotate, and rcond to process and
superimpose the isodose curves onto the
patient's MR images, enhancing the
visualization of the simulation outcomes.

Phantom

To evaluate the concordance between the
MCNP simulations and TLD measurements,
a phantom composed of Perspex material
with a density of 1.19 g/cm3 and a chemical
composition comprising 8% Hydrogen (H),
60% Carbon (C), and 32% Oxygen (O) was
fabricated [11]. As depicted in Figure, the
phantom featured a centrally positioned
groove designated for the placement of the
radiation source (Figure 1). Additionally,
grooves were meticulously carved at
distances of 0.5 cm, 1 ¢cm, 1.5 ¢cm, 2 ¢cm, 3 cm,
4 cm, and 5 cm along the perpendicular axis
to accommodate the TLDs.

Fig. 1. The phantom used for the |-125 source dosimetry

The simulation of the I-125 source using the
MCNPX code was carried out within a
Perspex phantom measuring 11 cm3 X 11

cm? X 11 cm3, closely resembling the
practical irradiation conditions with a
lattice-based structure simulation.
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Placement of sources in the tumour

The typical approach for treating brain
tumours in  patients involves  the
implantation of a solitary I-125 source
within the affected area. Therefore, in the
simulation process, the focus extended
beyond merely considering the size, shape,
and volume of the tumour. Instead,
simulations were conducted to explore

Fig. 2. In the MCNPX code, two s
Treatment time calculation

In brachytherapy, the timing and spatial
arrangement of radiation sources play a
critical role in determining the administered
radiation doses. To address this, detailed
medical information from a low-grade
patient with a tumour volume of 17 cm3 was
provided by an oncologist. The prescribed
dose at the tumour’s periphery was set at
6000 cGy. Given that the source possessed
an activity level of 3 mCi, the treatment
duration was calculated using MCNP data.

Utilizing the dose rate and the prescribed
dose as reference points, the treatment time
was determined using Equation 2. Within
the context of the mesh tally method in the
code's output calculation, the results were
initially obtained per particle. These values
were then converted into delivered doses
using Equation 1, which subsequently
allowed for the calculation of the treatment
time as defined in Equation 2.

Dose (cGy) = A*3.7xE010xT (s)xL6E-019x FxM (1)

Time(h) = (D(rad)) / (D(rad / h)) (2)

In this context, a denotes the source's
activity in mCi (millicuries), T represents
the duration of source irradiation, F signifies
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-
ources were inserted within the tumor

different numbers of I-125  source
implantation. Initially, a simulation was
performed with a single source placed at the
tumour’s centeR. Subsequently, simulations
were conducted with 2, and 4 sources
implanted within the tumour region, each
positioned 1 cm apart from one another.
Figure illustrates the simulation involving
the placement of two sources within the
tumour using the MCNPX code (Figure 2).

the value derived from the MCNPX code,
and M stands for the absorption coefficient
of the radioactive material, specifically 1.47
for 1-125 [12].

Simulation accuracy

1-125 source was simulated in the center of a
Perspex sphere with a 10 cm diameter.
Absorbed dose values were collected in the
perpendicular direction to the source axis
using a third type of square mesh. Meshing
was performed with cubic voxels measuring
0.8 mm in length, covering the entire space
around the source up to a distance of 7 cm.

Patient DICOM Images

In this study, the patient's CT images were
employed to simulate the body, while 3D
Scan2MCNP software was employed for
simulating the brain. The head of a patient
with a brain tumour was simulated using 41
CT images from the patient's dataset. The
tumour in this particular case had a circular
shape with an estimated radius of 1.6 cm
and an approximate volume of 17.5 cm3.
Figure provides a visual representation of
the patient's CT and MR images (Figure 3).



Onkologia | Radioterapia®

Vol. 17 Iss.10: 001-006+ Research Article

Fig. 3. CT and MR images of patient with brain tumour

RESULTS

By multiplying the ECC coefficient for each
TLD by the corresponding reading, the
impact of random variations could be
minimized, resulting in a more consistent
value. Table displays the correction

coefficients that were computed for each
TLD, The ECC values in individual
calibration indicate that they are in the
range of 0.993 < ECC < 1.022 (Table 1).
These values are close to 1, indicating a low
deviation. While Figure illustrates the
calibration curve for the TLDs at 120 kVp
(Figure 4).

Tab. 1. The ECC correction coefficients for TLD calibration

TLD TLD
ECC ECC
NO NO
1 0.964 10 1.021
2 0.999 11 1.019
3 0.972 12 0.993
4 1.002 13 0.978
5 1.001 14 0.997
6 0.992 15 1.015
7 1.01 16 1.022
8 0.976 17 1.022
9 1.024 18 1.011
350 ~ TLD Calibration Curve
300 |
250 -
3 200 -
s 150 -
o _
8 y = 6E-06x + 5.2157
100 R2=0.9988
50
0 . . )

0.00E+00 2.00E+07

TLD Output(Count)

4.00E+07 6.00E+07

Fig. 4. TLDs calibration curve

To verify the precision of the MCNPX
simulations, calculations of absorbed doses
were conducted for water within a Perspex
medium, yielding data suitable for
comparison with TLD measurements. Table

represents the dosimetry results of TLD and
simulation in MCNPX code 1in the
perpendicular direction of source axis at
different distances (Table 2).
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Tab. 2. The comparison of simulation and TLD results

Distanscoeut’::(;n(]c?g;] ter of Mcklﬂzz(hcg; ﬁ;léi:g;;’\’ ith TLD measured (cGy) Difference TLD & Mesh tally %
05 406.64 4337 6.2
1 93.69 100.02 6.3
15 40.09 42.63 5.9
2 20.61 22.3 75
3 5.39 6.06 11
4 2.02 221 8.5
5 1.16 1.302 10.9

of a source implant was showed in (Table 3
Table represents dose delivery to different Figure 5).

volumes during total treatment time. DVH

Tab. 3. Dose delivery to tumour in single source implant

Treatment time (Day) Dose (Gy) calculate MCNP Volume Dose (cm?®) Tumor Volume (cm?®)
550 600 1.44 17.2
550 200 7.03 17.2
550 100 18.13 17.2
550 60 44.2 17.2
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Fig. 5. DVH of single source implant in tumour

The isodose curves for a single source
implant with 3 mCi activity were generated
and subsequently imported into the CT and
MR image. Figure visually represents these
isodose curves. Based on the information
gleaned from the isodose curves and
simulation data, it was determined that the
necessary duration to deliver a 60 Gy dose to

the tumour would be approximately 550 Fig. 6. isodose curves of one source implant in tumour by
. Scan2MCNP program
days (Figure 6).
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Figure 7 illustrates the isodose curves
resulting from the implantation of two
sources within the tumour, as determined
through simulation in the MCNPX code
(Figure 7). Comparable to the treatment
with a single source implant, each source
had an activity of 3 mCi, and the calculated

duration for the source implantation was
132 days. Table provides an overview of the
dose delivery to various volumes over the
course of the entire treatment (Table 4).
Additionally, Figure depicts the DVH (Dose-
Volume Histogram) corresponding to the
two-source implantation (Figure 8).

Fig. 7. Isodose curves of two sources implant in tumour by Scan2MCNP program

Tab. 4. Dose delivery to tumour in two sources implant

Treatment time (Day)

Dose (Gy) calculate MCNP

Volume Dose (cm?®) Tumor Volume (cm?®)

0.51 17.2
177 17.2
7.3 17.2
26.82 17.2

132 800
132 400
132 150
132 60
100 SRS SRR A AP
] T
= P

3 4 5
Dose Rate(cGy/h)

Fig. 8. DVH of two sources implant in tumour

In the case of implanting four sources within
the tumour, the source implantation time
was determined to be 52 days. Table
provides an overview of the dose delivery to
various volumes throughout the entire
treatment duration (Table 5). Figure

displays the isodose curves resulting from
the implantation of four sources within the
tumour (Figure 9). Additionally, Figure
presents the DVH corresponding to the four-
source implantation (Figure 10).

Fig. 9. Isodose curves of four sources implant in tumour by Scan2MCNP program
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Fig. 10. DVH of two sources implant in tumour

DISCUSSION

Comparing the results of TLD dosimetry
and Monte-Carlo simulation using the third
type Mesh Tally in MCNPX revealed an
acceptable level of agreement between these
datasets. While the use of Mesh Tally does
increase the computational time, it proves to
be a valuable approach for brachytherapy
source dosimetry, significantly reducing the
code's input file volume due to the small size
of simulated cells in brachytherapy.

When comparing different source
implantation strategies, it became evident
that a single-source implant within the
tumour, mainly due to the non-uniformity of
dose distribution at the source's ends,
resulted in damage to a considerable volume
of tissues (44.2 cm3), which is three times
the size of the treatment volume (17.2 cm3).
If we consider the 300% isodose curve as the
threshold for causing necrosis, a single-
source implant would lead to approximately
9 cm3 of brain tissue necrosis.

However, the most promising approach was
the implantation of four sources within the
tumour. This method not only significantly
reduced the source implantation time but
also achieved a more wuniform dose
distribution compared to one- and two-
source implants. In this scenario, only 22
cm3 of brain tissues were affected by cell
killing, with a mere 1.7 cm? experiencing
severe necrosis, and this occurred in tissues
very close to the source.

Considering that the head contains critical
organs responsible for controlling other
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parts of the body, it becomes evident that a
single-source implant within the tumour is
not ideal due to the significant damage
inflicted on normal tissues and the risk of
severe necrosis. While two-source
implantation delivers a more uniform dose
to the tumour’s surface and affects a smaller
volume of normal tissues, it still falls short
of being an entirely appropriate method due
to the risk of necrosis.

Among the methods examined, the
implantation of four sources within the
tumour stands out as the most suitable
approach for brain tumour treatment. This
method not only ensures the delivery of a
consistent dose to the tumour but also
minimizes damage to critical organs, all

while avoiding severe necrosis within the
head.

On the other hand, a linear implantation of
the source within the tumour reduced the
dose to the surrounding tissues but still
caused damage to 26.82 cm3 of brain tissue.
In the case of two sources implanted, the
necrotic region was reduced to 5.3 cmb3,
significantly lower than that caused by a
single-source implant.

CONCLUSION

The study demonstrates that the choice of
the number of I-125 sources implanted in
brain  tumours significantly  impacts
treatment outcomes. While a single source
implantation may lead to non-uniform dose
distribution and damage to healthy tissues,
the implantation of four sources offers
improved dose distribution, reduced damage
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to mnormal brain tissue, and shorter
treatment times. This approach shows
promise as a viable method for brain tumour
brachytherapy and  warrants further
investigation and clinical application.
Ultimately, the goal of such research is to
improve the quality of care and outcomes for
patients with brain tumours, providing them
with a more effective and less damaging
treatment option.
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