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This study investigates a novel 125 radiotherapy source. It evaluates its dosimetric parameters us-
ing Monte Carlo simulation around the source, following the updated American Association of
Physicists in Medicine Task Group recommendations. For this new source configuration, the
dose rate constant A, geometry function G(#, 6), radial dose function g;(7), and anisotropy func-
tion F(7, 0), were determined using Geant4 Monte Carlo simulations. Additionally, a comparison
of the obtained dosimetric parameters with those of an earlier 1251 source model was conducted to
analyze the shadowing effect between the two designs during multi-source brachytherapy im-

plants.
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INTRODUCTION

Nowadays, brachytherapy is widely used to treat
various types of cancers, including oral, prostate, cervix,
breast, skin, neck, and other cancers. Brachytherapy
sources are primarily classified into two categories:
high-dose-rate (HDR) and low-dose-rate (LDR) sources.
Radioactive isotopes such as '2°I, '%Pd, and '3!Cs are
commonly preferred for LDR brachytherapy due to their
low energy levels, short half-lives, and material versatil-
ity [1-4].

Before starting radiotherapy treatment, it is essen-
tial to enhance and validate dosimetric parameters such
as the dose rate constant, geometry function, radial dose
function, and anisotropy function around the
brachytherapy seed. This can be achieved experimen-
tally or through simulation [5, 6]. Monte Carlo (MC)
simulation codes are especially valuable for modeling
brachytherapy sources. They effectively simulate the
geometry of these sources, the physics of radiation in-
teracting with matter, and the process of dose absorp-
tion. A significant advantage of these simulations is
their ability to provide dose data at locations where ex-
perimental measurements are difficult or impractical to
obtain [7, 8].

* Corresponding author, e-mail: medhatme@ymail.com

There are many MC simulation codes capable of
modeling source geometry, radiation interaction, and
dose absorption in cells [9-11]. Among these, Geant4
stands out due to its exceptional capability in construct-
ing and handling various designs of radioactive sources.
Geant4, developed by CERN (the European Organiza-
tion for Nuclear Research), is one of the most powerful
simulation codes available. It provides a comprehensive
description of experiments and supports the extraction of
data necessary for simulations [12, 13].

This study aims to characterize the dosimetric
parameters of a novel '2°I brachytherapy source using
Geant4 MC simulations, adhering to the updated
American Association of Physicists (AAPM) Task
Group recommendations. The specific objectives are
to determine the dose rate constant, geometry func-
tion, radial dose function, and anisotropy function,
and to compare these parameters with a previous 2
source model to evaluate the shadowing effect in
multi-source brachytherapy implants.

MATERIAL AND METHODS

Geant4 MC simulations

Geant4 is a simulation toolkit built on C++ class
libraries, widely used in high-energy physics, space
radiation modeling, and medical physics. Developed
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in 1998 by CERN, it employs object-oriented pro-
gramming and MC methods to simulate particle inter-
actions with matter. The toolkit enables users to define
complex geometries and materials, track particles us-
ing robust physical models, visualize interactions, and
generate simulated data. By integrating experimental
and theoretical models, Geant4 provides a comprehen-
sive understanding of particle-material interactions
across a wide energy range, making it a preferred
choice for complex simulations over traditional MC
codes [12, 13].

The geometry and source arrangements are
coded in the nmandatory Geant4 class
DetectorConstruction.cc. Physics processes are de-
fined in PhysListEmLowEnergy.cc, where the follow-
ing interactions are implemented: For gamma rays:
Compton scattering, photoelectric absorption, pair
production, and Rayleigh (coherent) scattering. For
electrons and positrons: multiple scattering, ioniza-
tion, and bremsstrahlung. All classes are designed
with object-oriented programming principles in C++
and include comprehensive routines for handling
complex tasks. The G4RunManager class acts as the
maestro, controlling all actions and initializing the
simulation setup by coordinating the execution of all
arrangements.

Source description

The specifications of the currently investigated
1251 seed are shown in fig. 1. The !> source features
rounded ends. The seed encapsulation has a total
length of 4.8 mm (0.3 mm longer than the previous de-
sign) and is constructed from titanium with a 0.05 mm
wall thickness (0.05 mm thinner). The total length of
seed encapsulation is equal to 4.6 mm and is made of
titanium (p = 4.54 gcm>) with 0.05 mm thickness that
contains a palladium core having a 3.5 mm active
length, with 0.6 mm thick end. In contrast, our previ-
ous brachytherapy source design contained four poly-
styrene ion-exchange resin beads and two centrally
positioned radiographic markers composed of an 80 %
gold and 20 % copper alloy.

Simulations assumed 40 % relative humidity and
an air density of 0.00120 gem™>. The dry air composi-
tion (by mass percentage) was defined as H: 0.0732 %,
C: 0.0123 %, N: 75.0325 %, O: 23.6077 %, and Ar:
1.2743 %. The atomic number and density of elements
used in the!?3I brachytherapy sources are provided in

tab. 1.
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Figure 1. Simulated model of '**I brachytherapy source

Table 1. Atomic number and density of elements used in
the "I seeds

Element Proton number (Z) | Density [gem ']
lodine (I) 53 4.93
Titanium (Ti) 22 451
Palladium (Pd) 46 12.02
Copper (Cu) 29 8.92
Gold (Au) 79 19.32

Dose rate constant A

) Dose rate constant A is the ratio of dose rate
D(1y,0, )[cGyh!]in water at7,= 1 cm, from the source
center on the transverse plane and 6, = 90° to the air
kerma strength Sy

_D(1y,6y)
Sk
The air-kerma strength Sy is the product of the

air kerma rate K, [uGyh™'] and the square of the dis-
tance d to the point of specification

A M

Sy =K, d* ()

It is expressed in Gys™! but in a more convenient
way especially for low-dose rate brachytherapy, in
uGyh™!, at 1 m. For convenience, nGym?h™'is denoted
by the symbol U where 1U = cGyecm?h™! = uGym?h".
So, the dose rate constant A has the unit of cGyh' U™,
To calculate the air kerma strength of the '23I capsule,
an air sphere ring with a thickness 0.01 cm was used to
detect the absorbed dose as shown in fig. 2.

Radial dose function calculation

Radial dose function considers dose reduction
due to photon attenuation and scattering in the me-
dium. According to AAPM [14], the radial dose func-
tion g(r) is defined as

_D(r,8,) G (1,0)
D(1y,0,) Gy (r,0,)

g (r) 3

Capsule

\DeteV

Figure 2. Dose rate calculation geometry at1 cm from the
source's center
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Figure 3. Co-ordinate system used for brachytherapy
dosimetry calculations

where L represents the length of the active source, 6 is
the polar angle as shown in fig. 3. The D(7,,0,) and
D(r,0,) are dose rates measured away from the source
center; the G, (7o, 0y) and G, (7, 8,) are the geometry
functions on the transverse plane at 1 cm and 7 in cm,
respectively.

Geometry function

The geometry function G(#, 6) [em™] is calcu-
lated by the following formulas

92 _91

——, if 6%0
Lrsin (0)
G(r,0)= 5\l
L
(rz——J , if 0#0
4
B=0,-0, - rsin (6) Ctan ! rsin (0)
1
cos(0)-=L cos(0)+—L
reos (0) 5 reos (0) 5
4

Anisotropy function

According to the AAPM [14], the anisotropy
function describes the anisotropy of dose distribution
around the seed. It is defined as the angular depend-
ence of photon scattering and attenuation in encapsu-
lating layers and media

_ D:(”a@)GL (75,00)
D(1y,00)G (r,0)

F(r,0) 5)

Absorbed dose

The general, 2-D equation of the absorbed dose
D(r, 0) at a point from a brachytherapy source is [14]

D(r,0)=S,AG(r,0)F(r,0) (6)

where r—the distance from the center of the active source to
the point of interest, 6 — the polar angle specifying the point
of interest, relative to the source longitudinal axis, and —the
time of exposure. In multi-source brachytherapy implant

Cell

[—j

00 00

Figure 4. Sim})le method for calculating ISE for current
and earlier '*I brachytherapy sources

125 brachytherapy
sources

scenarios, the intensity of photons emitted from each seed
into the treatment volume may be reduced due to the shad-
owing effect from neighboring seeds. This inter-seed effect
(ISE), dimensionless quantity, between brachytherapy
sources can be quantified using the following equation [ 14]

D,
D, +D,
where D, is the absorbed dose at a given point inside
the dosimetry medium caused by the two seeds im-
plants, D; and D, — the absorbed dose at the same point
due to the separate presence of source 1 and source 2.
The geometrical arrangement for ISE evaluation is
shown in fig. 4.

ISE = (7)

RESULTS AND DISCUSSION

In this study, the dosimetric properties of the 2

brachytherapy source were analyzed using Geant4-
based MC simulations. The simulation results were
compared with previously published data from our
earlier paper [9] and other studies, including the
12516711 [15], '"I-BT [16], 'I-IRA [17], and
125I-MED?3631A/M [18] sources. In this experiment, a
dose-rate constant of (0.925 £0.019) cGyh~'U™! was
calculated for the encapsulated source design using
MC simulations. When compared to published data
for other commercial '2°I brachytherapy sources tab.
2, the results demonstrate minimal discrepancies be-
tween the values obtained in this study and established
reference data.

Table 2. Comparison of dose rate constant A, with other
2 seeds

Source ('*I seeds)

Dose-rate constant [cGyh™'U™]

'B[.MED3631A/M [18]. 1.067
1251-6711 [15] 0.942 £1.76
'BLBT [16] 0.928 £0.01

'BLIRA [17] 1.068

Our previous paper [9] 0.925 +0.019

Current work
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Table 3. Comparison of radial dose function, with other 125] seeds

gu()
Distance r [cm]| '“I-MED3631A/M [18] | '®I-6711[15] | '""I-BT[16] | ""I-IRA[17] |Previous paper [9]| Current work

MCNP MCNP MCNP MCNP Geant4 Geant4
0.25 0.992 - - 1.102 1.007 0.998
0.30 1.002 - - - 1.005 1.004
0.35 1.008 - - - 1.010 1.007
0.40 1.012 - - - 1.018 1.016
0.50 1.015 1.07 1.074 1.075 1.017 1.015
0.60 1.016 - - - 1.021 1.018
0.75 1.014 1.025 1.025 1.042 1.019 1.016
1.00 1.000 1.000 1.000 1.000 1.013 1.013
1.25 0.977 - - - 1.002 0.973
1.50 0.948 0.908 0.914 0.914 0.968 0.943
1.75 0.917 - - - 0.936 0.917
2.00 0.883 0.814 0.822 0.819 0.84 0.883
2.50 0.810 - - - 0.768 0.814
3.00 0.733 0.633 0.645 0.643 0.697 0.735
4.00 0.590 0.482 0.496 0.492 0.565 0.594
5.00 0.466 0.361 0.379 0.37 0.432 0.436
7.00 0.277 0.199 0.212 0.205 0.256 0.267
10.00 0.121 - - - 0.112 0.115

The radial dose function, g;(r), was calculated
over a distance range of 0.25 cm to 10 cm from the
source center using the Geant4 MC toolkit. The results
showed a notably strong agreement with published
data for other commercial '>I brachytherapy sources,
tab. 3. Additionally, the simulated radial dose func-
tion, g(r), for the '5I source was compared to both
prior 21 seed designs and our earlier work, as illus-
trated in fig. 4.

As shown in fig. 5, the radial dose function val-
ues of the model closely match those of the reference
data in the regions 0 <7 <1 cmand 6 <7 <10.0 cm.
Nevertheless, moderate deviations are observed
within the intermediate range (1 < » < 6 cm). Com-
pared to published data for commercial '?°I seeds, the
differences between the model's results and the refer-
ence data are negligible, indicating good agreement
across most radial distances.

Anisotropy functions were calculated at radial
distances ranging from 0.25 cm to 10 cm and at angles
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Figure 5. Simulation of radial dose function compared to
other studies

spanning 0° to 180° around the source. The resulting
anisotropy function values are summarized in tab. 4,
and their graphical representation for the '2°I source is
provided in fig. 6. Smooth variations in anisotropy
function values were observed across all evaluated an-
gles around the brachytherapy source.

Finally, we evaluated ISE of the current '2°1
brachytherapy source and our previous source at dis-
tances from 1 cm to 7 cm, in increments of 0.5 cm. As
illustrated in fig. 7, ISE values at distances greater than
3.5 cm converge, resulting in a flattened trend of ISE
variations at far distances from the multi-seed implant.
This phenomenon likely arises from the increased
contribution of scattered radiation to the absorbed
dose at larger distances, which counterbalances atten-
uation effects. The interplay between scattering and
attenuation ultimately leads to the observed plateau in
ISE trends at far distances.

CONCLUSION

In this study, the updated '*’I brachytherapy
source was validated using a Geant4 MC simulation
code. The source geometry was modeled, and key
AAPM-recommended dosimetric parameters-includ-
ing the dose rate constant, geometry function, radial
dose function, and anisotropy function-were calcu-
lated for the source. These results were compared with
data from our earlier design and published values for
commercial 21 sources. The computed parameters
were within clinically acceptable tolerances, confirm-
ing that the updated source provides a dosimetric dis-
tribution that meets clinical standards. Additionally,
the ISE between the current and earlier source designs
was evaluated to quantify the shadowing effect in
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Table 4. Simulation for anisotropy function of the designed '*I source from 0° to 180°

Simulated F (1, 6)
Polar angle (6°) r [cm]
0.25 0.50 1.00 2.00 5.00 10.00
0° 0.813 0.625 0.624 0.650 0.699 0.689
10° 0.833 0.780 0.761 0.790 0.744 0.756
20° 0.863 0.866 0.789 0.799 0.823 0.843
30° 0.888 0.846 0.886 0.851 0.886 0.881
40° 0.886 0.891 0.922 0.907 0.918 0.933
50° 0.943 0.931 0.915 0.914 0.942 0.941
60° 0.961 0.950 0.970 0.973 0.978 0.988
70° 1.001 0.985 0.955 0.957 0.957 0.953
80° 1.010 0.980 1.008 0.998 1.001 0.999
90° 1.000 1.000 1.000 1.000 1.000 1.000
100° 1.007 0.990 0.991 1.000 1.004 0.978
110° 0.979 0.967 0.967 0.978 0.987 0.989
120° 0.956 0.933 0.945 0.967 0.956 0.977
130° 0.931 0.901 0.926 0.967 0.966 0.933
140° 0.888 0.895 0.889 0.904 0.901 0.883
150° 0.840 0.801 0.810 0.833 0.852 0.861
160° 0.733 0.691 0.701 0.712 0.767 0.789
170° 0.715 0.620 0.676 0.666 0.701 0.723
180° 0.644 0.623 0.677 0.667 0.700 0.715
1 0.94
e 0.92-
s 2 h
- 0.88 \\

- S R
: ;O o % X120 160 .\.\.\'.

> 30° ; ggo ®T180 o 470 e, 01 Lo 28 2 85 e 4u &= e 5% Ao Bs AT
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Figure 6. Geant 4 MC simulations for F (r, 0)

multi-source implant configurations. The ISE values
converge at distances beyond 3.5 cm, resulting in a
flattened dose trend at larger radial distances. This be-
havior is attributed to the interplay between scattered
radiation (which increases with distance) and attenua-
tion effects, ultimately stabilizing dose variations in
multi-source implants.
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Ban YO, Banr IIYAXY A, Omap Meaxar MOCTA®A, Mycraga Encajex MEIXAT

JTO3UMETPUICKA MPOLIEHA HOBOT 1251 BPAXUTEPATINICKOT U3BOPA
3ACHOBAHA HA MOHTE KAPJO CUMYJAIIMIU
KomnaparusHa nponena 103uMeTpPHjCKHX IapaMeTapa H ed)eKaTa 3aKjiambamba

Kopucrehu Monte Kapio cumynanujy oko u3Bopa u npatehu axypupase npenopyke pagHe

1251

3a OBy HOBY KOHGUTypalyjy M3BOpa, KOHCTaHTa Op3uHe no3e A, reomerpujcka ¢yakiuja G(r, 6),
¢ynakumja papujanae nose g, (r) m pyHKumja anmzorponuje F(r, 6), ompebene cy kopumthemem Geantd
Monrte Kapmo cumynanuje. ITopen Tora, copoBeieHo je mopeberme MOOHMjEHUX TO3UMETPH]CKUX
napameTapa ca OHMMa M3 paHujer Mofiea u3Bopa '>1, a 6u ce ananu3upao edeKkaT 3aKiIamama u3Mehy
JIBa IM3ajHa TOKOM MMIUTaHTaTa OpaxuTepanyje ca BUIIe H3BOpa.

Kwyune peuu: 6paxuitepaiiuja, Geant4 Mornitie Kapao cumyaayuja, kaiicyaapHa ciupyxiypa



