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IEEE ] eIV [gle @] izl Proton therapy has emerged as a superior method in
cancer treatment compared to traditional photon-based radiation therapies. Because

of the unique physical features of protons and Bragg curve, it can deliver the greatest
dosage directly to the tumor while minimizing the radiation absorbed by
surrounding healthy tissues. By spreading out Bragg Peak, proton therapy ensures
that the tumor receives the prescribed high dose while reducing side effects. In
proton therapy, the positrons play a significant role in dose monitoring and imaging.

In this research, GEometry ANd Tracking (GEANT4)
simulation code was used to study the number of positrons emitted and their dose
depositions during proton therapy at energies of 50 and 100 MeV in both soft tissue
and bone with variety of densities.

The results showed that for 50 MeV protons, 150 was identified as the
positron emitter that emits the most positrons in both tissues at two energies. The
maximum penetration depth of 50 MeV proton beam was 26 mm in soft tissue and 16
mm in bone, while at 100 MeV, the depth was 89 mm in soft tissue and 53 mm in
bone. Furthermore, the dose deposition by positrons decreases by increasing tissue
density.

In proton therapy 50 and 100 MeV the most positrons emitted from
150, 11C, 3p, 13N, 3k, 3°Ca in soft tissue and bone. Bragg curves show that by
increasing energy, the rate of proton penetration in tissues increases. On the other
hand, by increasing density, the amount of proton penetration in tissues and dose
deposition decreases.

Proton therapy, Positron emitters, Dose deposition, GEANT4
simulation code
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Introduction

lowers adverse effects and improves treatment
effectiveness (10). A high-energy proton beam moves

Recent studies showed that the side effects resulting
from cancer treatment, such as secondary cancers,
cardiovascular diseases, and other long-term effects,
manifest years after the initial cancer therapy (1-7).
Today, achieving cancer treatment with fewer side
effects is considered a major milestone (8). Proton
therapy, a type of radiotherapy, is recognized as one of
the methods for cancer treatment, capable of treating
various types of cancer by precisely targeting the tumor
while minimizing damage to surrounding healthy tissues
(9). The proton beam's dosage distribution curve is its
main benefit. Because of this curvature, the tumor may
be completely destroyed without endangering the healthy
tissues around it. Proton therapy is one of the best ways
to treat cancer because of this characteristic, which also
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toward the target tissue (such as a tumor). As protons pass
through the tissue, they interact with nuclei present in the
tissue (such as 12C and 160). These interactions produce
radioactive isotopes like 11C, 13N, and 150, which are
positron-emitting isotopes. These radioactive isotopes
undergo decay over a short period, emitting positrons.
The positrons rapidly collide with electrons, initiating the
annihilation process, which results in producing two
gamma photons of 511 keV in opposite directions. These
photons are detected by detectors, providing precise
imaging of dose distribution. In 1946, Robert Wilson
introduced proton therapy as a novel method for treating
deep-seated tumors using high-energy protons produced
by accelerators to destroy cancer cells (11). In 1962,
Harvard University began specialized treatment using
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proton therapy at the Cyclotron Laboratory (12, 13). By
mid-1970s, with the advancement of radiotherapy
studies, various organs, such as the eyes and ears were
studied using this method (14). Bragg peak, which occurs
at the end of the range of charged particles like protons,
is a significant advantage. However, high dose decrease
at the end of the spectrum might cause an increase in
dosage to healthy tissues with even a little shift in particle
location. Thus, careful monitoring and control of charged
particle dosage distribution are required to determine
their range. It shows that despite the inherent advantages
of charged particles, careful control and management of
treatment parameters are necessary in this method (15).
GEANT 4 is a Monte Carlo simulation tool widely used
in high-energy physics research, medical physics,
accelerator design, and other related fields. It enables
accurate modeling of particle passage via matter and their
interactions. Using Geant, phenomena, such as
scattering, absorption, particle production, and nuclear
reactions can be simulated (16, 17). Mashayekhi M. et al.,
conducted a simulation of a phantom to evaluate the
relationship between the production of positron emitters
and proton dose distribution, as well as the correlation
between annihilation points, and proton dose distribution.
The findings indicated that 150, 11C and 13N are the
most appropriate positron emitters in soft tissue, while
11C, 150, 38K, 30P, 39Ca, and 13N are the most suitable
in bone tissue (18). In other study, Kraan A.C. et al.,
simulated a proton therapy treatment course for a patient
using FLUKA Monte Carlo simulations. The progressive
emptying of the sinonasal cavity was represented by
constructing a series of artificially manipulated CT
images (19). In this work, the number of released
positrons in entire and meshed target volume of target
and the dosage deposited of positrons during proton
treatment at energies of 50 and 100 MeV in soft tissue
and bone with variety of densities were explored. The
results obtained using GEANT 4 code. The highest
number of positrons was produced by 150. It should be
noted that the highest number of positrons being
produced at a depth of 60-70 mm in soft tissue and 30-40
mm in bone. The maximum dose deposition of positrons
in soft tissue and bone occur in density of 0.9 gr/cm3 and
1.6 gr/cm3 respectively.

Materials and Methods

The research utilized GEANT4 toolkit, a Monte Carlo
simulation tool that models the passage of particles
through matter. GEANT4 is commonly applied in the
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fields, such as high-energy physics, nuclear physics,
accelerator physics, as well as medical and space
science, to simulate particle interactions with materials.
One of its key strengths is its ability to accurately
define complex geometries and material properties
within experimental setups, while handling various
physics processes for particle transport through
detector elements. The toolkit supports simulations in
a wide energy range, from one eV to 1012 eV, making
it highly effective for replicating real-world
experimental conditions, including physical models
and geometry. This accuracy distinguishes it from
other simulation packages. Because GEANT4 is
designed in C++, it can simulate particle interactions
with materials in great detail, down to the microscopic
level. It is extensively used in fields such as high-
energy physics investigations, gamma-ray shielding,
and medical physics (20, 21). The physics model used
in this study is QGSP_BIC_HP that is the most widely
used and comprehensive physical model in Geant4 for
proton therapy studies. (22) (Figure 1A) illustrates the
flowchart of GEANT4 modeling (23). In this study,
GEANT4 version of 11.1.3 was utilized. Furthermore,
a 60-core processor with 160 GB of RAM was used.

In this study, as shown in (Figure 1B), a target volume
with dimensions of 10x10x10 cm3 was defined using
GEANT4 simulation code. A 50 and 100 MeV proton
beam with a 1 cm width was directed towards the target
volume (Figure 1B). The source was positioned 1 cm
away from the target volume. The target volume
contained soft tissue with densities of 0.9, 1, and 1.1
g/cmsd, as well as bone tissue with densities of 1.6, 1.7,
and 1.8 g/cm?3 based on the predefined parameters. The
overall number of created positrons and the number of
positrons generated from distinct positron emitters
following the proton beam's contact with these tissues
were estimated, and the Bragg curve was constructed.
In the next step, the target volume was meshed along
with one axis into 10 volumes, each with the
dimensions of 10x10x1 cm3, with no gaps in between.
The proton beam was again directed towards these
volumes, with a density of 0.9, 1 and 1.1 g/cm? for soft
tissue and 1.6, 1.7 and 1.8 g/cm? for bone tissue (Figure
1C). In this manner, the number of positrons emitted
per unit volume (100 cm3) and at a depth of 1 cm was
determined. Moreover, in the next part the absorbed
dose of positrons at bone with density of 1.6, 1.7 and
1.8 g/lcm?3 and soft tissue with density of 0.9, 1 and 1.1
g/cm? was calculated.
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Figure 1. Flowchart of the GEANT4 modeling process (A), Schematic of proton beam irradiation to the target
volume in GEANT4 (B, C).

Results
Using GEANT4 simulation code, a proton beam positron emitters and the number of emitted positrons
was directed at a target volume consisting of soft tissue by them within a 1000 cm3 volume are shown in (Table
and bone tissue with various densities. Different 1).

Table 1. Number of positrons emitted per unit volume (103 cm3) at 50 MeV (A) and 100 MeV (B)

A
Positron Soft tissue Bone
emitters
p =09 p=1 p=11 p=16 p=17
gricm?® gricm? gricm? gricm?® gricm? p=18
gricm?
B 0.015 0.017 0.017 0.007 0.011 0.004
c 0.029 0.024 0.023 0.023 0.019 0.017
1c 1.206 1.259 1.263 2.078 2.177 2.118
2N 0.069 0.045 0.058 0.136 0.136 0.129
BN 0.525 0.504 0.470 0.417 0.422 0.407
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1“0 0.029 0.037 0.031 0.027 0.039 0.037
50 5.207 5.225 5.168 3.167 2.921 2.921
18F 0.204 0.213 0.197 0.128 0.142 0.131
22Na - - - 0.010 0.008 0.010
BMg - - - 0.009 0.012 0.014
BA| - - - 0.020 0.027 0.036
2p - - - 0.030 0.042 0.037
op - - - 0.874 0.897 0.916
819 - - - 0.104 0.099 0.116
#Cl - - - 0.005 0.006 0.011
SAr - - - 0.009 0.009 0.009
K - - - 0.005 0.007 0.015
BK - - - 0.566 0.587 0.573
%Ca - - - 0.007 0.010 0.003
¥Ca - - - 0.460 0.482 0.511
40Sc - - - 0.052 0.041 0.042
41gc - - - 0.026 0.030 0.023
425¢ - - - 0.005 0.001 0.006
$Sc - - - 0.013 0.012 0.010
#“Sc - - - 0.019 0.009 0.020
2sj - - - 0.003 0.004 0.005
B
Positron Soft tissue Bone
emitters p=09 p=1 p=11 p= 1.6 p=17
gricm? gr/cm3 gricm? gricm? gr/cm3 p= 18

gr/cm?

B 0.194 0.181 0.177 0.155 0.119 0.135
0c 0.253 0.259 0.270 0.318 0.291 0.292
e 4.072 4.160 4.169 7.150 7.043 7.099
2N 0.180 0.166 0.177 0.329 0.314 0.329
BN 2.268 2.247 2.186 1.621 1.580 1.610
140 0.637 0.631 0.648 0.409 0.430 0.432
50 15.598 15.614 15.487 8.858 8.750 8.879
18F 0.229 0.220 0.216 0.126 0.118 0.119
22Na - - - 0.051 0.053 0.058
Mg - - - 0.030 0.035 0.023
A - - - 0.147 0.168 0.160
2p - - - 0.175 0.213 0.167
op - - - 1912 1.849 1.898
81g - - - 0.203 0.199 0.186
BCl - - - 0.036 0.031 0.035
#Cl - - - 0.349 0.349 0.293
SAr - - - 0.048 0.056 0.065
K - - - 0.191 0.190 0.168
BK - - - 2.129 2.211 2.132
%Ca - - - 0.084 0.097 0.086
%Ca - - - 1.442 1.426 1.351
0S¢ - - - 0.096 0.095 0.079
41gc - - - 0.028 0.027 0.030
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2S¢ - - - 0.004 0.008 0.006
3¢ - - - 0.019 0.015 0.017
43¢ - - - 0.012 0.008 0.012
Z7sj - - - 0.022 0.027 0.030
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Figure 2. The Bragg curves for soft tissue with density of 1 gr/cm?(A) and bone with density of 1.7 gr/cm? (B), at two

energies, 50 and 100 MeV.

In (Table 2), the depth of proton in soft tissue and
bone at various density at two energies, 50 and 100

MeV was showed.

The number of positrons emitted at 1 cm intervals for
two different energies presents in (Table 3).

Table 2. The Depth of proton in soft tissue and bone at various density at two energies, 50 and 100 MeV

Tissue Soft tissue Bone
p =09 gricm? p=11 p=16 p= 1.8
gr/cm?® gr/cm® gr/cm?®
Depth(mm) 26 21 16 14
o2
=
> 89 73 53 47
23

Table 3. Number of positrons emitted per unit volume at 50 MeV (A) and 100 MeV (B) (102 cm3).

A
Tissue 0-10 10- 20-30 30- 40-50 50- 60- 70-80 80-90 90-
mm 20 mm 40 mm 60 70 mm mm 100
mm mm mm mm mm
38.98 31.92 3.86 0.30 0.21 0.12 0.06 0.11 0.12 0.06
Soft ng
nL
f -
Qo
28.22 44,01 2.78 0.29 0.22 0.11 0.09 0.10 0.08 0.02
Hm
[ E:
QL5
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- 48.61 24.95 0.90 3.20 1.40 1.70 0.07 0.14 0.08 0.10
- £
(&)
N =
Q.O')
Bone © . 74.86 10.04 0.69 0.38 0.28 0.28 0.19 0.19 0.06 0.12
- £
(&)
N =
Q.O')
~ 76.30 8.28 0.74 0.57 0.22 0.22 0.27 0.13 0.10 0.07
- £
(&)
N =
Q.O')
®© . 7791 6.61 0.69 0.62 0.34 0.18 0.12 0.14 0.06 0.04
- £
(&)
N =
Q@
B
Tissue 0-10 10- 20-30 30- 4050 50- 60- 70-80 80-90 90-
mm 20 mm 40 mm 60 70 mm mm 100
mm mm mm mm mm
2587 25.61 2733 27.26 27.76 3042 36.41 3430 5.59 0.44
Soft ng
L
p-—
Qo
" 28.19 2954 29.72 30.85 3295 37.94 4263 9.48 0.69 0.41
i
I E
S
- 30.43 3191 33.33 3537 3827 4569 2386 1.56 0.45 0.46
- £
(&)
N =
Q_U’
Bone © ., 46.58 49.46 53.80 62.41 57.08 3.77 1.18 0.92 0.54 0.43
- £
(&)
N =
Q_U’
~ 48.80 5246 57.06 7237 39.17 1.90 1.32 0.88 0.75 0.68
- £
(&)
=
Q.@
®© . 53.23 55.01 6143 78.82 2150 1.70 1.08 0.99 0.76 0.39
- £
(&)
N =
QC)')
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The dose deposition per positrons in soft tissue and
bone with various densities at energy of 50 and 100

MeV has shown in (Table 4).

Table 4. The dose deposition per positrons in soft tissue and bone at energy of 50 MeV (A) and 100 MeV (B)

Soft Bone
Tissue p =09 p=1 p=11 p= 16 p=17 p=18
gr/cm?® gr/cm?® gr/cm? gr/cm?® gr/cm?® gr/cm?®
Dose 2.13x107*  1.90x 107*  1.73x 10™* 1.43x107* 1.34x 1.28x 107*
(nGy/Positron) 1074
Soft Bone
Tissue p=09 p=1 p=11 p=16 p=17 p=18
gricm?® gr/cm?® gr/cm® gr/cm?® gr/cm?® gr/cm?®
Dose 2.19% 1.94x 1074 1.77% 1.43%x 1.33% 1.25%
(nGy/Positron) 107* 107* 1074 1074
Discussion of 76 mm and in bone tissue at a depth of 48 mm. Bragg

Based on Table 1, the number of positrons emitted in
bone tissue is greater compared to soft tissue. In soft
tissue, positron-emitting nuclei, such as *°0, 3N, and
11C were observed, while in bone tissue, positron
emitters, such as 0, BN, !C, %Ca, ¥K and 3°P
emitted a significant number of positrons. The
emission of other f"+emitting nuclei is insignificant.
In proton treatment, 150 creates the maximum quantity
of positrons since oxygen is one of the fundamental
components in biological tissues (particularly in water
and oxygen-containing substances). Consequently, the
possibility of high-energy protons engaging with 160
nuclei is larger compared to other elements. These
interactions lead to nuclear reactions that produce
radioactive isotope °0. The decay of O emits
positrons, which, in terms of the relative abundance of
oxygen in the body, significantly contributes to
positron production in proton therapy. In the study by
Mashayekhi et al., the number of positrons emitted
from the positron emitters °0 and N in soft tissue is
very close to that in the present study. Compared to
Mashayeki’s study, this study demonstrated a higher
number of positrons emitted by C. In bone tissue the
number of positrons emitted from positron emitters,
such as 1C, 10, 3¥K and **N so close to Mashayeki’s
study (18). Thus, the results of this study are very
similar to other studies (24-26). Based on (figure 2)
and Table 2, the penetration depth of proton beam in
soft tissue is 21-26 mm, while in bone tissue it is 14-16
mm in energy of 50 MeV and 73-89 mm in soft tissue
and 47-53 mm in bone in energy of 100 MeV. Because
soft tissue is less dense than bone, the proton beam can
penetrate it more easily. The maximal energy is
deposited by the proton beam in soft tissue at a depth
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curves show that by increasing energy, the rate of
proton penetration in tissues increases. On the other
hand, by increasing density, the amount of proton
penetration in tissues and dose deposition decreases.
Table 3 presents the number of positrons produced at 1
cm intervals. The results show that the highest number
of positrons in soft tissue occurs at the depth of 50-70
mm, while in bone tissue it is at the depth of 30-40 mm
for energy of 100 MeV. Furthermore, this value for
energy of 50 MeV occurs at the depth of 0-10 mm in
soft tissue and bone. Calculating the residual dose from
positrons in proton therapy is essential for several
reasons: 1) accurately assessing the radiation dose in
the tumor while protecting healthy tissues, 2) assisting
in optimizing treatment parameters and enhancing
precision, 3) using 511 keV photons for precise
imaging of dose distribution, 4) reducing the risk of
damage to sensitive tissues via dose accumulation
control, and 5) evaluating treatment efficacy and the
body's response to proton therapy. Since the primary
therapeutic dose is delivered by protons, the dose from
positrons is considered an unwanted, as it is
independent of the prescribed proton dose. The
determination of the dosage from positrons in the target
tissue is one of the study's goals. The dosage deposition
of positrons in tissues is shown in Table 4. The findings
indicate that the quantity of dose deposition reduces
with increasing density. The energy of incoming beam
has a significant effect on the bandwidth, peak height,
range, and shape of Bragg curve. In heavy particle
therapy, the precise shape of Bragg curve is crucial to
determine the radiation dose in various tissues. Energy
deviation can cause uneven radiation dose distribution
across different tissue regions. In Monte Carlo
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simulations, accurate modeling of energy dispersion is
essential for precise predictions of particle interactions
with matter. GEANT simulation code, using
QGSP_BIC_HP model, was employed to predict these
interactions accurately and mitigate the effects of
energy deviation. The Bragg curves in the findings
section demonstrate that as energy rises, the peak
height falls and the curve breadth widens. This is due
to the fact that higher proton beam energy causes more
penetration and energy deposition in the tissue depth,
which lowers the height of the curve.

Conclusion

Proton therapy is a type of radiation therapy that was
studied. Proton therapy is widely used in terms of its
ability to deliver the maximum dose to the target while
minimizing the dose to surrounding healthy tissues.
Positron creation happens during proton treatment, and
using GEANT4 simulations, the quantity of positrons
produced per unit target volume with different
densities of soft and bone tissues was examined. The
results indicated that in soft tissue and bone, the highest
number of positrons was emitted by °0, 5.207 and
3.167 at energy of 50 MeV and 15.598 and 8.879 at
energy of 100 MeV respectively. Therefore, Bragg
curve analysis showed that the penetration depth of a
50 MeV proton beam was 26 mm in soft tissue and 16
mm in bone. Thus, the penetration depth of a 100 MeV
proton beam was 89 mm and 53 mm in soft tissue and
bone respectively. The quantity of positrons generated
in 1 cm thicknesses was finally examined by meshing
the target volume; the greatest number of positrons
were generated at a depth of 60—-70 mm in soft tissue
and 30—40 mm in bone. The maximum dose deposition
of positrons in soft tissue and bone occur in density of
0.9 gr/cm® and 1.6 gr/cm® respectively.
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