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Introduction: Due to nuclear interactions between the tissues and high-energy protons, the particles,
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including neutrons, positrons, and photons arise during proton therapy. This study aimed at investigating the

dose distribution of proton and secondary particles, such as positrons, neutrons, and photons using the Monte
Carlo method.

Material and Methods: In this study, a beam of protons was utilized with the energies of 160 and 190 MeV,
which are more popular for brain tumor treatment. This beam irradiated the brain phantom after passing
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through proton therapy nozzle components. This phantom has a tumor with a radius of 3 cm in its centre. The

Keywords: most important parts of the nozzle include magnetic wobbler, scatterer, ridge filter, and collimator.

Brain Tumor Results: The results show that while using protons with the energy values of 190 and 160 MeV, the
Monte Carlo Method equivalent dose fractions in tumor, brain, skull, and skin to the total equivalent dose in the head are 61.8
Proton Therapy (62.4%), 10.4(10.9%), 6.07(3.69%), and 21.7(23%), respectively, regarding the primary and secondary

particles.
Conclusion: According to the obtained results, in spite of the fact that most of the equivalent dose was inside
the tumor volume, the skin of head has received the noticeable dose during proton therapy of brain which

needs more concern.
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Introduction

Due to fewer side effects and the highest level of
efficiency, proton therapy is considered as one of the
best treatments of brain cancers which leaves much
less damage to healthy tissue. Unfortunately, this
technology is very expensive and it is available only in
a few medical centres worldwide. In addition, doses
delivered to the tissue and tumor need more
consideration because of the secondary particles (1-
3). Therefore, due to the importance of doses
delivered to normal and tumoral tissues, there have
been interests to carry out research in this regard. For
instance, Farahet et al. (4) investigated the dose of
neutron during proton therapy of ocular melanoma
tumor and craniopharyngioma (intracranial tumor)
using Monte Carlo and MCNPX code. They have
utilized two phantoms, namely Medical Internal
Radiation Dose (MIRD) and University of Florida
Hybrid adult male phantom (UFHADM) for about 20
different organs, including eye, brain, and thyroid. The
proton energies in this study were considered as 75
and 178 MeV. Moreover, Zheng et al. (5) in 2007 have
conducted some studies on neutron equivalent dose in
proton therapy using passive technique, a cylindrical

water phantom, and Monte Carlo method. They
calculated the value of (H / p) as a function of effective

factors on treatment planning, such as proton energy,
location of the patient in the treatment room,
visibility, and the width of Bragg peak. Accordingly, H
denotes neutron equivalent dose and D signifies the
therapeutic absorbed dose. In 2012, Zheng et al. (6)
attempted to measure the equivalent dose (H) on the
absorbed dose of treatment (D) for neutrons (H / p)in

pencil beam scanning proton therapy.

They used a neutron detector to calculate the value
of (H / p) at a distance of 50 cm from cylindrical water
phantom, as a function of proton range, modulation
width, beam scanning area, collimator opening hole,
and other effective factors on neutron equivalent dose.
These factors include components of diaphragm and
presence or absence of the compensator. The results
showed that the value of (H / p) increased with the

increase of proton range and modulation width. In
2016, Geng et al. (7) assessed the delivered risk to the
fetus by scattered neutrons in proton therapy of the
brain during pregnancy. They used Monte Carlo
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platform TOol for PArticle Simulation (TOPAS) and
International Commission on Radiological Protection
(ICRP) references value of anthropomorphic
pregnancy phantoms to evaluate the scattered
neutron dose and dose equivalent. Their results
revealed that the fetus's neutron dose was within the
range of 1.53E (-3) to 2.84 E (-3) mSv per Gy with
increasing stage of gestation. , while the age of fetus
increased, during the pregnancy.

As it is clear, the above-mentioned studies have
been limited to neutron dose with specific energy
while the dose of other secondary particles, such as
positron, and photons have not been considered.
Moreover, these studies have ignored the fact that
proton therapy is used in different energies. According
to the literature, the most common energies in brain
proton therapy are 160 and 190 MeV (6, 8). With this
background in mind, this study investigated the
equivalent dose of the proton. Furthermore, the most
important secondary particles, including neutron,
positron, and gamma have been calculated
simultaneously via Monte Carlo simulation.

Materials and Methods

One of the aims of this study was to calculate the
equivalent dose in positron emission. Therefore, the
produced value of positron emitter elements has been
calculated during various interactions of a proton with
brain tissue (MIRD phantom). Subsequently, the most
important part of the proton therapy systems, such as
magnetic wobbler, scatterer, ridge filter, and collimator
for water phantom was designed in this study.
Afterward, the proton, neutron, and positron dose values
were measured for a tumor with a diameter of 6 cm
which was placed within the centre of a MIRD phantom
using MCNPX 2.6 code.

Calculation the Production Rate of Positron
Emitter Nuclides

During passing the proton through the brain tissue,
the proton interacted with the brain nuclides and
generated values of long-life radioactive nuclides, such
as °H (T12=12.32 y), 'Be (T1,2=53.3 d), **C (T12=5730
y), and #Na (T12=2.6 y) with longer half-life.
Furthermore, some positron emitter nuclides were
produced with shorter half-life, including *C (T1,2=20.3
min), 3N (T12=9.96 min), and 50 (T1,=2.03 min).

The most important interactions in the human brain,
which produce positron-emitting nuclides, have been
tabulated in Table 1 (8). The above short-life positron-
emitting nuclides decay positron with the possibility of
over 99 % or less than 1 % and they are changed into
stable nuclides via electron capture interaction.
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Table 1. The most important interactions in the human brain
producing positron-emitting nuclides

Production of positron-emitting nuclides in the human brain

Production  of

Production of 1!C Production of *N

50
12C(p,pn)“C 12C(p,y)13N i
“N(p,2p2n*C  *N(p,pnf*N N(p,n)*0
14 N(p’a)llc 16O(p,a)13N 190 (p,pn)*0
*0(p,3p3n)'C  *O(p,2p2nf°N -

*O(p,opnf'C - -

Table 1 displays one positron for each reaction since
more than 99% of the positron-emitting nuclides
become stable by emitting positron. Therefore, the
production rate of positron nuclides can be considered
equal to the rate of interactions. It is important to note
that only a part of these photons is absorbed into the
head. In this study, the equivalent dose of positron and
two gamma photons have been calculated regarding the
positron annihilation in the human head (MIRD).

In order to calculate the value of these produced
nuclides, a single energy beam of protons was radiated
to a cylindrical PMMA phantom with a 15 cm radius (r)
and 35 cm height (h) based on the setting used by
Seravalli et al. (9).

Figure 1 illustrates the scheme of this simulation.
Proton beam was described as a cylindrical shape with a
radius of 0.23 mm and energy of 190 MeV. The dose
and the fluence values obtained by Zheng et al. (6) were
reproduced in the first step. Subsequently, the value of
produced positron-emitting nuclides has been calculated
using TEND cross-section.

PMMA Phantom

Source

—
Beam Direction

Figurel. A cylindrical phantom (r=15cm, h=35cm) made of a
material similar to the PMMA phantom under the bombardment of
protons with the energy of 190 MeV

The production rate of positron nuclides is equal to the
rate of interactions. This interaction rate is calculated by
equation 1 (10).
Reaction Rate = n [ §(E)$(E)dE ()]
Where, n shows the atomic density of the target
nuclide ( L), S6(E) denotes the cross section of
cm.barn
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interaction with the target nuclide in energy of E (barn),
and ¢ (E) signifies the fluence of protons ( cm%)'

If the integral is divided into a very small range of
energy, 8(E) and ¢(E) can be considered as constant
numbers; therefore, reaction rate value can be obtained
using DE and DF cards in MCNPX code. Figure 2
depicts the cross-section versus the energy of the proton
in the production of some positron emitters. The value
of & in equation (1) was calculated using the values of
this figure which was adapted from TENDL reports
updated in 2014 (11).

Simulation

The Hyogo lon Beam Medical Centre (HIBMC) (12)
was simulated in this study. As shown in Figure 3, this
centre uses advanced scattering beam delivery method.
Therefore, the output beam from the accelerator (Z
direction) must be shaped in lateral and longitudinal
directions (X and Y). In advanced scattering method, the
beams pass through Magnetic Wobbler and then
scatterer in order to flat the beam in the lateral direction.
Bragg peak can be flattened by a ridge filter. The
flattened proton beam then passes through the
collimator. The collimator and range compensator make
the beam shape as similar as possible to the geometrical

3.00E+02
2.50€+02
2.00E+02
1.50€+02

1.00E+02

Cross Section (mb)

5.00E+01

shape of the tumour. In this structure, the range shifter is
responsible for flattening the Bragg peak according to
the tumor position inside the patient’s body. The
collimator and range compensator make the beam shape
as similar as possible to the geometrical shape of the
tumour. The monitors control the uniformity of the
radiation; however, they do not affect the shape or
energy of the beam.

The simulation and calculation of the proper
characteristics of the above components of the proton
therapy system are explained as follows:

The output beam of the accelerator has a very small
diameter. To use this beam, it must be expanded by a
Wobbler magnet. Its path is followed by Eq.2.
Moreover, the used conditions by Riazi et al. (13) were
assumed considering the magnetic field. The beam of a
proton with the energy of 190 MeV was affected by the
magnetic fields of 0.18 and 0.21 T in x and y directions,
respectively, in a sinusoidal pattern with a frequency of
60 Hz. Such a beam then takes the form of a cone with
the vertex angle of 1.94 degrees (Figure 4).

0.00£+:00
0.00€+00 5008+01

-5.00E+01

dv 1 0B
—=i(—r><—+va) (2)
dt m \2 at
"3C(p,pnl""(.
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Figure 2. The cross-section versus the energy of the proton in the production of some positron emitters
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Figure 3. The proton therapy system in HIBMC
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Figure 4. A beam of protons with an energy of 190 MeV after
passing through 0.18 and 0.21 T fields in x and y directions,
respectively

Protons have specific ranges in various materials;
therefore, water was considered as the range shifter
material to locate the Bragg peak exactly on the tumor.
In order to localize the proton range exactly on the
tumor, the range shifter thickness was determined 12 cm
aligned with the beam direction.

The scatterer was considered as a copper metal sheet
with a thickness of 0.245 cm according to Akagi et al.
(12) in the simulation. The width of the Bragg peak
should be 6cm for a tumor with a radius of 3 cm to
receive a uniform dose value. To create a spread-out
Bragg peak (SOBP) with 6 cm width, the protons should
pass through a ridge filter with low atomic number
materials which have various thicknesses using various
steps. These thicknesses can be defined by the water
equivalent depth. For instance, water equivalent depth of
aluminium is 2.086 cm (14). In this simulation, the ridge
filter was simulated based upon 6 steps. Therefore, the
thickness of the steps was calculated to be 0.24, 0.48,
0.72,0.96, 1.19, and 2.876 cm to have a SOBP thickness
of 6 cm.

Before the beam collides to the target, the beam
passes through an iron collimator, which has a hole with
maximum dimensions of 16x 16 cm?. Therefore, the
results can be validated with those of Riazi et al. (13).
When the head and the tumor are located in front of the
device, the collimator’s hole should be in accordance
with the tumor size. Accordingly, when the head
phantom is underexposed by the beam, the hole size of
the collimator should be considered as a circular hole
with r= 4cm (Figure 5).

At the first step, a cylindrical water phantom was
used to design the ridge filter. Afterward, in order to
measure the equivalent doses of the proton, neutron, and
positron, a MIRD head phantom was used with a
spherical tumor with the radius of r= 3 cm in its centre.
The brain was defined using the following equations
(15):

(P + 2+ (D =1 (3)
&+ () + () =1 @

Iran J Med Phys, Vol. 16, No. 5, September 2019

7+ () +(52) =1 ©)
G+ ) + (55 =1 (®)

The equations 3-6 preéent brain, head, skull, and
skin, respectively. The irradiated protons from the
nozzle accelerator are in the Z direction.

]"1

1 L1 L1 1 J
310 250 240 200 190 15 0

Distance from Head Phantom (cm)

Figure 5. Proton therapy with simulated head phantom (MIRD), A
denotes the source, B signifies range shifter, C indicates scatterer, D is
the primary collimator, E represents ridge filter, F is collimator and G
indicates the used phantom

Dosimetry by MCNPX Code

In this study, MCNPX2.6 was used with the LA 150
cross section library for protons and photons and 66 C
for neutrons (16). However, F6 tally card is of no use to
calculate secondary neutron dose. Therefore, to
calculate secondary neutrons dose, the flux of neutron
should be initially calculated by F4 tally. Subsequently,
conversion factors should be applied using DF and DE
cards. The DE and DF card values were obtained from
the MCNPX user manual.

The equivalent dose regarding positrons and its
annihilation photons can be calculated using the F6 tally
card. It should be noticed that E card should be used to
find the equivalent dose of photons with an energy of
0.511 MeV.

Calculation of the Production Value of Positron-
Emitting Nuclides by Monte Carlo Method

The dose and fluence of the proton were initially
calculated to validate the results of this study. Figures 6
and 7 illustrate the results of this study, compared to
those in a study conducted by Seravalli et al. (9).
Moreover, the results show a relative difference within
the range of about 1-3%, compared to the reference. As
shown in Figure 6, protons have a sharp Bragg peak in
the depth of 21.5 cm. In the primary area from zero up
to the depth of 18 cm, an almost fixed value of dose has
arrived into the tissue. This value is equal to 30% of the
maximum dose arrived in Bragg peak.
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Figure 6. The absorbed dose of protons with the energy of 190

MeV in PMMA, the purple line showing the results of this study,
whereas the other lines indicating the results of the study conducted by
Seravalli et al. with FLUKA, Gate, MCNPX, and PHITS codes
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Figure 7. The fluence resulted from protons with the energy of
190 MeV in PMMA, the purple line showing the results of this study,
whereas the other lines indicating the results of the study conducted by
Seravalli et al. (9) with FLUKA, Gate, MCNPX, and PHITS codes
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Figure 8. The production rate of ''C versus depth resulted from the interaction of protons with the energy of 190 and 160 MeV
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Figure 9. Production rate of **C (T1,=20.6 min) by*®O (p,x)*'C interaction and production rate of **N (T1,=9.96 min) and **O (T1,=2.03 min)
by indicated interactions for protons energy of 160 MeV
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Figure 10. The production rate of **C (T1,=20.6 min) by *O (p,x)''C interaction and production rate of **N (T1,=9.96 min) and *0 (T,=2.03

min) by indicated interactions for proton energy of 190 MeV

Calculation of the Production Rate of Positron-
Emitting Nuclides

As it is shown in Figure 8, the production rate of !C
which is resulted from 2C (p,x) * C interaction has a
sharp peak in the Bragg peak area with a maximum of
4.4 E-3 and 4.1 E-3 for the proton energy beam of 160
and 190 MeV, respectively.

Figures 9 and 10 show the production rate of *!C by
%0 (p,x)'*C interaction and the production rate of *N
and O by proper interactions for proton energies of
190 and 160 MeV. From figures 8, 9 and 10, it can be
concluded that the major production rate of 'C belongs
to 2C (p,x) *C interaction.

The Results of Proton Therapy System Simulation
for Water Phantom

A cylindrical water phantom was used and the
relative dose of protons was calculated in proton energy
of 190 MeV to make a comparison between the results
of the current study and the reported results by Riazi et
al. [13]. Figure 11 displays the obtained results and
indicates that the SOBP in this study and the mentioned
reference is 6 cm with a relative error of 3-8%.

120

Relative Dose [a. u.]

40

) L

0o 5 10 15 20 25 30 35

Depth (cm)

Figure 11. Comparison of the relative dose versus depth in this
study (blue line) and reference (red line) in proton energy of 190 MeV
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Figure 12. Dose versus depth for electrons when primary protons
have the energy of 190 MeV

To have a sense about the dose distribution of
secondary particles, electron dose distribution is
presented in Figure 12. As it is shown, due to the
presence of electrons, the dose has a relatively broad
peak and its highest dose deposit is in depth of 12 cm
and it never falls to zero in the phantom.

Calculation of Results of Equivalent Dose in MIRD
Phantom

In this step, MIRD head phantom was exposed by
the proton beam of proton therapy system as shown in
Figure 5. Due to positron annihilation in various parts of
the phantom, the equivalent dose of protons, neutrons,
positrons, and photons was calculated regarding two
energies of 190 and 160 MeV and has been tabulated in
tables 2 and 3. All simulations were carried out using a
core-i7 processor. The first simulation for 160 MeV
protons and the second simulation for 190 MeV took
198.64 and 167.06 minutes with 10,000,000 histories,
respectively.
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Table 2. Equivalent dose of protons, neutrons, positrons, and photons in the head per one proton when input protons have the energy of 190 MeV

Particle dose

Total equivalent Equivalent dose

Protons Neutrons Positrons Photons dose” ratio™
Tissue (SviP) (Sv/P) (Sv/P) (Sv/P) (Sv/P)
Tumor 3.96E-12 1.83E-14 3.99E-16 1.93E-18 3.98E-12 6.18E+01
Brain 6.60E-13 1.08E-14 1.77E-16 1.69E-18 6.71E-13 1.04E+01
Skull 3.80E-13 1.03E-14 1.59E-16 2.06E-18 3.90E-13 6.07E+00
Skin 1.39E-12 7.57E-15 1.32E-16 1.41E-18 1.40E-12 2.17E+01

* To calculate total equivalent dose and equivalent dose ratio, proton weighting factor was considered equal to 2 according to the ICRP103
**Percentage of total equivalent dose in each tissue per total equivalent dose in the head

Table 3. Equivalent dose of protons, neutrons, positrons, and photons in the head per one proton when input protons have the energy of 160 MeV

Particle dose Total equivalent  Equivalent dose
Protons Neutrons Positrons Photons dose” ratio™

Tissue (SviP) (SviP) (SviP) (SviP) (Sv/P)

Tumor 4.78E-12 7.61E-15 4.15E-16 1.89E-17 4.790E-12 6.24E+01

Brain 8.32E-13 4.94E-15 2.20E-16 1.48E-17 8.37E-13 1.09E+01

Skull 2.78E-13 4.71E-15 1.67E-16 1.54E-17 2.83E-13 3.69E+00

Skin 1.76E-12 3.45E-15 1.13E-16 1.89E-17 1.76E-12 2.30E+01

* To calculate total equivalent dose and equivalent dose ratio, proton weighting factor was considered equal to 2 according to the ICRP103
**Percentage of total equivalent dose in each tissue per total equivalent dose in the head

As the tables show, the dose of the proton is
maximum for both energy levels. For instance, proton
dose for proton energy of 190 (160) MeV in the tumor is
6 (5.7) times more than proton dose in the healthy tissue
of the brain. Moreover, it is 10 (17) and 2.8 (2.7) times
more in the skull and skin, respectively.

As it is possible to predict from the figures 8, 9, and
10, the maximum value of positron emitting elements
are produced in the Bragg peak area (tumor location). It
must be noted that only some photons resulted from
positron annihilation are absorbed inside the head. As
shown in tables 2 and 3, there is a slight difference
regarding the value of the equivalent dose of these
photons in whole tissues of the head.

Discussion

To validate this study, dose and flux of protons were
compared with those in a study conducted by Seravalli
et al. (9) (figures 6 and 7). Seravalli et al. have
simulated monoenergetic proton beam that was radiated
to the simple cylindrical PMMA phantom by MCNPX,
FLUKA, GATE, and PHITS. There is a 1-3% relative
difference between the results of Seravalli et al. and the
obtained results in this study. The production rates of
11C, BN, and O were calculated according to this
system setup. As figures 8-10 show, C has the most
positron production rate, especially Bragg peak,
compared to 3N and °0.

In the next step, the results of the proton therapy
nozzle simulation were compared with the published
results by Riazi et al. (13). The simulation was done
according to the proton therapy system in HIBMC for
monoenergetic protons with an energy of 190 MeV. As
can be seen in Figure 11, there was a 3-8% relative
difference between the results of this study and those
obtained from the study by Riazi et al. (13). It is mainly
because of using different Monte Carlo codes. Riazi et
al. used Geant 4 for the simulation of proton therapy
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system while the MCNPX code was used for this
purpose in this study.

To the best of our knowledge, this study was the first
to calculate the production rate and adsorbed dose of
positrons during proton-therapy of the brain. In addition,
this study assessed the equivalent dose percentage in the
healthy and tumoral tissue, compared to the total
equivalent dose during brain proton therapy. According
to the results of proton beam with the energy of 190
(160) MeV, the equivalent dose regarding the protons in
the spherical tumor with the diameter of 6 cm, healthy
tissue of brain, skull, and skin per proton particle were
3.98E-12 (4.79E-12), 6.71E-13 (8.37E-13), 3.90E-13
(2.83E-13), and 1.39E-12 (1.76E-12) (Sv/source
particle), respectively. Furthermore, the ratio of
equivalent dose using protons with the energy value of
190 (160) MeV in tumor, brain, skull, and skin to the
total equivalent dose in the head regarding the primary
and secondary particles were obtained at 61.8 (62.4) %,
10.4(10.9) %, 6.07(3.69) %, and 21.7(23) %,
respectively.

Conclusion

In this study, the production rate of positron-emitting
nuclides was initially calculated while a cylindrical
PMMA phantom (r=35cm h=35cm) was under the
bombardment of the proton beam with the energy of 190
MeV. The results demonstrated a considerable
production value of positron-emitting nuclides including
e (T1/2=20.3 min), BN (T1/2=9.96 min), and %0
(T12=2.03 min). Meanwhile, the results showed that the
production rate of *C was much more than the other
abovementioned positron emitters. Therefore, the
assessment of the production value of positron-emitting
nuclides during proton therapy is very important in the
dosimetry of tumor and healthy tissues. Therefore, the
HIBMC proton therapy system and brain MIRD
phantom were simulated by MCNPX 2.6 code to
simulate the real conditions of brain proton therapy and
calculate the equivalent dose in the tumor and healthy
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tissues of the brain. According to the references, the
most commonly used proton energies in brain tumor
therapy are 160 and 190 MeV. As a result, these two
energies were calculated along with the equivalent dose
regarding protons and secondary particles, including
neutron, positron, and gamma photons resulted from
positron annihilation. A spherical tumor with a radius of
3 cm was located in the centre of brain MIRD phantom.
Therefore, despite the fact that most of the equivalent
dose is inside the tumor volume, the skin of the head has
received a noticeable dose during proton therapy of
brain which needs more concern.
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