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Boron neutron capture therapy is a unique treatment method that aims to kill the tumor cells
with the help of heavy particles. Particles resulting from the interaction of the tumor region
containing 1°B atoms with thermal or epithermal neutrons have the most important role in
this treatment method. In this study, gamma radiation reaching healthy tissues, which is the
result of 19B(n,a)7Li reaction, was investigated. A simulation suitable for boron neutron cap-
ture therapy treatment, including the human head model, was created by the Monte Carlo
N-Particle (MCNP) program. By using five different neutron energies, the gamma radiations
resulting from the 1°B(n,0)”Li reaction in the determined regions, close to the tumor tissue,
were investigated. It was observed that the healthy tissue between the tumor area and the sur-
face is exposed to the highest gamma flux and the highest gamma radiation absorption. It was
also observed that these values increase as neutron energy decreases. It was found that the
gamma doses received by some regions outside the neutron irradiation area could be signifi-
cant. It has been understood that the change in neutron energy may cause significant changes
in gamma radiation values reaching healthy tissues, especially in regions close to the surface.
In boron neutron capture therapy treatments, the neutrons sent to the tumor should be se-
lected depending on the location of the tumor and the size of the tumor area. This study con-
tains significant data about photon doses in healthy tissues around the brain region treated

using different neutron energies with the boron neutron capture therapy technique.
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INTRODUCTION

The boron neutron capture therapy (BNCT) is a
type of radiotherapy, based on nuclear reaction. It is
mostly applied for head and neck cancer, skin cancer
and glioblastoma multiforme treatment [1-6]. It is
based on the absorption of the “He particle formed by
the interaction of non-radioactive '°B atoms with low
energy neutrons (thermal or epithermal neutron) by
the tumor tissue. At the end of this interaction, '°B
atom turns into “Li atom. The “He particles release
high energy along their short path. The path crossed by
the “He particle is roughly the size of a cell. Therefore,
the reaction takes place in a single cell [6].

The success of BNCT treatment is directly de-
pendent on the accumulation of '°B agents in tumor
cells. The most commonly used boron agents in clinical
studies and research are borocaptatesadium (BSH) and
boronophenylalanine (BPA) [6, 7]. The trouble that
may be a problem in BNCT treatment is the accumula-
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tion of boron atoms in healthy tissues after intravenous
injection of BSH or BPA into the body and the possibil-
ity of these tissues being exposed to neutron radiation
[8]. The studies performed a BPA-administered rats
showed that the rate of boron concentration, collected
in the tumor and healthy tissue, was safe and suitable for
treatment [9-11].

Since the tumor needs amino acids in case such
as protein synthesis and the tumor has a higher meta-
bolic activity than healthy tissue, the compounds with
108 agent applied intravenously to the patient are col-
lected 3-4 times more in the tumor cell compared to the
healthy tissue [1, 12].

The '°B atoms accumulate under specified con-
ditions in malignant cells coexisting with healthy
cells. After sending thermal neutrons to the area to be
treated, the resulting "Li and “He heavy particles de-
stroy malignant cells [6, 13].

Asaresultofthe '°B(n,o)’Lireaction, 2.79 MeV
energy is released. In 94 % of nuclear reactions,
gamma ray with energy of 0.48 MeV occurs. The re-
maining 2.3 MeV particle energy is transferred to the
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Figure 1. Energies arising in the reaction "’B(n,o)’Li

tissue. In 6 % of the reaction, the '°B atom directly un-
dergoes basic decay [1, 13]. The energies and proba-
bilities occurring in the reaction are shown in fig. 1.

The reason for using boron is that nuclear reac-
tion can be done with low neutron energies and has a
high capture cross section [8].

An important handicap of BNCT treatment is
that thermal neutrons (neutrons of energies less than
1 eV) cannot move far through the body. This causes
the desired dose not to be given to deep tumors. For
this reason, epithermal neutron (1 eV < En <10 keV)
beams with higher energy than thermal neutron beams
have been utilized in BNCT clinical trials [6].

When an epithermal neutron beam enters the tis-
sue, it creates the maximum flux at a depth of 2-3 cm
and the flux begins to decrease as the depth increases.
Thermal neutron beam almost creates maximum flux
at the surface and it flux decreases as it goes deeper.
This means that it is better to use a thermal neutron
beam for tumors close to the surface, and an epither-
mal neutron beam for the treatment of deeper located
tumors [6, 14-16].

Since the energy transfer resulting from the nuclear
reaction is limited to the cells in which neutrons are cap-
tured, dose transfer occurs at the cellular level. With this
feature, BNCT, becomes a good option for the treatment
of tumors that cannot be reached surgically, tumors that
cannot be treated with methods such as photon treatment
and stereotactic body radiation therapy.

This study aims to investigate the gamma radia-
tion dose received by the healthy tissues around the tu-
mor tissue containing '°B atom in BNCT treatments,
using different neutron energies. In order to achieve
this purpose, a simulation suitable for BNCT treatment
was created in the MCNP program, and the gamma ra-
diation absorption resulting from the nuclear reaction,
in different regions around the tumor tissue, was cal-
culated using the Monte Carlo method.

MATERIALS AND METHODS
The MCNP program

In this study, MCNP v.2.6.0 radiation transport
code [17] was used to calculate the doses that could oc-
cur in the environment and to make modeling. The
MCNP is an advanced code system that works with the
Monte Carlo method. The MCNP technique follows all
particles that may occur in environment from birth to
death and takes into account all interactions (absorp-

tion, collision efc.) they make in the environment. Parti-
cle transport is calculated using random numbers. We
need to input the results we want to obtain, with the help
of some commands. In this input sequence, the desired
results in a volume are obtained by the commands
called tally. We used F4 and F6 tallies in our study. The
DE/DF command system was used both to calculate the
kerma for each identified material and to calculate the
rate of nuclear reactions. Equivalent doses in the de-
sired volume were obtained in millisievert (mSv) by us-
ing flux-to-dose conversion factors with the help of F4
and DE/DF cards in MCNP. In addition, the absorbed
dose in the desired volume was calculated in MeVg™!
with the help of the F6 card [ 18]. Since gamma radiation
will be examined, the letter p symbolizing gamma radi-
ation has been added to the sides of the 7al/ly cards. The
1-10% histories were run for simulation in the software.
For detailed information, the MCNP manual booklet
can be studied [19, 20].

For the dosimetric comparison, the neutron ener-
gies generated in the MCNP were chosen in the ther-
mal and epithermal neutron energy range, and these
values were 250 eV, 25¢eV, 2.5¢V, 0.25¢V, and
0.025 eV. The field to be irradiated was modeled simi-
lar to the human head, including skull bone. The neu-
tron source used in modeling was defined 5 cm above
the head surface, similar to previous studies [1, 21]. In
addition, the neutron source was formed in a circular
structure. A 20 cm thick lead shield was formed
around the neutron source. The diameter of the neu-
tron source used in our study is 10 cm, since the 10 cm
diameter beam field is used most frequently in BNCT
treatments [1,15].

The human head model was simulated in MCNP.
The part to a depth of 0.8 cm from the surface was de-
fined as the skull. A tumor structure with a diameter of 4
cm was placed at a depth of 2 cm from the surface. The
skull density was defined as 1.4 gem™ and the inside of
the head as soft tissue. The part defined as the tumor was
created with '°B material. Five voxels with a volume of
0.5 cm?® were created in regions close to the tumor tissue.
The 3-D version of the simulation created in MCNP is
shown in fig. 2. In fig. 2, the thick big hoop structure,
small sphere and boxes represent the lead shield, the tu-
mor structure and the volumes of interest, respectively.
As shown in the fig. 2, each voxel has been assigned a
number so that the studied volume can be easily under-
stood. The distances of 1-5 cells to the surface of the tu-
mor region are 10 mm, 10 mm, 3 mm, 3 mm, and 35 mm,
respectively.

Boron neutron capture therapy

The BNCT is a type of radiotherapy based on the
destruction of the tumor cell by heavy particles formed
due to neutron irradiation of this region, after the accu-
mulation of a boron atom in tumor cells. To deposit the
198 atom into cancer cells, agents containing protein
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Figure 2. The 3-D version of the simulation (excluding
skull and head model)

compounds are often used. When '°B captures thermal
or epithermal neutron, “He and 'Li particles are
formed in the environment and their ranges are 9 um
and 5 um, respectively [1].

After the boron atom accumulates in tumor cells,
the tumor area is irradiated with thermal or epithermal
neutrons. Nuclear reactions occur when neutrons are
captured by '°B atoms. The energy generated during the
reaction is absorbed by the tumor tissue, thus treating the
tumor area. Since the distance that the particles created
during the reaction can travel is very small, healthy tis-
sues are protected. The effect of the treatment is directly
related to the sufficient amount of '°B atoms in tumor re-
gion and sufficient neutrons to be sent to the fields [1].
When considering the penetration of thermal neutrons or
epithermal neutrons, the energy of the sent neutron
should be chosen depending on the depth of the tumor.

When ionizing radiation is given, the biological
response to occur in the environment depends on the
type of radiation and this biological response is ex-
pressed by relative biological effectiveness (RBE). In
the '"B(n,0)’Li nuclear reaction, due to the
inhomogeneous distribution of the boron compound
in the tumor tissue and the short distances of the parti-
cles formed, the absorbed dose definition cannot be
defined for this nuclear reaction. The RBE cannot be
identified in BNCT treatments and the biological fac-
tor cannot be also determined, as the RBE is valid
when the absorbed dose is known. However, as de-
fined IAEA-TECDOC-1223, these data can be de-

fined separately with experimental data. The sum of
additives from different doses, including biological
factors, helps us achieve the total dose in BNCT treat-
ment [1]. The weighted total dose Dy rp is expressed
as the sum of the different components, taking into ac-
count the different biological efficiency of each com-
ponent and it can be expressed as following [13, 22]

Dyp =D, W, +DpWp +DgWy +Dy Wy (1)

where W,, Wp, Wg, and W)y are the RBE factors of
gamma, proton, boron components and neutron, re-
spectively. In addition, the D,, Dp, Dg, and Dy are the
gamma dose, proton dose, boron dose and neutron
dose, respectively.

RESULTS

The 2-D version of the simulation is shown in
fig. 3, where, the two-rectangle structures, small circle
and thin shell structure represent the lead shield, the
tumor structure and the skull, respectively.

When the “He particles that may occur in the sur-
rounding tissue as a result of the simulation created in
MCNP are examined, the result in fig. 3(b) is obtained.
The formation of “He particles in the region containing
the !B atom also indicates that the simulation was mod-
eled correctly.

In the simulation performed with MCNP software,
the gamma radiation in the regions to be examined was re-
viewed with three different units as cm s (particle flux),
MeVg ! (absorbed dose) and mSv (equivalent dose).

The gamma radiation flux obtained by the simu-
lation after the reactions is shown in the tab. 1.

DISCUSSION

When the Cells remaining 3 mm below (Cell 3)
and 3 mm above (Cell 4) from the tumor region con-
taining '°B atoms along the neutron radiation axis are
examined, it is seen that the gamma flux in the Cell 4 is

(@)
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Figure 3. The 2-D version of the simulation on X-Z axis (a) and *He particles formed in the environment as a

result of neutron irradiation (for 2.5 eV neutron energy (b)
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Table 1. The flux values obtained at different neutron energies

Particle flux [cm s ']
Cell | 250 eV neutron energy | 25 eV neutron energy | 2.5 eV neutron energy | 0.25 eV neutron energy |0.025 eV neutron energy
1 3.4721-107° 3.4266-107° 3.4329-107° 3.3891-107° 3.8958-107°
2 3.5235-107° 3.4523-107° 3.4684-107 3.4103-107° 3.9883-107°
3 3.8639-107° 3.6859-107° 3.6210-107° 3.5213-107° 4.2953-107°
4 1.3645-107° 1.6322-107 1.7737-107 1.8290-107° 2.8673-107
5 1.5409-107° 1.5061-107° 1.4666-107 1.3939-107° 1.6106-107°

Table 2. The absorbed dose values of gamma radiation in the environment

Absorbed dose [MeVg™]
Cell | 250 eV neutron energy | 25 eV neutron energy | 2.5 eV neutron energy | 0.25 eV neutron energy |0.025 eV neutron energy
1 6.1788-107 6.1538-107 6.1065-107 6.0302:107 5.1596-107
2 6.3493-107 6.2577-107° 6.3153-107 6.2307-107° 5.3045-107
3 5.6107-107° 5.4145-107° 5.3905-107° 5.1318-107° 5.1552:107°
4 3.5572:107° 3.9664-107° 4.1983-10°° 4288310 6.2828:107°
5 2.3156:107° 2.2277-10°° 2.2042:10° 1.9941-107 1.7058-107°

Table 3. The equivalent dose values obtained at different neutron energies

Equivalent dose [mSv]
Cell | 250 eV neutron energy |25 eV neutron energy | 2.5 eV neutron energy | 0.25 eV neutron energy | 0.025 eV neutron energy
1 2.5828-1077 2.5640-1077 2.5543-1077 2.5219-1077 2.5981-1077
2 2.6302-107 2.5968-107 2.6315-107 2.5961-107 2.6732-107
3 2.6263-107 2.5048-1077 2.4678-1077 2.3763-107 2.7199-1077
4 1.3355-107° 1.5667-107° 1.6910-10°° 1.7398-10°° 2.6772-107°
5 9.8621-107° 9.5028-10°° 93111107 8.6498-10°° 9.0123-10°°

much higher than in the Cell 3 and other Cells. The rea-
son for this is the gamma radiation that occurs as a re-
sult of the interaction of neutrons with the hydrogen
(H) atoms in the soft tissue in the Cell 3 [9]. As stated
in the work of Pereira ef al., [1] the energy of gamma
rays resulting from the 'H(n,a)’H reaction can be
2.2 MeV. As neutron energy decreases, the penetration
of neutrons decreases and neutrons are located closer
to the surface. Therefore, as the neutron energy de-
creases, the amount of neutrons in the Cell 3 will in-
crease, so the resulting gamma radiation flux becomes
larger.

In other Cells, gamma radiation flux decreases
as neutron energy decreases. Since the amount of neu-
trons reaching the tumor region containing '°B atom
will decrease, the amount of nuclear reaction that can
occur will also decrease. This is directly related to the
gamma radiation that may occur. It is seen that the
flux decreases as the neutron energy decreases in the
250 eV and 0.25 eV energy range (except Cell 3).
However, at 0.025 neutron energy, the flux increases
again. This can be attributed to the amount of gamma
radiation that occurs as a result of the increase in the
amount of neutrons in the region containing the H
atom. Due to the small amount of neutrons in the deep
region along the neutron radiation axis, the gamma ra-
diation formed in the Cell 5 is the least. This is also an
expected result. Cell 1 and Cell 2 are outside the neu-
tron irradiation field. The flux formed in these regions
is due to the gamma radiations that emerge in the nu-

clear reaction that occurs as a result of the interaction
of 1°B atom and neutrons. The Cell 3 is in the neutron
irradiation field. The flux formed in this region is
caused by gamma radiation resulting from the
19B(n,a)’Li reaction and the interaction of neutrons
with the H atoms. Although Cell 3 is within the neu-
tron irradiation field, the amount of flux produced in
this Cell is close to the amount of flux formed in Cell 1
and Cell 2.

When the gamma radiation absorbed in the Cells
is examined in air around the head, as seen in tab. 2, the
gamma absorption in the Cell 1, Cell 2, Cell 3, and Cell
5 decreases as the neutron energy decreases. On the
other hand, gamma absorption in Cell 4 increases as
neutron energy decreases. This increase is due to the
increasing of the neutron-hydrogen interaction in this
region as the amount of neutrons accumulated in the
Cell 4 will increase as the neutron energy decreases. In
Cell 4, the absorbed dose value (MeVg™') obtained at
0.025 eV neutron energy is approximately fifty per-
cent greater than the values obtained at other energies.
Unlike the flux values, the absorbed dose values ob-
tained in Cell 1 and Cell 2 are greater than the value ob-
tained in Cell 3.

When tab. 3 is examined, the millisievert values
of the equivalent dose in the Cells to be examined
show similar characteristics with the MeVg™! values
of the absorbed dose. The lowest millisievert values
were obtained in Cell 5. Except for Cell 5, the highest
value in other Cells was obtained as a result of irradia-
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tion with 0.025 eV neutron energy. With this result,
millisievert values are also similar to flux values. As
seen in the results, significant differences can occur in
the dose values obtained at different locations. By
choosing the energy values appropriately, the decrease
in the doses occurring at certain points or the overdose
of the healthy tissues can be prevented.

CONCLUSION

The amount of '°B atoms accumulated in the tu-
mor tissue and the number of neutrons reaching this
area greatly affect the quality of BNCT treatment. In
BNCT treatments, the neutrons sent to the tumor
should be selected depending on the location of the tu-
mor and the size of the tumor area. In the use of wrong
neutron energy, either the desired amount of neutrons
in the tumor cell will not be obtained and the effect of
the treatment will decrease, or the amount of radiation
to which the healthy tissues are exposed will increase
because the neutron's penetration will increase. Al-
though the radiations generated as a result of the nu-
clear reaction make a great contribution to the total
dose, the contributions from the secondary radiations
can create significant differences in healthy tissue and
tumor tissue. Depending on the tumor location, the
contribution of undesirable secondary doses can cause
irreversible damage to healthy tissues, causing unde-
sirable consequences. Previous studies report that
these contributions can reach up to 67 % of the total
dose. The results obtained in our study will contribute
to obtaining the desired radiation dose in the tumor
area by better protecting healthy tissues in BNCT ap-
plications. In addition, this study provides information
about the doses that can occur in healthy tissues.
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Tajnan TYTPY I

NCTPAXKUNBAILE TO3A ®OTOHA KOJU OOIIUPY OO 3IPABUX
TKHUBA IIPU KOPUIITREWDBY PA3INYUTUX EHEPIMJA HEYTPOHA Y
TEPAIININ 3AXBATOM HEYTPOHA BOPOM

Tepanuja 3axBaTOM HeyTPOHa OOPOM jJEIMHCTBEHA je METO/IA JIeUeHa KOja UMa 3a LIUub fa youje
TyMopcke henuje y3 momoh Temkux yectuna. Yecruie HacTane HHTEPaKIUjOM TYMOPCKOT perHOHa KOju
cagpsxu ''B aToMe ca TEpMHYKIM WM EMUTEPMUYKAM HEYTPOHUMA MMajy HajBasKHH]y YIIOTY Y OBOj METOI
Jeyewa. Y OBOM pajly UCHUTHBAHO j€ Tama 3paderme Koje JONMupe 0 3[paBUX TKUBA, IITO je pe3yaTaT
peakuuje '°B(n,)’Li. Cumymnauuja morojsHa 3a mpopavyyH Tepamuje 3axBaTOM HEYTPOHA GOPOM,
yKIbYUyjyhu Mofies IbyAcKke rnase, kpeupana je mporpaMm MCNP. KopuntheweM et pa3inuuTux eHepruja
HEYTPOHA, UCTIMTHBAaHA Cy TaMa 3padera Koja Hactajy y peakuuju "B(n,a)’Li y onpehenum pernoruma y
ONU3MHU TYMOPCKOT TKHBA. Y OUEHO j€ fa je 3ApaBO TKUBO M3Meby moppydja Tymopa U IOBpIIMHE
M3JI0KeHOo HajBeheM rama ¢uykey u Hajehoj ancopnuuju rama 3pauera. Takobe je npumeheno na ce ose
BpegHOCTH noBehaBajy Kako ce eHepruja HeyTpoHa cMamyje. Y TBpbheHo je fa o3e rama 3padema Koje
[IpUMajy HEKM peruOHM U3BaH NOApYyYja HEYTPOHCKOT 3paderma Mory OuTu 3HavajHe. [Tpomena enepruje
HEyTpOHA MOXKE M3a3BaTH 3HATHE IPOMEHE Yy BPEIHOCTHMA I'aMa 3pauera Koje AoCIeBa O 3paBUX TKUBA,
noceOHO y perHoHuMa 6513y MOBpIIMHE. Y TpeTMaHMMa 3aXBaTOM HEYTPOHa OOPOM, HEYTPOHE KOjU ce
masjby Ha TyMOp Tpeba GMpaTH y 3aBUCHOCTH Off JIOKAIKje TyMOpa U BeJIMINHE TYMOPCKOT noapyyja. OBaj
paj caipsKu KOPUCHE IOaTKe O fo3aMa (POTOHA Y 3[[paBUM TKHBHMAa OKO PETHMOHA MO3Ta TPETHPAHUX
pa3InYUTUM €HEeprujaMa HEYyTPOHA Y Tepalujy 3aXBaTOM HEYTPOHA OOPOM.

Kmwyune peuu: iiepaiiuja 3axsaitiom Heyiiporna 6opom, MCNP tipozpam, eHepzuja HeyitipoHa




