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Abstract

Recent studies on boron neutron capture therapy (BNCT) have focused on investigating the
appropriate neutron sources based on accelerators for neutron production, such as “Li(p,n)” Be.
The therapeutic abilities of BNCT have been studied for the possible treatment of lung cancer using
thermal and epithermal neutron beams. For neutron transport, the Monte Carlo N-particle transport
code was used, and doses in the organs of different Oak Ridge National Laboratory phantoms
were evaluated. The right lung was meshed with voxels to obtain depth-dose distributions using
1 eV, 10 eV, 100 eV, 1 keV, 5 keV, 8 keV and 10 keV energy sources. These results suggest
that BNCT with an epithermal neutron beam can be used to treat lung cancer. By evaluating the
biological dose rate and dose-depth distribution curves in healthy tissues and tumors by simulating
a lung phantom, the quantities in the phantom were also evaluated. Our calculations show that
with increasing boron concentration applied to the tumor, the dose is increased and the 100 eV

More Information

*Address for Correspondence: Dariush Sardari,
Department of Medical Radiation Engineering,
Science and Research Branch, Islamic Azad
University, Tehran, Iran,

Email: sardari@srbiau.ac.ir;
dsardari@hotmail.com

Submitted: September 01, 2022
Approved: September 15, 2022
Published: September 16, 2022

How to cite this article: Keshavarz S,
Emamzadeh E, Sardari D, Darki SY, Kabirian M.
Boron neutron capture therapy for the treatment
of lung cancer and assessment of dose received
by organs at risk. Arch Pathol Clin Res. 2022; 6:
027-031.

DOI: 10.29328/journal.apcr.1001032

Copyright License: © 2022 Keshavarz S, et al.
This is an open access article distributed under
the Creative Commons Attribution License,
which permits unrestricted use, distribution,
and reproduction in any medium, provided the
original work is properly cited.

Keywords: Lung cancer; BNCT; Total biological
dose; Boron concentration; Organ at risk

1} Check for updates

6 OPEN ACCESS

energy source has the greatest effect on the tumor dose.

Introduction

The incidence of lung cancer is increasing worldwide and
it has been the leading cause of cancer-related mortality.
The treatment methods for lung cancer include surgery,
chemotherapy and radiotherapy [1].

Boron neutron capture therapy (BNCT) is a type of
radiation therapy that uses isotope B, as well as neutron
beams. BNCT is one of the most important methods of
treating some cancers, including the brain [2,3], liver [4]
and other tumors [5]. In recent years, researchers have
proposed the use of this method to treat lung cancer
because of its superiority to conventional radiotherapies
[1]. The purpose of radiotherapy techniques is to reduce
the absorbed dose in healthy tissues [6]. The basis of BNCT
is:-1) neutron bombardment of the intended area at the
appropriate intensity and energy and 2) B compound fully
concentrates in tumor cells [7]. In this treatment, boron
first concentrates inside the tumor as a special compound
labeled by tumor seeker or biomarker materials. A beam of

https://doi.org/10.29328/journal.apcr.1001032

epithermal neutrons with appropriate energy and intensity
then irradiates the tumor area. The energy of epithermal
neutrons decreases as they pass through different tissues
and are converted into thermal neutrons. As a result of the
reaction of thermal neutrons with boron in the tumor, alpha
and lithium particles are produced [8,9]. These have high
energy and low range (approximately the size of a cell) and
release their energy within the tumor which kills cancer cells
[2,10].

In the normal state, the lung contains a large amount of
air, which does not attenuate neutrons. Consequently, the
epithermal neutrons used in BNCT can move into the thorax
to treat tumors at greater depths. In 2006, Suzuki, et al. first
reported the use of BNCT in thoracic cancer and conducted
a dosimetric study to evaluate the feasibility of BNCT for
malignant pleural mesothelioma [5,11].

Krstic, et al. [12] calculated the dose distribution in
BNCT for liver cancer and reported that in BNCT, using an
epithermal neutron beam could be applied for liver cancer
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treatment. In another study by this research group, the
lung dose in a male ORNAL phantom provided by BNCT
was calculated, and the obtained results indicated that lung
cancer could be treated using BNCT [13]. Moghaddasi, et al.
[14] compared clinical target volume (CTV) and BNCT-based
methods for the treatment of brain tumors, in which BNCT
was found to lead to more efficient cell destruction.

Superficial tumors require thermal neutrons, while
epithermal neutron energy spectra, i.e., in the 1 eV-10 keV,
are suitable for deep tumors. In this case, neutrons complete
their slowing-down process through the healthy tissue
around the tumor, causing minor biological damage, and in
the proximity of the malignant tissue to the range of thermal
energies, their interaction with 1°B increases the damage to
the tumor [9].

Therefore, the determination of boron concentration
is an essential requirement for the treatment of BNCT and
is achieved through the appropriate calculation of doses
absorbed by other organs of the body.

Trivillin, et al. (2019) evaluated the therapeutic efficacy
and toxicity of BNCT in an experimental model of lung
metastasis of colon carcinoma in BDIX rats. Their results
showed no toxicity and lung metastases, as revealed using
BNCT [10]. Bykov, et al. (2021) at the Budker Institute
of Nuclear Physics (BINP) designed a new detector and
measured the dose-depth profile in a water phantom [15].

This paper provides the results of Monte Carlo simulations
of depth-dose distributions for the possible treatment of
lung cancer using BNCT. Whole-body calculations were
also performed on doses to other organs when simulating
patients with lung tumors.

Materials and methods

In the present study, the computational model of the Oak
Ridge National Laboratory (ORNL) phantom [16] was used
to calculate the number of body organs to simulate tumors in
the lungs. Simulation of neutron transport from the source to
the target organs was used to calculate the designed thermal,
epithermal and fast neutron fluxes, fast neutron doses, and
gamma-ray dose at the beam exit and in the phantom lung.

MCNPX simulation cards, such as cell, surface and material
descriptions; the position of each tool; and definitions and
features of sources, were defined in the input file according
to their properties [17].

Geometry simulation was carried out utilizing a sphere
with a 1-cm radius as a tumor in the upper lobe of the right
lung. The right lung was segmented with a 0.5-cm radius and
0.2 cm thickness. The geometry and phantom are shown in
Figure 1.

A circular neutron source with a 6-cm radius irradiated
the phantom from the right side with energies of 1 eV, 10 eV,
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Figure 1: A schematic cross-sectional view of the lung phantom and ORNL MIRD

human phantom with a typical tumor located in the upper lobe.

100 eV, 1keV, 5keV, 8 keVand 10 keV and 10'°s™! of intensity
as the representation of thermal neutrons, epithermal
neutrons and fast neutrons. In the present study, the boron
concentrations in cancerous and normal lung tissues were 65
and 18 ppm, respectively. To investigate the effect of boron
concentration, other cases were considered for 55 and 15
ppm, 45 and 12 ppm, 30 and 8 ppm and, 25 and 6 ppm of
boron for tumoral and normal tissues respectively.

The calculation of the total absorbed dose (H,,) in
tumoral and healthy tissues following BNCT was composed
of four radiation dose components. These were the gamma-
ray dose (D), arising from contamination of the neutron
beam and dose from photons induced by neutron capture

reactions in tissues; fast neutron dose [Dn ﬂm), which is due to

the proton recoil generated as a result of tH(n,n) 'H reactions;
thermal neutron dose (D, ,,...J), which is a dose produced
by thermal neutron capture in the *N(n,p)'* C reaction; and
boron dose (D,), which is due to the interaction of neutrons
with boron when the neutron beam impinges on boron-
bearing lung tissue.

To consider the relative biological effects, the four physical
dose components should be multiplied by an appropriate
weighting factor, as presented in Table 1 [18,19] and
ICRP60 [20].

The material compositions of the lung and kerma
coefficients were defined based on the ICRU Report 46 [21].

Results and discussion

In the present work, we provide the results of
computational dosimetry for several different neutron
source energies (1, 10, and 100 eV and 1, 5, 8, and 10 keV).
In addition, various concentrations of °B were tested.
When the tumor was located in the left lung, the total dose
in the right lung left lung, heart, stomach, bladder, liver,
thyroid, skin, brain, small intestine, kidney, pancreas, spleen,
thymus, uterus, right breast, left breast and gall bladder was
calculated.
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Figure 2 shows the total dose curves in normal tissue
from the radiation of the simulated neutron beam to the
lung phantom. Figure 3 shows the total depth-dose curve
for different neutron source energies and shows that 100 eV
has the highest dose rate.

The effective dose delivered to the tumor and lung was
evaluated for a simulated phantom of the human body
containing the lung for different neutron source energy and
65 ppm and 18 ppm of 1°B as shown in Figure 4. The evaluated
energy-dose profiles for tumors with 25, 30, 45, 55 and 65
ppm of concentration are shown in Figure 5.

The tumor tissue presented in Figure 1 was irradiated
with three separate beams of thermal, fast and epithermal
neutrons.

Figure 1 shows that the dose rapidly decreases with
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Figure 2: Depth dose distributions in healthy tissue with 1eV neutron energy.
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Figure 3: Total dose vs. depth for different neutron source energies.
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Figure 4: Effective dose delivered to the tumor and lung for a simulated phantom of

the human body containing the lung for different neutron source energies.
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Figure 5: Dose rate for different concentrations of '°B in the tumor.
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Figure 6: Effective dose rate for different organs with 100 eV neutron source

energy and 65 ppm "°B concentration.

Table 1: RBE and CBE factors used in the conversion of physical dose to photon-
equivalent dose.

BNCT dose component Tumor Lung
0B (n,a) "Li 3.8 1.5
“N (n,p)1]"C 3.0 22
Fast neutron 3.0 22
Photons 1.0 1.0

Table 2: Effective dose (mGy) in tissues of different energy (keV) at concentration
of 65 ppm, and 18 ppm in the tumor and healthy tissue, respectively.

Neutron Energy

(keV) Organs 0.001 0.01 0.1 1 5 8 10
Right Lung 1.806 1.497 1.489 | 1486 1.142 1.083 | 1.058
Left Lung 0.220 0.217 | 0.214 0.214 | 0.189 0.185 0.183
Heart 0.419 0.420 | 0.421 0.423 | 0.376 | 0.365 0.361
Stomach 0.030  0.029 | 0.028 0.028 | 0.025  0.024 0.024
Bladder 0.005 | 0.004 | 0.004 0.004 0.003 | 0.003  0.003
Liver 0.069 0.068 | 0.067 0.067 | 0.059 0.057 0.057
Thyroid 0.033 | 0.033 | 0.032 | 0.032 | 0.027 | 0.026 | 0.026
Skin 0.013 1 0.013 | 0.013 | 0.012 | 0.009 | 0.009 | 0.009
Brain 0.092 0.089 | 0.085 0.085 | 0.068 0.065 0.063
Small intestine 0.043 0.040 | 0.038 0.037 | 0.032 0.031 0.030
Kidney 0.098 0.094 | 0.091 0.090 | 0.079 0.077 0.076
Pancreas 0.153 1 0.148 | 0.144 0.143 | 0.126  0.126 0.124
Spleen 0.089 | 0.085 | 0.083 | 0.080  0.070 | 0.069 | 0.069
Thymus 0.522 1 0.529 | 0.522 | 0.520 0.462 | 0.442  0.437
Uterus 0.024 1 0.022 | 0.020 0.019 0.016 | 0.016 | 0.016
Right Breast 0.857 0.849 | 0.841 0.837 | 0.680 0.648 0.635
Left Breast 0.428 0.425  0.421 0.419 | 0.340 0.324 0.318
Gall bladder 0.118 0.111 | 0.108 0.106 | 0.094  0.092 0.090
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increasing depth; in the tumor in Figure 3, the dose is
higher because of higher concentrations of '°B. Regarding
the concentration of '°B in the tumor, 65 ppm provided
the highest dose. Notably providing an epithermal neutron
beam was more convenient. Neutrons have sufficient energy
to deliver far greater doses in the tumor tissue than in the
healthy tissue. Figures 3-5 shows that 100 eV of source energy
has the greatest effect on tumors and killing cancerous cells.

In the present study, the right and left lungs, heart, skin,
left and right breast, liver, kidney, brain, stomach, gallbladder,
thymus, small intestine, thyroid, pancreas, uterus, bladder
and spleen were also in the vicinity of the beam. The effective
doses in these organs for 65 ppm °B at different energies and
100 eV are shown in Table 2 and Figure 6 respectively.

The results obtained in this study were in good agreement
with those reported by Kabirian, et al. [22,23].

Conclusion

BNCTisdevelopingintoanexcellentlungcancertreatment.
Here we showed that 10 eV epithermal neutrons are a better
candidate for this purpose. Because the computed dose is
per source neutron, higher exposure to epithermal neutrons
for the same flux of the thermal neutrons can give rise to the
same dose in tumor tissue, whereas the dose in healthy tissue
will be far lower with epithermal neutrons. The surrounding
organs in this study received lower doses than the target
tissue while the beam of neutrons was collimated. An
increased 1°B concentration and optimum range of neutron
source energy can elevate the tumor dose and improve BNCT
treatment. Therefore, this is a very powerful method because
of the selective uptake of boron.
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