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ABSTRACT

Introduction: It is well known that neutrons are more effective treatments than photons to treat hypoxic
tumors due to the interaction with the nucleus and the production of heavy particles. This study aimed to

evaluate the suitability of Boron neutron capture therapy (BNCT) for the treatment of lung cancer. To this
end, neutron dose distributions were calculated in lung tumor volume and peripheral organs at risk (OARS).

Material and Methods: Dose distribution to treat lung cancer was calculated by MCNPX code. An elliptical
tumor with a volume of 27cm® was centered in the left lung of the ORNL phantom and was irradiated with
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neutron spectrums of Massachusetts Institute of Technology (MIT) and CNEA-MEC. The tumor was loaded

Keywords: with different concentrations of Boron 0, 10, 30, and 60 ppm to evaluate the delivered dose to OARs.
Boron neutron capture Results: Neutron absorbed dose rates in the tumor were 2.2x107, 2.6x107%, 3.4x107%, and 4.7x10° Gy/s for
therapy (BNCT) boron concentrations of 0, 10, 30, and 60 ppm, respectively for MIT. Moreover, similar results for CNEA-
Organs at risk (OARs) MEC were 1.2x10%, 1.6x103, 2.5x107%, and 3.7x10° Gy/s. The heart absorbed the maximum neutron dose

Lung cancer

rate of 1.7x10* and 1.6x10™ Gy/s in MIT and CNEA, respectively. For all energy bins of spectrums, the
Monte Carlo Simulation

neutrons flux is decreased as it penetrates the lung.
Conclusion: An increase in boron concentrations in tumors increases the absorbed doses while deteriorates
dose uniformity. The results show that the MIT source is well suited to treat deep lung tumors while

maintaining the OARs’ dose within the threshold dose.
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Introduction

Lung cancer (both small cell and non-small cell) is
the second most common cancer in both males and
females. According to the American Cancer Society,
the rate of lung cancer in the United States was
228,150 in 2019, and about 142,670 deaths resulted
from this cancer [1]. The factors affecting the
treatment of lung cancer include its location, stage,
and the individual’s overall health. Although the most
commonly used methods for the treatment of lung
cancer are surgery and radiation, chemotherapy could
be used for small cell lung cancer. To improve the
radiation treatment, it is crucial to deliver the
maximum dose to cancerous tissues while minimizing
the dose (fewer than the threshold) to normal tissues
[2,3]. In general, radiotherapy utilizes photon and
electron beams. The interaction of photon and
electron beams with tissues caused cellular damage
and cell destruction by the production of free radicals.
The presence of oxygen fixes the DNA damages
produced by free radicals [4], whereas the treatment
efficacy (tumor dose to marginal normal tissue dose
ratio) for photon and electron beams reduced for

hypoxygenated tumors. Moreover, the therapy side
effects would be significant due to the higher oxygen
level around healthy tissue [5,6]. The collision of
neutrons with tissues led to interaction with atomic
nuclei and the creation of heavy fission fragments [7].
Therefore, it can overcome the limitation that is
imposed by hypoxygenated tumors as a crucial
parameter in radiotherapy by photon or/and electron
beams [8]. Furthermore, fission fragments in neutron
collision have high linear energy transfer (LET) which
has the potential to impose a localized treatment
[9,10]. In Boron neutron capture therapy (BNCT),
modified neutron beams are used in the treatment of a
target tissue filled with appropriate concentrations of
boron components [11]. The BNCT technique includes
two steps, namely filling the tumor with the correct
amount of 19B concentration (boron has a high cross-
section with thermal neutrons) and the use of proper
neutron spectra (contain thermal and epithermal
neutron beams) [12-14]. The possible neutron
reactions are outlined as below:
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My + B — "B — 7Li (0.84 MeV) + o (147 MeV) + y (0.48 MeV)  (94%)
Mo + °B = "B — "Li (LOIMeV) + & (1.77 MeV)

In the process of boron neutron capture in a target
tissue, 1°B converted to 1B and high energy recursive
alpha particles and 1°Li ion are produced by
10B(n,a)7Li. These particles deposited their energy in
the range of 4-10 pm (o particle~150 KeV/um-1, Li
ion~175 KeV/um1) that is comparable in size to cell
dimension. Consequently, it can result in destroying
tumor tissue with minimal damages to the normal
tissues [13-16]. Another great advantage of the BNCT
method is a high tendency of metastases cells in boron
uptake, compared to healthy cells that cause boron
accumulation in cancerous tissue that makes it
possible to increase the treatment efficiency [9, 16].

According to other studies, it is not convenient to
gain a desirable treatment efficiency by electron and
photon beams in hypoxic lung tumors that are
surrounded by the high amount of oxygen in
peripheral healthy lung tissue [7]. In the cases that
tumor tissue is within the lung, a fetal dose delivery to
the target tissue is unavoidable [17]. Historically, the
BNCT was used in clinical treatment to present a
treatment plan on glioblastoma patients at
Massachusetts Institute of Technology (MIT) and
Brookhaven National Laboratory in the USA [18]. In
this study, thermal neutrons irradiated as a primary
beam to patients; however, the treatment efficacy was
not favorable since the boron concentration in tumor
to normal tissue ratio was low [19]. Due to the
advancement in the drug delivery techniques, a new
boron component called boronophenylalanine was
administered that improved the cellular uptake
results [20]. In 1990, the epithermal neutron beams
were designed to irradiate the glioblastoma tumor in
Brookhaven National Laboratory [21]. The utilization
of these beams to treat the skin melanoma resulted in
no interesting outcome due to penetrating deep
tissues [22]. Currently, numerous generations of
neutron accelerators are developed, and many efforts
have been done to optimize the shape and energy of
neutron beams to improve the neutron flux for clinical
applications [11, 13, 23]. In the last decades, various
treatment planning technique was suggested to
improve BNCT outcomes in other cancer treatment
types, such as liver, pancreas, and prostate [6, 24,25].

Despite significant progress, there are several
limitations. Drug delivery needs fundamental
improvements, and as far as boron agents are
concerned, it is of paramount importance to develop
the best dosing paradigms. However, they have not
been optimized yet. For instance, it is necessary to
modify the dosimetry for BNCT according to the real-
time information on the boron content of the residual
tumor to be irradiated since this dosimetry is still
imprecise [18, 26]. However, research on BNCT and its
radiotherapy parameters should be continued which
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improvement in clinical boron components [27]. Most
previous investigations aimed to modify neutron
sources and estimated organ doses for the treatment
of high-grade gliomas and locally advanced cancers of
the head and neck region as well as melanomas [18,
28]. According to the literature, there is little data for
organ doses in BNCT of lung cancer that shows
resistance in  photon radiation treatment.
Furthermore, lateral electronic disequilibrium in the
lung is an obstacle to reach an accurate dose. Even
with the most elaborate techniques, the accuracy
better than 10% can rarely be achieved due to the
limitations and complications for neutron
measurement [29,30]. The Monte Carlo (MC)
approach has high capabilities in calculating essential
medical dosimetric quantities and has been
implemented in pioneer MC based treatment planning
system (TPS) to calculate optimized treatment plans.
In this study, two modified neutron beams with
the Monte Carlo N-Particle Transport (MCNPX) code
were used to evaluate the effect of neutron particles
energy concerning the depth of penetration. The
primary and secondary neutron fluxes were compared
for their respective spectra. Furthermore, the dose
distributions of the neutron beam in lung tumor
volume and peripheral organs at risk (OARs) were
calculated with different boron concentrations.

Materials and Methods

Phantom and Boron distribution

The MCNPX (version 2.6.0) code was utilized to
calculate the dose distribution using BNCT for the
treatment of lung cancer [31]. The anatomical
simulation was performed using Oak Ridge National
Laboratory (ORNL) phantom which is a mathematical
human phantom [32]. The phantom included three tissue
materials of the soft tissue, bone, and lung. An elliptical
tumor with a volume of 27cm?® was specified to a tumor.
The tumor (P=7.1 gr/cm® [33]) was loaded separately
with different °B concentrations (0, 10, 30, and 60
ppm), which is located at the center of the left lung.
Mass density and composition (fraction by weight) of
different tissues were adopted from report No. 44 of the
International Commission on Radiation Units and
Measurements (ICRU). The total density for each
simulated model was calculated by weighting the share
of each element of tumor tissue and using Boron
concentration [34]. The positioning of the tumor in the
left lung is challenging due to the proximity of heart
tissue relative to the field of irradiation. The distribution
of °B in tumor tissue was assumed to be uninformed. A
rectangular field of the neutron was positioned at 10 cm
surface source distance (SSD) to irradiate the target
tissue.
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Neutron spectra

A planar neutron field with dimensions of 3x3 cm?
was modeled to cover the target tissue completely. The
SSD was set at 10 cm to irradiate the tumor volume
entirely in anterior-posterior (AP) directions (Figure 1).
The irradiated spectrum was a parallel multi-energy
beam sampled with the uniformly spatial distribution of
neutrons.

In total, two neutron spectra were applied in the
simulations as primary radiation to tumor tissue. Every
spectrum was simulated separately in different files for
various °B concentrations which contain 8 simulated
files. The first spectrum was the recommended spectrum
of Massachusetts Institute of Technology (MIT-SPECT)
which optimized previously for clinical application and
sampled with 10 KeV energy bin [35]. The second
spectrum was the accelerator neutron source designed in
Argentina named CNEA-MEC [36]. Both spectrums
were optimized in beam shape and energy for medical
applications and include the highest intensity in the
range of epithermal neutron energy that is appropriate to
treat deep-seated tumors. The primary spectra are shown
in Figure 2.

Beams Validity
To validate the neutron beams, the present depth
dose (PDD) curves in a water phantom were calculated

Tumor

-

for simulated MIT and CNEA beams and compared
with published data by Riley et al. (2008). The details of
source spectra and water phantom to mimic the neutron
transport were defied based on the reported data by
Riley et al. (2008). The calculated data for the PDD
curves were in agreement with the results of the data
reported by Riley et al. (2008). Moreover, they validated
our defined characteristics of neutron sources (MIT and
CNEA beams) to estimate the dose absorbed by lung
tumor loaded with different concentrations of boron and
the dose received by OARs. Each simulation was run
separately for 10’ neutron history to minimize the
calculations errors.

Dose Calculation

In the BNCT method, the absorbed dose includes
neutron dose (D,) and gamma particles (D). The
absorbed dose delivered to the tumor, healthy lung, and
other OARs consists of thermal, epithermal, fast
neutrons, and gamma doses. The attenuated neutron and
gamma fluxes were calculated by F4 tally. The
corresponding doses to lung tumors and OARs, such as
peripheral health lung tissue, heart, spinal cord, and

right lung were determined by fluence to dose
conversion factors using DE and DF cards.
Hy= W, XDn+ W, %D, 3)

o

it

" il
Neutron source

Heart

Figure 1. Cross-sectional views of the phantom. Lung tumor was located at the center of the left lung and the neutron source was positioned at

SSD=10cm
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Figure 2. Relative neutron flux per unit lethargy as a function of energy for the MIT-SPECT and CNEA-MEC beams
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Where H; is the equivalent dose, D, (Gy) signifies
the neutron absorbed dose, D, (Gy) presents the alpha
absorbed dose, and W, as well as Wy, are weighting
factors for neutron and gamma beams, respectively.
According to the ICRP 2007 report, the radiation
weighting factor (W,) depends on neutron energy. To
simplify the calculations, the average value was selected
for W,. Therefore, W, is equal to 1, and W, is
considered to be 10 in calculations [37]. The neutron
and photon doses were calculated by F6 Tally, and the
neutron and gamma fluxes were quantified by F4 tally.
All simulations were run for 4 x10° neutron history.

The PDD curves were plotted (Figure 3) and the
maximum depth (dna.) Was compared to measured data
reported by Riley et al. (2008). The dn.x reported by
Riley et al. (2008) for MIT beam was equal to 2.5 cm
which is in agreement with our result [11]. Similarly, the
dmax for CNEA beam was nearly 2.5 cm which agrees
with our calculated dy,x. In comparison, the PDD results
of a designed neutron beam with an average of
epithermal energy radiation in Snyder phantom possess
the same dax as in our study [38].
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25x10° 4 [\
20110 |

|
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5.0x10™" o
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Figure 3. The PDD curves calculated for both neutron sources by the
MCNPX code
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The primary and attenuated spectra in the target
tissue, healthy left lung, and right lung are presented in
Figures 4a and 4b for MIT-SPECT and CNEA
spectrum, respectively. The results of the MIT beam
illustrate a dramatic decrease in neutron flux followed to
penetrate lung tissue. Neutron flux declined in all energy
bins of irradiated MIT spectrum. As shown in Figure
4a, the maximum fall-off occurred in the range of
epithermal energy bins. Furthermore, the decreased
neutron flux through the opposite lung (right lung) can
be justified due to the spatial distribution of neutron
particles. The result of the attenuated CNEA beam was
similar to the MIT spectrum and showed a considerable
reduction in epithermal neutrons.

Dose Calculation

In this calculation, the absorbed dose rate in tumor
volume was equal to 1.17, 1.40, 1.86, and 2.55 Gy/min
in MIT beam, and it was equal to 0.66, 0.89, 1.33, and
1.99 Gy/min in CNEA beam for boron concentration of
0, 10, 30, and 60 ppm, respectively. The absorbed dose
in the lung tumor was increased with the enhancement
of boron concentration. The equivalent dose in tumor
and OARs tissues were calculated for clinical boron
concentration of 30 ppm. The result of the calculations
is reported in Table 1. The neutron flux was considered
to be 10 n/CmZ2.S, and the treatment time to deliver the
lethal dose to the lung tissue was 27 and 37.2 min for
MIT-SPECT and CNEA beams, respectively.

Boron Concentration Sensitivity

Based on the results, the neutron dose had no
increase at the same rate for the two spectra as the boron
concentration increased. As shown in Figure 5, when the
boron concentration in lung tumor volume increases by
3 times (from 10 to 30 ppm), the neutron dose increase
by 1.3 and 1.5 fold for MIT and CNEA beams,
respectively.

Primary CNEA spectrum
Left lung

Right lung

Tumor

Neutron flux per unit lethargy

1079 il il T il T il T il
10° 107 10° 120° 10° 120° 10° 10" 10°
Energy (MeV)

Figure 4. Primary and attenuated neutron flux in tumor and OARs for a) the MIT-SPECT beam and b) the CNEA-MEC beam
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Table 1. The equivalent dose calculated for the MIT-SPECT and the CNEA-MEC beams for 30 ppm boron concentration

Organ

Equivalent Dose (Sv)

Tumor (left lung)

Marginal (health part) left lung tissue

MIT-SPECT  CNEA-MEC
56.00 56.00
431 4.81
0.16 1.99
5.98 8.12
0.43 0.57
0.39 0.54
1.49 2.00
0.1 0.20
0.20 0.34
0.45 0.58
[ ]
[}
] "

Right lung
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6.0x10™
= Neutron-MIT
= Photon-MIT
Neutron-CNEA
®  Photon-CNEA
4.0x10™ o
=
Q
[}
é [ ]
20x10%4 "
[ ] [ ]
0.0 :
5 0

T T T T T T T L T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65

Concentration (ppm)

Figure 5. A comparison between neutron and photon absorbed doses in different boron concentrations in lung tumor volume for the MIT and

CNEA spectra

Discussion

According to the results, the absorbed dose rate
exceeded up to 37% in MIT and 50% in CNEA when
the boron concentration of tumors increased from 30
ppm to 60 ppm. Therefore, the boron concentration and
dose rate showed a direct correlation that can decrease
the needed time to complete the treatment process and
modify the dose homogeneity in the tumor area. The
enhance dose factor in neutron absorbed dose was
calculated for both neutron beams as the proportion of
absorbed dose for 60 ppm boron concentrations. The
results represent a reasonable increase of 2.2 and 3 times
for MIT and CNEA beam, respectively. However,
among the OARs, the heart tissue absorbed the
maximum dose of 1.66 x10™ Gy (per neutron from
source).

It can be seen from Table 1 that a neutron beam with
more weighted fast neutron is not favorable in
improving the dose to deep-seated tumor tissues unless
dosimetry calculation and treatment design were
optimized to reduce the dose to OAR’s [7]. Among the
OAR’s, the heart received the maximum equivalent
dose; however, it was still within the threshold dose
(heart threshold dose for one session irradiation is 16
Gy) [39]. The standard tumor to normal tissue ratio
factor in BNCT protocols is 2 or greater, and the ratio of
absorbed dose in lung tumor to healthy left lung tissue
was about 14 for 30 ppm. The ratio was approximately 5

67

for right lung tumors for 25 ppm boron concentration as
reported by Krstic et al. (2014) [13]. This parameter was
calculated from 2.3 to 3.2 for different irradiation fields
and different simulated lung tumors in a study
conducted by Farias et al. [9]. The delivered doses to
OAR’s were also greater than those reported in our data.
This discrepancy is probably related to the differences in
the techniques used by two studies.

Krstic et al. (2014) applied two opposite fields to
irradiate the target tissue (anterior-posterior (AP) and
posterior-anterior (PA) directions [13]. Moreover, Farias
et al. (2014) used 3 and 5 multiple angular fields to
irradiate the tumor tissue [9]; however, only the AP
direction was simulated in the present study. In the same
line, Farias et al. (2014) reported that the best tumor to
normal tissue ratio was obtained with 3 fields (posterior,
left anterior oblique, and right anterior oblique) [9]. The
utilization of the multi-fields decreases the tumor to
normal tissue ratio; nonetheless, it improves the
uniformity of dose distributions in target volume with an
increase in the minimum dose in the tumor area [9, 17].

The boron sensitivity outcomes in Figure 5 illustrate
that by increasing the boron concentration, the humber
of boron atoms in target tissue increases which finally
leads to the higher number of boron-neutron captures.
Furthermore, according to Figure 5, the photon absorbed
dose remains constant as the boron dose increased.
Totally, three photon beams of 0.48, 0.58, and 2.2 MeV
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are produced in nuclear reactions of boron-neutron,
carbon-neutron, and  hydrogen-neutron  capture
reactions, respectively. The main gamma dose is related
to 2.2 MeV photons from the hydrogen-neutron capture
reaction that could penetrate to the other OAR’s and
transfer its energy far from the produced location.
Accordingly, they could cause no photon dose in the
target volume. It is well known that boron has a high
cross-section in thermal neutrons energy. Therefore, the
primary epithermal neutrons lose energy by crossing the
tissues and convert to thermal neutron in deep organs
near the target tissue. The MIT spectrum has more
epithermal neutrons; consequently, as mentioned above,
the absorbed dose for this beam is higher than the
CNEA beam.

Lung tumor movement due to respiration is a well-
known complication and has been remained a major
challenge in lung cancer radiotherapy. Gating
radiotherapy based on lung tumor movement is a
recommended technique to reach the accurate dose
delivery. However, this dedicated technique has not
been used in many departments yet due to some costly
and technical limitations. Alternatively, the patients
were recommended to hold their breath or breath as
usual during CT scanning and radiation delivery.
Furthermore, the feature of modeling the movement part
in MC simulation is probably not implemented in
MCNP codes.

Conclusion

The proposed simulated model in this study was
successful in calculating the organ doses in the BNCT.
A comparison in absorbed dose between tumor and
normal lung tissue appears that BNCT results could be
effective for cancer treatment. An increase in the boron
concentration in lung tumors increases the absorbed
dose while dose uniformity deteriorates. Our results
show that the MIT neutron source is suitable to treat
deep-seated lung tumors since OARs’ dose could be
limited within the threshold dose.
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