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Introduction: Boron neutron capture therapy (BNCT) is a method of cancer treatment
and potentially, two borono-L-phenylalanine (BPA) and sodium borocaptate (BSH) are
used in BNCT as common boron carriers. Some previous studies have shown that the
dose rate is directly related to boron concentration in the tissue. This study aimed to
simulate the structure of boron carriers and brain tumor compounds according to the
real clinical condition. Moreover, the effect of carrier concentration in tumor volume
and boron concentration in carriers' structure would be numerically assessed.
Methods: First, aphantom is developed by FLUK A simulation code to perform dosimetry
aspects of Boron and carriers on a typical brain tumor. Moreover, the components of
carriers were then simulated separately and the dosimetry parameters were assessed by
changing the amount of boron in the carriers’ structure and by the carriers' concentration
variations inside and around the tumor to mimic the real condition.

Results: The results showed that by increasing boron inside the BPA structure from
5.17% to 50%, the dose will be increased up to 78.46%. In the BSH, tumor dose is
raised to 9.06% by increasing the amount of boron concentration at carrier structure
from 59% to 80%. Moreover, by enhancing the two carriers' concentration inside the
tumor volume up to 30%, the dose value is increased up to 9.59% and 3.20% for BPA
and BSH carriers, respectively.

Conclusions: The level of boron in the carrier's structure and also carriers' concentration
is highly remarkable on dose delivery inside tumor volume and surrounding tissues.

© 2021. Multidisciplinary Cancer Investigation

INTRODUCTION

Boron neutron capture therapy (BNCT) is known
as a hopeful therapeutic strategy for treating tumor
cells by selectively concentrating boron compounds
inside tumor volume, and then its bombarding
effect; using an epithermal neutron beam [1]. The
thermal neutron capture cross-section of boron-10
is significantly high [2] and “He*', "Li*", and low
energy gamma radiation are accordingly produced
after absorption of thermal neutrons (E<0.4 eV) by

boron-10. “He?" and "Li** lose their kinetic energy by
penetrating inside the tumor (4 to 9 um) and cause
damage to the tissues on their unique path [3-5].
The clinical and chemical studies of the BNCT have
evolved since the early 1950s [6-9]. Many research
efforts have been done to enhance the effectiveness
of BNCT for cancer treatment. These studies have
been conducted in various fields; ranging from
neutron beam optimization to BNCT accessories
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and boron carriers [10, 11]. At BNCT, carriers play
an important role to transfer the boron element into
the target volume. Potentially, there are two carriers
of boron: 1) borono-L-phenylalanine (BPA) with
the chemical formula C,;H BNO, and 2) sodium
borocaptate (BSH) with the chemical formula
Na B H SH; utilized as a commonly available
carrier at BNCT. BPA and BSH are considerably
accumulated inside the tumor, but a small fraction is
also peripherally absorbed in the healthy surrounded
tissues [12].

One of the challenging issues in increasing the
BNCT efficiency is evaluating the effect of carrier
concentration inside the tumor. Moreover, the level
of the boron element in the chemical composition
of the carrier drug is another issue that must
quantitatively be taken into account. Therefore,
the question arises as to dose fluctuation due to
two following parameters: 1) the amount of boron
in the carrier structure and 2) the amount of carrier
in the tumor volume. According to the findings
of some previous studies, the dose rate is directly
related to the boron concentration in the tissue [13,
14]. But there is a lack of information concerning
the components of BNCT, boron-included drugs,
and carriers. In this study, the combination of
tumor configured from cancerous tissue and boron
carrier drugs have been considered similar to
real conditions. For this aim, two BPA and BSH
will be considered as boron carriers. This study
yields a better understanding of the dose received
by the tumor as a target by simulating various
levels of boron concentration inside carriers and
also carriers’ concentration inside the target. It’s
worth mentioning that investigating the proposed
strategy on boron and carriers concentration while
implementing BNCT as a treatment modality is
clinically impossible. However, the current study
enables us to numerically realize it without any
harm to patients.

To do this, the Monte Carlo FLUKA simulation
code (Version 2011) was utilized as a verified
common available code for simulating these
parameters. FLUKA is a Monte Carlo-based
simulation tool (developed by CERN in Switzerland
and INFN in Italy) that simulates the transport of
all kinds of particles in various fields [15]. The final
analyzed results showed that with increasing boron
concentration at drug structure, the absorbed dose

inside tumor volume will be significantly enhanced.
Moreover, the concentration of the carrier at the
tumor site directly affects the dose enhancement at
BNCT.

METHODS

In this work, the dosimetry impact of boron and
its common available carriers has been evaluated
as an analytical study. At BNCT, the carrier
concentrations, as well as the amount of boron, are
two effective parameters on the amount of dose,
received by the tumor. These parameters have been
considered in this study. To do this, a phantom
of the human body was simulated with Monte
Carlo FLUKA code, and then the effect of two
parameters was investigated on a pre-defined brain
tumor. FLUKA code is a multi-purpose verified
simulation code that can calculate the interaction
and propagation of various common available
particles and photons at different matters with high
accuracy. The valuable results of this code have
made it highly applicable in different fields ranging
from medical physics to dosimetry and shielding. It
should be noted that the dimension of the phantom,
material compounds information, and simulated
organs and tumor have been defined according
to the report of the International Commission on
Radiological Protection (ICRP) [16, 17]. Two BPA
and BSH as boron carriers have been considered
during the simulation process. The BPA carrier is
composed of 5.17% boron (°B), 5.79% Hydrogen
(H), 51.72% Carbon (C), 6.70% Nitrogen (N),
and 30.62% Oxygen (O). The percentage of
chemical composition elements at BSH carrier
is as follows: 59% boron (°B), 20.91% Sodium
(Na), 5.5% Hydrogen (H), and 14.58% Sulfur (S).
In the BNCT treatment strategy, using BPA and
BSH as boron carriers is common mainly in the
treatment of deep brain tumors when surgery and
chemotherapy are not highly effective. Moreover,
over the several past years many clinical studies
have been done; using BPA and BSH carriers18] ].
Therefore, researchers have found the effects, side
effects, and toxicity issues of these carriers. Figure
1 shows the brain tumor simulated in this study in
the FLUKA geometry environment. Cancer cell
components have been illustrated in Table 1. It has
been attempted to simulate a Glioblastoma tumor
located in the deep part of the brain.



Figure 1: Boron Concentration at Brain Tumor, Two Outer
Layers and Brain Tissue

The boron concentration is considered in the tumor central
tissue, the layers around the tumor, and the brain

Table 1: Brain Tumor Compounds and Fractions Along With
Two Inner and Outer Layers*®

Using BPA, % Using BSH, %
BPA  Brain Tissue BSH

Organ g
Brain Tissue

Tumor Central

. 0.1257 99.8743 0.011 99.989
Tissue
Layer 1 0.0676 99.9324 0.0059 99.9941
Layer 2 0.0483 99.9517 0.0042 99.9958

2 Abbreviations: BPA, borono-L-phenylalanine; BSH, sodium
borocaptate

The tumor is located at a depth of 6.5 cm from
the forehead and 5.5 cm from the top of the
brain. After simulating the combinations of two
BPA and BSH carriers, the tumor tissue ware-
stimulated by adding each carrier, separately.
Thus, the tumor tissue is composed of cancerous
cells and carrier compounds. As shown in Figure
1, the tumor volume consists of inner, middle, and
outer parts. The inner part includes the cancerous
tissues, and two outer layers are cancer-like
tissues to mimic the real condition. This is
because there is no sharp boundary between the
carrier distribution inside the tumor volume and
the lack of carrier at surrounding healthy tissues.
Thus, it is assumed that the cancerous tissues are
not completely dense and the concentration of the
defined carriers does not sharply decrease to zero
value in real clinical cases. Due to this, two layers
around the cancerous tissues have been simulated
to represent the soft reduced concentration of
each carrier. After injecting carrier drug into the
patient’s body, it builds up throughout the patient’s
body while its accumulation in cancerous tissue
is higher than healthy tissues. This point has also
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been considered during our simulation process.
Due to this, boron concentrations have been softly
reduced from 65 ppm (at tumor volume) to 25-35
ppm (at two outer layers), and 18 ppm (at normal
brain tissue) to simulate actual condition [12, 14,
19]. From the physical point of view, the boron
level at the tumor site has a threshold to produce
sufficient alpha particles as the main killers
of cancerous cells after interacting (and then
absorbing) with incidence neutrons; entered from
outside of the patient body. Based on the former
pieces of literature performed on the BNCT
treatment modality, the minimum therapeutically
effective concentration of boron is 35 ppm
inside the tumor [12]. Moreover, the maximum
concentration of boron is not a fixed value and
depends on various factors such as tumor type,
tumor dimension, patient age, and so on. In a
study performed by Koivunoro and colleagues,
the maximum concentration of boron was found
to be variable and up to 90 ppm [14]. In our work,
the boron concentration ranges from 65 ppm to 85
ppm inside the tumor to be in an acceptable range
and avoids possible serious toxicities [1, 14, 20-
22]. Moreover, by considering the structure of
BPA and BSH, and the amount of boron level
in their structures, the carrier concentration
inside the tumor should be 1257 ppm for BPA
and 110 ppm for BSH to reach 65 ppm of boron
concentration inside the tumor. After simulating
the phantom and its components, the dosimetry
process is performed; using two separate carriers.
The beam considered in this study has a radius of
1 cm according to the lateral size of tumor volume
and consists of neutrons with 0.4 eV energy. It is
assumed that after neutron irradiation from outside
of the body, they were converted into thermal
neutrons in the tumor site to be absorbed by boron
due to its high cross-section in colliding with
neutrons. In this work, the boron concentration in
its carrier structure has been changed as one of the
challenging issues from a dosimetry point of view,
since its experimental measurement is almost
impossible on real patients. Using BPA carrier,
boron concentration increased from 5.17% of the
basic value to 10%, 20%, 30%, 40%, and 50%.
Then, by using the BSH carrier, the boron level
was increased from 59% of basic value to 70%
and 80%. At each stage of boron concentration,
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the maximum dose received by the tumor was
numerically calculated; using simulation code.
Apart from tumor dose, the above calculations
have been done on two outer layers around the
tumor volume and the maximum tumor dose was
measured at each calculation step. The increment
of carrier concentration in the components was
10%, 20%, and 30%, respectively (Table 2).

Table 2: The Changes in the Concentration of BPA and BSH
Carriers in the Tumor Tissue, the Two Outer Layers Around
the Tumor*®

L % CCT, CCL1, CCL2, CCB, CBT,
ppm ppm ppm ppm ppm
0 1257 676 486 348 65
10 1383 744 531 383 ~71.5
BPA 20 1508 811 580 418 ~77.9
30 1634 879 628 452 ~84.44
0 110 59 42 30 65
10 121 65 46 33 ~71.5
BSH 20 132 71 50 36 ~77.9
30 143 77 55 39 ~84.44

* Abbreviations: BPA, borono-L-phenylalanine; BSH, sodium
borocaptate; CBT, concentration of the boron in the tumor;
CCB, concentration of the carrier in the brain; CCL1, con-
centration of carrier in layer 1; CCL2, concentration of carrier
in layer 2; CCT, concentration of the carrier in the tumor; CI,
carrier increase

RESULTS

The results showed that by increasing the amount of
boron in the chemical structure of the carriers as a
fraction, the maximum dose received by the tumor
volume is increased accordingly. The results of this
simulation are shown in Table 3 and Figure 2, as a
quantitative assessment.

Table 3: Maximum Dose of the Tumor as a Function of boron
Concentration (%) in Two BPA and BSH Carriers Structure

Boron in the Carrier, % Max Tumor Dose Changes, %

5.17 0
10 ~+13.93
20 ~+31.76
BPA
30 ~+50.15
40 ~+68.76
50 ~+78.46
59 0
BSH 70 ~+1.96
80 ~+9.06
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Figure 2: Changes in the Maximum Tumor Dose in Terms of
Boron Presence at Both BPA and BSH Carriers

As depicted in Table 3 and Figure 2, by increasing
boron in the structure of two carriers, the maximum
dose received by the tumor is significantly increased.
In BPA, tumor dose increased up to 78.46%, by the
amount of boron in the carrier reaching from 5.17%
(as the base value) to 50%. The same strategy was
implemented; using BSH carrier and the tumor
dose was increased up to 9.06%, by enhancing the
amount of boron from 59% (as the base value) to
80%. It should be noted that the respective boron
concentration in BPA and BSH is 5.17% and 59%
in their initial form which was increased according
to Table 3. It is concluded that with an increment
in the amount of boron in the carrier structure,
the boron concentration inside the tumor volume
will be increased as well. Since the drug carrier
accumulation is slightly different according to
the patient’s condition and type of drug structure,
dosimetry was performed based on the changes
in the concentration of carriers. The dosimetry
process was performed separately for both the BPA
and BSH carriers (Table 4 and Figure 3). Based
on the results, the dose was increased by raising
the carrier concentration in the tissues. According
to Table 4 and Figure 3, the concentration of BPA
carrier was increased from 1257 ppm to 1634 ppm
(30% increment percentage) and it was observed
that the delivered dose onto tumor volume was
then enhanced up to 9.59%. In the BSH carrier, the
carrier concentration was increased from 110 ppm
to 143 ppm (30% increment percentage), and the
dose reached to the tumor volume was observed to
be increased up to 3.20%.



Table 4: Maximum Dose of the Tumor as a Function of Two
BPA and BSH Carriers Concentration

Carrier Concentration, % Max Tumor Dose Changes, %

BPA 0 0
10 ~+6.34
20 ~+7.62
30 ~+9.59
BSH 0 0
10 ~+0.076
20 ~+2.21
30 ~+3.20
1.20E+01
1.00E+01 ~BSH
.00E:
- —BPA
& 8.00E+00
v
Q
o
T 6.00E+00
2
E 4.00E+00
< _—
= /
2.00E+00
0.00E+00
0 10 20 30 40

Carrier concentration in the tumor (%)

Figure 3: Changes in Maximum Tumor Dose in Terms of
Carriers’ Concentrations Enhancement

DISCUSSION

This study aimed to quantitatively evaluate the
effect of boron and carriers parameters on the
improvement of BNCT strategy for brain tumor
treatment. Two main parameters as the amount of
boron presence level in the carrier structure and
carrier concentration in tumors and surrounding
organs were taken into account and the role of each
parameter on the delivered dose was quantitatively
assessed. To do this, FLUKA Monte Carlo simulation
code was utilized to simulate these parameters
by defining brain tumor, neutron beam, required
carriers, and all materials between the source and
target at BNCT. An anthropomorphic phantom
was simulated here to mimic the real condition of
BCNT. To enhance the simulation results to reality,
all simulation steps were defined according to
medical sources and the report of the International
Commission on Radiological Protection during
simulation parameters definition. It should be
considered that performing this investigation
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is almost impossible on real patients, while the
simulation environment developed in this work
enables us to numerically find dosimetry impacts of
boron and carriers at the BNCT treatment method.
The obtained results showed that by increasing the
amount of boron in the structure of the carriers, the
dose received by the tumor was increased. Because,
with the increase of boron in the composition of
the carrier drug, more borons will enter inside the
cancerous tissue, and further '°B (n, o)’Li reaction
will happen to kill cancerous cells. Therefore, each
effort to make carrier drugs with a large number
of borons in their structure is of great importance,
because it can improve the BNCT cancer treatment
strategy and ultimately leads to the development of
cancer treatment. The results of this study showed
that if the carrier concentration in the tumor and
other components increases, the amount of tumor
dose will also be enhanced. Considering this issue
is important because the carrier’s accumulation in
the tumor can change. The cause of this change can
be the biological condition of the patient’s body, the
type of drug structure, the amount of drug injection,
or the invention of new methods of drug delivery.
Thus, by increasing the carrier concentration in the
tumor volume, the amount of boron also increases,
and as a result, more °B (n, a))’Li reactions occur
that results in the dose enhancement.

On the other hand, it was found that in two tumors
with the same condition, if BPA and BSH carriers
were separately used, the boron concentration in
the tumor reached 65 ppm. However, the maximum
tumor dose using the BSH carrier would be slightly
higher. It can be due to the different structure of
the two carriers and the elements fraction in their
chemical composition because different elements do
not have the same capture cross-section. As shown
in Figure 3, to investigate the effect of increasing
BSH carrier concentration on tumor dose, the tumor
dose was softly increased. However, with the use of
BPA and increasing its concentration, the tumor dose
was sharply increased. This indicates that the BSH
carrier at high concentrations loses its advantage
over the BPA carrier. It can therefore be suggested
that BPA should be used when a high concentration
of'the carrier is required. When there is aneed to use a
low concentration of a carrier, the BSH carrier could
be used which yields BNCT treatment efficiency.
Furthermore, it should be noted that the concern may
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raise here about any possible toxicity due to boron
concentration increment inside the patient body.
Clinical signs of boron toxicity have been reported in
the dose range of 100 to 55,500 mg depending on age
and body weight. For example, daily administration
of 9000 ppm of boron-containing compound (68 mg
B/kg/day) for 9 weeks, causes atrophy inrats [21] . On
the other hand, the damage caused by boron toxicity
in BNCT is less than the efficacy of this method as a
cancer treatment modality. To increase the efficiency
of the BNCT strategy, future studies may include
further assessments on new carriers and also at the
experimental phase.

In this investigation, dosimetry impacts of boron
and its carriers at BNCT were comprehensively
evaluated as a hopeful cancer treatment strategy.
The main focus was on the effect of boron presence
at the chemical composition of carriers and the
concentration level of utilized carriers on the
amount of dose received by tumor and surrounding
healthy tissues. For this aim, FLUKA Monte Carlo
simulation code was used to calculate the role of
these parameters by defining an anthropomorphic
phantom including brain tumor located at a
specific location of the brain, boron variations,
and two common available BPA and BSH carriers’
concentration. Various concentrations of Boron
and its carriers were considered to calculate the
delivered dose at each simulation step. It’s worth
reporting that the delivered dose onto the tumor was
increased by enhancing the presence of boron inside
the carrier’s structure and by enhancing carriers’
concentration inside the tumor and nearby normal
tissues. It should be considered that using boron
by BPA and BSH carriers, like other drugs in high
doses, can have clinical side effects. These side
effects raise concerns while utilizing boron at high
concentrations and frequently in a short period. On
the other hand, the use of boron-included drugs is
being done practically and their side effects must be
in an acceptable range to be ignored in comparison
with BNCT treatment benefits.
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