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Abstract

For chemoradiotherapy applications, this work investigated the photon and proton interaction parameters in five boron-based medications: sodium
borocaptate, bortezomib, delanzomib, boronophenylalanine, and boric acid. Photon interaction parameters such as the mass attenuation coefficient,
effective atomic number, effective electron density, and buildup variables were computed. The effective atomic number and stopping power for
proton interactions were determined by calculating mass stopping cross-sections, which allowed for the computation of the effective electron
density. Below 0.1 MeV, the highest value of mass attenuation coefficient and effective atomic number was found for sodium borocaptate and
boric acid, respectively. Among the medications, boric acid had the highest effective atomic number for proton interactions. Both photon and
proton interactions showed a direct correlation between electron density and effective atomic number. In the areas where medication variations
were most noticeable, bortezomib showed the highest values for buildup factors. The mass stopping power and mass stopping cross-section
peaked at about 0.1 MeV, with delanzomib and bortezomib exhibiting especially high values at lower energies. This study is expected to provide
understanding about the radiation interaction parameters of the investigated boron derivative drugs, which will in turn guide their administration
and effectiveness in enhancing photon and proton radiations for chemoradiotherapy purposes.
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1. Introduction ology) illnesses [1, 2], as it has the ability to acquire images
of various sections of the human body and also to destroy tu-
mors or cells, respectively [3]. One of the leading aspects of
the applications of radiotherapy is in the management of can-
cer. In cancer management, approximately 50 percent of all
" *Corresponding author Tel. No: +234-806-712-5750. newly diagnosed cancer cases require radiotherapy at one point

Email address: abayomi.olaosun@tech-u.edu.ng (A. M. Olaosun) or another [4, 5]. As such, in radiotherapy, ionizing radiation

In medicine, ionizing radiation performs a major role in di-
agnosing (diagnostic radiology) and treating (therapeutic radi-
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kills or controls the growth of cancer cells [6]. Aside from ra-
diotherapy, chemotherapy, which involves the use of drugs, is
another important method in managing cancer, especially for
cancers complicated with metastasis [7]. However, the inability
to completely eradicate cancer stem cells is likely one of the
main factors contributing to the poor efficacy of chemotherapy
in treating some cancers [7]. As such, chemoradiation, which
involves the combination of chemotherapy and radiotherapy, is
important in order to enhance treatment outcomes during can-
cer management. Common chemoradiation includes concurrent
chemoradiation (chemotherapy and radiation are given concur-
rently); sequential chemoradiation (chemotherapy is given after
radiotherapy); and adjuvant chemoradiation (chemotherapy and
radiation are given after surgery).

In terms of radiation response, the interaction of radiation
with human tissues, biomolecules, and drugs, are characterized
by energy, type of radiation, and absorbed dose. Therefore,
interaction of radiation with chemotherapy drugs are impor-
tant in chemoradiation [8]. As a result of this, several stud-
ies have investigated radiation interaction parameters for some
chemotherapy drugs [8—17]. For photons interaction, radia-
tion parameters investigated for different chemotherapy drugs
include the effective atomic number (Z,sy,), effective electron
density, mass attenuation coefficient (u/p), exposure buildup
factor (EBF), and energy absorption buildup factor (EABF)
[12-14]. For proton interaction, the investigated parameters in-
clude the Z, sy, N.r, and mass stopping power (S(E)/p) [8, 9].
In the context of radiation interaction, Z.ss is an important con-
tent that describes the atomic number of a composite material
at different energies [8, 17]. Furthermore, in radiation fields,
Z.5r is important in predicting radiation absorption, calculating
radiation dose, determining radiation attenuation, and modeling
radiation transportation [10, 18]. On the other hand, N, is the
number of electrons per unit mass for a multi-elemental mate-
rial. This parameter is equally important in predicting radiation
absorption, attenuation, and dose calculation [10, 16]. The y/p
of a material is the ratio of its linear attenuation coefficient (w)
to its density (p). By implication, it is a measure of the atten-
uation of radiation as it traverses material as normalized by the
material’s density, thus representing the probability of radiation
interactions per unit mass of the material. In various fields like
medical physics, u/p is a basic photon radiation parameter in
evaluating other radiation interaction parameters such as the de-
position of energy, dosimetric behavior, N.sf, and Z, ¢, among
others [9, 19]. When a photon interacts with material, new pho-
tons can emerge due to multiple scattering. Such multiple scat-
tering is quantified by the buildup factor. The buildup factor
depends on the atomic number of the absorbing material, the
energy of the photon beam, the penetration depth, and the form
of the radiation source and medium. EBF and EABF are the two
types of buildup factors. The EBF and EABF are the buildup
factors when the quantity of interest is the energy deposited in
air and the absorbing material, respectively [20-22]. In charged
particle radiations (electrons, protons, and other heavy ions),
the extent to which charged particles penetrate a given material
is quantified by S(E)/p. It is the ratio of the stopping power
of a charged particle to the material density. This parameter,

which is important in determining the range of charged parti-
cles in a material, depends on the atomic number and density of
the interacting material as well as the energy of the charged par-
ticle [23]. On the other hand, the mass stopping cross-section
(S.) depends on the atomic number of the interacting medium
and the mass and velocity of the charged particle. The Z,; of
charged particle radiation, which is a decisive parameter in par-
ticle therapy and ion implantation, can be determined by mass
stopping cross-section [24].

Boron derivatives have shown their potential as chemother-
apy drugs in cancer management due to their antitumor proper-
ties [25-28]. Some of these boron containing drugs include
bortezomib [29], talabostat [30-32], boric acid [33, 34], de-
lanzomib [35, 36], sodium borocaptate, and boronophenylala-
nine [37]. Moving forward, studies have used boron deriva-
tives concurrently with external beam radiation in treating can-
cer [29, 38]. The current practice of clinical radiotherapy
mostly utilizes photon beams. This is because photon radiation
has shown a well proven efficacy, abundance of high-intensity
sources, simplicity of precise beam location and dose field cal-
culation, and lower treatment cost. On the contrary, protons and
heavier ions are used to treat less than 1% of patients world-
wide. This is most likely to be as a result of sophisticated
equipment, high treatment costs, and the paucity of data sup-
porting its superior effectiveness over less expensive photon-
based treatments. However, proton and ion therapy have pro-
gressed rapidly in the last several decades, with novel treat-
ment methods and several specialized radiation facilities be-
ing constructed worldwide [39-42]. Furthermore, in practice,
proton beam therapy is gaining popularity as it offers a more
conformal dose distribution to the tumor, thus reducing unin-
tending radiation to the normal tissue, a challenge that is com-
mon to conventional photon therapy. This is because most of
its energy is deposited within a point known as the Bragg peak
[40]. Moreover, aside from photons, literature has revealed that
boron compounds also enhance proton beam therapy using the
Proton Boron Capture Therapy (PBCT) technique [42-44]. De-
spite the undeniable potential and abilities showcased by boron
derivatives in enhancing photon and proton therapies, it is, how-
ever noticed that there is no such study in the literature that has
investigated the photon and proton interaction parameters for
these derivatives. Therefore, this study aims to investigate the
photon and proton interaction parameters for boric acid (BA),
boronophenylalanine (BP), bortezomib (BZ), delanzomib (DZ),
and sodium borocaptate (SB) drugs.

2. Materials and methods

In literature, several studies have utilized an online window
package, WinXCom [45], for computing radiation interaction
parameters for different materials. However, its usefulness is
limited because it can only compute radiation parameters for
photon radiation. Also, the PSTAR code that has been widely
utilized in computing proton radiation parameters for different
materials [46] is also limited as it can only directly account for
26 elements and 48 preset compounds/mixtures [18]. There-
fore, in this study, PAGEX computer software [24] was utilized
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in order to calculate the investigated photon and proton interac-
tion parameters for the selected boron derivative drugs (BA, BP,
BZ, DZ, and SB) that are presented in Table 1. In brief, PAGEX
is a cross-platform software designed to quickly calculate both
photon (X-ray and gamma-ray) and charged particle interac-
tion parameters. These include mass attenuation coefficients,
partial/total photon interaction cross-sections, electron density,
effective atomic number, and buildup factors, as well as mass-
energy absorption coefficient over a wide energy range. It is
easy to use and has demonstrated good agreement when cross-
checked against WinXCom and PSTAR, among other popular
programs and datasets [24]. The theoretical approach to the
use of PAGEX software in computing the w/p, Z.rr, N.rr, EBF,
EABEF, S(E)/p, and S, are further given.

2.1. Mass attenuation coefficient (u/p)

For a multielement material, its p/p is expressed using mix-
ture rule [10],

Wip (eni[g) = Zwi(%), )

i i

where w; and (%)i are the weight fraction and mass attenuation
coefficient of the individual elements present in the material.
The u/p of the investigated boron derivative drugs have been
computed using the online software package, WinXCom [45].

2.2. Effective atomic number (Z,sr) and effective electron den-
sity (Neyr)
The Z, ¢ for photon radiation is expressed as:

T4

Zopyp = —, ()

T

fiAiulp);
Z‘ I 1Z L

NAi ) in the unit of

where o, (= W) and o, |=

b/atom and b/electron are the average effective cross-section
per atom and average effective cross-section per electron, re-
spectively for which Ny is the Avogadro’s constant and f;, A;,
Z; are the number fraction, atomic weight, and atomic number
of the ith element, respectively. For proton radiation Z.ss of
multielement material is expressed as:

_Zy(logSxo—1logS.)+2Z;(logS. —logS.)
B log S —log S, ’

Zerf 3)
where S and S, are the mass stopping cross-section, at a
given proton energy, corresponding respectively to elements
with atomic numbers Z; and Z, within which the mass stop-
ping cross-section (S ;) of the multielement material lies.

For photon and proton radiations, the Z,; obtained is re-
lated to the N, ss and expressed as:

Zefy
<A>’

Nepp = Na “

where Ny is the Avogadro’s constant, and < A > is the average
atomic mass of multielement material.

2.3. Exposure Buildup Factor (EBF) and Energy Absorption
Buildup Factor (EABF)

The buildup factor (BF) for both EBF and EABF is com-
puted based on mathematical expression given as:

1+ 5k -1), fork#1

BF(E’X):{ 1+ (b -1)x, fork=1" ©)

where E is the incident photon energy, x is the depth
of penetration in the unit of mean free path (MFP),
k (: cx® + d% for x <40 mfp) is the multipli-
cation factor, and X;, d, c, b, and a are the G-P fitting parame-
ters.

2.4. Mass stopping power (S(E)jp) and mass stopping cross-
section (S.)
S(E)/p and S, are peculiar to charged particle radiation, in
this study proton radiation. For a multielement material, S(E)/p
is expressed as:

SE)/p (MeV cn’[g) = ) wilS (E)/p); (©6)

where (S (E)/p); and w; are the mass stopping power and weight
fraction of ith element present in the multielement material.
The S, is related to S(E)/p and is expressed as:

S(E)/p
Na X (wi/A))
where A; is the atomic number of the ith element present in the

multielement material and S (E)/p, N4, and w; have their usual
meaning.

S (MeV cmz/atom) = @)

3. Results and discussion

3.1. Mass attenuation coefficient (ujp)

The u/p, which is the basic parameter for finding other ra-
diation parameters for photon interaction, has been calculated.
This parameter is essential as it is used in explaining different
scattering and absorption events associated with the photon as
it traverses materials. Figure 1 presents the variation of u/p of
the selected boron derivative drugs in this study. In photon in-
teraction with matter, the photoelectric effect, Compton scatter-
ing, and pair production are the probable modes of interaction
that take place at lower (E < 0.1 MeV), intermediate (0.1 < E
< 1 MeV), and higher (E > 1 MeV) energy regions, respec-
tively. During the photoelectric effect, a photon is completely
absorbed. As such, as the energy increases, u/p decreases. This
trend was absorbed in the lower energy region (E < 0.1 MeV)
presented in Figure 1.

The w/p of the boron derivative drugs decreases as the en-
ergy of the photon energy increases up to 0.1 MeV. Further-
more, in this region, it was observed that the p/p depends on
the chemical compositions of the boron derivative drugs con-
sidered. As such, variation was observed in the values of p/p
of the selected boron derivative drugs. The highest and lowest
values of u/p were observed for SB and BZ, respectively. Con-
sidering the elemental compositions (Table 1), SB consists of
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Table 1. Chemical formula and elemental composition of the selected drugs.

Drug Chemical formula Molecular weight(g/mol)

Composition (%)

H B C N (@) Na S
BA BH;03 61.84 49 1748 - - 77.62 - -
BP CoH,BNO,4 209.03 5.8 5.17 51.73 6.7 30.6 - -
BZ C19Hy5BN4O4 384.29 6.57 281 5938 1459 16.65 - -
DZ C,1HyBN3 05 413.33 6.85 262 61.05 10.17 19.31 - -
SB B,H|pNa,S 219.89 5.51 59.04 - - - 20.92 14.53
i T ! T T |lI T
10 4 o] 13
-I E
n e e,
14 L & 14
5 | \a N {3
—_— E : ] 4
"'E J = BA J
4 *+ BP = .
g ] 3 » BZ Py e, J
a S + DZ b ]
— E s - =
= v
0.1 4u1|n3 sx1lu-’ snla-i n;-‘ i
1 —=—-BA ;
] e BP s 1
‘. BZ \\.Maﬁ
4 "o J
] v DZ e, g
+ SB '
102 1071 10° 10°

Energy (MeV)

Figure 1. Variation of mass attenuation coefficient (1/p) of drugs with energy for photon interaction.

heavier elements (Na and S) compared to other drugs. There-
fore, it attenuates more photons relatively to others due to the
presence of these heavier elements. For the remaining drugs,
BA, BP, DZ, and BZ, the heaviest element present in them is
oxygen. The variation of p/p among them can be explained in
terms of the percentage weight of oxygen present in them. The
percentage weights of oxygen present in BA, BP, DZ, and BZ
are 77.62, 30.6, 19.31, and 16.65, respectively (Table 1). Thus,
among these other four drugs, BA has the highest value of p/p.
This is followed by BP, DZ, and BZ, respectively. Overall, the
order of /p observed among the boron derivative drugs was SB
> BA > BP > DZ > BZ. In this study, the investigated drugs are
boron derivatives. Therefore, in terms of the percentage weight
of boron present in each of the drugs (Table 1), it follows that

at the low energy region, the w/p increases as the percentage
weight of boron present in the drugs increases. Therefore, in
the lower energy region, SB and BZ, which, respectively, have
the maximum and least value of boron concentration, will have
the maximum and least enhancement factor for photon interac-
tion, respectively.

At the higher energy region (E > 0.1 MeV), the u/p slightly
decreases as the energy increases. Furthermore, there is no ob-
servable difference in the value of p/p of the boron derivative
drugs. This is because of the domination of Compton scatter-
ing, which occurs with the transitions to higher energies. As
such, the chemical compositions of the drugs lose their rele-
vance in the likelihood of photon interaction [9, 47]. In photon
therapy, X-ray and gamma-ray are the two radiations that are
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Table 2. Mass attenuation coefficient (u/p) for photon interaction at therapeutic energy range 0.1-15 MeV.

Energy (MeV) u/p (cm?/g)

BA BP Bz Dz SB
0.100 0.159 0.160 0.161 0.162 0.161
0.150 0.140 0.142 0.143 0.144 0.138
0.200 0.128 0.130 0.131 0.131 0.124
0.300 0.111 0.112 0.113 0.114 0.107
0.400 0.099 0.101 0.101 0.102 0.096
0.500 0.090 0.092 0.093 0.093 0.087
0.600 0.084 0.085 0.086 0.086 0.081
0.800 0.073 0.075 0.075 0.075 0.071
1.000 0.066 0.067 0.068 0.068 0.064
1.022 0.065 0.066 0.067 0.067 0.063
1.250 0.059 0.060 0.060 0.061 0.057
1.500 0.054 0.055 0.055 0.055 0.052
2.000 0.046 0.047 0.047 0.047 0.045
2.044 0.046 0.046 0.047 0.047 0.044
3.000 0.037 0.038 0.038 0.038 0.036
4.000 0.032 0.032 0.032 0.032 0.031
5.000 0.028 0.029 0.029 0.029 0.028
6.000 0.026 0.026 0.026 0.026 0.025
7.000 0.024 0.024 0.024 0.024 0.024
8.000 0.023 0.023 0.023 0.023 0.022
9.000 0.022 0.022 0.022 0.022 0.021
10.000 0.021 0.021 0.021 0.021 0.020
11.000 0.020 0.020 0.020 0.020 0.020
12.000 0.020 0.019 0.019 0.019 0.019
13.000 0.019 0.019 0.019 0.019 0.019
14.000 0.019 0.018 0.018 0.018 0.018
15.000 0.018 0.018 0.018 0.018 0.018
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Figure 2. Variation of effective atomic number (Z, ;) of drugs with energy for (a) photon and (b) proton interactions.

employed. For X-ray therapy, orthovoltage (0.1-0.5 MeV) and
megavoltage (1-25 MeV) are applicable in treating superficial
and deep-seated tumors [48-51]. However, for megavoltage
beams, energy above 15 MeV is unusual in clinical practices.
For gamma ray, the energy of gamma ray emitted from com-

monly used radionuclides in radiotherapy has a range of about
0.3-1.5 MeV [52]. Combining these energies in a range of 0.1—
15 MeV, the w/p of the drugs are provided in Table 2. The result
obtained in this therapeutic energy range showed that the dif-
ferences in the elemental composition of each of the drugs have
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Figure 3. Variation of effective electron density (N, ) of drugs with energy for (a) photon and (b) proton interactions .
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Figure 4. Variation of effective electron density (N.s/) of drugs with their respective effective atomic number (Z,) for (a) photon and (b) proton
interactions.

Table 3. Mass stopping power (S(E)/p) for proton interaction at therapeutic energy range 70-250 MeV.

Energy (MeV) S(E)/p MeV cm?/g)
BA BP BZ DZ SB

70 8939 9.130 9.245 9.272 8.762
75 8.476 8.656 8.765 8.791 8.308
80 8.067 8.237 8.340 8.364 7.907
85 7703 7.864 7962 7986 7.550
90 7377 7531 7.625 7.647 7.231
95 7.083 7231 7.320 7.342 6.943
100 6.817 6959 7.044 7.065 6.682
125 5791 5909 5982 5999 5.677
150 5.093 5.195 5257 5273 4991
175 4586 4.677 4.733 4747 4.494
200 4202 4283 4334 4347 4.117
225 3900 3975 4.022 4.034 3.820
250 3.657 3.726 3.770 3.781 3.582

little or no effect on the difference in the u/p obtained among the gated boron derivative drugs will enhance photon radiation with
drugs. Therefore, in the therapeutic energy range, the investi- a similar factor.
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interaction.

3.2. Effective atomic number (Z,yy) and effective electron den-
sity (Negy)

In understanding the behavior of the interaction of radiation
with matter, Z.s, is an important parameter that expresses the
physical behavior in terms of the atomic number of any com-
posite material with a variety of atoms. For complex medi-
ums, this parameter depends on energy [10]. Since the boron
derivative drugs investigated in this study consist of different
elements (Table 1), it is thus important to investigate their Z,s.
The variations of Z.s; of the selected boron derivative drugs
with energy are presented in Figures 2a and 2b for photon and
proton interactions, respectively. For photon interaction, Fig-
ure 2a, the Z.¢; of all the drugs experienced similar variations
across the range of energy considered (0.01-15 MeV). Going
by the increase in energy, the Z, ¢y decreases sharply from 0.01
to about 0.1 MeV. At this region, the observable order is SB >
BA > BP > DZ > BZ. At other energies (E > 0.1 MeV), the Z, ¢ ¢
of BA and DZ, among other drugs, shows maximum and mini-
mum value, respectively. These other energies are further clas-
sified into the Compton scattering region (0.1 < E < 1 MeV),
for which the Z, ¢ for each of the drugs remains almost constant
as the energy increases, and the pair production region (E > 1
MeV), for which the Z, ¢ slightly increases as the photon en-
ergy increases. This slight increase is caused by the initiations,

but not prominent, of pair production at energy of about 1.022
MeV which later become little prominent at energy greater than
2 MeV. For proton interaction, Figure 2b, except BA and SB,
Z.rs were found to be smaller at the lower energy region. SB
has elements with a higher atomic number (Na and S) when
compared to other drugs, while BA has the highest percentage
weight of oxygen among the remaining drugs. This is likely
the reason why both drugs exhibit a jump in the value of Zss
at lower energy. The value of Z,ss further slightly increases
and later attained its highest value around 0.1 MeV. Away from
0.1 MeV, the value of Z,, further decreases as the energy in-
creases up to about 1 MeV. At the higher energy region (E > 1
MeV), the Z,y slightly increases as the energy increases. On
average, maximum and minimum values of Z, s were observed
for BA and DZ, respectively, among the drugs. Figures 3a and
3b present the variation of N, of the drugs with energy for
photon and proton interactions, respectively. For both interac-
tions, it is observed that the N, s, for each of the drugs follows
similar energy habituation as their respective Z.ss. This is be-
cause of the direct relation that exists between Z,rr and N,ss
(Eq. 4). Similar results have been reported in previous studies
[8, 10, 18, 53]. This direct relation between these two param-
eters is further depicted in Figures 4a and 4b for photon and
proton interactions, respectively.
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Figure 6. Variation of energy absorption buildup factor of drugs with energy at (a) 1, (b) 5, (c) 10, and (d) 40 MFPs penetration depths for photon

interaction.

3.3. Exposure Buildup Factor (EBF) and Energy Absorption
Buildup Factor (EABF)

In this study, buildup factors (EBF and EABF) of the se-
lected boron derivative drugs have been investigated. Figures
5a — 5d and 6a — 6d depict the variation of EBF and EABF of
the drugs with photon energies in the range of 0.015-15 MeV
at 1, 5, 10, and 40 penetration depths (MFPs), respectively. In
radiation fields, EBF and EABF are important parameters in
calculating radiation dose. These two parameters, including
scattering, are important to have a deep understanding of the
absorption effect in broad-beam transmission work [47]. From
the result obtained, EBF and EABF of each of the drugs showed
similar trends in their variations with energy. For all the pene-
tration depths considered, the buildup factors of the drugs were
low in the lower energy region, where the photoelectric effect
dominates the mode of interaction. As the energy further in-
creases, the value of buildup factors also increases and attained
its highest value at about 0.1 MeV.

At the intermediate energy region, the buildup factors were
found to be large. This is due to the contribution of the dom-
inance of the Compton scattering effect. As such, photons
were not completely removed but rather stayed longer and

caused multiple scattering, which enhanced the buildup factors
[12, 15]. At higher energies (E > 1 MeV), the drugs exhibited
almost the same value of buildup factors. This implies that in
this region, the buildup factors are totally independent of the
nature of the drugs. Also, the value of buildup factors for each
of the drugs remains almost constant with an increase in en-
ergy. This observation is due to the contribution of the pair
production effect, which starts to eliminate the effect of Comp-
ton scattering. In the region where the buildup factors depend
on the nature of the drug, the observable order is BZ > DZ >
BP > BA > SB. This implies that the buildup factors followed
an inverse course to the w/p and Z.ss. Thus, BZ, which has the
least value of Z,s¢, has the maximum value of buildup factors,
while SB, which has the highest value of Z,, has the minimum
value. The EBF value of the drugs has a range of 1.08-4.60,
1.16-39.18, 1.20-145.82, 1.30-5679.88, while the EABF has
a range of 1.08-4.89, 1.16-46.81, 1.20-190.69, 1.31-7053.72,
for 1, 5, 10, and 40 MFPs, respectively.

Figures 7a — 7d and 8a — 8d depict the variation of EBF
and EABF of the drugs with penetration depths in the range
of 1-40 MFPs at photon energies of 0.015, 0.15, 1.5, and 15
MeV, respectively. Considering the results obtained, it follows
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interaction.

that the buildup factors increase as the penetration depth in-
creases. However, it was observed that the mode of growth
varies across the energy points considered. At 0.015 MeV and
0.15 MeV, buildup factors vary with penetration depth logarith-
mically (Figures 7a and 8a) and exponentially (Figures 7b and
8b), respectively. At 1.5 and 15 MeV, the variation is approx-
imately a linear curve (Figures 7c, 7d, 8c and 8d). These dif-
ferences in variation are likely due to the mode of interaction
dominating at each of the energy points considered. The results
further follow that the buildup factors depend on the chemi-
cal composition of the drugs at lower energies (0.015 and 0.15
MeV) (Figures 7a, 7b, 8a and 8b). It is observed that at these
lower energies, a smaller value was observed for SB while a
larger value was observed for BZ and DZ. For this reason, it
follows that the buildup factors increase with a decrease in Z, .
On the contrary, the dependence of buildup factors on the com-
position of the drugs higher energies, 1.5 and 15 MeV (Figures
7c, 7d, 8c and 8d) is of little or no effect. However, little dif-
ference was observed among the drugs for penetration depths
in a range of 12-40 MeV. This observable trend is due to the
dominance of pair production at this energy [15].

3.4. Mass stopping power (S(E)jp) and mass stopping cross-
section (S.)

The result of the variation of S(E)/p of the investigated
drugs with energies in the range of 0.01-400 MeV for pro-
ton interactions is shown in Figure 9. In charged particle in-
teractions with matter, S(E)/p is an important parameter that
is used in determining the range of charged particles in a ma-
terial [54]. S(E)/p is the sum of electronic stopping power
and nuclear stopping power. The electronic stopping power,
which is based on inelastic collisions with the electrons of a
target material, is responsible for the main contributions to the
S(E)/p. The nuclear stopping power, on the other hand, which
is based on elastic collisions with the nucleons of the absorb-
ing medium, is accountable for the least contributions to the
S(E)/p. However, unlike electronic stopping power, the nu-
clear stopping power is relevant at low energies [18, 55]. In
general, the result obtained (Figure 8) shows that the S(E)/p in-
creases as energy increases in the lower energy region (0.01-0.1
MeV), where the contribution of nuclear stopping power is rel-
evant. As such, the S(E)/p for all the drugs attained maximum
value at approximately 0.1 MeV. On the contrary, at higher en-
ergies (E > 0.1 MeV), where the contribution of nuclear stop-
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Figure 10. Variation of mass stopping cross-section (S.) of drugs with
energy for proton interaction.

ping power is irrelevant, the S(E)/p decreases as the energy in-
creases. This is expected because S(E)/p is proportional to 1/82,
where f§ represents the ratio of the speed of a charged particle

(v = 2E /M) to the speed of light [18]. Therefore, as the en-
ergy (E) of the proton increases, its speed increases and, by

10
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extension, causes the S(E)/p of the drugs to decrease. Going
forward, the S(E)/p of the drugs shows observable difference at
lower energy region (0.01-0.1 MeV). On the contrary, as the
energy increases, the difference becomes less noticeable in the
higher energy region (E > 0.1 MeV). Similar results have been
reported for !'"’Lu-ethylenediaminetetramethylene phosphonic
('""Lu-EDTMP) and '"’Lu-methylene diphosphonate ('”’Lu-
MDP) medications used for some bone cancer [9]. Mostly in
the lower energy region where the S(E)/p of the drugs shows
an observable difference, the lowest value was observed for BA
while the maximum value was observed for DZ and BZ.

For medical treatments, protons are accelerated by cy-
clotrons or synchrotrons to therapeutic energies, which are usu-
ally between 70 and 250 MeV. To attain the maximal depth of
tumors found in clinical practice, the higher end of this range
is necessary [39, 56]. Table 3 presents the values of the S(E)/p
for each of the selected drugs in the clinical energy range (70—
250 MeV). The result obtained at this energy range shows an
order of DZ > BZ > BP > BA > SB. According to Table 1, the
order of the percentage weight of boron present in these drugs
is of the order DZ (2.62%) < BZ (2.81%) < BP (5.17%) < BA
(17.48%) < SB (59.04%). This implies that at the common
energy range applicable in proton therapy (70-250 MeV), the
S(E)/p of the drugs decreases as the percentage weight of the
boron present in the drug increases. This shows that DZ and
SB, will respectively, have the maximum and least enhance-
ment factor for proton therapy in clinical applications for 70 to
250 MeV proton energies.

Figure 10 shows the variation of S, of the investigated drugs
with energies in the range of 0.01-40 MeV for proton interac-
tions. In charged particle interactions, S, is an important pa-
rameter in determining the Z, s of the interacting medium [24].
The results obtained revealed that the variation of S, of the
drugs with energy follows a similar trend like those observed
for S(E)/p in the same energies considered (0.01-0.1 MeV).

11
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This similar trend is justified by the direct relationship that ex-
ists between S, and S(E)/p as provided in Eq. (7). The result of
this direct relationship is further depicted in Figure 11.

4. Conclusion

The wp, Z.ss, Nosr, EBF, EABF, S(E)/p, and S, of boric
acid (BA), boronophenylalanine (BP), bortezomib (BZ), delan-
zomib (DZ), and sodium borocaptate (SB) have been investi-
gated in this study. At the lower energy region, the order ob-
served for the u/p among the drugs is SB > BA > BP > DZ >
BZ. At the higher energy region, there was no observable dif-
ference recorded among the drugs. For photon interaction, at
lower energy (E < 0.1 MeV), intermediate energy (0.1 <E <1
MeV) and higher energy (E > 1 MeV) regions the Z,sf of the
drugs decreases, remain almost constant, and slightly increases
with increase in energy, respectively. For the proton interac-
tion, maximum and minimum value of Z, ;s were observed for
BA and DZ, respectively among the drugs. From the variation
of the Ny with Z,, a direct relationship was observed among
the two parameters for both the photon and proton interactions.
The buildup factors (EBF and EABF) of the drugs varies with
energy and penetration depth. In the region where the buildup
factors showed differences among the drugs, the order observed
was BZ > DZ > BP > BA > SB. The S(E)/p and S, varies with
energy with most of the drugs attaining maximum value at en-
ergy of approximately 0.1 MeV. Mostly in the lower energy re-
gion where the S(E)/p and S, of the drugs shows an observable
difference, the minimum value was observed for BA while the
maximum value was observed for DZ and BZ. Finally, from the
variation of S, with the S(E)/p, a direct relationship was ob-
served between the two parameters. It is expected that the data
obtained from this study will be helpful in fields like chemora-
diotherapy and radiation dosimetry.

Data availability

No additional research data were used beyond the content
presented in the submitted manuscript.
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