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Abstract: High atomic number nanoparticles are of increasing interest in radiotherapy due to their
significant positive impact on the local dose applied to the treatment site. In this work, three types of
metal nanoparticles were utilized to investigate their dose enhancement based on the GATE Monte
Carlo simulation tool. Gold, gadolinium, and silver were implanted at three different concentrations
to a 1 cm radius sphere to mimic a cancerous tumor inside a 10 x 10 x 30 cm® water phantom. The
innermost layer of the tumor represents a necrotic region, where the metal nanoparticles uptake
is assumed to be zero, arising from hypoxic conditions. The nanoparticles were defined using the
mixture technique, where nanoparticles are added to the chemical composition of the tumor. A
directional 2 x 2 cm? monoenergetic photon beam was used with several energies ranging from
50 keV to 4000 keV. The dose enhancement factor (DEF) was measured for all three metal nanoparticles
under all beam energies. The maximum DEF was ~7 for silver nanoparticles with the 50 keV beam
energy at the highest nanoparticle concentration of 30 mg/g of water. Gold followed the same
trend as it registered the highest DEF at the 50 keV beam energy with the highest concentration of
nanoparticles at 30 mg/g, while gadolinium registered the highest at 100 keV.

Keywords: metal nanoparticles; GATE Monte Carlo simulation; necrotic region; dose enhancement
factor (DEF)

1. Introduction

Rapidly growing solid tumor cancer cells are commonly subject to hypoxia and
nutrient deficiency due to limited blood supply near the tumor center [1]. This may result
in necrosis or passive cell death within the tumor core [2]. A solid tumor may, therefore,
consist of a vascularized region in the outer region, while the necrotic region encompasses
the tumor core. In cancer treatment, radiotherapy is considered a critical component in any
national cancer-control plan. More than half of cancer patients receive this modality during
their treatment, contributing to an overall cure rate of over 40% [3]. Depending on the
localization, size, and type of cancer, external Radiation Therapy (RT) with megavoltage
photon beams generated by linear accelerators is most frequently used [4,5], with the beam
shape and energy chosen to conform the radiation dose distribution to the tumor. Accurate
targeting of the tumor is especially important for tumors that are contiguous to critical
body organs [6]. The main aim of RT is to maximize the damage to the cancer tumor and
minimize the effect of radiation injury to the surrounding healthy tissues [7].

In the last few decades, nanoparticles (NPs) have been increasingly investigated as
radio-sensitizers that enhance radiation damage to cancer cells. In this perspective, NPs
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with a high atomic number Z—gold [8], gadolinium, [9] bismuth, [10] and silver [11]—
implanted inside a tumor can increase the production of secondary electrons and Auger
electrons by the photoelectric effect when irradiated with photons of low energy E, as
the cross-section of this interaction varies as %—Z with 4 < n <5 [12]. This local dose
intensification, in turn, may enhance the radiation therapy effects [13].

Several studies have reported dose enhancement arising by the use of nanoparticles for
both in vitro [14,15] and in vivo animal studies [16-19]. The majority of such studies have
involved the study of gold nanoparticles in the kilovoltage X-ray energy range. However,
it has become clear that the increased radiosensitivity reported in the literature results from
a combination of the physical dose enhancement and additional chemical and biological
effects associated with the type of nanoparticle in use [20]. Despite this body of work and
commercial nanoparticles” availability, the clinical translation of nanoparticles has been lim-
ited [21], although reports from clinical trials are beginning to emerge [22]. Gold has been
the predominant nanoparticle studied to date due to its high X-ray absorption coefficient at
kilovoltage energies and the ability to manufacture the nanoparticle size, shape and surface
properties to optimize particle stability, solubility and biological properties. However,
other nanoparticles have also been studied to varying degrees, including gadolinium and
titanium oxide nanotubes [23-25].

Nanoparticles are delivered to the tumor cells via the bloodstream. Cellular uptake of
the NPs is a complex process controlled mainly by the tumor vasculature [26]. In numerous
studies on dose enhancement, it was assumed that the distribution of NPs within the
tumor is homogeneous [27-31]. However, this assumption might be unrealistic since the
neo-vascularization is higher in the outer regions of the tumor than in its inner parts. The
heterogeneous vascularization of the interstitial medium affects greatly the concentration
distribution of the NP uptake [32]. It is expected that the concentration of NPs would
be higher in the peripheral regions of the tumor. This may lead to an increase in viable
tumor cell killing in real conditions of cancer radiotherapy, although this assumption is
complicated by the potentially increased radio resistance of a hypoxic core [32-35].

In this work, we computed, using the GATE 9.0 Monte Carlo simulation toolkit [36],
the dose enhancement factor (DEF) in a virtual tumor implanted with silver, gadolinium,
and gold, sited in a solid water phantom typically used to represent near tissue equivalence.
The distribution of the NPs inside the tumor follows an exponentially decreasing function
of the distance to the center of the tumor, which is considered non-vascularized, where the
NPs concentration is assumed to be zero.

2. Materials and Methods
2.1. Simulation Toolkit

GATE is an open-source, freely available Monte Carlo simulation toolkit [37]. Al-
though it was initially intended for emission tomography applications, the toolkit was
extended to cover a broader range of dosimetry and radiotherapy applications [38—41].

2.2. Phantom

The phantom consisted of 10 x 10 x 30 cm3 of water. A 1 cm radius sphere repre-
senting the tumor was placed at the phantom center. The tumor, Figure 1, consisted of 7
concentric layers. The innermost layer (layer 1) represents the necrotic region where the
NPs uptake is assumed to be zero. This layer occupied 6.4% of the tumor volume with a
0.4 cm radius. The remaining layers were 1 mm thick each.



Appl. Sci. 2021, 11, 4900

30f16

:ﬁ'%
N

m Layer 1

m Layer 2

——

m Layer 3

wo (¢

Layer 4

m Layer 5

m Layer 6

i

-t

<

m Layer 7

Figure 1. 3D Illustration of the tumor, including all layers, inside the water phantom.

2.3. Nanoparticles Modeling

Nanoparticles can be modeled in the simulation either as physical volumes embedded
in the phantom or by defining them as a mixture material. In this study, the physical
volumes model was initially considered, as it has been reported to be a more accurate
model [29]. Initial runs showed the difficulties of using this model, as it would require
approximately 10'2 volumes to be created, which would require an impractical amount of
memory. Shrinking the phantom size (<1 mm?) to reduce the number of NPs to a memory
of a manageable amount resolves that issue but causes a limitation on the tumor size. The
size of the tumor is essential in this study, as it affects some of the dosimetric quantities
to be evaluated. Another noticeable issue with this technique is the significantly longer
simulation time, especially when used with the DNA physics models, and the difficulty in
distributing the NPs inhomogeneously.

The mixture technique used in this study relies on defining the NPs as a mixture with
its parent volume (the volume that the NPs are embedded within). This technique was
reported to overestimate the dose in some cases [29]. When photons interact with NPs,
ejecting secondary electrons in the process, these electrons might be absorbed before leaving
the NP volume. As a result, these secondary electrons do not contribute to dose the tissue.
This effect, known as self-absorption, is not considered in the mixture technique, as all
secondary electrons emitted and absorbed in the mixture contribute to the dose. However,
the mixture technique is faster to compute, easier to implement, and is useful when the
objective is to compare different types of NPs and provide a general understanding of their
effect on dosimetric quantities. The major drawback of this technique is that it does not
allow studying the effect of size or shape of the NPs on the dose enhancement, which is
out of this study’s scope.

A mathematical model to mimic the spatial distribution of the NP within the tumor
was constructed. The distribution was homogeneous within each of the layers and followed
an inhomogeneous, outwardly radial exponential growth, reaching a plateau at the edge of
the tumor, C x ( 1.64 — 5.724 x 10~ 0-294x ), where C is the total concentration in the tumor
and x is the maximum radial distance from the center of the tumor. For instance, for
30 mg/g, the distribution would be 9.7, 19.8, 27.2, 32.8, 37.04 and 40 mg/g for layers
2 to 7 respectively. The concentration in the necrotic region is constrained to 0. This
model, similar to others used by several authors [42-44], was based on the fact that the
vascularization of the tumor tissue follows an exponential decrease from the periphery to
the necrotic center [45,46].

A wide choice of nanomaterial platforms, such as inorganic nanomaterials, are used
for dose enhancement because they can accumulate in the tumor tissue via extravasation
from leaky vasculature [47]. This phenomenon, known as enhanced permeability and
retention (EPR) [48,49], depends on the specific pathophysiological difference between
tumor tissues and healthy tissues. EPR is present in angiogenic tumor vessels, having
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gaps larger than 100 nm between adjacent vascular endothelial cells, unlike the blood
vessels found in healthy tissues [50]. As a result, these nanoparticles exhibit improved
accumulation in the tumors than in normal tissues, thus, selectively enhancing cancer cell
killing.

Three types of NPs were considered in this work: gold (Z = 79), gadolinium (Z = 64),
and silver (Z = 47). The tumor NPs concentrations used in this study are 10, 20, and
30 mg/g of water. The biotoxicity and biocompatibility of the NPs are limiting factors in
the choice of NP concentrations [51,52].

NPs induce human cytotoxicity via mechanisms such as apoptosis, ROS generation,
inhibition of mitochondria function, membrane leakage, and membrane lipid peroxidation.
Renal clearance is the primary pathway of excretion for inorganic nanoparticles, such as
gadolinium, gold and silver NPs, to avoid any long-term toxicity [53]. Gold NPs are rela-
tively biologically non-reactive, non-toxic and biocompatible. Jain and colleagues reported
that 10 mg/g of gold NPs showed no cytotoxic effects [50]. Kruszewski et al. observed a
significant oxidative stress in a human epithelial cell line when in vitro inoculated with
25 mg/g of silver NPs [54]. The maximum tolerable dose for the clinically used gadolinium
MRI contrast agent in humans is unknown, although in a clinical experience, patients often
received greater than 0.23 mg/g of gadodiamide without known adverse effects [55].

The high NP concentration used in this work (30 mg/g) was only dictated for the
sake of comparison of DEF values. The densities of the NPs mixtures are the sum of water
density and added concentration. For example, when a 10 mg/g of AuNps is added, the
density becomes 1.01 g/cm?. It is important to note that this is the overall concentration of
the NPs within the tumor and not in a single layer.

2.4. Beam and Physics Modeling

A directional 2 x 2 cm? monoenergetic photon beam was used with the following
energies: 50, 100, 150, 200, 300, 400, 600, 800, 1000, 1500, 2000 and 4000 keV. The source
to skin distance “SSD” was set to 100 cm. The wide range of photon beam energies was
intended to study the approximate energy range where NPs could be considered most
useful due to the higher interaction probabilities at these energies.

The emstandard_opt4 physics package was used, as it provides a well-validated
physics model for medical applications and covers the energy range considered in this
study [56,57]. Both fluorescence and Auger electrons processes were enabled. To achieve
low statistical uncertainty, 10° particles were used. The secondary production threshold is
defined in GATE as a range cut-off. GATE uses the provided range cut-offs for each region
to determine the energy production thresholds. In this study, the cut-off was set to 0.2 mm
for gamma, electrons, and positrons.

2.5. Simulation Output

GATE provides tools termed as “actors” to collect various types of information from
the simulation. The dose distribution in the phantom was calculated with the use of the
dose actor. This actor produced 3-dimensional images representing the dose and dose
uncertainty distributions. The resolution of each image was set to 100 x 100 x 300 voxels
(the size of each voxelis 1 x 1 x 1 mm?). The use of 10° particles ensured the uncertainty
in dose calculations to be less than 2% within the beam field of view for all simulations.

The dose enhancement factor (DEF) was calculated by dividing the dose distribution
images obtained with the presence of NPs by those obtained with no added NPs. The
resulting image represents a 3D distribution of the DEF. The depth DEF is determined at
each depth by averaging the 4 central voxels located at the horizontal plane center at that
given depth. In this study, as shown in Figure 2, the maximum voxel depth will be used to
represent the location of the measurement along depth.
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Figure 2. (a) Side and (b) top views showing the voxelization of the phantom. The white area
represents the central voxels used to estimate the DEF along depth. Each central 4 voxels DEF is
averaged for each depth.

The energy spectrum actor was used to collect the primary and secondary particle
flux, energy deposition, and energy spectrum. The output of this actor was essential in
calculating the characteristic X-ray production in the tumor. The percentage of characteristic
X-rays produced in the tumor, escaping without interaction, is denoted by e.

3. Results

The DEF along depth for AgNPs is illustrated in Figure 3. The highlighted area in
the figure represents the necrotic region. For 50 keV, a significant dose enhancement is
observed for each concentration: up to a factor of nearly seven for 30 mg/g concentration,
five for 20 mg/g concentration and three for 10 mg/g concentration. Overall, the DEF
decreases with increasing the beam energy and decreasing the NPs’ concentrations.

The enhancement difference between the first tumor measurement point in the beam
path and the last point before the necrotic region is higher for higher concentrations and
lower energies. For instance, the DEF for the last measurement point is approximately
48% of the DEF of the first point for 10 mg/g Ag. Increasing the concentration reduces the
percentage to 41% and 35% for 20 and 30 mg/g Ag, respectively. Increasing the energy
for 10 mg/g Ag increases the percentage to 77%, 85% and 92% for 100, 150 and 200 keV,
respectively.

Furthermore, given that the concentration is constant within each layer, the DEF
values for the same layer should be similar. However, by examining the first and last DEF
tumor measurements (both represent layer 7) in Figure 3a, it can be noted that the first
measurement shows distinctively higher DEF. At low concentrations and higher energies,
the beam has higher penetration power. As a result, the reduction in flux along the depth
becomes less affected by the presence of NPs. Therefore, the ratio between the flux in
the presence of NPs to flux in the absence of NPs becomes approximately constant and
independent of depth. In other words, under these conditions, any two measurement
points that are located at different depths but have the same NPs concentrations should
show a similar DEF. For example, the differences between the DEF of the first and last
measurement points at the tumor (both have the same concentration) are 0.35, 0.79 and 1.61
for 10, 20 and 30 mg/g Ag, respectively. Increasing the energy for 30 mg/g Ag reduces the
difference to 0.05, 0.01 and 0.01 for 100, 150 and 200 keV, respectively.
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Figure 3. DEF along depth for (a) 50, (b) 100, (c) 150 and (d) 200 keV for 10, 20, and 30 mg/g concentrations of AgNPs.

As the concentration increases or the photon energy decreases, more photons are
attenuated as the beam enters the tumor. As a result, flux decreases more rapidly with
higher concentrations and lower energy. The decrease in flux means that, under these
conditions, any two measurement points exhibiting the same concentration but located at
different depths might show different DEFs. This leads to the conclusion that the DEF for a
given concentration and energy is affected by depth. However, the effect of tumor depth
on DEF is negligible at higher energies and lower concentrations.

The GANPs DEF over the depth of the tumor is illustrated in Figure 4. A significant
dose enhancement in the layers containing NPs for each concentration up to a factor of
four for 30 mg/g concentration for both 50 keV and 100 keV is observed. For 20 mg/g
concentration, the DEF is approximately three and for 10 mg/g, the DEF is approximately
two for both 50 and 100 keV. After that, the DEF decreases with increasing beam energy
and decreasing NPs concentration.

Figure 5 illustrates the DEF variation over the diameter of the tumor for AuNPs. The
50 keV energy beam shows a significant dose enhancement in the layers containing NPs
for each concentration up to a factor of 6.4 for 30 mg/g concentration, just under 5 for
20 mg/g concentration and 3 for 10 mg/g. The DEF decreases with increasing the beam
energy and decreasing the NPs’ concentrations. Table 1 summarizes the maximum DEF for
all energies considered in this study. It is evident that at 400 keV and below, the maximum
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enhancement ranges from 5% to 574%, while beyond 400 keV, it becomes less than 10% for

all types and concentrations.
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Figure 4. DEF along depth for (a) 50, (b) 100, (c) 150, and (d) 200 keV for 10, 20, and 30 mg/g concentrations of GANPs.

Table 1. The maximum DEF for different energies, NPs types and concentrations.

. Concentration Energy (keV)
Material (

mg/g) 50 100 150 200 300 400 600 800 1000 1500 2000 4000

10 298  1.66 1.27 1.12 1.06 1.12 1.05 1.04 1.03 1.04 1.02 1.02

Ag 20 490 230 1.46 1.20 1.11 1.07 1.05 1.05 1.03 1.05 1.03 1.02
30 6.74 290 1.65 1.31 1.11 1.05 1.05 1.04 1.04 1.04 1.03 1.03

10 205 216 1.43 1.21 1.10 1.09 1.05 1.04 1.03 1.04 1.02 1.02

Gd 20 3.03 312 1.83 1.39 1.17 1.08 1.07 1.05 1.04 1.04 1.03 1.03
30 395 420 222 1.58 1.19 1.11 1.06 1.04 1.04 1.05 1.04 1.04

10 297 222 1.56 1.29 1.15 1.09 1.05 1.05 1.03 1.04 1.02 1.02

Au 20 476  3.32 2.08 1.58 1.26 1.14 1.08 1.07 1.04 1.07 1.03 1.03
30 6.40 436 2.67 1.81 1.33 1.19 1.08 1.05 1.04 1.07 1.04 1.05

The maximum dose enhancement factors for both the tumor and non-tumor (healthy

tissue) are shown in Figure 6. The maximum enhancement provides a more generalized un-
derstanding of different NPs behavior among different energies. For AgNPs, the maximum



Appl. Sci. 2021, 11, 4900 8of16

enhancement occurs at 50 keV and 30 mg/g concentration. GANPs maximum enhancement
occurs at 100 keV and 30 mg/g. At 50 keV, Ag has a slightly lower absorption probability
than Au, as shown in Table 2.
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Figure 5. DEF along depth for (a) 50, (b) 100, (c) 150 and (d) 200 keV for 10, 20, and 30 mg/g concentrations of AuNPs.

Table 2. Mass absorption and attenuation coefficients for Ag, Gd and Au [58].

. Mass Absorption Mass Attenuation

Energy (keV) Material Coefficient (cm?/g) Coefficient (cm?/g)
Ag 6.06 9.44
50 Gd 3.24 3.85
Au 6.12 7.25
Ag 1.06 1.47
100 Gd 1.84 3.10
Au 2.07 5.15
Ag 0.36 0.54
150 Gd 0.72 1.10
Au 1.02 1.86

Nevertheless, 50 keV exceeds the K-edge energy for silver but not for gold, leading
to the emission of 25 keV characteristic X-ray photons that are likely to be reabsorbed
within the tumor, enhancing the dose further. As a result, AgNPs produce a higher DEF
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than AuNPs at 50 keV. As for GANPs, the absorption probability is lower than AgNPs and
AuNPs and no K-shell characteristic X-rays are emitted.
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Figure 6. The maximum DEF in the tumor for (a) AgNPs, (c) GANPs, and (e) AuNPs. The maximum DEF in non-tumor
volume in the beam path for (b) AgNPs, (d) GANPs, and (f) AuNPs.
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At 100 keV, Au has the highest absorption probability and therefore produces the
highest DEF, followed by Gd, which possesses a higher absorption probability than Ag. As
energy increases further, the absorption probability difference between different NPs types
and concentrations gradually decreases. Therefore, DEF becomes less affected by Z.

The maximum number of scattering events within the tumor occurs when no NPs
are present. This is due to water having the highest electronic density than any of the NP
mixtures used in this study. Particle tracking showed that while adding NPs to the tumor
reduces the scattering events within the tumor up to 21%, the scattering events occurring
outside remained almost constant. This fact shows that scatter radiation does not have a
significant impact on enhancing the dose to healthy tissue. Most X-rays are produced at
the outer layer, which holds the highest concentration. Therefore, it is very likely for those
photons to escape, as will be discussed later. This will increase the healthy tissue dose,
especially for those tissues that are very close to the tumor. The enhancement to healthy
tissues in the primary beam path ranged from 5% to 19% for beams below 40 keV energy
and from 1% to 3% for above 400 keV beams. In all cases, the maximum DEF in healthy
tissues occurred within a 3 mm distance from the tumor boundaries.

The average enhancement was not considered in this study, as it is highly depen-
dent on the tumor size [11]. Changing the tumor size will affect the dose enhancement
distribution and, consequently, the average DEF. On the other hand, the maximum DEF
depends on the source location relative to the tumor. For external photon beam therapy,
the maximum usually occurs at the first layer of the tumor that interacts with the beam,
as it holds the highest concentration in the case of inhomogeneous NPs distribution. As
for homogenous NPs distribution, the maximum occurs in the first layer as long as the
tumor is located at depths within or higher than the maximum dose depth. In that case,
the photon fluence will be the highest at the tumor first layer. As photons are attenuated
along the depth, less of the dose is deposited, resulting in lower DEF along the depth. For
a tumor located at a depth less than the maximum dose depth, the maximum DEF might
be affected by the shift in the maximum dose depth caused by the introduction of NPs.

To emphasize more on the characteristic X-ray emission, Figure 7 depicts the number
of characteristic X-rays produced in the tumor and the percentage of X-rays that escape
the tumor for AgNPs, GANPs, and AuNPs respectively. It can be seen that for AuNPs
and GdNPs, the maximum number of characteristic X-rays produced occurs at the first
incident energy that exceeds the K-edge energy. Increasing the effective atomic number
by using a higher Z NP or a higher concentration increases the number of characteristic
X-rays produced, given that the incident energy exceeds the K-edge. This also leads to
more characteristic X-rays absorption within the tumor, as will be discussed later. Since
lower concentrations have a lower effective Z and produce fewer X-rays, ¢ is higher for
lower concentrations. Considering that most X-rays are produced at the outermost tumor
layer and that AuNPs and GdNPs K-shell X-rays are more energetic than AgNPs X-rays,
AuNPs and GANPs X-rays have a higher probability of escaping the tumor and thus have
higher €. The average differences between ¢ at 10 and 30 mg/g for AuNPs, GANPs and
AgNPs are 4%, 5% and 8% respectively. The larger difference with AgNPs is probably
caused by the larger increase in the probability of absorbing the 25.5 keV X-rays with higher
concentrations in comparison with the 80 keV and 50.2 keV emitted by AuNPs and GdNPs,
respectively.

The maximum X-ray energy produced in this study is 80 keV. It would be difficult,
even for 80 keV photons, to escape both the tumor and healthy tissue without interaction.
Thus, most X-rays escaping the tumor will most likely end up depositing their energy in
the healthy tissue.
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Figure 7. (a,c,e) The number of characteristic X-rays produced in the tumor as a function of incident photon energy for
AgNPs, GANPs, and AuNPs respectively. (b,d,f) The percentage of X-rays that escaped the tumor for AgNPs, GANPs, and
AuNPs respectively.

Characteristic X-rays showed to play a significant role in enhancing the dose. Figure 8
shows the total absorbed dose in the tumor and the contribution of X-rays to that dose.
Generally, the dose increases with energy and becomes independent of the NPs type and
concentration beyond 400 keV. The highest contribution of X-rays results from AgNPs
and 50 keV photons. At 50 keV, the probability of absorption is the highest and with
the incident photon energy exceeding the K-edge energy, more X-rays are produced.
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Two factors contribute to the decrease in the characteristic X-ray dose contribution as
energy increases. Firstly, the increase in energy decreases the occurrence of photoelectric
absorption and consequently, fewer characteristic X-rays are produced. Secondly, even
if the characteristic X-ray quantity remains constant and independent from the incident
photon energy, the increase in the total dose with energy will reduce the characteristic
X-rays’ contribution to the total dose.
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Figure 8. (a,c,e) The total absorbed dose in the tumor as a function of energy for AgNPs, GANPs, and AuNPs, respectively.
(b,d,f) The contribution of characteristic X-rays to the total dose for AgNPs, GANPs, and AuNPs, respectively.
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4. Discussion

In this study, the GATE toolkit was used to determine the DEF resulting from inhomo-
geneous nanoparticle uptake for various energies. Although simplistic in the arrangement,
this setup was considered appropriate to demonstrate the dose enhancements that may
be expected for external beam radiation therapy for nanoparticles of different elemental
compositions and concentrations. Ag, Gd, and Au were modeled in concentrations varying
from 10 mg/g tissue to 30 mg/g tissue in a layered, non-homogeneous pattern with a
necrotic core. The presented model focused on demonstrating the DEF in an inhomoge-
neous distribution of NPs. However, the model did not incorporate many factors that
might affect the clinical application of NPs. These factors include the healthy tissue uptake
of NPs, uptake and elimination rates, tumor stage, size, vascularization and depth.

Tumor vascularization and formation of necrosis is dependent on the tumor stage.
Tumor necrosis is believed to form at the center of solid tumors as tumors progress into
advanced stages [59,60]. Therefore, not all tumors, at the time of therapy, have necessarily
developed a necrotic region. Additionally, the vascular distribution dependency on tumor
stage would affect the distribution of NPs within the tumor.

Very few DEF studies considered an inhomogeneous distribution of NPs. Zabihzadeh
et al.,, evaluated the dose enhancement in an inhomogeneous, gold NP distribution for
different tumor depths. The study used low-energy monoenergetic photon beams, includ-
ing 55 and 95 keV photons. The maximum DEF obtained with 55 and 95 keV photons
for 10 and 30 mg/g Au is somewhat higher than those obtained in this study for 50 and
100 keV [43].

The results of the two studies are following the same trend and the enhancement is
increasing with concentration and decreasing with energy. However, the disagreement in
the DEF values is most likely caused by two factors. First, the tumor in their study is located
closer to the surface. The maximum tumor depth considered in their study is 6.5 cm, while
a fixed tumor depth of 14 cm was used in this study. This difference in depth, as discussed
earlier, could affect the DEF. Second, the NPs inhomogeneous distribution is different.
For instance, the maximum concentration in any layer in this study is approximately 40
mg/g when the AuNps overall concentration in the tumor is 30 mg/g. In their study, for a
30 mg/g overall concentration, the maximum is 54 mg/g, resulting in higher enhancement
than reported in our study.

This study showed NPs to be advantageous at low energies and of limited benefit
around the megavoltage range. This is consistent with several studies that reported
relatively small macroscopic enhancement factors with very high energy photons [61,62].
Compton is known to be dominant over photoelectric interaction in the megavoltage range.
Compton scattering is dependent on electronic density rather than the atomic number.
Therefore, metals with a high atomic number are not very effective as dose enhancers in
the megavoltage range.

Typically, external radiation therapy is carried out using heterogenous X-rays. How-
ever, monoenergetic beams were used in this study. X-rays have a relatively complicated
energy spectrum. Additionally, for a given kVp, the spectrum is slightly different from one
manufacturer to another [63]. On the other hand, a monoenergetic beam is easier to model
and its results are easier to interpret. The term “beam quality” is usually used to describe
the beam penetrability and attenuation properties. A half-value layer is usually used to
describe the quality of the X-ray beam, especially in the low energy range. Therefore, it
can be used to find the X-ray beam with a quality corresponding to monoenergetic beam
quality.

5. Conclusions

The heterogeneity of the blood vascularization in tumors leads to an inhomogeneous
distribution of NPs in the tumor. This study focused on investigating the effect of in-
homogeneous distribution of NPs in tumors. It is clear from the results that the DEF is
highly variable across the tumor depending on the concentration of NPs and photon energy.
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However, the DEF was maximal for gold and silver NPs for 50 keV energy and gadolinium
NPs at 100 keV. The maximum DEF observed was approximately seven for 30 mg/g tissue
of Ag. The highest number of characteristic X-rays generated from all NPs was for energy
beams below 100 keV. Therefore, the dose delivered to the tumor from X-rays interacting
with the tumor is also maximal for all NPs at beam energies below 100 keV. The clinical
consequence of such inhomogeneous NPs distribution is unknown and requires further
studies.
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