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Abstract: A digital phantom was created from a CT scan of a patient’s head and employed together with
GATE 8.2 Monte Carlo modeling of a linear accelerator of nominal 6 MV energy to simulate an irradiation
geometry for a typical tumor volume centrally within the brain region. Although simplistic in arrangement,
this setup was considered appropriate to demonstrate the dose enhancements that may be expected for
megavoltage external beam radiation therapy for nanoparticles (NP) of different elemental composition
and concentration. Ag, Gd, Pt, Au and Bi were modeled in concentrations varying from 15 mg NP / gram
tissue to 70 mg NP / gram tissue. The maximum Average Dose Enhancement Factor (ADEF) to the Gross
Tumour Volume (GTV) observed was 3 % for 70 mg NP / gram tissue of Bi.
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1. Introduction

Radiotherapy is the treatment of disease, predominantly cancer, with ionizing radiation
and is employed in approximately 50% of cancer treatments [1]. The essential aim of radiotherapy
IS to maximize the radiation dose to the target, i.e., the tumor and surrounding margins, whilst
minimizing the radiation dose to the normal tissues and organs at risk, thus increasing the
therapeutic index [2].

Over the last two decades, technological advancements, such as image-guided
radiotherapy [3] and intensity-modulated radiotherapy [4], have seen significant advancements in
this area. Recently, the use of nanoparticles in radiotherapy has received much attention as another
means to increase radiotherapeutic efficacy. This arises due to the enhanced permeability and
retention (EPR) effect, the preferential accumulation of nanoparticles in the tumor, which may
result in an increased local dose of radiation within the tumor due to a greater probability of
radiation interaction when irradiated [5-7].

Several studies have reported on this dose enhancement both in vitro (e.g. [8], [9], ) and
in an animal in vivo studies (e.g. [10-13]). The majority of such studies have involved the study
of gold nanoparticles in the kilovoltage x-ray energy range, where this increased dose arises due
to the photoelectric cross-section of high atomic numbers Z elements, which varies as Z"/E?,
where E is the energy of the interacting photon and 4 < n <5 [10,11]. However, it has become
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clear that the increased radiosensitivity reported results from a combination of the physical dose
enhancement and additional chemical and biological effects associated with the nanoparticle in
use [6,12,13]. Despite this body of work and the availability of commercial nanoparticles, the
clinical translation of nanoparticles has been limited [14,15], although reports from clinical trials
are beginning to emerge [16-18]. 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
nanoparticles' 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 [19-21].

To facilitate the clinical translation of nanoparticles, it is important to be able to quantify
each of the contributory factors, i.e., the physical dose enhancement and the chemical and
biological effects [22,23]. In particular, studies at the more clinically useful Megavoltage x-ray
energy range are limited, particularly for nanoparticles other than gold. Taha et al. (2019) [24]
have recently summarized some issues to consider for clinical translation, including the radiation
species emitted by the nanoparticles and local energy deposition, which may influence the
biological effect, and the effect of the nanoparticles' surface coating. They subsequently
investigated the dose enhancement of silver nanoparticles implanted in the brain for brachytherapy
treatment [25-27].

In this work, we employ a Monte Carlo model of a linear accelerator, with a realistic digital
phantom produced from an anonymized patient CT scan, and a simple yet realistic parallel pair
treatment delivery technique to determine the dose enhancement arising from Silver, gadolinium,
platinum gold and bismuth-based nanoparticles employed with nominal 6MV Megavoltage
external beam radiotherapy. An assessment of the effect of varying concentrations of such
nanoparticles is also determined. Such a model enables an initial assessment of possible
nanoparticle base elements to optimize the composition and design of nanoparticles from a
physical dose enhancement perspective. Further studies increasing the complexity of radiation
therapy delivery techniques may also be incorporated using such a model. Such studies at the most
relevant clinical external beam radiation therapy modalities are essential to ensure sufficient

ign.

Figure 1. lllustration of Digital phantom with one lateral beam dose distribution. Top left: central sphere 2cm
diameter tumor. Top right: one lateral beam and demonstration of scattered radiation and dose distribution. Lower
left: CT slice number 32 of the digital phantom. Lower right: CT slice number 16 of the digital phantom.
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2. Materials and methods

Employing a similar methodology described by Taha et al. [24], a digital phantom was
developed based upon a 512 x 512 x 32 voxel brain CT scan (Figure 1). The Monte Carlo code
GATE [28] was then employed to enable external beam irradiation conditions to be modeled from
a clinical linear accelerator and accurate dose distributions to be determined.

A "dose ACTOR™" tool in GATE was used in this investigation to record the dose
distribution in the digital phantom. The Monte-Carlo simulation was run on a virtual Ubuntu 16.04
LTS produced by Canonical Ltd, running on an i7-4770 3.4 GHz Intel processor and 24 GB RAM.

A spherical tumor volume with a 2 cm diameter was placed at the center of the digital
phantom. All nanoparticles are added to the tumor as a part of its mixture composition to be
homogeneously distributed. The tumor composition was defined to consist of oxygen, carbon,
hydrogen and nitrogen with concentrations of 73.77%, 12.54%, 11%, and 1.32%, respectively.
The remaining 1.37% divided between Sodium, Phosphorus, Sulfur, Potassium, Chloride,
Calcium and Scandium with less than 0.2% concentration each.

Introducing the NPs to the phantom as volumes with size and shape is considered a more
accurate technique in simulating NPs. The main drawback of this technique is that it requires
creating a large number of volumes (102 in some cases), which lengthens the computation time
significantly and increases the memory requirements. In the technique employed in this study,
NPs were added to the volume composition mixture. This technique may overestimate the DEF,
however, this potential overestimation is minimal compared to the increased computational
efficiency.

A realistic yet simple beam arrangement of two lateral beams of nominal 6 MV energy
with a field size of 2.2x2.2 cm? was directed to the tumor. Five different nanoparticles (NPs) that
have previously been reported as used within the literature [29] were virtually embedded within
the tumor. The nanoparticles being Ag-Silver, Gd-Gadolinium, Pt-Platinum, Au-Gold, and Bi-
Bismuth (see Table 1). Four different concentrations were examined, namely 15, 25, 35 and 70
mg of NP per gram of tumor tissue. Dose Enhancement Factor (DEF) values were obtained for all
5 NPs at each of the four concentrations.

Table 1. Atomic number and electronic density for elements used in this study.

Element Atomic Effective Atomic Number for 70 Electron density
Number mg/g NPs in soft tissue (electrons/gram)x 10%*
Ag A7 46 2.77
&d 64 62 2.00
Pt 78 76 5.17
Au 79 77 4.67
Bi 82 81 2.34

The dose distribution within the digital phantom was obtained by dividing it into 512 x
512 x 32 voxels, with four types of dose information recorded in each voxel (Voxel size = 0.43 x
0.43 x 5 mm?®). These being the total dose, the primary radiation dose, the secondary radiation
dose and the uncertainty. The uncertainty was kept below 5% in all regions of interest by
simulating 5x108 photons in each run. Additionally, two types of DEFs were measured in the
tumor volume: the average dose enhancement factor (ADEF) and the maximum dose
enhancement factor (MDEF). The major difference between the MDEF and ADEF lies mainly in
the latter being heavily affected by the tumor size, as the DEF decreases with depth, reducing the
ADEF [24]. The MDEF and ADEF were calculated in three clinically relevant treatment volumes,
the Gross Tumor Volume (GTV) with 2cm diameter, the Irradiated Tumor Volume (ITV) with
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2.1cm diameter and the Planning Target Volume (PTV) with 2.15cm diameter (see Figure 2) [30].
The calculations of the DEFs were carried out using a MATLAB developed script. The DEF is
estimated by dividing the accumulated dose distribution in the relevant volume in the presence of
NPs by the accumulated dose distribution in the relevant volume without NPs. Binary masks were
used to isolate the regions of interest from the rest of the image. This approach ensures a more
accurate delineation of both the tumor and healthy tissue volumes, where the regions of interest
retain their dose values while the remaining voxels are zeroed and eliminated from MDEF and
ADEF calculations.

GTV

2.00 cm

2.10 cm

A
v

2.15cm

A
v

Figure 2. Areas of dose enhancement measurements surrounding the Gross Tumor Volume (GTV) of 2cm
diameter. Irradiated Tumor Volume (ITV) of 2.1cm diameter and the Planning Target Volume (PTV) of 2.15cm
diameter.

3. Results and Discussion

Figure 3 illustrates the beam arrangement and dose maps for each nanoparticle type. Figure
4 illustrates the dose map from each radiation field individually and the total dose from the
combined beam arrangement. In table 2 the dose enhancement in the GTV is tabulated for each
nanoparticle type and concentration. The increase in ADEF increases from 1% to 3% for bismuth
from 15 mg/gram to 70 mg/gram. For Au this increase is from 0% to 3%, for Pt 0% to 2% and Gd
0% to 1%. Au shows no dose enhancement. There is some localized dose enhancement as shown
by the MDEF values, which show increases up to 10% for Bi at the highest concentrations.
However, to ensure full tumor control, the ADEF is likely to be more clinically relevant.

Table 3 tabulates the ADEF and MDEF values for the 1TV, which encompasses an area
surrounding the tumor where no NPs are embedded. This is an idealized clinical situation
assuming the ideal specificity of uptake within the tumor. For this situation, the increase in ADEF
increases from 0% to 2% for bismuth from 15 mg/gram to 70 mg/gram. For Au this increase is
from 0% to 2%, for Pt 0% to 2% and Gd 0% to 1%. Au again shows no dose enhancement. Again,
there is some localized dose enhancement as shown by the MDEF values, which show increases
up to 10% for Bi at the highest concentrations

Table 4 tabulates the ADEF and MDEF values for the PTV, which encompasses a larger
area surrounding the tumor where no NPs are embedded. Again this is an idealized clinical
situation assuming ideal specificity of uptake within the tumor. For this situation, the increase in
ADEF increases from 1% to 3% for bismuth from 15 mg/gram to 70 mg/gram.
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Figure 3. DEF and DEF;; distribution for different NPs types.
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Figure 3 .(continued). DEF and DEFy; distribution for different NPs types.

For Au this increase is from 0% to 2%, for Pt 0% to 2% and Gd 0% to 1%. Au again shows
no dose enhancement. There is some localized dose enhancement as shown by the MDEF values,
which show increases up to 10% for Bi at the highest concentrations.

The reduction in ADEF for the ITV and PTV cases compared to the GTV is to be expected
given the surrounding volumes with no NPs embedded. The probability of interaction for the
photoelectric effect, Compton Scattering and total interactions with 70 mg/g NPs concentration in
soft tissue are plotted against energy in figures 5, 6 and 7, respectively [31]. Given the typical
spectra from clinical linear accelerators [32], the anticipated dose enhancement is likely to be
relatively low compared to kilovoltage x-ray energies, as demonstrated in the values calculated in

tables 2, 3 and 4.
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Table 2. Dose enhancement in Gross Tumor Volume “GTV” for various nanoparticles type and concentrations.
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Figure 4. Total and primary dose distributions for 70 mg/g AuNPs.
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GTV
Concentration NPs Type MDEFeri ADEFeri MDEFsec ADEFsec MDEF ADEF
(mg/g)

70 Ag 1.26 1.08 1.09 0.99 1.09 1.00
Gd 1.30 1.12 1.08 1.00 1.09 1.01

Pt 1.32 1.16 1.09 1.01 1.09 1.02

Au 1.34 1.17 1.09 1.01 1.10 1.03

Bi 1.34 1.18 1.09 1.01 1.10 1.03

35 Ag 1.26 1.05 1.08 1.00 1.09 1.00
Gd 1.20 1.06 1.08 1.00 1.07 1.01

Pt 1.23 1.07 1.10 1.01 1.08 1.01

Au 1.26 1.08 1.09 1.01 1.10 1.01

Bi 1.25 1.08 1.09 1.01 1.09 1.02

25 Ag 1.21 1.03 1.07 1.00 1.07 1.00
Gd 1.19 1.04 1.08 1.00 1.07 1.00

Pt 1.23 1.06 1.09 1.00 1.08 1.01

Au 1.22 1.06 1.09 1.00 1.10 1.01

Bi 1.23 1.06 1.08 1.01 1.08 1.01

15 Ag 1.24 1.02 1.08 1.00 1.09 1.00
Gd 1.22 1.03 1.08 1.00 1.10 1.00

Pt 1.19 1.04 1.08 1.00 1.08 1.00

Au 1.19 1.04 1.07 1.00 1.07 1.00

Bi 1.2 1.04 1.07 1.00 1.08 1.01

Table 3. Dose enhancement in Irradiated Tumor Volume “ITV” for various nanoparticles type and concentrations.

Concentration

(mg/g)
70

https://biointerfaceresearch.com/

NPs Type

Ag
Gd
Pt

MDEFeri

1.26
1.30
1.32

1TV
ADEFeri

1.07
1.10
1.14

MDEFsec

1.09
1.08
1.09

ADEFsec

0.99
1.00
1.01

MDEF

1.09
1.09
1.09

ADEF

1.00
1.01
1.02
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1TV
Concentration NPs Type MDEFeri ADEFeri MDEFsec ADEFsec MDEF ADEF
(mg/g)

Au 1.34 1.15 1.09 1.01 1.10 1.02

Bi 1.34 1.16 1.09 1.01 1.10 1.03

35 Ag 1.26 1.04 1.08 0.99 1.09 1.00
Gd 1.20 1.05 1.08 1.00 1.07 1.00

Pt 1.23 1.07 1.08 1.00 1.08 1.01

Au 1.26 1.07 1.09 1.01 1.10 1.01

Bi 1.25 1.07 1.08 1.01 1.09 1.01

25 Ag 1.21 1.02 1.07 1.00 1.07 1.00
Gd 1.19 1.04 1.08 1.00 1.07 1.00

Pt 1.23 1.05 1.10 1.00 1.08 1.01

Au 1.22 1.05 1.09 1.00 1.10 1.01

Bi 1.23 1.06 1.08 1.00 1.08 1.01

15 Ag 1.24 1.02 1.08 1.00 1.09 1.00
Gd 1.22 1.03 1.09 1.00 11 1.00

Pt 1.19 1.03 1.08 1.00 1.08 1.00

Au 1.19 1.03 1.07 1.00 1.07 1.00

Bi 1.20 1.04 1.07 1.00 1.08 1.01

Table 4. Dose enhancement in Planning Target Volume “PTV” for various nanoparticles type and concentrations.

PTV
Concentration (mg/g) NPs Type MDEFeri ADEFeri MDEFsec ADEFsec MDEF ADEF
70 Ag 1.26 1.06 1.09 0.99 1.09 1.00
Gd 1.30 1.09 1.08 1.00 1.09 1.01
Pt 1.32 1.13 1.09 1.01 1.09 1.02
Au 1.34 1.13 1.09 1.01 1.10 1.02
Bi 1.34 1.14 1.09 1.01 1.10 1.02
35 Ag 1.26 1.04 1.08 1.00 1.09 1.00
Gd 1.20 1.04 1.08 1.00 1.07 1.00
Pt 1.23 1.06 1.08 1.00 1.08 1.01
Au 1.26 1.06 1.09 1.00 1.10 1.01
Bi 1.25 1.07 1.09 1.00 1.08 1.01
25 Ag 1.21 1.02 1.07 1.00 1.07 1.00
Gd 1.19 1.03 1.08 1.00 1.07 1.00
Pt 1.23 1.05 1.10 1.00 1.08 1.01
Au 1.22 1.05 1.09 1.00 1.10 1.01
Bi 1.23 1.05 1.08 1.01 1.08 1.01
15 Ag 1.24 1.02 1.08 1.00 1.09 1.00
Gd 1.22 1.02 1.09 1.00 1.10 1.00
Pt 1.19 1.03 1.08 1.00 1.08 1.00
Au 1.19 1.03 1.07 1.00 1.07 1.00
Bi 1.20 1.03 10.7 1.00 1.08 1.00
0.18
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Figure 5. Probability of interaction for photoelectric effect with 70 mg/g NPs in soft tissue (Source: NIST).
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Figure 6. Probability of interaction for Compton scattering with 70 mg/g NPs in soft tissue (Source: NIST).
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Figure 7. Total probability of interaction with 70 mg/g NPs in soft tissue (Source: NIST).

4. Conclusions

This study has employed a digital phantom created from a CT scan of a patient’s head. It
has then employed GATE Monte Carlo modeling of a linear accelerator of nominal 6 MV energy
to simulate an irradiation geometry for a typical tumor volume situated centrally within the head
and neck region. Although simplistic in arrangement, this setup was considered appropriate in
order to demonstrate the dose enhancements that may be expected for external beam megavoltage
radiation therapy for nanoparticles of different elemental composition and concentration. Ag, Gd,
Pt, Au and Bi were modeled in concentrations varying from 15 mg NP / gram tissue to 70 mg NP
/ gram tissue. The maximum ADEF dose enhancement to the GTV observed was 3 % for 70 mg
NP / gram tissue of Bi. Such a dose enhancement is likely to have limited clinical significance.
Therefore, this work demonstrates the limited dose enhancement expected for megavoltage
external beam radiotherapy from nanoparticles. Therefore, for NPs to be clinically effective with
megavoltage external beam radiotherapy, synergistic chemical or biological effects would also
need to play a part.
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