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Abstract

19pd seed is being used for prostate brachytheragglitidnally, the dose enhancement effect of goldoparticles
(GNP) has been reported in previous studies. Timeddithis study was to characterize the dosimetdfiect of gold
nanoparticles in brachytherapy with®Pd source. Two brachytherapy seeds including 103dRdce was simulated
using MCNPX Monte Carlo code. The seeds’ modelewatidated by comparing the MC with reported rissurhen,
GNPs (10 nm in diameter) with a concentration ofg7&u/g were simulated uniformly inside the prostafea
humanoid computational phantom. Additionally, tlesel enhancement factor (DEF) of nanoparticles whsikated for
both modeled brachytherapy seeds. A good agreemastfound between the MC calculated and the regorte
dosimetric parameters. For both seeds, an averdgeé &f 23% was obtained in tumor volume for prostate
brachytherapy. The application of GNPs in conjuretivith “Pd seed in brachytherapy can enhance the delivered
dose to the tumor and consequently leads to keti@ment outcome.
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Introduction seeds, dose distributions of both source types rhadmal
anisotropy in comparison to conventioh&Pd seeds [3].

193pd seeds are the highly used radioactive sourqei@dpn
brachytherapy of prostate cancer. These source$ lemi
energy photons which make them preferred candidfies
brachytherapy of prostate cancer. These sourcegdera high
dose region inside the tumor volume, while theyvgela very
small amount of radiation dose to the critical pkéral organs
such as bladder and rectum.

There are enormous studies on the dose enhancefifiecit
of gold nanoparticles (GNP) in radiation therapythwi
radioactive sourcepd-7]. It indicates the strong interest of
researchers worldwide to use the brachytherapycesuwith
nanoparticles inside a tumor to improve the treatnoeitcome
[8-12]. In fact, radiation dose enhancement of GMNR=mMs
from higher probability of interaction of radiatiavith the gold
atoms. In other words, the probability of phototiec
interaction which is dependent on the atomic numbiem
material increases significantly for gold atoms. ugh
production of the photoelectrons which depositrtiesiergy in
short distances relative to gold atoms causes hehigose
delivery to the medium containing a sufficient ambof GNPs
[13-19]. Also, in microscopic studies, it was shoavhigh dose
gradient region with a fewm distance around the GNPs which

Brachytherapy plays a crucial role in the treatnafnprostate
cancer. Different radioactive sources are empldyedeliver
the prescribed dose properly to the prostate amekbriathe
received dose to normal surrounding tissues. Homyete
studies on the optimization of the treatment metlaa
enhancing the treatment outcome are still conductemt
example, Yang and Wang treated twenty patients pidistate
cancer and used different sources includitigs, **Pd, and

129 seeds. Finally, they preferref'Cs because less seed
needed [1]. Ververs J et al. conducted a comparatiudy in
prostate brachytherapy witfi*Pd. They concluded that based
on clinical scenarios, planning with the CivaStrisgurce
significantly reduced the number of required negdhehile
delivering similar dose distributions to the prostaurethra,
and rectum. Planning was dramatically simplifiednda
optimization was replaced by simple guidelines thikdwed

the creation of higlguality treatment plans within minutes [2].
Rivard et al. studied’®d seeds usage to the prostate gland
cancer and calculated in detail the dosimetric patars of a
model of**Pd seeds for prostate brachytherapy. They studied
the new designed CivaString and CivaThin sources in
comparison to the encapsulaf8tPd sources. In their designed
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results in enhanced absorbed dose in the targandig-20].
GNPs and other nanoparticles have been studiedthfar
potential dose enhancement effect in brachythefapy23]. In
Monte Carlo (MC) studies, a newly fabricat®d®Pd source was
investigated for its dosimetric property for apption in
brachytherapy of prostate cancer [24-ZBhey confirmed its
dosimetric suitability for brachytherapy of prostatancer.
However, the dose enhancement factor of GNPs Withrtew
source of'Pd and the other clinically used seed'sFf have
not been studied. It is worth to estimate theiredeshancement
effect in the treatment of GNP-loaded prostate tumo

The aim of this study was to characterize the rdesic
properties of two newly produced radioactive seiedtiding
the IR012°%Pd source for application in prostate brachytherapy
Also, the dose enhancement of these seeds in agigarwith
GNPs was evaluated for prostate brachytherapy.

Materials and Methods

In the current study, the MCNPX MC (ver.2.7.0) cades
Alamos National Laboratory) was employed for MC
simulations. InFigure 1, the simulated IR01%®°Pd seed was
schematically shown. Four resin beads with a diameft 0.06
cm containing the radioactiVv8®Pd were used to construct the
seed with a length of 0.45 cm length. Moreoverylindrical
copper cell with 0.15 cm length was located ataeter of the
seed. The composition of resin beads (density b4 d/cn)
was made of Hydrogen (8%), Carbon (90%), Nitrog28%),
Chlorine (0.7%) and Pd (1%). The radiation spectnirtf*Pd
and cross-section of TG43U1 publication were usedsdurce
definition in the MC model [29]. Th¥*Pd seed had an average
energy of 21 keV for photons, the half-life of 1B6@ays.
According to the updated AAPM Task group report M8,
dosimetric characteristics of the both simulatecedseas
brachytherapy sources such as dose rate constgoGy h*
U™, geometry function, radial dose function and amispy
function calculated were estimated using MC mett3@j. For
dose calculations around sources, a water phantdm av
dimension of 10x10x10 chmand a seed in its center were
modeled Figure 2). In order to score dose deposition around
the seed, the lattice card was used and the whtertgm was
divided into some voxels with a dimension of 2x2w@?. The
dose deposition was scored using tally *F8 whicltudates
the energy in terms of MeV per initial photon irckascoring
cell. All dosimetric data were extracted from dalstribution
data around the seed.

For dose enhancement calculations, a seed wadasatiun
the center of the prostate gland of Korean man coatipnal
phantom. Additionally, a concentration of 7 mg AUENPs
(diameter = 10 nm) was uniformly simulated in theogtate
gland tissue using lattice and universe card pt@®erin
MCNPX code. All the MC calculated doses were retatnd
for absolute dose calculations, a prescribed db$d®Gy was
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Figure 1. MC simulated IR011%%Pd brachytherapy seed.
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Figure 2. The schematic representation of geometrysed for dose
scoring around the °Pd seed. The lattice card of MCNPX code
was used to produce 2x2x2 minvoxels around the seed.

considered for the cancerous prostate. The irdtigke rate of a
19.7 cGy-H also was considered in the calculations. In
addition to the dose calculation for prostate, tneerage
received dose for bladder and rectum was also leddcliand
two cases of with and without GNP-loaded prostatrew
considered.

A humanoid computational phantom named as Korean m
or (KTMAN-2) was utilized to simulate the seed
implementation inside the prostate gland and organssks
(Figure 3). This phantom contains 29 organs and 19 skeletal
regions. It was produced from cross-sectional xgamputed
tomography images. It is made of 300x150%344 vowdtls a
spatial resolution of 2x2x5 cimThe anatomic properties of an
average Korean man with a height of 171 cm and ightvef
70 kg have been considered in the structure of this
computational phantom. For dose enhancement ctitmsa
the voxels of the prostate gland were filled withl% using
Lattice card in MCNPX code. The dose calculationsrav
performed for voxels of prostate gland includingteases of
with and without GNPs.
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Figure 3a. The lateral view of Korean man computationa
phantom plotted using MCNPX code and plot from Koren man
voxel phantom (KTMAN-2). The densities of bladder, postate,
and rectal wall were considered 1.023, 1.025, and013 g/cni
respectively.

Results and Discussion

Dose rate constant, geometry and radial dose furtivere
calculated for the simulated seed. It was tabulatefiable 1.
Comparing our study results with the other publishesults
confirmed the accuracy of the simulated model farsed
calculations. In the absence of GNPs, the prosiatihe target
organ absorbed 28.34 mSv’CRectum, bladder, and urethra
received dose were as small as 0.03 mSY-@i02 mSv- Ct,
and 0.01 mSv-Ci respectively. According to the dose
calculations, the ratios of target organ dose ®tladder and
rectum were around 9.44 x4@nd 4.72 x 10 The obtained
doses and ratios show that application ‘5Pd seeds for
prostate brachytherapy is a suitable and safe rdetho
concerning the peripheral organs. Using GNPs in a
concentration of 7 mg Au/g changed the calculateded
considerably and the prostate dose enhanced uB%o REF
was also calculated for a distance of 1 to 30 ponrat a single
GNP. The results are shown lrgure 4. Calculated DEF in
the first um in the vicinity of a single GNP was%8and
dropped to 5% in 30 um from the GNP. The averagé DE
the presence of all GNPs was approximately 23%.s Thi
phenomenon showed a high dose gradient in theityicf the
GNPs which can kill the cancer cell effectivelythre site. In
Table 1, the calculated dosimetric parameters of the sited|
source were described. In the case of dose ratstardn the
difference between our results and TLD measurerfenthe
same model source was 24%. This higher differendd w
measurement can be attributed to the measuremaditicms
such as the medium in which the results were obthi®ur
calculation was performed in a humanoid phantom #&d
densities of bladder, prostate, and rectal wallenansidered
1.023, 1.025, and 1.013 g/énmrespectively, while in the
measurement study the perspex phantom with a gerfsit.08
g/cnt was used.
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Figure 3b. The view of Korean mar
computational phantom plotted using MCNPX code andplot
from Korean man voxel phantom (KTMAN-2). The densities o
bladder, prostate, and rectal wall were considered 1.023, (25,
and 1.013 g/cmrespectively. B: bladder and rectum were show
as organs at risk and P: prostate is source loadddrget organ.
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Figure 4. MC-derived dose enhancement factor aroun@ single
GNP.

Table 1. Dose rate constantA (cGy-h'-U?Y) calculated by MC
simulation in this study and comparison with the eperimental
works. Our MC simulation result difference with TLD
measurement: 24%. Our MC simulation result differerce with
MC simulation: 3%.

Study Dose rate constantA

cGy-ht-u?
Our MC calculation in the humanoid phantom 0.66B01
TLD dosimetry in Perspex [34] 0.83 +0.05
MC simulation in Liquid water [34] 0.69 +0.05
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Geometric parameters were calculated different iadiuding
r=0.25cm, 0.5cm, and 5cm. our results weregood
agreement with the reported measured values ofaRaisal.
[31]. Our simulations were performed at 15°, 3®5,40°, and
90° angles. The results were tabulatedTable 2. It can be
seen that a very small difference exists betweenreported
normalized geometry function and the other simieork
[22,25,28,30,31]. Additionally, radial dose functiowas
tabulated inTable 3 which includes TLD measured and MC-
derived values for the same source'®Pd. Furthermore, the
anisotropy factor for the simulated brachytherapgds was
obtained and compared with reported valueJable 4. Our
results were compared with the MC study of Raistlal. the
[31]. There was a close agreement between ourtsesnd
their reported values.

In the case of DEF of GNPs in the brachytherapmes
paper has been published [35,37-42]. The studiew shat for
low energy sources, DEF of nanoparticles is highan high
energy sources. It may be attributed to this fdwt tthe
photoelectric phenomenon is dominant in low enargied also
photoelectrons produced from low energy photon®siepheir
energy in short range from the production site.d$ing the
dose distribution around a single GNP showed a diianDEF
in a few um distance from the GNP which createsoased
inhomogeneity inside target region as well as higlad killing
effect in the vicinity of GNPs.

Conclusion

We concluded that using the GNPs and low energl-tigse
rate’®Pd leads to significant DEF in brachytherapy ofspate
cancer. Furthermore, a maximum dose enhancemeA8%f
plus dramatic dose gradient in micro-scale werendoin the
vicinity of GNPs which can cause higher cells kiffect in
tumoral tissue compared to the conventional treatméthout
using GNPs. Our study showedPd with GNPs can be
considered as an applicable choice for prostatehiptherapy.
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