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Selective internal radiation therapy using an °°Y labelled microsphere is increasingly used to
treat hepatocellular carcinoma. Based on its properties, °°Y can produce bremsstrahlung radi-
ation which is essential for post-treatment localisation and dosimetry. However, bremsstrah-
lung radiation could lead to an increase of radiation exposure of radiation workers. The aim
of this work was to determine the °°Y bremsstrahlung radiation produced from the
polymethyl methacrylate radiation shielding apparatus using the Monte Carlo simulation. A
scintillation detector with a 137Cs standard source was used to validate the Monte Carlo simu-
lation. After validation, the °°Y bremsstrahlung photons spectrum produced from the radia-
tion shielding apparatus was simulated. The radiation equivalent dose rates to the head, neck,
body, lower extremities at a distance of 30 centimeters, and finger (contact with the knob)
were estimated tobe 4.9 +0.6,6.2£0.1,18.9+0.4,13.1 £ 0.6, and 3900 + 50 uSvh-1, respec-
tively. The corresponding annual doses exceeded the limit when radiation workers performed
2631, 1563, 769, and 515 cases per year with contact the knob 3, 5, 10, and 15 minutes per
case, respectively. The simulation result showed that radiation exposure of radiation workers
and the number of selective internal radiation therapy procedures performed should be con-
sidered.
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INTRODUCTION

Selective internal radiation therapy (SIRT) using the
Y labelled microsphere is increasingly used to treat
hepatocellular carcinoma (HCC) and metastatic hepatic
tumours. Nowadays, two types of microspheres are avail-
able for clinical practices: Y labelled glass-microspheres
(TheraSphere; MDS Nordion, Ottawa, Canada) and *°Y
labelled resin microspheres (SIR-sphere; SIRTEX, Syd-
ney, Australia) [1-3].

Practically, *°Y is a high energy beta particle
emitter with the maximum beta energy of 2.27 MeV
and average energy of 0.93 MeV. Based on its radiat-
ing properties, *°Y can generate bremsstrahlung radia-
tion which is essential for post- treatment localisation
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and dosimetry [4, 5]. The *°Y bremsstrahlung radia-
tion is produced as a broad spectrum ranging from zero
to the maximum beta energy it is emitting. The radia-
tion yield of bremsstrahlung is dependent on the beta
energy and the atomic number of the interacting mate-
rial. Thus, the low atomic number material is typically
chosen for shielding of *°Y to reduce the bremsstrah-
lung photons production [6, 7].

For the °°Y SIRT procedure, the treatment re-
quires processing by an intervention radiologist, radi-
ation technologist and nurse. The °°Y microsphere
manufacturer recommends indirectly handling the
radiotracer by using the radiation shielding apparatus
produced from polymethyl methacrylate (PMMA)
also known as acrylic. However, many studies have re-
ported that bremsstrahlung radiation can still be pro-
duced from the low atomic number materials while
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performing the °°Y SIRT procedure [6, 8-11]. This
might lead to an increase of radiation exposure of radi-
ation workers to *°Y SIRT.

In several studies, shielding properties and brems-
strahlung radiation produced from shielding materials
were investigated by using different Monte Carlo simu-
lations such as GEANT4 and MCNP (Monte Carlo
N-Particle) [6, 12]. Boukhris et al used the GEANT4
code to study the radiation shielding properties of
tellurite-lead-tungsten glasses for gamma and beta radia-
tion [12]. Furthermore, the MCNP were used by many
research groups for designing novel shielding materials
for photons and neutrons [13, 14].

The primary aim of this work was to determine
the extent of the °°Y bremsstrahlung radiation pro-
duced from the PMMA radiation shielding apparatus.
In addition, the radiation safety aspect of *°Y SIRT
was investigated by the Monte Carlo simulation.

MATERIALS AND METHODS
Monte Carlo simulation with MCNP

The MCNP5, Monte Carlo N-Particle 5, is a
three-dimensional computational transport code that
can be used practically for all particles and all energies
[15]. Applications for the code are quite board, includ-
ing detector design, radiation dosimetry and radiation
safety. In this work, MCNPS5 is relied on to simulate
Y bremsstrahlung radiation produced from the
shielding apparatus through the user-defined geome-
try and material compositions. The MCNP is set up in
the photon and electron mode with default physics pa-
rameters to enable MCNP to track down all source
electrons and photons produced from subsequent
bremsstrahlung radiation. The discrete energy spec-
trum of the electrons source defined in the MCNP sim-
ulation was based on beta decay of °°Y that is com-
posed of 92.4 keV (0.0000014 %), 518.0 keV (0.017
%) and 2278.7keV (99.983 %) [16]. Both photons and
electrons were simulated and followed when their en-
ergies were above 1 keV. The ENDF/B-IV library is
used for all atomic and cross section data [17]. Several
tally options are available in the MCNPS5. The F8 tally
was used in this study because it provides the brems-
strahlung energy distribution with the pulse unit [18].
Relative errors of MCNPS5 results in this work were
limited within 10 % by sufficiently increasing the
numbers of simulating particles.

The MCNP validation with
experimental measurement

The MCNP is so versatile that it provides a the
user with an ability to capture effects from energy
broadening and to describe the full width at half maxi-

mum (FWHM) of the detector through specifying sev-
eral parameters in the Gaussian energy broadening
(GEB) and special treatment for tallies of FT input
cards, respectively. The GEB option was used to simu-
late a physical radiation detector which is broadening
the tallies energy into Gaussian distribution.

E-E, )2

f(E)=Ce7[ 4 (1)

where E, E;, C, and A are the broadened energy,
unbroadened energy of the tally, normalization con-
stant and Gaussian width. The latter parameter is re-
lated to the full FWHM that the desired FWHM is
specified by the user-provided constants, a, b, and ¢ as
illustrated in eq. (2) [19]

FWHM =a+ bV E + cE* ()

where E is the photon energy in MeV. In this study,
three gamma sources (**' Am, *’Cs, and *’Co) were
used to obtain the FWHM data for determining a, b,
and ¢ parameters [ 19]. For our work, the constants a, b,
and ¢ used in equations were —9.978-10° MeV,
8.9944-10° MeV'?, and —3.87858-107", respectively.

In order to obtain appropriate parameters for
MCNP to subsequently provide reliable assessments
on the equivalent dose rates (EDR) on the medical
staff, MCNP must be validated against experimental
measurements. The experimental setup had a 2-inch x
2-inch thallium-doped sodium iodide (Nal(T1)) scin-
tillation detector (Mirion Technologies Inc., Califor-
nia, USA) placed in front of a '¥’Cs standard point
source fig. 1.

The detector was previously calibrated before
performing all measurements. The MCNP5 input for
the Nal(T1) scintillation detector including the crystal,

Figure 1. Experimental set-up of the scintillation
detector with the *’Cs standard source
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Figure 2. The MCNP5 geometry of '*’Cs measured with
the Nal(TI) detector for code simulation

housing and photomultiplier tube (obtained from the
manufacturer specification), '*’Cs point source and
the related geometry were created to resemble the ex-
periment fig. 2.

An acceptable difference between the MCNP re-
sult and its associated experimental measurement (i. e.
corresponding simulated and experimental count
rates) is defined to be 2 % or less, therefore, the param-
eters must be adjusted in a number of MCNP runs dur-
ing the validation process until an acceptable differ-
ence is acquired [20].

Simulation of the *’Y bremsstrahlung photons
spectrum and safety aspect in the treatment
procedure

After a successful MCNPS5 validation, the
PMMA shielding apparatus used in SIRT was simu-
lated together with the PMMA vial similar as in a clini-
cal setting. The *°Y bremsstrahlung photons spectrum
produced from the radiation shielding apparatus with
the Nal(Tl) detector was simulated fig. 3.

To estimate the safety aspects for radiation workers
during SIRT, the 3 GBq activity was simulated. This se-
lected activity was based on the maximum activity ac-
cording to the empiric planning of the *°Y resin
microsphere [21]. The simulation was based on the Y
source placed in the radiation shielding apparatus and
then positioned at a 30 cm distance from the simplified
geometry phantom model (from the information given in
the ICRP (International Commission on Radiological
Protection) publication 89 on the basic anatomical and
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Figure 3. The MCNPS5 geometry (midplane of the side
view) of *’Y with the radiation shielding apparatus with
the Nal(T1) detector
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Figure 4. Simplified geometry model of the clinical SIRT
condition using data given in the ICRP publication 89 fig.
4(a), the reference phantom positioned at 30 cm from the
radiation shielding apparatus fig. 4(b), and the finger
model on the knob fig. 4(c)

physiological data for use in radiological protection: ref-
erence values) [22]. The simulated reference phantom
was a homogeneous tissue equivalent material (MS20)
with a density of 1.00 gem™. The finger equivalent dose
was simulated when the finger model (diameter of 1 cm.
and length of 5 cm) made contact with the knob of the ap-
paratus fig. 4.

The EDR to the head, neck, body, and lower ex-
tremity from bremsstrahlung radiation produced from
the PMMA radiation shielding apparatus with the sim-
plified geometry model were simulated in the Monte
Carlo simulations. The EDR is calculated by multiply-
ing the tally particle fluence with the photons flux to
the dose rate conversion factor from the ICRP publica-
tion 21 and the source activity [23].

RESULTS AND DISCUSSIONS

The Nal(TI) scintillation detector with the '37Cs
standard source was used to validate the MCNP5 code.
The GEB option was applied to better simulate a phys-
ical radiation detector in which the energy peak exhib-
its GEB.

Figure 5 shows the count rates obtained from the
experimental Nal(T1) detector and the MCNP simula-
tion with GEB treatment. The total count rates and
simulated count rates were aligned in good agreement
with a difference of 0.14 %. The '37Cs standard source
has been chosen to verify the Monte Carlo simulations
compared with the radiation detector measurement in
anumber of studies due to its wide used to calibrate the
Nal(T1) scintillation detector [24, 25].

In fig. 6 illustrates the simulated spectrum of the
Y bremsstrahlung radiation with the PMMA radiation
shielding apparatus. The spectrum showed a continuous
and broad photon spectrum with a peak at 40 keV. Our
finding was in line with the previous result which per-
formed the Monte Carlo simulation (MCNP6) of the
PSr/2%Y source with Plexiglas (another trade name of
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Figure 5. The *’Cs count rates obtained from the
experimental measurement with the Nal(T1) detector and
MCNP simulation with GEB; cps — counts per second
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Figure 6. Simulated spectrum of the °"Y bremsstrahlung
radiation with the PMMA radiation shielding appara-
tus; cps — counts per second

PMMA) [20]. The reported peak from the previous study
was at 38 keV in the case of Plexiglas. This study also in-
dicated that the production of bremsstrahlung radiation
from Plexiglas shielding of *°Sr/*°Y was much greater
than bremsstrahlung radiation that was produced by **P
and 3°Sr. Hence, the bremsstrahlung radiation dose re-
sulting from the usage of Y for SIRT should be consid-
ered. Also, there is room for improvement on the materi-
als for *°Y shielding, for example barium borate glasses
shielding [14, 26].

To obtain further information on the radiation
safety aspect, the EDR to head, neck, body, and lower
extremities to the radiation worker using the simplified
geometry model using data given in the ICRP publica-
tion 89 was simulated with the *°Y activity of 3 GBq, at
a distance of 30 cm. Consequently, the finger dose was
simulated based on the assumption that the intervention
radiologist's finger is connected to the knob of the radia-
tion shielding apparatus. The EDR are tabulated in tab.
1.

Table 1. The EDR (Mean + SD) to the radiation worker
using the simplified geometry model at a distance of 30 cm.

from the PMMA shielding apparatus and finger EDR

(connected) to the knob)

Organ

EDR [puSvh]

Head

49+0.6

Neck

6.2+0.1

Body

189+04

Lower extremity

13.1£0.6

Finger

3900 + 50

The maximum EDR was at the finger (3900 + 50
uSvh™), which touched the knob. According to the 500
mSv ICRP finger dose limit of the radiation worker, the
calculated EDR limited the SIRT to 128 patients per
year assuming that the radiation worker's procedure
lasted 1 hour performed 1 hour per procedure [27].
However, the knob contact time was much lower in the
clinical routine. The contact times of 3, 5, 10, and 15
minutes resulted in the equivalent finger doses of 0.19,
0.32, 0.65, and 0.97 mSv per procedure, respectively.
These were correlated to 2631, 1563, 769, and 515
cases per year, respectively. The EDR obtained from
MC simulations can be reduced in practice by decreas-
ing the contact time.

The study of Mrdja, D., et al. [10] evaluated the
finger dose from 1-3 GBq of *°Y bremsstrahlung radi-
ation received by the medical staff using Geant4 simu-
lation. The finger dose of 5 mSv (for 10 minutes per
procedure) was given which was estimated to 100
cases per year to reach the annual equivalent finger
dose limit. The simulated finger equivalent dose from
this study was higher than our results. Nevertheless,
this further means that the annual finger dose should
be taken into account for the SIRT procedure even
when the *°Y is well placed in the radiation shielding
apparatus. Apart from the finger EDR estimation, our
simulation was calculated the body EDR of 18.9 £ 0.4
uSvh! for 3 GBq. Mrdja et al also reported the dose
rate of 20 uSvh™! for similar activity of *°Y placed
within shielding. It is important to note that the incon-
sistency in the finger dose might come from the dis-
similarity of the finger model in the simulation, shield-
ing material and simulation code.

CONCLUSION

This work demonstrated that *°Y bremsstrah-
lung radiation can be produced from the PMMA radia-
tion shielding apparatus. Monte Carlo with MCNPS5
can be used as a tool for evaluation of the radiation
safety aspect from bremsstrahlung photons in the
SIRT procedure. Prior to simulation, the MCNP5 code
was validated with the '3’Cs standard source and
Nal(TI) scintillation detector. The GEB was applied
by using parameters from three gamma sources. The
difference between simulation and experiment was
well accepted.



C. Jumpee, et al.: Radiation Safety Aspects of *°Y Bremsstrahlung Radiation ...
Nuclear Technology & Radiation Protection: Year 2021, Vol. 36, No. 3, pp. 255-260 259

From the radiation safety aspect, the simulation re-
sult showed that the EDR to head, neck, body, and lower
extremities to the radiation worker using a simplified ge-
ometry model using data given in the ICRP publication
89 was simulated with *°Y activity of 3 GBq, ata distance
of 30 cm. The body EDR for the radiation worker was
much lower than the whole-body annual dose limit.
However, the finger EDR can possibly reach the annual
dose limit when the radiation worker performed 2631,
1563, 769, and 515 cases per year with contact with the
knob 3, 5, 10, and 15 minutes per case, respectively.
Based on our findings, the finger EDR can be reduced in
practice by decreasing the contact time. Future work with
regard to the additional protective equipment for the
SIRT procedure e. g., novel material for the shielding ap-
paratus should be examined.
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Yajanut ITYMIIN, Yanakaps OHOMU, Ilyrunopn YAPEHIIYH,
IMunar IPYKCAPOITAHAKYH, Kpucanat YYAMCAMAPKE

ACIHEKTH BE3BEJHOCTHM OJI 3AKOYHOT 3PAYEIHLA Y IIPOU3BEJIEHOT
O] ATIAPATA 3A 3AHITATY O] 3PAYEIHA, IPOLEBEHU
MOHTE KAPJIO CUMYJIALINIOM

CeseKTUBHA MHTEPHA Tepanuja 3padeweM Kopuithem Mukpocgepe obenexene Y cpe puie
CE KOPHCTH 3a JIEUYEHE XEMaTOleNyIapHOT Kapiuaoma. Ha ocHoBy ocobuna 'Y Moxe ce mpou3BecTH
3aKOYHO 3paveme KOje je HEOMXOJHO 3a JIOKaNu3alldjy W JAO3MMETPHUjy HaKOH TpeTMmaHa. MebyTtum,
3aKOYHO 3pavdeHe MOXKe JJOBECTH JIO ITIOBEUaHha N3TI0KEHOCTH pajidjalfju mpodecrnoHarHor ocobba. Lnrb
oBOT paja je na ce nomohy Moure Kapno cumynanuje yTBpan 3aKOYHO 3padeke 'Y MPOU3BENEHO U3
NOJIMMETUII METaKpujlaTa amapara 3a 3allTUTy off 3pauewa. 3a nmorBpay Monte Kapno cumynanuje
KopuITheH je CUHTUIAIMOHH IeTEKTOP ca cTaHapaHuM u3BopoM 3’Cs. HakoH Banupanuje, CUMyJIMpPaH je
cekTpyM porona 'Y 3aKk0uHOr 3pauema IPON3BE/IEH M3 allapaTa 3a 3alITUTY Ofl 3paucka. EKBUBaeHTHE
I03¢e 3payera 3a IJaBy, BpaT, TElO, JOke eKCTPEeMHUTETe Ha yaalbeHocTH off 30 meHTUMeTapa M MpCT
(KOHTaKT ca IyrMeToM) mpoluemeHe cy Ha 4,9 + 0,6, 6,2 + 0,1, 18,9 + 0,4, 13,1 + 0. u 3900 + 50 uSvh!,
pecniektuBHO. OnroBapajyhe ropuime o3€ MpemMalilyjy A03BOJbEHY TPAHUIly Kaja pafijaliioHo 0Cco0Ibe
06aBu 2631, 1563, 769 u 515 ciiyyajeBa rofuiiibe ca KOHTAKTOM Ha gyrme 3, 5, 10, u 15 MuHyTa 110 city4ajy.
PesyaTar cumynanumje mokasao je ma Tpeba y3eTu y 003Up M3IOKEHOCT PaijalliOHUX paHUKA U Opoj
U3BEJICHUX CEJICKTUBHUX MHTEPHUX TEPAIUjCKUX MpoLeaypa.

Knyune peun: Monitie Kapao, SIRT, Y, 3axouno 3pauerse, padujayuona cuzypHocit, jaduna
eK6UBaNeHIlIHe 003€ 3paderba



