Cancer/Radiothérapie 24 (2020) 128-134

Disponible en ligne sur Elsevier Masson France
ScienceDirect EM
www.sciencedirect.com www.em-consulte.com

Original article

Monte Carlo dose calculations of shielding disks with different
material combinations in intraoperative electron radiation therapy
(IOERT)

Calculs de dose de Monte-Carlo des disques de blindage avec différentes
combinaisons de matériaux en radiothérapie électronique peropératoire

Check for
updates

H. Alhamada®"-*, S. Simon®?, C. Philippson®, C. Vandekerkhove®, Y. Jourani®, N. Pauly ",
D. Van Gestel®, N. Reynaert”

2 Nuclear Metrology, école polytechnique, université Libre de Bruxelles, Bruxelles, Belgium
b Radiothérapy Department, institut Jules-Bordet, Bruxelles, Belgium

ARTICLE INFO ABSTRACT
Artic{e history: Purpose. - Shielding disks play an important role in intraoperative electron radiation therapy, and differ-
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Materials and Methods. - This paper focuses on the study of four shielding disks types that have been
used in our clinic: Aluminum (Al)/Lead (Pb), PMMA/Copper(Cu)/PMMA, Aluminum (Al)/Copper (Cu) and
Monte Carlo (MC) Aluminum (Al)/Steel with their specific thicknesses. The theoretical study was conducted with the EGSnrc
. . Monte Carlo (MC) code. On the other hand, the measurements were carried out with gafchromic films
Intraoperative electron radiation therapy A . .. . .
(IORT) f(?r the four shielding disks for the same setup inside the water phantf)rn. Fma?ly, a comparison of the
simulated and measured PDD curves was performed for the four material combinations.
Results. — MC simulation and gafchromic measurements illustrated that dose values under the four
shielding disks types were close to 0, whereas the backscattering enhancement of the disks were 103%
with Al/Pb shielding disk, 102% with Al/Steel shielding disk, 102% with Al/Cu shielding disk, 95% with
PMMA/Cu/PMMA shielding disk. The PDDs values of the gafchromic films in front of the disks were: 107%,
105%, 104%, and 94% for the Al/Pb, Al/Steel, Al/Cu, and PMMA/Cu/PMMA disks respectively.
Conclusions. — The dose values above and under the shielding disks were acceptable for the four studied
shielding types. Demonstrated it is possible to use any of them clinically, while the best shielding disk
was the Al/Pb since it has minimum thickness and a small backscatter enhancement.
© 2020 Société francaise de radiothérapie oncologique (SFRO). Published by Elsevier Masson SAS. All
rights reserved.
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RESUME
Mots clés : Objectif de I'étude. — Les disques de protection jouent un role important dans la radiothérapie peropéra-
Monte-Carlo toire. Différents modéles de ces disques sont actuellement utilisés en clinique. Cet article étudie I'impact
Radiothérapie peropératoire par €lectrons dosimétrique du disque de blindage utilisé lors de la radiothérapie électronique peropératoire.

Matériels et méthodes. - Quatre types de disques de blindage utilisés dans notre clinique ont été étudiés :
aluminium (Al)/plomb (Pb), PMMA/cuivre (Cu)/PMMA, Al/Cu et Al/acier avec leurs épaisseurs spécifiques.
L’étude théorique a été réalisée avec le code EGSnrc Monte-Carlo. Les mesures ont été effectuées avec des
films gafchromiques pour les quatre disques de blindage, cela pour une méme configuration a I'intérieur
du fantdome d’eau. Enfin, une comparaison des courbes PDD simulées et mesurées a été effectuée pour
les quatre combinaisons de matériaux.
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Résultats. — La simulation Monte-Carlo et les mesures par film gafchromiques ont montré que les valeurs
de dose sous les quatre types de disques de blindage étaient proches de 0, alors que la rétrodiffusion des
disques était de 103 % en utilisant le disque de blindage Al/Pb, de 102 % en utilisant le disque de blindage
Al/acier, de 102 % en utilisant le disque de blindage Al/Cu et de 95 % en utilisant le disque de blindage
PMMA/Cu/PMMA. Les valeurs de PDD des films gafchromiques situés devant les disques étaient de 107 %,
105 %, 104 % et 94 % et respectivement pour les disques Al/Pb, Al/acier, Al/Cu et PMMA/Cu/PMMA.
Conclusions. — Les valeurs de dose au-dessus et sous les disques de protection étaient acceptables pour
les quatre types de protection étudiés. Cela démontre qu'’il est possible d’utiliser n’'importe lequel d’entre
eux pour la routine clinique. Le meilleur choix de blindage est cependant I'alliage Al/Pb, car il posséde une
épaisseur minimale et une faible amélioration de la rétrodiffusion.

© 2020 Société francaise de radiothérapie oncologique (SFRO). Publié par Elsevier Masson SAS. Tous

droits réservés.

1. Introduction

Intraoperative radiation therapy (IOERT) is a radiotherapy tech-
nique performed inside the operation room during surgery. Its goal
is to deliver a high dose (10-20 Gy) directly to the tumor bed or to
the residual tumor in a single session [1].

IOERT technique has many advantages:

e direct visual control of the treated volume;

¢ possibility of keeping healthy tissues away from high dose areas
[2];

e short treatment time, and;

e delivery of a high dose to the tumor bed, where microscopic can-
cer infiltration may be present after tumor removal, in order to
decrease the local tumor recurrence risk [3].

Breast cancer treated with an IOERT boost dose or with a
full dose, therefore replacing external radiotherapy, is currently
reported to be the main IOERT procedure [4,5]. Unfortunately,
treatment planning based on the real patient anatomy during the
surgery is still an issue and the treatment parameters (applicator
size and type, beam energy, bolus thickness, monitor units) have
to be determined and computed inside the operating room. During
the IOERT of the breast, insertion of a shielding disk between the
residual breast and the pectoral fascia protects the organs under-
neath like the ribs, lung and heart [6,7]. The shielding disk is usually
composed of 2 layers: the second layer is made of a high-Z material
(steel, copper, lead) that stops the electron beam whereas the main
function of the first layer, made of a low-Z material (PMMA, alu-
minum), is to absorb most of the backscattered radiation produced
by the second layer [8]. The choice of the optimal shielding disk is
a compromise between clinical practice, requiring a thin disk, and
dose conformity. Therefore, a standard is not defined, and a high
number of different shielding disks are used in clinical practice,
mostly based on personal preference.

Neto et al. used two layers shielding disk (Al/Pb) with electron
beam energy 12 MeV [9].Russo et al. confirmed that (3 mm Al/2 mm
Pb) is optimal for the NOVAC7 IOERT machine, which its maximum
energy is 10 MeV [10]. According to Pentiricci et al. study PTFE
& Stainless-Steel disk provides better attenuation characteristics
compared to the PMMA ones [11]. Hanna et al. tried a three layers
shielding disk (3 mm Silicon/3 mm Al/3 mm Pb) to minimize the
backscatter to target volume [12]. Severgnini et al used a 7 mm
PMMA/3 mm Cu disk for the 12 MeV electron beam energy of the
Mobetron 1000 [6]. Alhamada et al used (4 mm Al/3 mm Pb) as a
shielding disk with 12 MeV and they developed a new technique
to avoid misalignments between the applicator and the shielding
disk [13].

The main aim of this work is to study the dosimetric impact
of different shielding disk types with IOERT and to verify the

suitability of these shielding disks for clinical usage based on MC
simulation and gafchromic film measurements.

2. Material and methods
2.1. Linear Accelerator

The mobile accelerator Mobetron 1000 (IntraOp Medical Inc.,
Sunnyvale, CA) is designed to be used in unshielded operation
rooms. It may be moved in or out, from side to side in the horizon-
tal plane (+£5 cm) and moved up and down in the vertical plane. It
may be tilted in the radial plane and rotated in the transverse plane.
All movements are motorized and controlled by a wired hand pen-
dant. The nominal source surface distance (SSD) is 50 cm and the
gantry rotation axis height is approximately 99 cm above the floor
[14,15]. Four nominal electron beam energies are available (4, 6,
9 and 12 MeV). Opposite to the accelerator and tracking the beam
direction, a beam stopper decreases the stray radiation underneath
the operating theater to an acceptable level.

The design of the Mobetron 1000 allows for safe usage with 12
MeV electron energy beams in an unshielded operation room up to
a 250 Gy weekly workload [16,17].

The accelerator comes with 45 cylindrical Al/steel applicators,
with 3 to 10 cm diameters in 0.5 cm steps. The exit angle is flat (0°)
or beveled (15° or 30°). This gives the opportunity to choose the
most adequate applicator according to the treated area size and
location [18,19].

2.2. MC Simulation settings

The accelerator head was modeled using the EGSnrc/BEAMnrc
simulation package and the dose distribution in the water phan-
tom was calculated with the DOSXYZnrc code [20-23]. This study
was performed for our most clinically used flat applicator (5.5 cm
diameter) and for the maximum energy available (12 MeV). Fig. 1
shows the modeled components of the Mobetron 1000.

For all simulations, the water phantom was a
(10cm x 10cm x 10cm) cube size of H20521ICRU material
with 1 mm voxel size. Transport and particles production thresh-
old energy for electrons (ECUT, AE) were set to 521 KeV and for
photons (PCUT, AP) set to 10KeV. ECUT and AE include the rest
mass of the electron. The source 9 of DOSXYZnrc was used to
calculate the deposited dose of the particles (photon, electron
or positron) in water phantom to minimize calculation time and
to avoid using a big phase-space file. Statistical uncertainty was
less than 1% for 100 million initial particles inside the field. The
calculation time took roughly 10 hours per simulation by using
a dedicated Cluster (2.9 GHz/64 cores/128 Gb RAM). For all the
simulations, PRESTA-II was used as an Electron-step algorithm
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Fig.1. Schematic overview of the Mobetron 1000 geometry as modeled with BEAM-
nrc (1: electron source, 2: scattering foil, 3: first collimator, 4: ion monitor chamber,
5: second collimator, 6: applicator, 7: water phantom).

The PRESTAII algorithm takes into account lateral and longitudinal
correlations in a condensed history step [24].

2.3. MC Model Tuning

PDD measurements during the commissioning were mainly per-
formed with the flat ionization chamber (Roos chamber, PTW,
Freiburg, Germany). The ionometric data were corrected for rel-
ative water to air stopping-power ratios variation with energy
and for ion recombination. The PDDs were also compared with
curves obtained from other detectors such as the Diamond detec-
tor (PTW, Freiburg, Germany), Diode-E detector (PTW, Freiburg,
Germany) and a 0.125 cm? thimble ionization chamber (Semiflex
chamber, PTW, Freiburg, Germany). Dose profiles were performed
with the Diode-E detector. All measurements were performed with
the applicator in contact with the water surface (no air gap). Due
to the absence of any crosshair in the field, the positioning of the
detector exactly at the center is not straightforward. The center

of the field is determined by performing in-plane and cross-plane
dose profile measurements at the nominal Dax.

The MC model tuning process is the main time-consuming pro-
cess in the simulation of the linear accelerator head. It includes
the matching of the MC simulation results with standard measure-
ments by finding the correct properties of the initial electron beam.
The properties of the initial electron beam are the energy spec-
trum and the spot size of the source. Iterative changing of mean
energy and full width at half maximum (FWHM) of the Gaussian
source profile is the common method for the tuning process of
conventional accelerators [25,26]. This method is not so effective
in our study since there is no bending magnet in the Mobetron
1000 accelerator head and, consequently, the resulting spectrum
always contains low energy components. MC model tuning was
done according to laccarino approach [27]. The tuning approach
was done by calculating PDDs with mono-energetic electrons in the
range from 1 MeV up to 13 MeV with a step of 0.5 MeV. The weight
factor was calculated by equation 1 for each mono-energy value.
The optimization continues until optimal weight values W; that
provide the minimum of the objective value. The energy spectrum
is determined by the mono energy weights in the spectrum.

The objective value=

DD (3) < wi—dm ) (1)

(Zi)DJ? is the MC calculated PDD for mono energy (j), d™ (Z;) is the
measured PDD and W; (> 0) is the weight of energy (j) in the spec-
trum to obtain the minimum difference between MC and measured
values.

2.4. Shielding disk simulations

No standard design is provided for shielding disks. Some disks
are provided by the manufacturers while others are developed by
the users to better fit their specific needs. The summary of the
shield designs, based on collected data from different international
centers, is shown in Table 1.

Four types of shielding disks of 7cm diameter have been sim-
ulated in our institution: 4 mm Al/4 mm Steel, 4 mm Al/3 mm Pb,
6 mm PMMA/3 mm Cu/1 mm PMMA and 6 mm Al/3 mm Cu. In the
MC simulations, all the shielding disks were positioned in a water
phantom at 36 mm depth (90% isodose line of the 12 MeV beam)and
aligned perpendicularly with the beam axis. MC simulations had
the same setup as the gafchromic film measurements as illustrated
in Fig. 2.

2.5. Gafchromic film measurements

The EBT3 films (Ashland Inc. Covington, KY USA) have been cho-
sen for our study because of their high spatial resolution, their small
influence of the depth on the calibration curves, their weak depen-
dence on beam energy and their small sensitivity to daylight. EBT
gafchromic films could be used for an absolute dose determination
when they are positioned parallel to the electron beam [28-30].
EBT3 film measurements have been used to validate the MC simu-
lations. The determination of the calibration curve is the first step
to use the gafchromic films for measurements. Seven strips of films
were irradiated with doses ranging from 0 to 25 Gy. Twenty-four
hours were allowed to elapse prior to scanning to allow stabi-
lization of the development process. The films were positioned in
the same orientation and in the central area of the scanner where
the response is more uniform [31,32]. They were scanned using a
flatbed scanner EPSON 750XL, in transparency mode. The calibra-
tion curve was established with the FilmQAPro software. For the
PDD measurements, four gafchromic film pieces with dimensions
of (10 x 3.6) cm were placed in a vertical plane in a water phantom.



H. Alhamada et al. / Cancer/Radiothérapie 24 (2020) 128-134 131
Table 1
Specifications of shielding disks used in some international centers.
Materials: Thickness Diameters [cm] Maximum Backscatter Maximum Reference
[mm)] Transmission
PMMA: 7/Cu: 3 6,7,8,9,10 9 MeV:<1% 9 MeV:<1% [36]
[PMMA: 2 12 MeV:<1% 12 MeV:<1%
Lucite 10 3-10in 0.5 increments NR* 12 MeV: ~15% of D90 [39]
Al: 6/Cu: 3 7, 8 used most 12 MeV:<10% 6 MeV: ~0.5% [39]
frequently 9 MeV: ~1%
12 MeV:<15%
Al: 3/Pb: 3 4-8 NR* 12 MeV: <5% [39]
Al: 4/Pb: 4 7 12 MeV: ~10% 12 MeV: ~6% of D90 [39]
Al: 6/Cu: 3 NR 9 MeV: 6% 9 MeV: 1.2% [8]
12 MeV: 6% 12 MeV: 2%
Al: 4/Pb: 4 4,5,6,7,8,9 NR* NR* [40]
Al: 5/Pb: 4 4,5,6,7,8,10 NR* NR* [41]

NR*: not reported.

Fig. 2. Setup of gafchromic film measurement: 1: the applicator, 2: water phantom,
3: the gafchromic film stands vertically between the applicator and shielding disk,
4; the 6mm PMMA/3 mm Cu/1 mm PMMA shielding disk.

One piece was used for each disk at the same set-up, they were
stuck perpendicularly between the shielding disk and the 5.5cm
applicator tip which was in contact with the water surface as illus-
trated in Fig. 2. One film, used for the tuning process, (10 cm x 8 cm)
was irradiated with the same set-up of Fig. 2 but without any disk.
Other strips of films were attached horizontally under the shield-
ing disks to measure the dose beneath the shielding. They were
exposed to a 12 MeV beam. All the gafchromic films were analyzed
with the red channel using the same protocol that was used for the
calibration curve.

With a tuned MC model of the 12 MeV beam, we were able
to assess the dosimetric impact of the shielding disks. The PDDs,
with shielding disks, are presented in Fig. 6. The MC results were
normalized to the maximum dose of MC modelling without the
shielding disk and the results of gafchromic films were normal-
ized to the maximum dose of the film without the shielding disk.
The gafchromic films, placed beneath the shielding disks, show that
there is no radiation under the disk.

3. Results
3.1. Measurements and tuning process

In Fig. 3, a comparison is provided between PDDs obtained
with gafchromic film and various detectors. Except for the Diode-
E, which gives a slight shift towards bigger depths of PDD, all PDD
measurements are matched for the different detectors.

The spectrum of electrons corresponding to our 12 MeV mea-
surements has a mean energy of 12.43 MeV with a FWHM of 0.2 cm
for the Gaussian source in the MC model. The value of the root mean
square deviation (RMSD) is about 2.2% between PDD of MC simula-
tion and PDD of measurements. The statistical uncertainties of MC
simulation of the PDD as illustrated in Fig. 4 are 2% at 1 mm depth,
0.2% at Dmax and 2.8% at 75 mm depth. The uncertainties of the MC
simulation of the dose profile at Dyax (=27 mm for 12 MeV) var-
ied from 0.3% inside the applicator up to 2% outside the field. The
spectrum of the initial electron source before hitting any part of MC
model is illustrated in Fig. 5.

3.2. Shield disk simulations and gafchromic film measurements

Fig. 6 illustrates the PDDs of gafchromic films in the actual treat-
ment set-up for the four shielding disk types. The measurements
of gafchromic films stop at 36 mm depth due to the presence of the
shielding disk. The PDDs of gafchromic films at the borders of the
shielding disks are 107%, 105% and 105% for the Al/Pb, Al/Steel and
Al/Cu disks respectively, and 94% for the PMMA/Cu/PMMA shield-
ing disk. MC PDDs show that all the simulated shielding types, if
they are positioned at the 90% isodose depth, had the required
thickness to minimize the dose percentage of the primary radia-
tion down to less than 2%. Furthermore, most of the backscattering
radiation from high-Z material is absorbed by the upper layer. PDDs
of the MC at the surface entrance disks are 103%, 102% and 102%
for the Al/Pb, Al/Steel and Al/Cu disks respectively, and 95% for the
PMMA/Cu/PMMA shielding disk. All simulations of the shielding
disk types have statistical uncertainty inside the field of less than
1%.

As illustrated in Fig. 6, PDDs after all studied shielding disks are
almost 0.

4. Discussion

IOERT dosimetry is considered as a challenge, due to the
10-20 Gy delivered to the target area in a single session including
the difficulty of pretreatment planning. For tuning an MC model,
many approaches can be considered, such as direct measurement
by inserting a film close to the initial electrons source, then the
energy spectrum is obtained by a deconvolution algorithm, but this
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Fig. 3. PDD measurements of the 12 Mev electron beam with the flat applicator (5.5 cm diameter) using gafchromic films with its uncertainties and different detectors (Roos
champer, Diamond, Diode-E, 0.125 cm? Semiflex chamber).
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is difficult because it requires the opening of the linear accelera-
tor and the removal of most of its internal parts [33]. The first MC
model of the Mobetron was done by Janssen et al. [34]. The param-
eters of the initial electrons source of his model were optimized
iteratively until a good match between MC and measurement data
was obtained. This is a time consuming approach though.

The method described in the current paper optimizes the weight
of mono-energetic measured and calculated PDDs. This requires
a limited amount of time and a minimal set of calculations. A
2.2% RMSD obtained in the current work is acceptable taking into
account the statistical uncertainty of the MC and the uncertain-
ties on gafchromic film measurements. These are related to many
parameters such as: the homogeneity of the sensitive material on
the films, the position of the films during the irradiation and the
response of the scanner.

The four shielding disks studied have been chosen as they are
available in our clinic.

The measurements of gafchromic films for the treatment setup
agree with the MC simulation results. The total uncertainty for the
red channel is 3.2% but without considering relative orientation
of the film nor the homogeneity on the bed of the scanner [35].
The 6 mm PMMA layer absorbs most of the backscatter radiation
coming from the copper layer. This is observed for the PDD of the
PMMA/Cu/PMMA shielding disk. Oshima et al. analyzed PDD curves
in a water phantom for a flat applicator with a 12 MeV beam and
they found that the 7 mm PMMA/3 mm Cu disk has no effect on the
PDD [36].

Kamomae et al. and Fujimoto et al. have recommended using
a flexible paper of Tungsten as shielding disk even if it produces
backscatter radiation in the target volume [37,38]. Martignano
et al. did a similar study to ours considering other materials and
found that a shielding disk of (6 mm Al/3 mm Cu) attenuates the

electron beam completely with minimum negligible backscatter
radiation [8].

This is not the case for the aluminum layer, since 3 or 4 mm
thickness is not enough to absorb the backscatter radiation from
lead, steel or copper (Al/Steel, Al/Pb, Al/Cu). All the studied shielding
disks stop the incoming beam. The dose values are close to zero
beyond the studied disks. Even if the PMMA/Cu/PMMA disk has the
minimum surface dose; the surgeon cannot use a shielding disk of
10mm for some clinical cases. A good compromise between the
thickness of the shielding disk and the dose at its surface is the
7 mm Al/Pb disk. A 105% dose is clinically acceptable as the Al/Pb
disk is the thinnest of the studied shielding disks. If the surgeon
needs a thinner shielding disk, a disk composed of a single material
like steel or copper can be considered, accepting a higher surface
dose on the. Some centers avoid the use of the lead material inside
the patient’s body even after sterilization. The diameter of the disk
should be larger than the diameter of the applicator but not too
much to allow easy insertion inside the patient’s body. For example,
in our practice, we use a shielding disk that has a diameter that is
approximately 1.5 cm larger than the applicator diameter. All our
results depend on the maximum energy of the electron beam at the
exit window (12.43 MeV). They cannot be generalized to all IOERT
linear accelerators as some of them are characterized by higher
energies.

The simulation of the electron beam of the Mobetron 1000
accelerator was carried out by using the EGSnrc MC code for the
maximum energy of the machine. The tuning process provided
good results by using an optimization technique of “least squares
superposition”.

Dosimetric characterizations of four shielding disks, (8 mm
Al/Steel, 7mm Al/Pb, 10mm PMMA/Cu/PMMA and 9mm
Al/Cu), were verified using MC simulation and gafchromic films
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measurements. It is possible to use any of them clinically, while
the best shielding disk is Al/Pb since it has minimum thickness
and a small backscatter component.

5. Conclusions

The dose values above and under the shielding disks were
acceptable for the four studied shielding types. It is possible to use
any of them clinically, while the best shielding disk was the Al/Pb
since it has minimum thickness and a small backscatter enhance-
ment. Using only 1 layer of high Z material like lead could stop the
beam but the backscatter will increase the dose to tissue above it.
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