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ABSTRACT
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Introduction: Silicone gel breast implants are used for breast reconstruction after mastectomy. In case of
cancer recurrence, the radiation oncologists are forced to irradiate through the prosthetic device, which leads
to the incidence of dose perturbations during the treatment due to the high atomic number of prosthesis.
Regarding this, the present study aimed to investigate the influence of silicone gel thickness on photon beam
distribution.
Material and Methods: A VARIAN linear accelerator, water phantom (dimensions of 30×30×30 cm 3),
silicone gel breast prosthesis, and Omni-Pro Accept software were used. Gantry positioned at 0 and a
source-to-surface distance of 100 cm, the collimators adjusted to a field size of 10×10 cm 2 and photon beam
energy of 6 MeV was used. The results obtained with a MCNP Code were validated with the measured data.
The beam profiles and PDD curves were also measured for silicone gel thicknesses of 4, 6, 8, 10, 12, 14, and
16 cm with the width of 16.5 cm aligned 1 cm below the water surface.
Results: According to the results, the measured and calculated percentage depth dose ratio was ≤ 0.03.
Furthermore, the measured and calculated beam profiles were 0.5% and 0.9%, respectively. For the silicone
gel prosthesis, the depth dose values at 0.5 cm below the prosthesis were ≤ 2.8%.
Conclusion: As the findings indicated, dose perturbations below the breast prosthesis were insignificant.
Therefore, breast prosthesis could be concluded to be safe in case of carcinoma recurrence.
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Introduction

Breast cancer is regarded as a common cause of
cancer death amongst women worldwide. The breast
cancer is on a growing trend in the lower-income
countries, which has accordingly increased the rate of
mortality in these regions [1]. Surgery is the main
therapeutic option for breast cancer, which is
accomplished by tumor localization. This treatment is
then followed by chemotherapy, radiotherapy and
adjuvant hormonal therapy.
According to the literature, the use of adjuvant
radiation therapy following mastectomy for breast
cancer is a beneficial approach. However, postmastectomy radiation therapy is still a controversial
issue, which has not been investigated sufficiently [2].
Based on the evidence, the local recurrence of stages I
and II breast cancer has the prevalence rates of
around 10% and 15%, respectively [3].
Breast reconstruction is a type of surgery
performed on women who had undergone
mastectomy [3]. Concerns have been raised over the
effect of silicone gel prosthesis on the delivery of
radiation treatment in cases with breast cancer
recurrence [4]. Surgery facilitates the reconstruction
of the breast with the same size and shape as it was

before removal [5, 6]. Breast reconstruction can be
accomplished through several types of operations.
The most commonly used prosthesis is a salinefilled prosthesis, which is a silicone shell filled with
salt water. Silicone gel-filled prostheses are another
option for breast reconstruction [7]. Nonetheless, the
use of these prostheses was prohibited due to
concerns over silicone leakage that might results in
other breast side effects affecting the immune system
[8-11].
Radiation therapy, involves delivering the exact
amounts of high-energy radiation to eradicate
malignant cancer cells. In a study conducted on the
radiation effects on silicone gel and radiation dose
distribution through breast prosthesis, it was
observed that silicone gel behaved like tissue and that
its half-value thickness and density were comparable
to that of water. In the mentioned study, dose
distributions in and under the silicone gel breast
prosthesis were reported to have little alteration
when irradiated with 60Co and 4 MeV photon beams
[12].
However, the use of 150 keV to 15 MeV photon
beams resulted in no significant alteration of depth
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dose away from the silicone gel prosthesis with minor
interface perturbations [13, 14]. In another study, at
the depths lower than the practical range of the
electron beams (i.e., 9-20 MeV) the measured dose
distribution showed no significant difference in the
dose delivered in the presence of the silicone gel
prosthesis [15].
The aim of radiotherapy is to maximize the dose
applied to the tumour below the silicone gel
prosthesis while keeping the dose to the tissue as low
as possible. It was recommended to avoid passing the
radiation beam through a prosthetic device before
reaching a target volume [16]. However, this is not
always possible in cases, such as silicone gel breast
prosthesis. With this background in mind, the present
study was conducted to investigate the impact of
silicone gel thickness on dose distribution below the
prosthesis when irradiated with 6 MeV photon beams.
Calculations were performed in region directly below
(i.e., distal region) the prosthesis using Monte Carlo
method.
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The reference diode was also aligned in a fixed
position in the field to monitor the beam intensity with
time without obstructing the beam. The ionization
chamber was adjusted to move in a water phantom to
sample the dose rate at various points whereas the
reference diode remained fixed throughout the
measurements. The coordinate system [(x, y, z)=(0, 0,
0)] was located at the front surface of the target where
the electrons were incident. The isocenter of the
accelerator was defined at (x, y, z)=(0, 0, 100). The
linear accelerator was set to apply 100 monitor units
(MU) per minute.

Materials and Methods
Experimental setup
The measurements were performed using a Varian
2100C linear accelerator (Varian Oncology Systems,
Palo Alto, CA) equipped with multileaf collimators
(MLCs) with the nominal photon energy of 6 MeV. All
measurements carried out in a 30×30×30 cm3 water
phantom (PTW-Freiburg, Germany) positioned beneath
the linear accelerator gantry at an angle of 0o as
indicated in figure 1. The wall built-in lasers were used
to align and position the water phantom.
A source-to-surface distance (SSD) of 100 cm was
determined for the measurement of depth dose and
profile distribution. The SSD was set at the surface of
the water with the aid of an optical distance indicator
embedded inside the gantry head. The MLCs were
adjusted to give a reference field size of 10×10 cm2 so
that the light beam strike on the centre of the field
(central axis [CAX]) following the jaws orientation
inside the gantry.
The PTW ionization chamber (PTW, Freiburg,
Germany) was aligned to be at the centre of the field,
and its motion was enabled by the connection of the
linear current booster motor cable to the local control
port on the water phantom. The orientation (x, y, z) of
the phantom was considered during the alignment as
shown in figure 1. The RFA MCU Scanditronix
Wellhőfer (Freiburg, Germany) control unit cable was
used for the connection to the water phantom serial port.
The RS323 cable (Freiburg, Germany) was also
connected from the control unit to the computer
installed with the Omni-Pro Accept software
(Schwarzenbruck,
Germany) for plotting percentage depth dose (PDD)
curves and the beam profile curves. The detector
orientation was tuned to produce the maximum spatial
resolution for both dose profile and depth dose
measurements in the x- and y-directions, respectively.
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Figure 1. Experimental setup used to measure profile and depth
dose data [17].

Measurements
Measurements were carried out using a 0.6 cc ion
chamber for dose distribution under the same conditions
as indicated in section 2.1. Depth dose were scanned
using a three-dimensional (3D) scanning water phantom
system (RFA-300, Scanditronix, Wellhofer, (Freiburg,
Germany). The chamber in the phantom was positioned
at the SSD of 100 cm.
Silicone gel breast prostheses (Du Plessis Orthotics
& Prosthetics, South Africa) were immersed in water.
The top surface of the prosthesis was aligned 1 cm
below the surface of the water in the phantom. The dose
profile and depth dose measurements in water were
performed with and without the silicone gel breast
prosthesis in place. The measurements were repeated
three times under the same condition. The measured
data were normalized to 100% at CAX.
Monte Carlo simulation
The radiation transport of photons was simulated
using the Monte Carlo Nuclear Particle (MCNP) code.
This code simulates various 3D geometries using
voxels. The code is capable of simulating photon
interactions with matter through the user-defined
geometry and material compositions. The detailed
description of the software can be found in Shultis et al,
[18]. Figure 2 illustrates the schematic diagram of
MCNP simulated water phantom.
The voxel was built as a combination of several
predefined surfaces. Every voxel (volume element) was
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assigned a material according to the arrangement in the
phantom. A sequence of voxel was used to form a water
phantom with layers of water and silicone gel. The
simulation phantom was built from 0.2×0.2×0.2 cm
voxels in any direction. The voxels representing the
various thicknesses of the silicone gels were generated
using the surface and cell cards commands. The cell
cards commands were defined for the densities of
different materials, such as dry air, water, and silicone
gel in grams per cubic metre (g/cm3).
The MCNP input geometry file was comprised of
several surface cards, cell cards, and data cards. The
30×30×30 cm3 water phantom was simulated on a
Linux-based operating system. The interior parameters
of the water phantom were defined to enable
calculations for both radial (PZ +101, +102, …, +129)
and axial (CZ +0.5, +1.5, …+10.5) distributions of the
dose. The 10×10 cm2 field size at the SSD of 100 cm
was defined by using the data cards.
The cell flux tally was identified for the voxels in
which the particle scoring was expected and the energy
bins were created for the deposition of dose. The sum of
the photon fluence contribution was reported in the
MCNP output file for plotting the PDDs and beam
profile data. The produced output data file included
geometry specifications such as voxels in all directions
and their boundaries, together with the dose values and
statistical uncertainties (1σ) in the individual voxel. The
statistical uncertainty in the dose was generally 2%.
In this study, we used 6 MeV photon beam of a
Varian 2100C linear accelerator. The linear accelerator
materials and dimensions were incorporated based on
the manufacturer’s specifications. The incident beams
coming from the exit window of the linear accelerator
were modelled as a point source with a radius of 0.2 cm.
During simulation, the electron cut-offs energy (ECUT
and AE; kinetic+rest mass) and photon cut-offs energy
(PCUT and AP) were 700 and 10 keV, respectively. The
numbers of particle histories were 2.0×10 7 and 3.0×107
in the electron and photon files, respectively.
Silicone gel prosthesis properties
The general properties of silicone include low
thermal conductivity, low chemical reactivity, low
toxicity and thermal stability, as well as high moisture
and heat-resistance [19]. Silicone gel breast prosthesis is
characterized by a thin silicone containing a soft,
transparent, thick, and sticky gel, which closely mimics
the feel of a human fat [20]. Silicone gel breast
prosthesis used in this study consists of
polydimethylsiloxane [(CH3)2SiO]n with physical
density of 0.97 g/cm3 and effective atomic number of
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10.37 [21]. In this study, seven silicone gel breast
prostheses of different thicknesses (i.e., 4, 6, 8, 10, 12,
14, and 16 cm) were used. All silicone gel prostheses
had the width of 16.5 cm. In all setups, the surface of the
prosthesis was aligned 1 cm below the surface of the
water.

Figure 2. A two-dimensional Monte Carlo Nuclear Particle code
simulated water phantom with a photon source directed at the sourceto-surface distance of 100 cm

Validation of the accelerator model
The calculated PDDs and beam profiles were then
compared to the measured data. The accelerator model
was fine-tuned to adjust the parameters as described in
the literature [22, 23]. The radial intensity and the mean
energy for electron beam were adjusted until the beam
profile, PDD, and measured data were within the
acceptance value.

Results
Measurements
Figure 3 depicts the experimental percentage depth
dose for various sizes of silicone gel for 6 MeV photon
beams in water phantom with a 1010 cm2 field size
defined at the SSD of 100 cm. All curves were
normalized to the maximum dose in water along the
CAX.
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Figure 3. Comparison of measured depth dose distribution for 6 MeV photon beam with the field size of 1010 cm2 defied at source-to-surface
distance of 100 cm
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Figure 4. Comparison of measured dose profile distribution for 6 MeV photon beam with a 1010 cm2 field size defined at source-to-surface
distance of 100 cm

Figure 4 displays the measured dose profile
distribution for 6 MeV photon beam with a 1010 cm2
field size defined at the SSD of 100 cm. The dose
profiles were measured at maximum dose (d max) for
different thicknesses of silicone gel prosthesis.
Monte Carlo Calculation
The effect of silicone gel thickness on dose
distribution was established in this study. The water
phantom was designed and modelled by the MCNP code
in three-dimensions. In order to establish the accuracy of
the MCNP code, the PDD curves and beam profiles
obtained by means of the MCNP code were compared
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with the measured curves obtained from the Varian
2100C linear accelerator. The PDD curves and the dose
profiles for 6 MeV photon beam as generated by the
MCNP code are shown in figures below.
Validation of Monte Carlo
Figures 5 and 6 illustrate the comparison of the
measured and calculated curves in water phantom.
Figure 5 presents the comparison of the percentage
depth doses, while figure 6 demonstrates the beam
profiles at the depth of dmax (1.5 cm) for 6 MeV defined
at a 10×10 cm2 field size.
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Figure 6. Comparison of measured and calculated beam profile at dmax in water for 6 MeV photon beam
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Figure 7. Comparison of calculated 6 MeV photon relative dose for various silicone gel thicknesses with a 10×10 cm2 field size
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Figure 8. Beam profiles measured at dmax depth for various gel sizes defined at 10×10 cm2 field size

Percentage depth dose
Table 1 shows the relative percentage dose
calculated at 0.5 cm depth below each silicone gel
thickness. The percentage differences at the depth with
and without the silicone gel were also calculated.
Table 1. Relative percentage dose calculated at 0.5 cm depth
below the silicone gel for 6 MeV photon beam.
Gel thickness
Without Gel
With Gel
% Diff
(cm)
4
3.026
2.833
6.9
6
2.851
2.627
7.9
8
2.631
2.410
8.4
10
2.443
2.199
8.7
12
2.208
2.007
9.1
14
2.050
1.822
9.4
16
1.832
1.650
9.9

Figure 7 depicts the comparison of the calculated
percentage depth dose curves for various silicone gel
thicknesses, including calculations in water phantom
without the silicone gel in place. The field size was
defined as 10×10 cm2 at the SSD of 100 cm.
Beam Profile
Figure 8 displays the comparison of the beam
profiles at the depth of dmax for 6 MeV defined at 10×10
cm2 field size.

Discussion
The simulated depth dose curves were compared to
the measured depth dose curves in water (Figure 5). The
calculated and the measured values of the CAX in the
build-up region agreed within 1.2% for the field size of
10×10 cm2 defined at 10 cm depth. There was a good
relationship between the measured and simulated PDD
for the 6 MeV photon beam. To validate the calculated
data, gamma index between the calculated and measured
data was estimated. The maximum and mean values
were 1.0 at most of the depths [24].
At the build-up area a variation occurred due to the
statistical noise and the difference in the measured and
simulation voxel. The ratio of the measured dose to the
calculated dose was 0.4 indicating the trustability of our
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model. The mean ratio was below 0.5, which is
acceptable [25].
The results of simulation by MCNP in terms of
shape and width of the dose profiles were compared
with the measured dose profile. The comparison of the
measured and calculated data (Figure 6) revealed a good
consistency between width at 20% and 50% isodose
levels; furthermore they showed 5.4% and 4.3%
difference at maximum, respectively. The comparison of
the data measured with values obtained by MCNP code
showed a good consistency so that the highest difference
observed in penumbra was less than 1 mm.
Table 1 shows the relative percentage dose
calculated at the depth of 0.5 cm below the silicone gel
and at the same depth in water without the silicone gel
for 10×10 cm2 field size. The percentage difference
value for each silicone gel thickness was calculated. A
slight decrease was observed in relative percentage dose
with respect to the increase in silicone gel thickness.
The maximum depth dose value at 0.5 cm below the
silicone gel prosthesis for all silicone gel thicknesses
were calculated as 9.9%. The dose difference of
approximately 8% at the interface between the
prosthesis and muscle-equivalent material was obtained
elsewhere [26]. The difference is believed to be due to
electronic dis-equilibrium effects that occur at the
interface [27]. As the silicone gel thickness was
increased by 2 cm, the relative percentage dose
decreased by 0.2%.
Figure 7 demonstrates the calculated dose for
various silicone gel thicknesses as a function of depth.
The PDD curves for 6 MeV at the field size of 10×10
cm2 were plotted. The SSD was kept constant at 100 cm.
The point of normalization for all depth dose curves was
100%. The slight difference observed could be
attributed to the fact that silicone gel and water
exhibited comparable densities and interaction range.
The readings were similar due to the photon fluence
entering the cross-sectional area on the first layer of
water, which was the same for all geometries.
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The dose reached the maximum at a depth of 1.5 cm
for water and all silicone gels, which is expected of the
6 MeV photon beam. The minimal decrease in the depth
dose values for photon beams with silicone gel
prosthesis in place might be also due to the electron
density of silicone gel (3.19×1023 electrons/cm3)
compared to that of water (3.34×10 23 electron/cm3) [28].
For the silicone gel thicknesses of 4, 6, 8, 10, 12, 14, ad
16 cm, expressed in electron/cm3, the thicknesses were
equivalent to 3.85, 5.85, 7.84, 9.85, 11.85, 13.85, and
5.85 cm of water, respectively. The calculation revealed
that fewer photons were attenuated by the silicone gel as
compared to those in equal thickness of water.
The cross plane profiles for 6 MeV photon beam
(Figure 8) were calculated for the field size of 10×10
cm2 in the water phantom. All beam dose profiles were
normalized at 100%. The dose profile calculated across
the water phantom indicated that the silicone gel built up
the dose by 12.1%. As the gel thickness is increased by
2 cm, the dose decreased by 10% each time.
For calculations without the gel, the beam flatness
was 0.9%, and the beam symmetry was obtained as 0%.
For the calculation of the silicone gels of 14 cm, the
beam flatness symmetry were 2% and 0%, respectively.
Furthermore, the beam flatness and symmetry for 16 cm
silicone gel were both obtained as 0%. The standard
deviation varied with 0.042-0.053. The absolute relative
error of 0.0003 was also obtained from the simulation.
The mean (𝑥̅ ) of less than 0.1 was achieved during the
simulation.
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