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Background: External beam radiation therapy is often administered to
patients implanted with silicone gel breast prosthesis. The aim of this study
was to investigate the influence of silicone gel breast prosthesis on photon
dose distributions. In the event of recurrence, the oncologist may be forced
to irradiate through the prosthetic device. To quantify the dose enhancement
or reduction below the silicone gel breast prosthesis, depth dose
enhancement factors (DEFs) were calculated. Materials and Methods: The
study was based on Varian linear accelerator (LINAC) operated at 6 and 15
MV photon energies. Monte Carlo package Electron Gamma Shower (EGSnrc)
was employed to simulate the depth dose distribution in a three dimensional
scanning water phantom with various field sizes. The polydimethyl silicone gel
breast prosthesis with density of 0.97 g/cm3 was used. The measured and
calculated DEFs were verified by using the thermoluminescent dosimeter
(TLD). Results: The results indicate that the percentage difference between
the calculated and measured dose distributions on depth dose curves for 6
and 15 photon energies was less the 2% for all locations. DEFs at 0.5 cm
below the 3.5 cm prosthesis were 0.99 and 1.02 for 6 and 15 MV photon
beams, respectively. The interface region receives enhanced dose of about
2.4% with 15 MV photon beam while the 6 MV photon beam delivered a dose
reduction of about 2.0%. Conclusion: It was observed that DEFs increase with
photon beam energy. The 6 MV photon beam reduces dose enhancement
factor compared to that of the 15 MV photon beam.
Keywords: Dose calculation, dose enhancement factor, Monte Carlo, Silicone gel
breast prosthesis, photon beam.
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INTRODUCTION
When a photon beam passes through one
medium to another having a different atomic
number (Z), the equilibrium of charged particle
is disturbed at that interface. A region exists
within the interface which is composed of
electron fluence generated in both media (1). The
region may extend to a few millimeters
depending on the energy of the photon beam (2).
The effect of radiation through an interface
region has long been a subject of investigation
(3-9).
Several authors have quantitatively
calculated or measured the effect of prostheses
on dose distributions (10, 14). A study by

Roberts (2001) recommended that passing the
radiation beam through a prosthetic device
before reaching a target volume should be
avoided (15). However, this is not always
possible in cases such as silicone gel breast
prosthesis. Breast reconstruction is a type of
surgery for women who have had a breast
removed (mastectomy) (16).
Dose distributions in and under the silicone
gel breast prosthesis were studied during
irradiation with 60Co and 4 MV photon beams
(17). The percentage errors in experimental
values compared with calculated values were
found to be within 2.8%. The effect of silicone
gel breast prosthesis on the absorbed dose

[ Downloaded from ijrr.com on 2023-01-08 ]

Sithole / Silicon gel enhancement of depth dose

distribution of 9-20 MeV electron beams and
1.25-15 MV photon beams was studied (18). At
the depths beyond the therapeutic range, the
electron beams appear to be more penetrating
due to the presence of prosthesis. The dose
differences were observed to vary from 0.5% to
4.0% of the maximum dose in water. The
changes in the photon dose distributions due to
the breast prosthesis were also measured (19). A
6 MV photon beam defined at 10 × 10 cm2 field
size with a 45˚ wedge was used. Their results
showed no significant alteration of depth doses
5 cm away from the prosthesis with minor
interface perturbations for all their implants.
Based on the known principles of interaction
of radiation with human tissue, the transport of
energy into the patient’s body can be modeled
and calculated using Monte Carlo simulation
(20). If the modeling has been successfully done,
exact results of the dose distributions can be
calculated. The increase of the number of
electrons in the beam is expected because the
spatial distribution of absorbed dose in a
medium near an interface is a function of their
relative atomic numbers and the direction of the
photon beam. For a photon beam travelling from
a material with a high atomic number to a
material with a lower atomic number the
equilibrium fluence is higher in the former
because of the production of more electrons by
lower energy scattering photons (21).
The aim of radiotherapy is to maximize the
dose applied to the tumour below the silicone
gel breast prosthesis while keeping the dose to
the surrounding tissue as low as possible. The
aim of this study is to investigate the influence of
the silicone gel breast prosthesis on dose
distribution in water phantom. Calculations
using Monte Carlo method was performed in
region directly below (distal region) the
prosthesis. We define the dose enhancement
factor as the ratio of the dose at a depth with the
prosthesis in place to the dose at the same depth
in water without the prosthesis. Thus a dose
enhancement is obtained if DEF > 1.0, while a
dose reduction is observed if DEF < 1.0. Under
the same conditions as the MC simulations, the
thermoluminescent dosimeter was used to
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measure dose distributions to verify the validity
of the Monte Carlo results. TLDs have been used
in quality assurance protocols in radiotherapy
(22).

MATERIALS AND METHODS
We explored the dose enhancement when
photon beam is passing through the silicone gel
breast prosthesis in water. Water is always
assumed to be a good phantom for being close to
human body (23).
Monte Carlo simulation
The study was based on a model of the 2100
C Varian linear accelerator (Varian Oncology
systems, Palo Alto, California) head operated at
nominal photon energies of 6 and 15 MV. The
Monte Carlo code employed in this work is the
EGSnrc Version 3 (24, 25). The accelerator head
components were simulated by using BEAMnrc
user-code (26-28) and the dose in water phantom
was calculated using DOSXYZnrc user-code (29).
The parameters used during simulations were
AE = ECUT = 0.7 MeV and AP = PCUT = 0.01 MeV,
where AE and AP are the electron and photon
low energy thresholds for the production of
secondary Bremsstrahlung photons while ECUT
and PCUT are the global cutoff energy for
electron and photon transport, respectively. The
geometrical input data for the 6 and 15 MV
photon beams were based on specifications
provided by the manufacturer (30). The geometry
and the material used during simulation
reflected a realistic construction of the linear
accelerator. The squared fields with side lengths
of 5, 10, 15 and 20 cm were defined at
source-surface distance (SSD) of 100 cm.
Linear accelerator head model
The user code BEAMnrc was used to simulate
photon beams. The code uses a series of
component modules (CMs) to model each
component of a LINAC head. The target, primary
collimator, flattening filter, monitor chamber,
mirror and secondary collimator were
constructed using the following component
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modules SLAB, CONS3R, FLATFILT, CHAMBER,
MIRROR AND DYNJAWS, respectively. DYNJAWS
has been incorporated in the BEAMnrc code for
modelling the enhanced dynamic wedge.
This code is capable of simulating an
enhanced dynamic wedge using the step and
shoot and dynamic delivery techniques. The
phase space file obtained as BEAMnrc output
was used as the input data for the calculations in
water phantom (31). The origin of the coordinate
system (x, y, z) = (0, 0, 0) was located at the front
surface of the target where the electrons are
incident. The isocenter of the model was defined
at (x, y, z) = (0, 0, 100) cm.
Phantom calculation
Silicone gel breast prosthesis used in this
study consists of polydimethyl [(CH3)2SiO]n with
physical density of 0.97 g/cm3 and the effective
atomic number of 10.37 (32). Silicone gel breast
prosthesis is characterized by a thin silicone
containing transparent gel which is soft (33). In
this study six silicone gel breast prostheses of
different thicknesses were used. In most
calculations, a standard 400 cc silicone gel
breast prosthesis with typical dimensions of
14.5 cm width and 3.5 cm thick was used. In all
setups, the surface of the prosthesis was aligned
to the surface of the water as shown in figure 1.
The materials used to construct a water
phantom were chosen from PEGS4 cross
sectional data file. The medium of the region
surrounding the phantom was chosen to be a
vacuum. Figure 1 shows the schematic diagram
of an inhomogeneous phantom designed to
facilitate the position of silicone gel breast
prosthesis as well as TLDs at various levels.

Calculations using TLDs were performed
along the central plane of the beam under
similar conditions as during measurements. The
TLDs were placed below the prosthesis in water
phantom as shown in figure 1. Aluminium oxide
(Al2O3) and lithium fluoride (LiF) dosimeters
were each modelled as a square chip with
dimensions of 0.1 × 0.1 × 0.1 cm3. The mass
densities of Al2O3 and LiF were set to 3.97 and
2.64 g cm-3, respectively. The composition of the
Al2O3 dosimeter by relative weight was O:
0.4708 and Al: 0.5292 (34, 35) while for LiF was Li:
0.6138 and F: 0.3862 (36, 37).
Measurements
Monoenegetic gamma beam cesium (Cs-137)
was used to calibrate the TLDs. All TLDs were
exposed under a dose of 1 mGy. 24 hours later
the TLDs were read and annealed. The readout
in calibration was given a correction factor of
1.5. The thermoluminescent (TL) responses of
each TLD were recorded under 200 monitor
units (MU) of irradiation with a 10 × 10 cm2 field
size. This step was repeated three times for each
depth. The response of the whole batch was
normalized to the average of all TLDs in the
batch. TLDs were calibrated using the ion
chamber. Measurements conducted in water
phantom were carried out using a 0.6 cc ion
chamber (PTW, Freiburg, Germany) for dose
distribution under the same conditions. A three
dimensional scanning water phantom system
(RFA-300, Scanditronix, Wellhofer, Germany)
was used to scan depth doses. For each field size
and depth, the procedure for central percentage
depth dose measurement was repeated three
times.
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Figure 1. Inhomogeneous phantom.
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RESULTS
Verification of the Monte Carlo model
MC results were compared with the
experimental results conducted under similar
conditions. Comparison has proven to replicate
data within 2%. Maximum values of gamma
index () for 10 × 10 cm2 field size at the
maximum dose (d max) were 0.78 and 0.63 for 6
and 15 MV photon beams, respectively. Similar
results were obtained by Krishman et al. (1983)
(38).
The statistical uncertainties in MC
calculations were less than 1.0%. This indicates
that the calculated data has passed the
acceptance test (39). The discrepancy observed at
a given depth beyond the d max between the
calculated and measured doses for both photon
beams was within 2%. This shows an overall
statistical tightness in the data.
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Depth dose profiles
Depth dose distributions were calculated and
analyzed as a function of depth in water with
and without the silicone gel breast prosthesis in
place. Figure 2 presents the depth dose curves
for the 6 and 15 MV photon beams with 10 × 10
cm2 field size defined at SSD of 100 cm. The
central depth dose distributions with and
without the silicone gel breast prosthesis were
compared. The difference between the two
values at each depth was expressed as the
percentage difference of the dose in water. The
close agreement of MC results can be observed.
DEF on Silicone gel breast prosthesis
thickness
Table 1 gives the comparison data between
the measured and calculated DEFs at 0.5 cm
depth below the silicone gel breast prosthesis.
The proportion of DEFs in all thickness was
observed to increase with the photon beam
energy. The measured dose enhancement
factors were observed to be higher than those
obtained from the MC calculation. This is due to
the large portion of high energy as well as low
energy photons in the output of the MC
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simulations. The dose enhancement factor
decreased from 1.8% to 1.2% as the thickness
was increased from 2.3 cm to 4.1 cm. By
increasing the silicone gel thickness by 0.3 cm,
the dose enhancement factor was increased by
0.1%. It can be seen that dose enhancement
factors increase generally with photon beam
energy. This is due to secondary electron fluence,
which increases with photon energy.
Dependence of DEF on silicone gel thickness
Figures 3 and 4 show the dose enhancement
factors for 6 and 15 MV photon beams calculated
as a function of silicone gel breast thicknesses,
respectively. Ten silicone gel breast prostheses
with thickness ranging from 2.1 cm to 4.1 cm
were used. The same silicone gel breast
prosthesis placed in a water phantom was
irradiated at different times with 6 and 15 MV
photon beams.
Validation of the simulated DEFs
To evaluate the validity of the calculated
DEFs, the TLDs were placed at the depth of 0.5
cm in a water phantom below the silicone gel
breast prosthesis. Table 2 gives the comparison
data for DEFs calculated and measured with
TLDs. The DEFs were calculated in the voxels
filled with LiF and Al2O3. The measured data was
acquired with LiF and Al2O3 chips placed at the
same depth in a water phantom. The uncertainty
for TLDs used during measurements was less
than 2%.
The TLDs were read 24 hours later after the
phantom was exposed to both beams. The
readouts were converted into dose by linear
interpolation based on the TLDs dose response
curve. The average values obtained at 0.5 cm
depth below the silicone gel breast prosthesis
are shown in table 2. Besides the different
material used, the DEFs were compared and
found to be within 1.0%. Measurements
obtained with both the TLD materials showed
higher results as compared with the calculated
data, especially the Al2O3 which is about 17%
higher than the DEF values measured in water.
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Figure 2. Percentage depth dose distribution curves for 10 × 10 cm 2 field size, calculated with and without the silicone gel breast
prosthesis for 6 and 15 MV photon beams.
Table 1. DEFs at 0.5 cm depth below the silicone gel breast prosthesis.
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Thickness (cm)
Thickness
(cm)
Mea
2.3
0.998
2.6
0.995
3.1
0.993
3.5
0.992
3.8
0.989
4.1
0.986

6 MV
Cal
0.993
0.992
0.991
0.990
0.988
0.984

% Dif
0.5
0.3
0.2
0.2
0.1
0.2

Figure 3. Dose enhancement factor for varies silicone gel
thickness as a function of distance for the 6 MV photon beam
with 10 × 10 cm2 field size.
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15 MV
Mea
1.012
1.010
1.009
1.008
1.006
1.004

Cal
% Dif
1.010
0.2
1.009
0.1
1.008
0.1
1.006
0.2
1.005
0.1
1.004
0.0

Figure 4. Dose enhancement factor for varies silicone gel
thickness as a function of distance from the interface for the 15
MV photon beam with 10 × 10 cm2 field size.
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Table 2. DEFs at 0.5 cm below the 3.5 cm silicone gel breast prosthesis.

Water
LiF
Al2O3

6 MV
Mea
Cal
0.994
0.990
0.986
0.981
0.987
0.986
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DISCUSSION
The MC model, which is based on the EGSnrc
code was built, tested and validated against
experimental data. The calculated photon beam
distributions in a water phantom were
compared to the measured distributions for field
sizes ranging from 5 × 5 cm2 to 20 × 20 cm2. The
fine tuning of the electron beam characteristics
has been based on the depth dose curves in
order to determine the energy of the electron
beam. The depth dose curves showed the
insensitivity of the depth dose profiles to the
initial electron beam (40, 41). The percentage
differences were within 2%. The results confirm
and validate our simulated model.
The depth dose curves in figure 2 showed the
comparison of dose distributions for the 6 and
15 MV photon beams. Immediately below the
3.5 cm silicone gel breast prosthesis at 0.5 cm
depth, the doses calculated with silicone gel
breast prosthesis were slightly higher than the
dose calculated without the silicone gel breast
prosthesis. The maximum percentage difference
of 1.4% and 1.7% for 6 and 15 MV photon beams
were found, respectively. The statistical
uncertainty in the calculations was about 0.2%.
For each radiation beam, the percentage
differences were observed to decrease with
increasing photon beam energy. This is due to
fewer electrons set in motion in the silicone gel
breast prosthesis that cause the dose
degradation in the interface region. It is also
believed to be due to a discontinuity in the
photons producing electron fluence at this
location (21).
In table 1, Dose reduction was observed for 6
MV photon beam. A maximum of 0.8% was
calculated, while for 15 MV photons beam 1.2%
dose enhancement was observed. For the 6 MV,
the dose reduction (DEF < 1.0) was observed
due to attenuation of the silicone gel breast

444

% Dif
0.4
0.5
0.1

Mea
1.010
1.004
1.007

15 MV
Cal
1.006
1.002
1.005

% Dif
0.4
0.2
0.2

prosthesis. Chew et al (2005) established similar
findings (42). This showed that fewer photons
were attenuated by the prosthesis, which
resulted in a decrease in the electron fluence
leaving the prosthesis.
As observed in figures 3 and 4, for a given
photon energy, a slight increase in DEFs with
increase in silicone gel breast thicknesses was
observed. This is consistent with the report in
the literature (43). The change is due to the
scattered photon beam contribution within an
individual silicone gel breast prostheses. The 6
MV beams showed dose reduction (DEF < 1.0)
while the 15 MV photon beam showed a dose
enhancement (DEF > 1.0) for all the silicone gel
breast prosthesis used in this study.
It can be seen from table 2 that the DEFs for
the 6 and 15 MV photon beams measured with
the TLDs are slightly higher than those
calculated with Monte Carlo method at the same
point in the interface region. The discrepancies
could be attributed to the fact that this study
computes the DEFs in a voxel element. DEFs
calculated in a TLD sized voxels filled were
within a 0.1 × 0.1 × 0.1 cm3 voxel, which were
equal to the size of the TLDs used during
measurements. The measured and calculated
DEF values agree well within 1.0% which
confirms the validity of our simulation. It can
also be seen from table 2 that the dose
enhancement
increases
generally
with
increasing photon energy. The study revealed
that tissue around the interface region receives
enhanced dose of about 2.4% with 15 MV
photon beam energy, while the 6 MV photon
beam energy delivered a dose reduction of about
2.0%.

CONCLUSION
This study used the Monte Carlo simulation
Int. J. Radiat. Res., Vol. 17 No. 3, July 2019
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to determine the DEFs caused by the silicone gel
breast prosthesis in a water phantom. The
findings of this work are useful for physicists
and oncologists wanting to irradiate through the
silicone gel breast prosthesis. We recommend
that a 6 MV photon beam can be used during
irradiation to minimize the dose enhancement
factor at the interface region.
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