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Abstract

Purpose: The presence of a dental implant across the irradiation beam has the potential to perturb the dose distribution.
In this study, the effect of different commercial dental implants on dose distribution was investigated in electron
beam therapy.

Materials and Methods: The Varian 2100 C/D linear accelerator (Linac) head was modeled precisely with proper
components for electron mode (6 and 9 MeV) by MCNPX 2.6.1 and was benchmarked according to the International
Atomic Energy Agency (IAEA) protocol, TRS -398. Dose distribution was calculated for Six different implant materials,
including Titanium, Titanium alloy, Zirconia (Y-TZP), Zirconium oxide, Alumina, and PolyetherEtherKetone (PEEK),
and for Four different scenarios.

Results: The highest and lowest increasing doses occurred for Y-TZP (114.44% and 108.69% for 6 and 9 MeV,
respectively) and PEEK (104.85% and 98.84% for 6 and 9 MeV, respectively) directly in front of the implant,
respectively. By removing an implant from the jaw, an increasing dose was not seen, but an increasing dose occurred
behind its depths in the bone region (31.81 %).

Conclusion: The amount of dose perturbation due to the dental implant's presence depends on the beam energy, mass
density, and atomic numbers of implants. Maximum and minimum increased doses were estimated for Y-TZP and
PEEK implants, respectively. Considering the correction factors due to the presence of high density and atomic number
dental implants are essential to estimate the accurate dose delivery in radiotherapy with electron beams.

Keywords: Dental Implant; Dose Distribution; Electron Therapy; Monte Carlo Calculation; Radiotherapy; Head
and Neck Tumors.
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Dose Perturbation Due to the Presence of Dental Implants

1. Introduction

In 2019, head and neck cancer accounted for nearly 3%
of all diagnosed cases in the US [1]. Dental prostheses
are common among patients over 50 who suffer from head
and neck cancer. Radiotherapy, especially megavoltage
electron therapy, is an integral part of head and neck
tumor cancer treatment accompanied by surgery and/or
chemotherapy used to treat the head and neck cancers.
The presence of a dental implant in the treatment area
and/or in its surrounding regions affects the dose
distribution of radiotherapy [1-4]. Many dental implants
are made of different materials such as metal, ceramic,
and polymer materials used commercially in the market
[3]. Dental implants made of titanium and its alloys are
considered the best option for producing dental implants
[5]. Zirconium dental implants have emerged as a potential
substitute for titanium in recent years. Nonetheless,
they are not yet commonly used in dental implantation
procedures in clinics. The practicality and potential of
Polyether Ether Ketone (PEEK) in producing restorations
free of metal have been highlighted by recent research.
This is particularly relevant for individuals with allergies
and bruxism [5-7].

Scattering of radiation from high-density and high
atomic number (Z) materials within the oral cavity can
lead to complications in both soft and bone tissues. It
is an essential factor in the head and neck Treatment
Planning System (TPS) to estimate the absorbed dose
distribution in radiotherapy [2, 8]. The presence of
dental implants in the radiation treatment area may
elevate the risk of mucosal complications, including
osteoradionecrosis and mucositis, due to radiation
scattering effects [7, 9]. Clinical manifestations of
osteoradionecrosis may include pain, suppuration,
exposed necrotic bone, pathological fracture, and
orocutaneous fistula [10]. The mandible is more often
affected than the maxilla because the bone density of
the mandible is higher and its vascularity is relatively
lower. In radiotherapy, the mandible often receives a
more significant dose of radiation than the maxilla,
contributing to the development of osteoradionecrosis
[11, 12]. Multiple fields or removal implants from patients
may be used to avoid the perturbation effect of dental
implants on dose distribution and to minimize the
scattered dose to the healthy tissue around the treatment
volume. Nevertheless, implant removal is traumatic and
yields the patient toothless [10].
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A significant amount of scattered radiation is a
common result when megavoltage electron beams
encounter metal objects. In megavoltage electron or
photon beams, the dose enhancement magnitude from
these scattered radiations is dependent on the mass
density and the atomic number of the irradiated mass
[10]. The presence of metal implants near the tumor in
Computed Tomography (CT) images can introduce
artifacts that make it challenging to accurately outline
the tumor and ensure optimal dose distribution during
treatment planning. The accurate practical determination
of the dose disturbance in the vicinity of the metal implant
is difficult due to the high dose gradient, the need for a
dosimeter with high resolution and sensitivity, and the
fine-tuning for repeated experimental measurement.
However, the Monte Carlo calculation method for
calculating such small dose changes does not face such
problems. MCNPX 2.6 code was used to calculate the
impact of dental implant materials on dose distribution
during head and neck radiotherapy using 6 and 9 MeV
electron beams in this research. According to some
research, electron beam therapy can be used for dose boost
[13] and superficial tumors and carcinomas such as lips
[14], parotid glands [15, 16], and skin tumors [14].

Due to the lack of precise and limited information on
the dose perturbation caused by dental implants during
electron therapy for maxillofacial tumors, this study aims
to investigate the effect of dental implants and bone on the
dose distribution during electron therapy for maxillofacial
tumors by two different energies, 6 and 9 MeV, and the
obtained results were systematically compared.

2. Materials and Methods

2.1. Monte Carlo Calculation

The Varian 2100C/D linear accelerator (Linac) head
was modeled precisely with proper components for
electron mode by MCNPX 2.6 Electron source, target,
primary collimator, vacuum window, scattering foil,
ionizing chamber, mirror, and secondary collimator were
simulated as the main parts of Linac head (Figure 1a).
6 and 9 MeV electron beams were simulated for 10 x
10 cm? filed size and Source to Surface Distance (SSD)
of 100 cm. The cut-off energy to transport the photon and
electron beam was 0.01 and 0.1 MeV [17, 18], respectively.
2 x 10° particles were transported to reach a relative error
better than 2%. The voxel size was sett0 0.1 x 0.1 x 0.1
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cm? dimensions to calculate dose profile curves in 0.9
cm (in front of the bone) and 2.1 cm (behind the bone)
depth along the z-axis. The cylinder voxels with a 0.5
cm radius and 0.1 cm height were used to calculate the
Percentage Depth Dose (PDD).

Six common dental implant materials with 154 mm?
volume (Figure 1b) were used in this study. The materials,
chemical compositions, and densities (g/cm3) of these
materials are given in Table 1. A most common dental
crown material (Y-TZP) was used for all implants. The
dimensions of all implants and crowns were considered
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the same. Implants were modulated as cylinders with 0.35
cm diameter and 1.6 cm height (the lowest commercial
implant sizes). Crowns were modulated as a cap on
implants. The dimensions and appearance are given in
Figure 1b. Each dental implant material was placed into
amodulated bone with 6 x 2 x 1 cm?®sizes (Figure 1b).
Due to the close resemblance of water to human body
tissue, the water phantom was equivalented to the human
body, and all these implants with crowns were placed into
the bone located in a water phantom. Four different
phantoms were modeled to calculate and evaluate the
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Figure 1. a. LINAC head elements and phantom simulation and in front of view of the water phantom and its contents
and lateral view of the water phantom with dose profiles and PDD scan lines, b. (a) 3D view of the modeled bone with
implant and crown, (b) Bone and implant, (c) Bulk bone, and (d) The bone that included the hole

Table 1. The common name, Chemical composition, and physical density of different implant materials

Materials Common Name  Atomic Composition  molecular weight (amu)  Physical Density (g/cm?®)
Phantom Water (H) 18 1.00
Titanium Ti Ti 47 4.54
Ti
Titanium alloy Ti-6Al-4V Al 407 4.34
\
Zr
Y
Zirconia Y-TZP 0] 350 6.01
Al
Si
. . . Zr
Zirconium oxide Zr0Os 0 123 5.68
. Al
Alumina Al;,03 0 100 3.97
C
Polyether ether PEEK H 288 13
ketone @]
F
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dose distribution; a homogeneous phantom, a phantom
with bulk bone, a phantom with bone that included the
hole of retracted dental without the implant, and a
phantom with bone and implant.

Additionally, YTZ-P and PEEK implants were selected
for precise study. PDD curves and electron and photon
fluences were calculated with high dose resolution in front
of these implants by the cylinder voxel with a 0.5 cm
radius and 0.01 cm height for 9 MeV. 2D dose profiles
were calculated in front and behind both implants and
bone for 6 and 9 MeV electron beams. In the Monte Carlo
simulation and MCNP code, the utilization of variance
reduction methods may produce results that are far from
reality [19, 20]. Therefore, in this study, no variance
reduction methods were used in MC calculations due
to the need for high accuracy in the regions with high
gradient doses (implant interfaces). All data were
normalized to the maximum dose on the central axis in
a water phantom for calculating PDD and dose profiles.

The Backscatter Factor (BSF) at the bone-implant
interfaces, dose difference (AD), and implant volume were
calculated by the following equations (Equations 1-3):

BSF = D,/D, 1)
AD = D, - D, )
Volume = h x mr? (3)
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D, and D, are the doses with two different conditions.
The h is the implant height and r is the implant radius.

2.2. Experimental Measurement

To confirm the accuracy of the MC modeled Varian
Linac's head and adhere to the IAEA protocol TRS-398,
measurements were taken of the PPDs and dose profiles
of 6 and 9 MeV electron beams using a 0.13 cm® Compact
chamber (CC13, IBA company) in conjunction with the
DOSE1 electrometer from Scanditronix-Wellhofer. These
measurements were taken in an IBA-Blue water phantom
from IBA dosimetry with a volume of 50 cm? and then
processed using RFAplus dosimetry software from
Scanditronix-Wellhofer (Version 5.2).

3. Results

3.1. Benchmark Linac’s Head

The electron beam that was used had an asymmetric
Gaussian distribution and a FWHM right energy spectra
of 2.5and 2.2 MeV and a FWHM left energy spectra of
1.5and 2 MeV [21, 22]. The tuning of the beam was done
to achieve the best agreement between the MC calculations
and measurements for beams of 6 and 9 MeV. Figure 2
shows the results for benchmarking the Linac’s head for
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Figure 2. Comparison of calculated depth dose and dose profile curves with measurements in a homogeneous water phantom
to benchmark the MC model. PDD and dose profile (depth of 10 cm) for 6 MeV (a. and c) and for 9 MeV (b., d.), respectively.
The estimated gamma index (<1) shows that the measured data and the MC calculated are in good agreement
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a field size of 10 x 10 cm? at a depth of R50 which the
absorbed dose falls to 50% of the maximum dose. The
estimated gamma index of (2%, 2 mm; < 1) confirms that
the MC calculated and measured PDDs and dose profiles
are in good agreement.

3.2. Calculated Dose Distribution at Different
Regions and Scenarios

3.2.1. PDD Curves

Figure 3 shows the calculated PDD curves in 6
and 9 MeV electron beams for different scenarios;
a homogeneous phantom, phantom with bulk bone,
phantom with bone that included the hole of retracted
dental without the implant, and phantom with bone
and implant. All data in Figure 3 are normalized to the
maximum dose of phantom without any inhomogeneity.
Four regions in the phantom were controversial: in front
and behind the bone (at a depth of 0.95 and 2.05 cm,
respectively) and in front and behind the implant (at a
depth of 1.25 and 1.75 cm, respectively). The quantity
data of PDD for 6 and 9 MeV in these regions were
collected in Table 2 and Table 3, respectively. Figure 4a
shows the increasing total energy deposit effect in the
bone area directly in front of the implant due to the
presence of different materials (without phantom effect)
for a9 MeV electron beam. Figure 4b shows the electron
and photon fluence in the bone area directly in front of
the implant.

At 6 MeV, the soft tissue area located in front of the
bone experienced the highest increase in dose when
implant materials such as ZrO; and Y-TZP were used.
The dose was found to be approximately 3.92% higher
than that of the phantom without using any inhomogeneity
and 1.79% higher than that of the bone (Table 2).
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Figure 3. The percentage depth dose curves for
homogeneous phantom, bulk bone, bone with a hole and
without the implant, and six different implant materials
placed into the bone for (a) 6 MeV and for (b) 9 MeV

Removing an implant from the jaw creates a hole in the
bone, and in this study, it is known as Bone Without
Implant (BWI). The dose in this area was likely the same
for bone and BWI. For the bone area directly in front of
the implant, the highest increasing dose occurred for the
ZrO; and Y-TZP implants. Compared to the phantom
and the bone, the dose was almost 114.44% and 46.32%
higher, respectively. The lowest increasing dose occurred
for the PEEK implants (104.85% and 36.73% compared
to phantom and bone, respectively). The dose in this area

Table 2. The quantitative data of percentage depth dose at 6 MeV electron beam for different cases in the four important regions

Region Phantom Bone . Bone with Ti-alloy Ti Y-TZP  AlkOs ZrO: PEEK
implant hole
Soft tissue area justin frontofthe 5 4y g754 97.57 9915 9923 9932 9888 9933 9878
bone (0.9 cm)
The bone area directly infrontof 44 ) 15756 16601 21060 21002 21376 206.06 213.88 204.29
the implant (1.25 cm)
The bone area directly behindthe o, 1, 9373 10393 5860 58 5359 6250 5414  92.00
implant (1.75 cm)
Soft tissue area just behind the 5 )g 59 o 31.81 1685 1678 1600 1715 1650 22.99

bone (2.1 cm)
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was likely the same for the bone and the BWI. For the
bone area directly behind the implant, there was an
increased dose in the BWI case (12.11% and 9.5%
compared to the phantom and the bone, respectively).
The implants' highest and lowest dose reductions were
obtained for the Y-TZP and the PEEK, respectively. For
the soft tissue area just behind the bone, the highest dose
reduction was obtained for the Y-TZP implant (57.08%
and 13% compared to the phantom and the bone,
respectively).

For 9 MeV and the soft tissue area just in front of the
bone, the results are almost the same in all cases (up to
3.25% difference). For the bone area directly in front of
the implant; the highest increasing dose occurred for the
ZrO; and the Y-TZP implant. Compared to the phantom
and bone, the dose was almost 108.69% and 44.51%
higher. The lowest increasing dose occurred for the PEEK
implants (98.84% and 34.66% compared to the phantom
and the bone, respectively). The dose in this area was
likely the same for the bone and the BWI. For the bone
area directly behind the implant, there was an increased

dose in the BWI case (66.68% and 0.98% compared to
the phantom and the bone, respectively). The implants'
highest and lowest dose reductions were obtained for the
Y-TZP and the PEEK, respectively. For the soft tissue
area just behind the bone, the highest dose reduction
was obtained for the ZrO; implant (32.9% and 24.16%
compared to the phantom and the bone, respectively).

3.2.2. Dose Profile Curves

Figure 5 shows the dose distribution exactly behind and
in front of the bone with and without implants for both
energies used. Phantom and BW1 were also used to
compare profiles-dose. For the 6 MeV energy, the dose
reduction behind the bone was obtained on the profile
dose curve. 60.2%, 84.36%, and 70.94% were evaluated
for BWI, Y-TZP, and PEEK compared to the phantom,
respectively. 6.28% and 18.36% were assessed for BWI
and Y-TZP compared to the bone, respectively, but there
was an increased dose in the dosage profile for PEEK
compared with the bone (4.52%). There was not much
change in the profile dose curve in front of the bone.

Table 3. The quantitative data of percentage depth dose at 9 MeV electron beam for different cases in the four important regions

Region Phantom Bone BWI Ti-alloy Ti Y-TZP AlkOs ZrO: PEEK
Softtissue areajustinfront g9 /o 9055 9053 9214 9216 9274 9151 9271 91.38
of the bone (0.9 cm)
The bone areadirectly infron g9 /o 15364 15342 19371 10404 198.06 189.15 198.15 188.30
of the implant (1.25 cm)

The bone area directly 9629 161.93 16291 15364 15113 130.07 16524 13255 180.87
behind the implant (1.75 cm) ' ' ' ' ' ' ' ' '
Softtissueareajustbehind g6 9550 9270 7202 7140 6574 7615 6636 85.04
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Figure 4. (a) Comparison of the precisely calculated PDD curves for bone, PEEK, and Y-TZP without the phantom
energy deposit effect from the distance in front of the implant. (b) Comparison of the photon and electron fluence curves
for phantom, bone, PEEK, and Y-TZP from the distance in front of the implant
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Figure 5. Comparison of the percentage dose profile curves for phantom, bone, BWI, and six different implant materials
placed into the bone. The percentage dose profile curves (a) behind the implant position (0.9 cm) at 6 MeV energy, (b)
in front of the implant position (2.1 cm) at 6 MeV energy, (c) behind the implant position (0.9 cm) at 9 MeV energy,
and (d) in front of the implant position (2.1 cm) at 9 MeV energy. All the profile doses were normalized to the center

of axis dose (CAX) of the homogenous phantom

For the 9 MeV energy, the dose reduction dose behind
the bone was obtained on the profile dose curve. 8.28%,
12.01%, and 42.26% were evaluated for BWI, Y-TZP,
and PEEK compared to the phantom, respectively. 5.64%
and 28.73% were assessed for BWI and Y-TZP compared
to the bone, respectively, but there was an increased dose
in the dosage profile for PEEK compared to the bone
(1.52%). There was a slight increase in the profile dose
curve in front of the bone (Figure 5d). Figure 6 had a better
view of dose increasing and distributing in the bone-
phantom interfaces region (Figure 6a) and implant-bone
interfaces regions (Figure 6b) on 2D profiles. These
interface regions contain 2 different depths behind (Figure
6a, b) and in front (Figure 6a, b) of the bone and implant
positions. The homogeneous phantom 2D profiles (Figure
6a, b) are shown in the same depths for better comparison.

4. Discussion

Electrons interact with atoms by different processes
due to Coulomb force interactions as they pass through

657

a substance. Two significant processes are inelastic
collisions with atomic nuclei (bremsstrahlung) and elastic
collisions with atomic electrons (electron-electron
scattering), and with atomic nuclei (nuclear scattering).
In inelastic collisions, some kinetic energy is changed to
other types of energy, such as bremsstrahlung photons.
This process is related to the electron energy and
the square of the atomic number (Z2). Therefore,
bremsstrahlung photons are more efficient for higher-
energy electrons and higher-atomic-number absorbers.
In the elastic collisions with atomic electrons, the high-
energy electrons produce multiple small-angle deflections
owing to Coulomb force interactions between the incident
electrons and the nuclei or electrons of the medium.
Therefore, high-energy electrons were scattered from
their original direction of motion [23, 24].

This study investigated the effect of different energy,
mass density, and atomic numbers on increasing doses in
the bone and soft tissue. Two high-density dental implants,
Y-TZP and ZrO,, caused the most increasing dose in
the bone and soft tissue for both 6 and 9 MeV energies

FBT, Vol. 11, No. 4 (Autumn 2024) 651-661
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Figure 6. 2D dose profiles in 6 and 9 MeV electron beam energy in (a) bone-phantom interfaces regions and (b)

implant-bone interfaces regions

(Figure 3). Figure 4a shows the most increasing dose in
the bone due to the highest and the lowest mass density
(Y-TZP and PEEK respectively) are approximately 5
eV and 4 eV per transported electron respectively which
may cause osteoradionecrosis. The difference in the
energy deposit is due to the difference in the scatter
electrons fluence (Figure 4b). PEEK is the lowest mass
density of dental implants (1.30 g/cm?), and due to
its lower density than adjacent tissue, most electrons
pass through the implants without deposition energy.
Therefore, the increasing dose behind the depth of PEEK
is more than the other implants. The comparison of our
study results and other studies is reported in Table 4. Our
study investigated the impact of Monte Carlo electron
beams on dental implants, specifically focusing on three
common materials: Y-TZP, PEEK, and Titanium.

FBT, Vol. 11, No. 4 (Autumn 2024) 651-661

Comparison with existing literature reveals notable
variations in percentage dose changes behind and in front
of these materials. When examining Y-TZP implants, our
results demonstrated a substantial dose reduction of
40.14% behind the implant and an increase of 46.32%
in front in 6 MeV. This contrasts with the findings of
Akyol et al. (2021) [7], where Y-TZP implants showed
no significant dose change. Similarly, our study
investigated PEEK implants, revealing a dose reduction
of 1.73% behind the implant and an increase of 36.73%
in front. Comparing these outcomes with Seif et al.'s
(2018) [25] results, which showed PEEK implants
exhibiting a minimal decrease and a more modest
increase, further underscores the influence of material
properties on radiation effects. These discrepancies may
be due to the difference in study conditions, such as the
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radiation beam difference in our study, the electron beam
was used instead of the photon beam, and the distance
difference from the implant interface that dose was
measured. Removing an implant from the jaw (known
as BWI) can avoid increasing the dose in front of the
implant, but this causes an increasing dose behind the
implant in both 6 and 9 MeV beams (Figure 3). According
to Figure 6, the absolute dose was shown in critical regions
as 2D-Profiles. The shadow of bone and implant due

to the attenuation was clearly shown. In addition, dose
increasing before implant or bone was shown for both
6 and 9 MeV. As Figure 6 shows, in the behind of bone
or implant region, the dose decreasing at the edge of
their situation is lower than the central situation (Figure
6c and g). This is because the secondary electrons outside
the borders of the bone or implant enter these areas and
cause an increase in the dose of these areas.

Table 4. Research features and results pretending to the effects of head and neck radiotherapy and the different dental

implant materials and sizes

percentage dose

Study Beam Implant features
change Biological
ffects
. In front en
Stud
Name S;gfey . Y Kind E&ﬁ(?)y Thickness Material i?h;;:t of the risks
design p implant
Khjl?g?]' et 2021 Measurement  Photon 6 0.4cm Ti -15%  +3-5% increase
Saadatmand et Not P 0 :
al. [28] 2020 Measurement  Photon 6 reported Amalgam 6.25% 24.38% increase
Azizi, et 0 i
al.[29] 2019 Monte Carlo Photon 15 0.5cm Amalgam -2350 +3.2% increase
Reinhard E.
Friedrichetal. 2010 Monte Carlo Photon 6 0.4cm Ti -16% +5% Increase
[30]
Reinhard E.
Friedrichetal 2012 Monte Carlo Photon 6 0.33cm Ti -2.5% +6% Increase
4]
Oya Akyol et Y-TZP - 2.12 Gy* Not
al. [7] 2021 Measurement  Photon 6 0.5¢cm PEEK i 1.78 Gy* reported
Ti -155% +11.2% Increase
. - 0, 0,
OyZIA;%O]I et 2019 Monte Carlo Photon 6 lcm Y-1zP 24.4%  +20.2% Inc’\:zetxse
) PEEK -1.1%  +0.4%
affected
Serap Catli et al . 0 0
1] 2015 Monte Carlo Photon 6 lcm Ti -14.8% +7.8% Debatable
T. Binger et al. 0.21cm Ti -8.7% +17.5%
[32] 2008 Measurement Photon 6 042 cm Ti 125%  +16.3% Increase
F. Seif et al PEEK 278%  +1% Not
[25]. 2018 Monte Carlo Photon 6 0.4 cm Ti-alloy 3.99%  +2.29% reported
Y-TZP -40.14% +46.32%
6 0.35cm  PEEK -1.73% +36.73%
Ti -35.73% +42.46%
This study - Monte Carlo  electron Increase
Y-TZP -31.86% +44.51%
9 0.35cm  PEEK -18.94% +34.66%
Ti -10.8% +40.4%

* Exact dose-measuring at Gy unit.
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One of the most important regions that should
be discussed is the bone region directly in front of
the implant, which could potentially be at risk of
osteoradionecrosis due to the dose increasing in
this region due to the backscatter electrons [26]. The
Backscatter Factor (BSF) can be utilized for dose
correction in treatment planning [7]. It is also a useful
measure for comparing the effects of different dental
implant materials on dose distribution and increase. In
this study, for the 6 and 9 MeV, the Y-TZP has the most
effect on BSF (2.15 and 2.21, respectively). The lowest
BSF is 2.05 and 2.1 related to PEEK implant for the 6
and 9 MeV, respectively.

5. Conclusion

This study investigated the effect of different energy,
mass density, and atomic numbers on increasing doses
in the bone and soft tissue. Two high-density dental
implants, Y-TZP and ZrO,, caused the most increasing
dose in the bone and soft tissue. The increasing dose
behind the soft tissue depth of PEEK is more than the
other implants. Removing an implant from the jaw
decreases the dose in front of the implant and increases
the dose behind the implant.
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