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Introduction

Cancer is one of the most important causes of mortality [1]. Head 
and neck cancer are accounted as about 4% of all cancers [2]. In 
recent decades, modalities for the treatment of cancer have in-

creased dramatically. Cancer treatment may involve one procedure such 
as surgery, chemotherapy, immunotherapy and radiation therapy or a 
combination of them [3]. Among these modalities, radiation therapy is 
well known as one of the most important methods used for the treatment 
for different types of cancers. Radiotherapy is based on the interaction 
of ionizing radiation with tumor cells and the resulted biological effects 
lead to controlling and providing the treatment of cancerous tissues. 

Energy and intensity of radiation used in radiotherapy should be 
enough to cause harmful biological effects and destroy cancer cells. In 
addition to the beneficial effects of radiation, it also has undesirable ef-
fects on normal tissues in such a way that cells with higher proliferation 
rate show more sensitivity to ionizing radiation [4]. Radiation therapy, 
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ABSTRACT
Background: Neutron contamination is produced in electron beams of linac when 
tooth or dental materials are located in the path of beam. 

Objective: This study aims to determine the neutron dose contamination from differ-
ent dental restoration materials in electron mode of a linac. 

Material and Methods: In this experimental study, the neutron dose contamina-
tion was calculated in the presence of tooth and tooth restored by Ceramco C3 veneer, 
Eclipse or amalgam. The electron mode included 8, 12, and 14 MeV electron beams of 
Siemens Primus linac at different depths before and after tooth. MCNPX code was used 
to simulate the linear accelerator and dental restoration materials. Tooth and tooth restora-
tion materials were located in the beams’ central axis and the neutron dose was scored in 
3 × 3 × 1 cm3 voxels at different depths before and after the tooth. 

Results: The highest neutron dose contamination was observed for the combination 
of the tooth and Eclipse in 12 and 14 MeV beams and the maximum calculated relative 
neutron dose was 1.53 for tooth and Eclipse for 14 MeV electron beam. 
Conclusion: Tooth and dental materials lead to neutron dose contamination produc-
tion, therefore, in order to avoid having harmful effects on normal tissues due to the neu-
tron beam in head and neck cancer, it is recommended that treatment planning performed 
should not place tooth with dental restoration materials in the path of the beam and lower 
energy electron beams be used. 
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as a common treatment for head and neck can-
cers, is employed in both forms of internal 
and external beams, and in 90% of treatments 
beams are emitted from a source outside the 
body [5].

A linear accelerator (linac) is the most com-
mon tool used for external beam radiation 
treatment of cancer patients. Charged particles 
like electrons are accelerated in a linear tube 
and take energy. The accelerated electrons are 
used either directly for treatment of superficial 
tumors or indirectly after they hit a target, and 
then secondary produced X-rays can treat deep 
tumors. In other words, these accelerators can 
be used in both electron and photon modes [6].

In the 1970s, high energy linear accelerators 
with the ability to produce photons and elec-
trons with different energies were increasingly 
available for clinical uses [7-8]. Increasing 
commercial development of linacs with clini-
cal experience achieved in a number of leading 
centers for radiation therapy show that there is 
no substitution for electron beam therapy in 
some common cases, due to advantages such 
as uniformity of dose in the target volume and 
the dose reduction in deeper tissues.

In electron mode, there are two important 
interactions which produce neutron contami-
nation. The first is electron capture, a phenom-
enon in which orbital electrons are captured 
by the nucleus and the protons are converted 
to neutron, and the latter is photonuclear inter-
action of the secondary photons generated by 
electrons that result in neutron emission from 
the nucleus [9]. Neutrons are produced by col-
lisions of electrons and high-energy photons 
with different target materials, the flattening 
filter, collimators and other components which 
exist in the path of beam. 

During electron-beam radiation therapy, 
patients with head and neck cancers, who 
have dental restoration materials, are at risk 
of exposure to neutron contamination. These 
heterogeneities are often presented in the en-
vironment of treatment volumes and can lead 
to neutron contamination. When high energy 

electrons hit these materials, secondary elec-
trons are scattered and photon contamination 
is produced and then photonuclear interac-
tions of the secondary photons may result in 
neutron contamination. Radiosensitive organs 
in the head and neck, including the salivary 
glands, eyes and spinal cord that they can be 
affected due to this process and as a result, this 
may have different side effects in the treat-
ment area [10]. The results of a previous study 
showed that the change in the electron dose 
depends on the energy of electron beam and 
the type of dental restoration material [11]. 
For the tooth filled with amalgam and by 14 
MeV electron beam, the electron dose had 7% 
enhancement as a result of electron backscat-
tering from tooth and amalgam. To prevent the 
backscattered electron emission from the tooth 
restored with a restoration material, which can 
enhance the dose received by the surrounding 
tissues, the use of bolus around the soft tis-
sue is recommended. The interaction of the 
electron with the tooth and dental materials, 
due to dependence of electron dose on depth, 
kind of heterogeneity and beam energy causes 
changes in electron dose before and after the 
tooth. These changes in electron dose distribu-
tion, when the tooth is irradiated by the elec-
tron beam in cancer of head and neck, should 
be considered in the process of treatment plan-
ning of patients. There are studies evaluating 
the contribution of photon contamination in 
the radiation therapy by the electron beam due 
to the dental restoration [11], however the pre-
vious studies have not calculated the neutron 
contamination of electron beams of a linac in 
the presence of dental materials. This study 
aims to calculate the neutron contamination of 
electron beams with different amounts of en-
ergies in the case of various dental restoration 
materials.

Material and Methods

Monte Carlo simulations
In this experimental study, calculations were 
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performed for 8 and 12 and 14 MeV electron 
modes of a Siemens Primus linear accelerator, 
and 10×10 cm2 applicator using MCNPX (ver-
sion 2.6.0) simulation code.

The verification of the linac’s simulation was 
based on previous investigations [12]. In that 
study, 8 and 12 and 14 MeV electron modes 
were studied and the percentages of depth dose 
values were calculated for 10 × 10, 15 × 15 
and 25 × 25 cm2 applicators. The gamma in-
dex was used to compare the dose distribution 
obtained from simulation and measurement, 
for which the values for various energies and 
applicators were reported less than unity. This 
showed agreement of the simulation and mea-
surement data.

In this study, despite the consideration of 
various tooth depths for different electron en-
ergies, the dental configuration was the same 
to the previous study. Since build-up depth is 
not the same for different electron energies 
which were simulated in this study (8, 12 and 
14 MeV), therefore the depth of the tooth was 
selected based on the electron energy. In other 
words, the tooth was defined to be after the 
build-up depth in each energy. Based on this 
selection, the depth of the tooth was assumed 
to be 3.2 cm in 8 MeV, 4.5 cm in 12 MeV and 
5.1 cm in 14 MeV electron energies. In this 
study, the validated simulations were used in 
order to assess the impact of the tooth and den-
tal restoration materials causing neutron con-
tamination.

Tooth and Restoration Materials
The geometry of phantom was assumed to 

be as a cylinder having the diameter of 10 
cm and height of 10 cm cylinder, and it was 
composed of soft tissues based on the com-
positions report (report No. 44) by the Inter-
national Commission on Radiation Units and 
Measurements (ICRU) [13]. The dental resto-
ration materials were the same as a previous 
study [11]: Ceramco C3 veneer, Eclipse and 
amalgam. The composition of tooth was as-
sumed as 20% enamel and 80% dentine. The 

depth of tooth was assumed to be 3.2 cm with 
8 MeV, 4.5 cm with 12 MeV and 5.1 cm with 
14 MeV electron energies [14].

Neutron Contamination Dose Calcu-
lation

Neutron contamination due to the tooth and 
the restored tooth with dental material was 
scored for the 8 and 12 and 14 MeV electrons 
from a Siemens Primus linear accelerator us-
ing MCNPX (2.6.0) simulation code. To know 
more information about the details of simula-
tion and the composition of different restora-
tion materials used in this study, it’s suggested 
that the previously published report be re-
viewed [14].

Tooth and dental restoration material were 
located in the path of the central axis of the 
beam and the dose was obtained in 3 × 3 × 1 
cm3 voxels at different depths before and after 
the tooth. The neutron fluence was calculated 
using F4 tally to obtain the neutron contami-
nation dose in these voxels. Since direct scor-
ing of neutron contamination dose was time-
consuming, to score the neutron dose, the 
neutron fluence was scored, and then it was 
multiplied by fluence to dose conversion fac-
tor. This factor depends on energy, therefore 
to have accurate calculations, neutron fluence 
was computed in different energy bins and 
the neutron contamination dose was scored 
through the multiplication of neutron fluence 
by the fluence to dose conversion factor in 
each energy bin. The conversion factors were 
adopted from the NCRP 38 report [15].

In the calculations, the only variance reduc-
tion method used was energy cut-off for pho-
tons and electrons. Photons and electrons with 
energies less than 7 MeV were not tracked, 
but neutrons were tracked until their energy 
reached to zero. To reduce the variance, each 
simulation program was run for 2×109 neutron 
histories and then each program was run 30 
times with different seed numbers. Totally, 
6×1010 neutron histories were tracked for each 
program combination of tooth and the dental 
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restoration at various amounts of energy. The 
maximum Monte Carlo uncertainty for these 
calculations was 22.0%.

The relative neutron dose was defined by the 
definition of the ratio of: neutron dose depos-
ited in a dose calculation cell in phantom with 
the presence of tooth/restored tooth to neutron 
dose in the same cell without the tooth.

Results
The relative doses of neutron contamination 

in the case of tooth and three common den-
tal materials in dentistry are shown in Figure 
1. The dental materials include the tooth re-
stored with Ceramco C3 veneer, tooth restored 
with Eclipse and tooth restored with amalgam. 
Figure 1 is related to 8 and 12, and 14 MeV 
electron beams of Siemens Primus linear ac-
celerator. This figure demonstrates changes 
in the relative neutron dose in various depths 
above and beyond the tooth. The relative neu-
tron dose was calculated as the ratio of neu-
tron dose in a calculation cell in the presence 
of a restoration material in the phantom to that 
in the absence of the restoration material.

The numerical values of the relative neutron 
contamination dose for the tooth and the men-
tioned restoration materials in different depths 
are presented in Table 1, those points which 
are positioned before the tooth are specified 
with star.

Discussion
As a general result, the tooth or restored 

tooth simulated in this study changes the neu-
tron contamination dose. Based on the results 
which are listed in Table 1, the relative neu-
tron dose values are often more than unity, and 
this indicates an increase in the neutron dose 
contamination in the case of tooth and various 
dental materials in different energies. Although 
in 8 MeV beam a decrease in relative neutron 
contamination is observed in some depths for 
the tooth, the tooth restored by Eclipse and 
Ceramco. The reason is that the threshold en-
ergy required for photonuclear reaction in the 

most nucleus is 10 MeV or greater.
According to Figure 1, as the depth increas-

es, the relative neutron dose in the 14 MeV 
electron energy decreased after the tooth and 
increased before it. In the 12 MeV electron en-
ergy, the tooth is in combination with Eclipse, 
and Ceramco that the trend is relatively same 
to the 14 MeV electron energy for before and 
after the tooth. In 8 MeV electron energy, the 
relative neutron dose with the case of tooth 
and various dental materials increases with in-
creasing depth after the tooth. In general, at 
most points before and after the tooth the trend 

Figure 1: The relative neutron contamina-
tion dose in the case of tooth/restored tooth 
with Ceramco C3 veneer, Eclipse alloy and 
amalgam restoration materials. The data for 
the 8-14 MeV beams are shown in parts (a)-
(c), respectively
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for relative neutron contamination dose is in-
creasing and only at some points, in the 12, 
14 MeV electron energies, after the tooth the 
trend is decreasing.

The highest neutron dose contamination was 
achieved for the combination of tooth and 
Eclipse in the 12, 14 MeV electron energies, 
and it can be due to having a high atomic num-
ber element in this material (gold with atom-
ic number 79 is the dominant element in the 
composition of this combination compared to 
oxygen with atomic number of 8 in the com-
position of Ceramco and silver with atomic 
number of 47 in the composition of amalgam) 
or a higher mass density (13.8 g/cm3 for this 
material compared to 2.6 g/cm3 for Ceramco 
and 8 g/cm3 for amalgam). Therefore, this 
combination will produce more neutron con-
tamination than the other combinations of the 
tooth and dental materials.

The results obtained in the present study 
show that neutron contamination is less in a 
lower energy (8 MeV), thus using the lower 
energy electron beam is recommended as 
much as possible to prevent the production of 
high neutron contamination in head and neck 
cancer treatment of patients with dental res-
toration. Among the three energies studied in 
this study, 8 MeV electron energy is prefer-
able in the case of having the same choice of 

energy.
Treatment of head and neck cancers may in-

clude cancer of nasopharynx, tongue or oral 
cavity. The results of this study indicate that 
the presence of dental material can increase 
the neutron contamination at different depths 
before and after the tooth in electron beams 
of a linear accelerator. To reduce this neutron 
contamination in soft tissue, the use of bolus 
is recommended between the tooth and soft 
tissue. Of course, the presence of this bolus 
changes the electron dose distribution, and 
this effect should be considered in the pro-
cess of treatment planning for patients with a 
type of head and neck cancer. The thickness 
for the needed appropriate bolus varies in dif-
ferent energies, and according to the results, 
the thickness is required to completely absorb 
the neutron contamination increases with in-
creasing energy. However, it is necessary to 
determine the depths before and after the tooth 
that the neutron contamination is presented to 
be able to determine the amount of thickness 
needed from the bolus. For example, based on 
the results of relative neutron contamination 
dose in the 14 MeV electron energy (Table 
1), 3 cm of bolus may be required to absorb 
neutron contamination in the soft tissue in this 
energy. 

Based on a literature review, we could not 
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0.4 1.00* 1.00* 0.97* 1.01* 1.6 1.10* 1.06* 1.12* 1.10* 1.2 1.00* 1.00* 1.00* 1.01*
1.3 1.00* 1.00* 0.98* 1.00* 2.6 1.11* 1.12* 1.14* 1.09* 2.2 1.00* 1.00* 1.02* 1.01*
2.3 1.01* 1.04* 0.95* 1.05* 3.6 1.09* 1.16* 1.25* 1.09* 3.2 1.01* 1.01* 1.07* 1.03*
4.1 0.95 0.98 0.95 1.01 5.4 1.04 1.08 1.52 1.08 4.2 1.04* 1.03* 1.27* 1.16*
5.1 1.04 1.06 1.01 1.07 6.4 1.04 1.04 1.25 1.10 6 1.05 1.05 1.53 1.21
6.1 1.06 1.16 1.02 1.17 7.4 1.03 1.04 1.15 1.07 7 1.04 1.04 1.20 1.10

*shows depths that positioned before the tooth

Table 1: The relative neutron contamination dose in a phantom for the case of tooth/dental 
materials for 8-14 MeV beams.
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find a similar study that evaluated the neutron 
contamination dose for the electron mode of a 
linear accelerator in the case of the tooth and 
restoration materials, hence it be possible to 
compare the current results.

Conclusion
The presence of tooth/dental materials in the 

path of electron beam of a linear accelerator 
will increase the neutron contamination dose. 
This increase in neutron dose is dependent on 
depth, kind of restoration material, as well as 
the energy of electron beam. Therefore, the 
production of neutron doses should be ac-
counted in the process of treatment planning 
while the tooth is irradiated with an electron 
beam. To reduce neutron dose to soft tissues 
before tooth, using a lower energy electron 
beam and putting up bolus between soft tissue 
and tooth will be recommended if they are pos-
sible. Furthermore, treatment planning should 
be planned by considering that the tooth with 
dental restoration materials should not be lo-
cated in the beam path for the electron beam.
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