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Abstract

Introduction:
Patient dose is the most important concern
1
*1,2
1
Arezoo Jafarian , Sedigheh Sina , Rasool Safari
for any new X-ray system. The dose received
by the patients depends on the imaging technique, the optimization of the collimator, filtration and field of view (FOV). The purpose of
this study is to evaluate the effect of various
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Materials and methods:
In this study, dental CBCT system (Planmeca
3d mid) including the X-ray tube, flat panel detector and a voxelized phantom, was simulated by the GATE Monte-Carlo Code (Version 8).
DICOM CBCT images of a person, and Alderson
Rando phantom were segmented using MATLAB and 3D slicer software to identify various
organs such as bone, bone marrow, soft tissue,
brain and thyroid.
Results:
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experimental value by approximately 6.47%.
In some cases, the 3D dose distribution for
Rando Phantom was less than that for Voxelized phantom simulated by CT images of a
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be due to several reasons i.e. the inaccuracy
caused by the use of a limited number of TLDs
in experimental measurements, the impossibility of simulating Gentry’s actual rotation
(hyperbolic’s rotation) and the uncertainties
caused by converting CT images to e Voxelized
phantom.
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Introduction

Materials and Methods

Cone-beam computed tomography (CBCT) technology was introduced in 1996 in Europe and in
2001 in the United States, and was a great step
forward in dental imaging. In addition to dental
imaging, CBCT systems are used in angiography
imaging and Mega-Voltage radiotherapy. CBCT
has two main hardware differences compared to
CT; first, the CBCT uses fixed anode with low
output. Second, CBCT devices rotate around
the patient only once and collect the data using cone-shaped beams. As usual, the important
concern for any new X-ray system is the patient
dose, which is dependent on mAs and 〖kv〗_p,
as well as optimization of the colimator and filtration and field of view (FOV) (1).
As briefly mentioned, the CT technology has
advanced in the direction of widening the beam
width; this created the capability of acquiring
a larger imaging area with fewer numbers of
scans, while reducing the scan duration. Despite
all the benefits of the wide beam CT system, this
wide beam geometry introduced the difficulty
of patient dosimetry because the conventional
CTDI concept is not directly applicable to the
cone beam CT (CBCT) geometry for the purpose of accurate radiation dose estimation in the
phantoms. The reason is that the ionization created by a wide cone beam cannot be completely
collected without any loss by a conventional CT
pencil ion chamber; the wide cone beam creates
a longer CT profile (approximately 30-100 cm).
This makes it difficult for the current pencil ion
chamber to physically cover the entire length.
Even if one could create such a long pencil ion
chamber, there would be many technical problems such as electron collection efficiency, electric field inhomogeneity, charged particle equilibrium, and so forth. Additionally, longer CT
phantoms would also be needed for the measurements. To overcome these limitations, Thermoluminescence dosimetry is widely used for
estimation of organ dose in CBCT, However this
method has also a limitation which is the limited number of TLDs in each organ. Therefore
Monte Carlo (MC) technique can be used for the
accurate CBCT dosimetry (2). The purpose of
this study is to investigate the dose to different
organs in CBCT, using Gate Monte Carlo code,
by simulating voxelized phantoms.

In this section, dental CBCT system (Planmeca 3d mid) includes the X-ray tube, flat panel
detector and Voxelized phantoms, i.e. a normal
person and Rando phantom, was simulated by
the GATE Monte-Carlo Code (Version 8). The
physical components of this system are obtained
using the manual (materials used in the construction of the tube, the size, dimensions and geometric arrangement of different parts and, etc.).(3)
1.Monte Carlo Simulations
The free Monte Carlo simulation code, Gate (version 8), is a simple, and convenient user interface of GEANT, facilitating the use of GEANT
capabilities. Its prominent capabilities include
the ability to: simulate CT, SPECT, PET and
optical imaging systems,
simulate electric, or magnetic fields, s i m u l a t e
movement and time-dependent concepts;
Create Voxelized phantoms from CT, PET, and
SPECT images.
Gate Monte Carlo code has been widely used in
radiotherapy dose calculations. (4)
2.Simulation of a dental CBCT scanner
The simulation consists of a tungsten anode, and
a target with dimensions of 0.5×0.5〖mm〗^2 ,
and the angle of 5 degrees relative to the vertical line, embedded in a glass cubical shell with
the internal dimension of 12×1×1 〖cm〗^3,
and the thickness 2mm. The source was defined as a mono-energetic electron beam. The
dimensions, thickness and the distance of the
anode of aluminum filter, were considered to be
80×80cm, 0.25cm, and 4cm respectively. Such
values were 80×80cm, 0.05cm, and 4.025cm,
for copper Filter. To create a fan beam and limit
the output beam on the detector a lead collimator with a thickness of 7cm, an opening of 6.5 ×
6.5cm2 and 13 × 11.05 cm2 with an interval of
6cm from the anode were used. The geometric
range of particles tracking cube was considered
to 100×100×100〖cm〗^3. Figure 1 shows tube
body, filters and collimator.
To increase run speed of the simulation, the photon source replaces the X-ray tube. The photon
source’s energy distribution follows the X-ray
spectrum and the number of photon beam is obtained from Formula 1.
(1)
f_p1=N_p/N_e1
In the formula 1, 〖 f〗_p1 the fraction of pho-
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tons passing after the collimator, N_p the number of photons passing after the collimator (using
the phase space Actor output), N_e1 is the number of electrons used in simulation (two billion).
(fig1)

4.Simulation detector
A flat panel detector with dimensions 14.6 × 0.5
× 14.6cm consists of three sub-layers: a 14.6 ×
0.5 × 14.6cm module, 14.6 × 0.5 × 14.6cm a
cluster and 0.1 × 0.5 × 0.1 cm pixels as sensitive detector volume of silicone material. Figure
2 shows the detector and Voxelized phantom (a
normal person and Rando-phantom). (fig2)

Figure 1: Simulated X-ray tube, filter, and collimator

3.Simulation of the Voxelized phantom
In this section, we used DICOM CBCT images
of Alderson Rando phantom, and CBCT image
set of a person for simulation of the equivalent
human phantom using the GATE computational
code.
Material type, and density of the constituent elements in the body of the simulated phantom,
obtained based on the ICRU standard, are shown
in Table1. Voxelized phantom is located in the
center of iso-center and Voxelized phantom rotates instead of the Photon source. For both NT
and PM systems, the red, black, green, blue
and purple lines, respectively, the field of view
8×8cm^2، 12×8cm^2, 15×15 cm^2 NT system,
and 10×10〖cm〗^2 ,20×17 PM system.(table1)
Table 1. Comparison of the mean 𝛥E in the four
groups

Element
H
C
O
Na
Mg
p
S
Ca
Sb
Density
(g/cm3)

Lung
5.74
73.94
2.01
0.16
0.32

Muscle
8.87
66.81
3.10
0.08
1.00

Skeleton
3.4
15.5
4.2
0.1
0.2
10.3
0.3
22.5
-

(a)

(b)
Results
1.Extraction of the X-ray tube spectrum:
The X-ray tube spectrum was extracted using the
detector output (in text format) analyzed by the
MATLAB R2014a software. Figure 3 shows the
normalized spectrum extracted from the simulation. (fig3)
(a)

1.92
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Table 3. Comparison of HVL simulations with experimental results, and a previous work.
kVp

mA

Time
(s)

F O V(cm2)

HVL
(mm AL)
GATE

HVL
( m m
A L )
quality
control

HVL
( m m
A L )
[7]

70 6
0.2 6×6 2.6
2.85 2.78
63 6
0.2 6×6 2.42
2.50
60 7
0.1 6×6 2.23
2.37
3.Extraction of 3D dose distribution
3Dsliser and MATLAB R2014a software were
used to segment the organs. The MATLAB
R2014a software reads the output file for the
Actor dose output, raw and mhd format, and extracts the 3D dose distribution.
The average dose for 14mA currents for Rando
and normal person phantom are shown in Tables
4, and 5.
Once the dose to each organ is obtained, the
equivalent dose HT is obtained by equation 2,
and the effective dose is obtained by equation 2.
(1)
Figure 3: The normalized spectrum of the X-ray tube
with total filtration (0.5mmAl + 0.25mm Cu) for energies 55, 70 and 90 keV a) without collimator b) collimator opening 6.5×6.5〖cm〗^2 (field of view 10×10
〖cm〗^2 (c) collimator opening 13×11.05〖cm〗^2 (field
of view 20×17〖cm〗^2).

2.Validation of the simulations
For validation of the simulated X-ray tube, the
tungsten Characteristic peak simulation was
compared with the results of IPEM78 (Table 2).
According to Table 2, the characteristic peaks
are consistent with the results of the IPEM78. To
validate the MC simulations, the quality of the
X-ray tube, i.e. HVL, was compared with the experimental quality control result, obtained by the
RTI detector, Piranha, and that obtained by Han
et al 2013 (Table 3).

Where WR is radiation weighting factor, fi is the
mass fraction of the tissues Ti in the slice i that
has been irradiated, and DTi is the average absorbed dose in the fraction of tissue/organ T contained in the slice i, as presented by Ghaedi et al.
(2)

Table 6 compares the experimental and simulation results of the effective dose.
Table 4: The results of the 3D dose distribution of organs (Rando phantom Voxelized) for 14mA, different
voltages and FOVs

Table 2. Comparison tungsten Characteristic peak
simulation with IPEM78 for 90 keVenergy

Kα1(keV)
Kα2(keV)
Kβ1 (keV)

IPEM78[6]
59.31824
57.9817
67.2443

GATE
59.5
58.2
67.5
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kv_p

FOV

mAs

Bone Marrow(Gy)

Bone(Gy)

Soft(Gy)

Brain(Gy)

90

10×10

169

1.55e-04

2.099e-04

1.57e-04

1.027e-04
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Table5:The results of the 3D dose distribution of
organs (normal person Voxelized phantom) for 14mA,
different voltages and FOVs

Table6. Experimental and simulation results for dental CBCT system (Planmeca 3d mid)

Discussion
GATE Monte Carlo code was used in this study
for dosimetry in dental CBCT images. The simulations were performed for Rando phantom,
and a normal person for different field of views,
and kVps. As it is evident from the results, with
constant field of view, the organ doses increase
with increasing voltage. As the voltage increases, in addition to increasing the number of photons, the average energy increases, resulting in
higher doses. With constant voltage, the organ
doses increase with increasing field of view, because of increasing the irradiated volume, and
scattered radiation.

Conclusion
The difference in dose to organs of Rando Phantom, and normal patient voxelized phantom is
due to the different geometry, and density of
tissues. The difference between the experimental and simulation data is mainly because of the
inaccuracy caused by the use of a limited number of TLDs in experimental measurements. The
impossibility of simulating Gentry's actual rotation (hyperbolic's rotation) and the uncertainties
caused by converting CT images to e Voxelized
phantom may be two other reasons for such a difference. However the main reason is the limited
number of dosimeters in the experimental work,
as stated by Ghaedi et al, the number of TLDs for
measurement of the brain dose is two, while in
our simulation, all regions of brain is considered
in the dose measurements.
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