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A B S T R A C T

Cone beam computed tomography (CBCT) has become essential for dental diagnoses in the last decade. This is
supported by its low cost and low doses, when compared to medical CT. Following this increase in CBCT
procedures, it is necessary to ensure the image quality within low radiation doses to the patients. This is an
especially difficult challenge in CBCT, given the number of equipment models (more than 50), radiographic
techniques that may be employed, and technical information not available to the users by the manufacturers.
The objective of this study was to estimate the cancer risk, effective and absorbed doses in tissues and organs for
CBCT protocols intended for dental use. Monte Carlo (MC) simulations were used to estimate these quantities in
tissues and organs with radiological importance, as those suggested by the International Commission of
Radiological Protection (ICPR) report ICRP 103. Five different fields of view (FOV) were simulated to i-Cat
Classic CBCT, using the MCNPX code. The virtual anthropomorphic phantoms FASH3 (Female Adult MeSH) and
MASH3 (Male Adult MeSH) were also used. The effective dose estimative was in the range 75.15–142.20 μSv.
The largest contribution to the effective dose was from the salivary glands (17%), thyroid (27%) and remainder
tissues (28%). The results of this work showed that the effective and absorbed doses in tissues/organs vary
according to the FOV, exposure parameters, and the positioning of the beam, relative to the radiosensitive
organs. Furthermore, for the same exposure conditions, women can exceed the total risk of cancer by 26–34%,
when compared to men.

1. Introduction

In the late 1990s the cone beam computed tomography (CBCT) was
inserted to diagnostic dental imaging (Mozzo et al., 1998; Koivisto
et al., 2014). Since then, the use of CBCT has become essential for
diagnosis of implants, use of dental appliances and dental surgeries
(Morant et al., 2013). The CBCT produces a three-dimensional image of
the facial skeleton and teeth of the patient (Abramovitch and Rice,
2014; Scarfe et al., 2012). During the examination, the field of view
(FOV) has a relative proximity to radiosensitive organs. In addition,
with the popularization of CBCT in dental radiology, several brands of

equipment were manufactured (Abramovitch and Rice, 2014; Soares
et al., 2015a). This opened a new area of research, with many
dosimetric studies discussing the different parameters related to patient
exposure, as tube voltage, current, exposure time, FOV, exposure angle,
beam geometry and filtration (Morant et al., 2013; Soares et al., 2015a;
Roberts et al., 2008; Qu et al., 2010; Rottke et al., 2013; Stratis et al.,
2016).

To establish the risk of exposure in individuals, the effective dose
should be estimated by calculating the absorbed dose in the tissues, and
organs, at risk. This dosimetry is generally performed using
thermoluminescent (TL) dosimeters or optically stimulated luminescent
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(OSL) dosimeters in physical anthropomorphic phantoms. However, the
dose distribution within the simulator may vary and is usually punctual,
making it difficult to compare the various studies. Thus, to estimate the
effective dose, and the dose deposited in tissues and organs, a large
number of TLDs should be distributed in a physical anthropomorphic
phantom (Stratis et al., 2016).

In such situations, when the measurements are impossible, or very
difficult to carry out, numerical dosimetry is an optimal alternative
approach. Monte Carlo (MC) techniques are employed to accurately
simulate the doses from radiation transport through matter. It may be
employed for different combinations of technical parameters of
exposure, FOV, electric current, tube voltage, angle of rotation and
positioning of the beam in relation to the patient organs (Morant et al.,
2013; Stratis et al., 2016). Among its several advantages, one is related
to the lower uncertainties, which may be lower than those from
experimental TL measurements.

In recent years, several international organizations have developed
models to estimate cancer risk for ionizing radiation exposure, with low
linear energy transfer (LET), using data from survivors of the atomic
bombs of the Japanese cities of Hiroshima and Nagasaki. Among these
organizations, the International Commission on Radiological Protection
(ICRP) (ICRP Publication 103, 2007) and the National Research Council
(BEIR VII) (National Research Council, 2006) may be included. In their
study, the organizing committee performed a thorough analysis of the
health effects of people exposed to low levels of ionizing radiation
(National Research Council, 2006).

The aim of this study was to obtain the cancer risk, as well as
absorbed and effective doses, to a typical patient for a range of
available protocols, in a particular CBCT (i-CAT Classic) scanner that is
dedicated to dental radiology. In addition, the conversion factors to
estimate the effective dose for those protocols were evaluated too.

These studies allow the theoretical estimative of the cancer risk for
patients or medical staff, submitted to relatively low doses of radiation,
as in radiodiagnosis.

The estimation of the incidence of cancer risk was determined for an
organ set, of 35-year-old patients of both genders, exposed to X-rays in
CBCT procedures. These individuals were represented by the anthro-
pomorphic adult phantoms, FASH3 (Female Adult MeSH) and MASH3
(Male Adult MeSH) (Cassola et al., 2011).

2. Materials and methods

2.1. Cone beam CT device

This work was performed using a i-Cat classic CBCT scanner
(Imaging Sciences International, Hatfield, PA) (Imaging Sciences
International, 2010). In this process, the gantry revolves around the
individual, in a circular path, emitting beam radiation in every selected
FOV. The user can select up to 5 FOV sizes, depending on the purpose of
the image, involving the anatomical characteristics of the patient, and
the necessary collimation or location. The available options vary
according to the chosen protocol. The emission of X-rays is pulsed and
controlled by a high-frequency generator. The X-ray tube operates at
120 kVp and 5mA (in the range 3–7mA, depending on the installation).
The rotation time is 40 s with 3600 acquisitions. The minimum tube
filtration was 10mmAl (120 kV) and the current time product was
36.12mAs (Imaging Sciences International, 2010). To verify the correct
location of the region of interest (ROI), the equipment allows the
accomplishment of the scout, with the tube stationary. The distance
between the source and the detector was 68.58 cm, and the distance
between the source and rotation axis of the equipment (SAD) was
45.72 cm.

2.2. Evaluation of the CBCT unity

Initially, a study of the performance of the simulated equipment,

and evaluation of the main physical exposure parameters, was
undertaken. A solid-state multi-sensor Rapidose (model RAPD-W
sensor, RADCAL® Coorporation) was utilized. This multi-sensor works
in the range 40–150 kV and measures the total filtration (up to
22mmAl), absorbed dose in air, waveform, number of pulses per
second, pulse duration, half-value layer, effective time of exposure,
among other factors. The multi-sensor was positioned on the radiation
tube detector. During the measurement period, the solid-state
multi-sensor Rapidose was calibrated, using its Radcal 20272
calibration certificate.

2.3. Virtual anthropomorphic phantoms

The virtual anthropomorphic phantoms used in this work were the
Male Adult meSH (MASH3) and Female Adult meSH (FASH3) (Cassola
et al., 2011). They were developed by the Computational Dosimetry
Group of the Department of Nuclear Energy of the Federal University of
Pernambuco (DEN/UFPE). Their characteristics satisfy the
recommendations of the International Commission on Radiological
Protection, ICRP 89 (Cassola et al., 2010), for the reference anatomical
and physiological data of men and women. Table 1 shows some
anthropometric data of these phantoms. They have a geometry that
represents the internal organs in a very detailed way, which allows
results more consistent with the real exams.

2.4. Monte Carlo simulation

In this study, the MC simulation was used to calculate the absorbed
dose in a set of organs and tissues. With these values, the effective doses
and cancer risk were also determined, for a patient submitted to a
dental procedure, using CBCT. The MCNPX 2.7.0 (Pelowitz, 2011)
radiation transport code was used to simulate the energy deposition of
photons in the organs and tissues of the MASH3 and FASH3
anthropomorphic phantoms. MCNPX code is a MC radiation transport
code that operates in a wide range of energies. This version, coupled
with a series of codes, was designed nearly sixty years ago at the Los
Alamos National Laboratory, USA.

This code describes the transport of a set of particles such as
photons, electrons, neutrons, nucleons, light ions, beta particles, alpha
particles, protons, among other. In addition to these particles, it takes
also into consideration the secondary particles, which makes it very
attractive for use in various science fields.

The MASH3 and FASH3 phantoms were incorporated into the
MCNPX 2.7.0 radiation transport code to represent patients of both
genders. During the transport of photons and electrons, the cross
section library ENDF/B-VI8 was used to describe the possible effects in
the environment. Furthermore, the cut-off values for photons and
electrons, interaction type and cross section were maintained as default
values of the code, and no variant reduction techniques were employed.

To avoid memory allocation problems with the MCNPX code, and
reduce the computational time, the original matrices of phantoms
composed of voxels of 1.2 mm in length were resized to 2.4mm each.
This modification reduced the number of voxels, but preserved their
physiological and anatomical characteristics. The resizing of the

Table 1
Properties of anthropomorphic MASH3 and FASH3 phantoms (Cassola et al.,
2011).

Phantom Mass (kg) Height (cm) BMIa

(kg/m2)
Matrix
(columns ×
lines × slices)

Voxel
dimensions
(mm3)

MASH3 73.0 176.0 23.6 239 × 129 ×
731

2.4 × 2.4 × 2.4

FASH3 60.0 163.0 22.7 221 × 128 ×
677

2.4 × 2.4 × 2.4

a BMI - Body Mass Index.
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matrices was performed using FANTOMAS digital image processing
software (Vieira and Lima, 2009).

All equipment and virtual anthropomorphic phantoms were positioned
in a room with dimensions of 2.7m in length, 4.10m wide and 2.3m high.
The room was filled with atmospheric air ( =ρ 0.001205 g/cm3) combined
by C (0.0124%), N (75.53%), O (23.18%) and Ar (1.28%). The room was
composed of concrete walls ( =ρ 3.2 g/cm3) 22 cm thick. Fig. 1 presents
the patient computational model exposure.

The X-ray tube was represented by 36-point sources, each one
positioned in 10° steps. These photon sources emit beams of radiation in
the region of both patient jaws.

The ionization chamber used for the determination of the measured
air kerma was a Farmer type ionization chamber (model 10X6-0.6,
RADCAL® Coorporation). This chamber has a cylindrical shape and a
sensitive volume of 0.6 cm3. The chamber cavity has a diameter of
0.64 cm and a length of 2.4 cm. The central electrode of the chamber is
2.06 cm long and 0.1 cm in diameter. The wall was made with graphite
(0.061 g/cm2 thick). The rod was modelled with portions of aluminum
and graphite, and polytetrafluoroethylene (TEFLON) as insulator (Wulff
et al., 2008; Perini et al., 2013). It was positioned in the equipment
isocenter. The choice for this device, in relation to the pencil chamber
(100mm), was due to the large FOV used in i-Cat CBCT devices (Stratis
et al., 2016). Fig. 2 shows the CBCT equipment, modelled with the
MCNPX code, showing the gantry with 36 point sources and the
position of the MASH3 virtual anthropomorphic phantom at the exam
site.

The selected FOV dimensions were: 8 × 6; 14 × 6; 14 × 8; 14 × 13;
and 14 × 22 (cm × cm). A tube peak voltage of 120 kVp, anodic angle of
15°, tungsten target and tube filtration of 13mmAl were also used. The
radiation spectrum was simulated using the SRS 78 spectrum generator
software (Cranley et al., 1997). The tube information was obtained by
measurements with the RAPIDOSE multisensor (Radcal®), and by the
manufacturer manual (Imaging Sciences International, 2010), such as:

tube potential, anodic angle, type and amount of beam filtration and
target material of the electron beam. With this information, it was
possible to generate the energy spectrum.

To reduce the statistical uncertainties associated with the energy
absorbed in organs, tissues and other structures, a total of ×1.0 109

particle histories were used in each scenario.

2.5. Bow-tie filter

The bow-tie filter was constructed to produce a dose profile along
the X axis, with the polynomial fit identical to that determined
elsewhere (Morant et al., 2012). This profile was reproduced in this
work, along the X-axis in±8 cm from the isocenter (in a total of 17
different positions). Fig. 3 shows the data from Morant et al. (2012),
reproduced using MC simulation.

2.6. Conversion factor calculation

For each protocol, a conversion factor (CF), with the unit of
particles/mAs (Eq. (1)), was obtained. It was determined by the ratio
between the measured air kerma (Kair,measured in mGy/mAs) and the
simulated air kerma (KMC,simulated per particle in mGy/particle). The method
of definition of the conversion factor, used in this study, was validated
in a previous article by Stratis et al. (2016). The simulated air kerma,

Fig. 1. Irradiation scenario modelled with the MCNPX code composed of a
patient performing CBCT exams.

Fig. 2. Computational exposure scenario to simulate a CBCT procedure built for the MCNPX code. a) Gantry with 36 points of sources and; b) Position of the
anthropomorphic phantom MASH3 at the exam site.

Fig. 3. Scenario for determination of the dose profile produced by the bow-tie
filter in the MCNPX code. Figure adapted from Stratis et al. (2016).
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determined by the MCNP code, was obtained by the F6 tally (in MeV/g/
particle).

In the present study, CF was defined as:

=
K

K
CF air,measured

MC,simulated per particle (1)

Kair,measured was determined at the isocenter of CBCT device. The
measurements were performed with the current-exposure time product
of 36.12mAs. Thus, the unit was mGy/36.12mAs. KMC,simulated per particle
was obtained under the same conditions of the corresponding protocol,
and the parameters reported by the manual and measured in the
experimental procedure.

2.7. Absorbed dose

The absorbed dose in tissues/organs, of the anthropomorphic
phantoms MASH3 and FASH3, were determined, in the MCNPX code,
by means of the Eq. (2) (Gu et al., 2009; Belinato et al., 2015):

= × ×D D CF Nabsolute simulated (2)

where CF is obtained by Eq. (1), Dsimulated is the value of tally F6 (in
MeV/g/particle), and N=1, corresponding to only one rotation of the
equipment to acquire the image.

2.8. Effective dose

The equivalent dose HT is defined by =H w D.T R (absorbed dose). As wR is
the radiation weighting factor (wR = 1 for X-rays), the equivalent dose
will have the same numerical values as the absorbed dose. Then, the
effective dose (E) was calculated from Eq. (3), in accordance with the
ICRP 110 methodology (ICRP Publication 110, 2009):

∑= ⎡
⎣⎢

+ ⎤
⎦⎥

E w
H H( ) ( )

2T
T

T TT,Male T,Female

(3)

where the weighting factor wT , used for organs and tissues, was taken
from the recommendations published by the ICRP 103 (ICRP
Publication 103, 2007); H( )T T,Male and H( )T T,Female are the equivalent
doses of the organs and tissues of male and female anthropomorphic
phantoms, respectively.

2.9. Cancer risk

Based on the values of the cancer risk coefficients, provided by BEIR
VII (National Research Council, 2006), and the absorbed dose values of
each organ and tissue, it was possible to calculate the cancer risk using
Eq. (4).

=R D r
0.1

·T
T

T (4)

where RT is the incidence cancer risk in 100,000 people exposed to a
single dose of 0.1 Gy, DT is the absorbed dose in Gy in the organ or
T-tissue; rT is the cancer risk factor in the organ or tissue provided by
the BEIR VII (National Research Council, 2006).

To quantify the cancer risk (R), for a patient submitted to a
radiological procedure, it is sufficient to add the cancer risk (RT)
corresponding to each organ or tissue using Eq. (5).

∑=R R
T

T
(5)

3. Results and discussion

3.1. Evaluation of the CBCT unity

The results regarding the technical performance of the CBCT i-Cat
Classic equipment were close to the specifications of the manufacturer's

manual. The tube voltage varied 2% relative to the console panel, and
with reproducible values for all protocols. The total exposure time
presented differences below 5%, compared to the specifications given in
the manufacturer's manual. In addition, it was possible to confirm the
mode of pulsed exposure, the waveform and HVL (9.2 mmAl). The
measured total filtration was 13mmAl, and the value informed in the
manual was just >10 mmAl. The measured pulse time was 17.3 ms with
5.5 μGy. All factors presented reproducibility and constancy in
exposures and protocols.

3.2. Bow-tie filter validation

One of the highest challenges of the Monte Carlo simulation, for
CBCT scanners, is the information limitations, from the manufacturers,
regarding size, shape and materials used to form the beam. An example
is the shape and material of the filter used in the X-ray scanner, which
directly influences the energy beam.

Without a complete description of this filter, it was considered as a
bow-tie filter. The main reason for choosing this filter is justified by the
geometry of the target object (head and neck of the individual). This
geometry was also chosen due to the methodology used to find the
conversion factors (Eq. (1)). According to the study of its validation
(Stratis et al., 2016), this method guarantees the applicability of the
bow-tie filter. In addition, previous studies by Morant et al. (2013),
carried out an equipment from the same manufacturer with similar
specifications, and Stratis et al. (2016) have used this filter in
simulations of CBCT equipment.

The effect produced by the bow-tie filter can be shown by a curve
representing the dose profile at 17 points along the X axis. The
simulations for determination of the dose profile of the bow-tie filter
used 1E7 particles. Fig. 4 shows a comparison between the dose profile
obtained with this study and the dose profile obtained by Morant et al.
(2012). This result provided a spatial distribution of the photons in the
scenario appropriate to the irradiation conditions of the CBCT studied
equipment.

Other universally standardized techniques, such as CTDI, have been
discarded in earlier studies (Miracle and Mukherji, 2009; Yu et al.,
2010). The main reason was because the CBCT beam is long in the
longitudinal direction, and the 100mm pencil-type ionization chamber
is unable to capture all the scattered and generated radiation within the
phantom (Miracle and Mukherji, 2009; Yu et al., 2010; Pauwels and
Scarfe, 2018).

The use of the dose area product (DAP) is also proposed for
conducting MC simulations and dose estimation. However, this
technique is limited since some equipment presents a beam with
asymmetric geometry, or uses the stitched FOV technique (Pauwels and
Scarfe, 2018; Soares et al., 2015b).

Fig. 4. Dose profile produced by the i-Cat Classic bow-tie filter.
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3.3. Dose results for CBCT

Table 2 presents the values of the CF as a function of the FOV, which
were obtained by the ratio of the measured and the simulated air kerma
(K K/air simulated). For the studied equipment, Kair was 3.409mGy, and the
same irradiation physical parameters were used for all protocols
(120 kV tube voltage, 36.12mAs current-time product, and 13mmAl
filtration).

By means of the CF values presented in Table 2, it was possible to
calculate the absorbed doses for each protocol, using Eq. (2). The
absorbed dose was calculated for the tissues and organs recommended
by ICRP 103 (ICRP Publication 103, 2007), individually, for the MASH3
and FASH3 virtual anthropomorphic phantoms. The results are shown
in Table 3. Although the eye lens are not considered for the
determination of the effective dose, as recommended by ICRP 103
(ICRP Publication 103, 2007), its absorbed dose were determined for all
available protocols. All FOV sizes are conventionally presented as
diameter × height (cm × cm).

The highest absorbed dose value was observed for the salivary
glands (0.7–2mGy). The FASH3 phantom received the highest absorbed
dose for the 14 cm × 6 cm and 14 cm × 8 cm protocols. The thyroid
obtained an expressive value of absorbed dose for the 14 cm × 22 cm
protocol (1.94mGy for FASH3 and 1.30mGy for MASH3) and lower
dose for the 8 cm × 6 cm protocol (0.38 mGy for FASH3 and 0.22mGy
for MASH3). Bone marrow, remainder tissues, oesophagus, bone
surface and skin obtained absorbed doses below 0.5 mGy.

The effective dose values of each protocol were determined with Eq.
(3) and are presented in Table 3. The effective dose estimative was in
the range 75.15–142.20 μSv. The FOV that resulted in the highest
effective dose was 14 cm × 22 cm, and the one with the lowest dose was
8 cm × 6 cm.

The increase in the effective dose was proportional to the FOV size.
While the FOV increased 43% in diameter and 73% in height, from
lowest to highest FOV, the effective dose increased by 47%. Possibly
two reasons explain this result: first, the larger FOV encompasses a
larger number of radiosensitive organs and, secondly, the larger the

FOV, the larger the X-ray scattering to radiosensitive organs, close to
the ROI.

From the CF values presented in Table 2, the absorbed doses in the
organs and tissues were calculated, and are presented in Table 3. The
absorbed doses for the MASH3 and FASH3 virtual anthropomorphic
phantoms are similar to bone-marrow, oesophagus, bone surface, brain
and skin. Significant absorbed dose values are observed for the salivary
glands and thyroid. Pauwels and Scarfe (2018) also draw attention to
this fact, where they demonstrate in their studies that the dose is
highest in the areas covered by the FOV. Morant et al. (2013) found
similar results when comparing female and male phantoms.

The absorbed dose by the FASH3 phantom is greater than for
MASH3, especially in the salivary glands, brain and remaining tissues.
The difference in absorbed dose between FASH3 and MASH3 are due to
the difference in relation to the size of the organs and BMI of both
phantoms (Table 1). Absorbed dose values are similar between the two
phantoms in bone marrow, bone surface, and skin.

Therefore, there are FOV sizes that for FASH3 will encompass some
organs on the primary or near field, increasing the scatter dose
absorption, while for MASH3 they are partially enclosed by the region
of the primary beam, or by the scattered radiation. This was observed
for thyroid and oesophagus, or extrathoracic region, considerably
increasing the absorbed dose for the remaining tissues (Table 3). Some
studies reminded this fact, indicating the need of avoiding pre-fixed
factory protocols (Theodorakou et al., 2012).

The highest absorbed dose for a greater number of tissues and
organs occurred for large values of FOV (14 cm × 13 cm and 14 cm ×
22 cm). In Table 3 this fact is confirmed, and it is possible to observe a
direct and linear relationship between the FOV size and the effective
dose. This result is confirmed by other studies that estimated the ef-
fective dose, for CBCT, with symmetric geometry beams (Morant et al.,
2013; Soares et al., 2015a; Pauwels and Scarfe, 2018; Theodorakou
et al., 2012). An indisputable fact is the need for collimation of the
radiation beam, reducing the FOV size and assuming the ALARA
principle in conducting CBCT exams.

Significant absorbed dose values were observed for the salivary
glands and thyroid, as shown in Table 3. This may also be seen in Fig. 5,
where the salivary glands correspond to a mean value, for all protocols,
of at least 17% of the effective dose. The thyroid corresponds to 27%.
They correspond to those doses reported in previous experimental
studies (Morant et al., 2013; Soares et al., 2015a; Roberts et al., 2008).

The contribution to the effective dose of the organs and tissues,
presented in Fig. 5, is in accordance with previous experimental results
(Soares et al., 2015a). Morant et al. (2013) also found similar values in
their experimental results when performing this analysis for a CBCT
device. When evaluating, in more detail, the mean contribution of

Table 2
Conversion factors (CF) used for the calculation of dose in organs and tissues.

FOV [diameter (cm) × height (cm)] CF (particle/mAs)

8 × 6 2.34E+11
14 × 6 2.31E+11
14 × 8 1.73E+11
14 × 13 1.07E+11
14 × 22 6.39E+10

Table 3
Absorbed dose (mGy) in the organs and effective dose (μSv) for MASH3 (M) and FASH3 (F) phantoms.

FOV

Organs and tissues 8 cm × 6 cm 14 cm × 6 cm 14 cm × 8 cm 14 cm × 13 cm 14 cm × 22 cm
M/F M/F M/F M/F M/F

Bone-marrow (mGy) 0.11/0.12 0.18/0.19 0.16/0.17 0.16/0.17 0.15/0.17
Oesophagus (mGy) 0.03/0.05 0.03/0.05 0.05/0.07 0.06/0.11 0.13/0.24
Thyroid (mGy) 0.22/0.38 0.23/0.38 0.33/0.60 0.50/1.19 1.30/1.94
Bone surface (mGy) 0.07/0.08 0.12/0.12 0.11/0.11 0.10/0.11 0.10/0.11
Brain (mGy) 0.21/0.19 0.41/0.39 0.33/0.31 0.46/0.46 0.71/0.74
Salivary glands (mGy) 0.76/0.82 1.03/2.23 1.95/2.21 1.47/1.61 0.95/1.03
Skin (mGy) 0.06/0.07 0.09/0.11 0.09/0.11 0.09/0.11 0.09/0.11
Remainder Tissuesa (mGy) 0.18/0.23 0.23/0.28 0.25/0.29 0.20/0.24 0.16/0.19
Effective dose (μSv)b 75.15 94.20 105.04 112.05 142.20
Eye Lens (mGy) 0.19/0.21 0.53/0.58 0.23/0.35 0.88/0.96 1.17/1.26

a Adrenals, extrathoracic (ET) region, gall bladder, heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate (men), small intestine, spleen,
thymus, uterus/cervix (women).

b Obtained with Eq. (3).
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tissues and organs to the effective dose (E), a greater prominence was
observed for the remainder tissues (28%), salivary glands (17%),
thyroid (27%) and bone marrow (19%). Brain, bone surface,
oesophagus, and skin presented an effective dose contribution below
5%.

The reason for this high effective dose contribution, to the
remainder tissues, is due to the fact that the oral mucosa, and the
extrathoracic airways, are effectively within the FOV. Another factor
that modifies the contribution of tissues and organs, increasing or
decreasing the absorbed dose, is the location of the radiation isocenter
(Pauwels and Scarfe, 2018). As the target location is modified, in the
buccal cavity, the tissues and organs increase or reduce the dose,
according to the established FOV. In this study the FOV was simulated
for the anterior part of the mouth, in a 360° rotation. This fact
contributes to the justification of these values, since this dose range is
common for procedures in other parts of the head.

A highlight in relation to the experimental results is the thyroid.
Experimentally, the thyroid presents a contribution of 14% to the
effective dose (Soares et al., 2015a). In the present study, a contribution
that reached 27% was observed, indicating a higher absorbed dose for
protocols with higher FOV sizes.

Although not used for the determination of the effective dose, as
suggested by ICRP 103 (ICRP Publication 103, 2007), recent studies
suggest that the eye lens radiosensitivity is greater than that suggested
by the literature (Pauwels et al., 2014a; ICRP Publication 118, 2012).
Furthermore, there is also the somatic effect of radiation to be
considered. In this study, the absorbed dose by the eye lens were
determined, given its proximity to the ROI. It had a maximum value of
1.26mGy for FASH3 and 1.17mGy for MASH3 phantoms, using a
14 cm × 22 cm FOV. For a 14 cm × 13 cm FOV the dose was also
significant (0.96 mGy for FASH3 and 0.88mGy for the MASH3). These
data agree with previous studies (Morant et al., 2013; ICRP Publication
118, 2012; Pauwels et al., 2014b), that showed a proportionality
between the FOV height and the absorbed dose in the eye lens. A
possible solution would be to lower the height of the FOV. However, the
ROI and dose increase to the thyroid must also be taken into account. Is
is important to note that the thyroid dose was high in this study. As a
suggestion to the users, is to review the exam parameters, as tube
voltage, current, exposure time, beam geometry, and the capability of
CBCT equipment to allow FOVs with personalized sizes, to the clinical
need of the image, always taking into account the image quality.

Undoubtedly, analyzing the data, especially of Tables 3 and 4, it was
possible to realize the need for optimization of the radiation doses for

exposure during CBCT procedures. The main points are technical
factors, where an optimization of the pre-established protocols is
emphasized, mainly for young people and children. A second highlight,
from Table 3, is the delimitation of the FOV size. A final point is the use
of individual protection, considering that it does not interfere in the
image quality.

3.4. Cancer risk

The health risks attributable to exposure to ionizing radiation
depend on the absorbed dose in the organ, the type of irradiated organ,
age and gender of the exposed individuals. Knowing the absorbed dose
of each organ/tissue and using the values of appropriate cancer
induction risk coefficients, it was possible to calculate the risks of
induction of cancer of a set of organs and tissues of the patient. The
main results of cancer risk of organs and tissues, and the effective risk
(R) according to gender and FOV, attributable to a total of 100,000
people, with an average age of 35 years, are presented in Table 4. The
cancer risk results for leukemia were obtained by the absorbed dose
values, in the red bone marrow, and the results for the others organs/
tissues correspond to the set of other organs defined by ICRP 103 (ICRP
Publication 103, 2007).

Among the evaluated organs of the patient, it was observed that the
cancer risks in the red bone marrow (leukemia), lungs, and remainder
tissues presented high values. Important differences in cancer risk were
observed between the MASH3 and FASH3 organs. For most organs
located far from the primary radiation beam, such as the colon,
stomach, bladder and liver, the values were lower, when compared to
those organs located closer to the FOV, such as the thyroid, breasts and
lungs. It may also be notet that the effective cancer risk was higher for
the female gender, for all FOV considered in this work. This difference
is mainly due to the risk of breast and gonads cancer.

The present calculations showed that for a typical CBCT procedure,
the cancer risk for women, in the same exposure conditions, can exceed
by 26–34% the values for men.

Even with the limitations of the stochastic effects in CBCT, studies
stated that women, young and children receive a high dose
(Theodorakou et al., 2012). For people over the age of 60 the cancer
risk is four times lower than for children (Pauwels et al., 2014b). In this
sense, it is necessary to evaluate the need to carry out the examination,
and, when possible, to use specific protocols for children (Soares et al.,
2015a; Pauwels and Scarfe, 2018). It should be noted, however, that
other radiological exams may be also efficient for the clinical objective.

4. Conclusions

The results obtained in this study point to an adequate methodology
to determine the doses in dental CBCT from air kerma measurements.
The CF values indicate that the larger the radiation field, higher will be
the absorbed and effective doses. This fact is justified by the number of
tissues and organs irradiated when the field size increases. Ultimately,
as the number of patients using this type of exam tends to grow, it is
expected that the absorbed and effective doses presented in this study
will enable the medical staff to better manage the doses to the patients.
The MC method was used to estimate the absorbed dose in tissues and
organs, as well as the effective dose and cancer risk, for a female and a
male virtual anthropomorphic phantoms. The parameters used in the
simulation are used routinely, and they were compared with previously
published experimental results. Higher values of absorbed dose were
observed in the thyroid and salivary glands. Using the absorbed dose
values of each organ and tissue, it was possible to calculate the cancer
risk for a set of organs and tissues of a patient submitted to a typical
CBCT examination. The results indicate that for the same exposure
conditions, women can exceed the total risk of cancer by 26–34%, when
compared to men. This difference may be attributed to the contribution
from the FASH3 breasts and gonads.

Fig. 5. Contribution of tissues and organs to the effective dose.
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Number of cancer incidence cases for a set of organs and tissues of the male (MASH3) and female (FASH3) genders and the total risk (R) for the typical CBCT
procedure. The values show the number of cases per 100,000 people.

Number of cancer incidence cases/FOV

Organs 8 cm × 6 cm 14 cm × 6 cm 14 cm × 8 cm 14 cm × 13 cm 14 cm × 22 cm

MASH3
Bone-marrow 1.1E−02 1.8E−02 1.6E−02 1.6E−02 1.5E−02
Colon 9.4E−05 1.0E−04 8.9E−05 7.1E−05 6.9E−05
Lung 2.2E−03 2.6E−03 3.4E−03 4.0E−03 6.8E−03
Stomach 4.8E−05 5.7E−05 5.9E−05 5.9E−05 7.6E−05
Remainder tissuesa 4.0E−02 5.2E−02 5.5E−02 4.5E−02 3.5E−02
Bladder 4.6E−06 6.2E−06 4.2E−06 3.2E−06 2.8E−06
Liver 2.0E−05 2.5E−05 2.6E−05 2.7E−05 3.6E−05
Thyroid 5.3E−04 5.5E−04 8.0E−04 1.2E−03 3.1E−03
Effective risk 5.3E−02 7.2E−02 7.5E−02 6.5E−02 5.7E−02
FASH3
Bone-marrow 9.1E−03 1.4E−02 1.3E−02 1.3E−02 1.3E−02
Colon 8.6E−05 9.7E−05 8.7E−05 7.5E−05 8.0E−05
Lung 8.1E−03 9.8E−03 1.2E−02 1.5E−02 2.8E−02
Stomach 1.0E−04 1.2E−04 1.4E−04 1.4E−04 1.8E−04
Breast 2.3E−03 3.2E−03 3.2E−03 2.9E−03 2.9E−03
Remainder tissuesa 5.2E−02 6.6E−02 6.7E−02 5.5E−02 4.3E−02
Gonads 4.1E−06 1.9E−06 5.1E−06 3.8E−06 4.4E−06
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Effective risk 7.2E−02 9.3E−02 9.6E−02 8.6E−02 8.7E−02

a Remainder Tissues: Adrenals, Extrathoracic (ET) region, Gall Bladder, Heart, Kidneys, Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Ovaries, Small intestine,
Spleen, Thymus, Uterus.
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