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Objectives: The aim of this study was to calculate organ and effective doses for a range of
available protocols in a particular cone beam CT (CBCT) scanner dedicated to dentistry and
to derive effective dose conversion factors.

Methods: Monte Carlo simulations were used to calculate organ and effective doses using
the International Commission on Radiological Protection voxel adult male and female
reference phantoms (AM and AF) in an i-CAT CBCT. Nine different fields of view (FOVs)
were simulated considering full- and half-rotation modes, and also a high-resolution acquisition
for a particular protocol. Dose—area product (DAP) was measured.

Results: Dose to organs varied for the different FOVs, usually being higher in the AF
phantom. For 360°, effective doses were in the range of 25-66 pwSv, and 46 pSv for full head.
Higher contributions to the effective dose corresponded to the remainder (31%; 27-36 range),
salivary glands (23%; 20-29%), thyroid (13%; 8-17%), red bone marrow (10%; 9-11%) and
oesophagus (7%; 4-10%). The high-resolution protocol doubled the standard resolution
doses. DAP values were between 181 mGy cm? and 556 mGy cm? for 360°. For 180° protocols,
dose to organs, effective dose and DAP were approximately 40% lower. A conversion factor
(DAP to effective dose) of 0.130 + 0.006 wSvmGy ' cm™? was derived for all the protocols,
excluding full head. A wide variation in dose to eye lens and thyroid was found when shifting
the FOV in the AF phantom.

Conclusions: Organ and effective doses varied according to field size, acquisition angle and
positioning of the beam relative to radiosensitive organs. Good positive correlation between
calculated effective dose and measured DAP was found.

Dentomaxillofacial Radiology (2013) 42, 92555893. doi: 10.1259/dmfr/92555893

Cite this article as: Morant JJ, Salvaddé M, Hernandez-Giron I, Casanovas R, Ortega R,
Calzado A. Dosimetry of a cone beam CT device for oral and maxillofacial radiology using
Monte Carlo techniques and ICRP adult reference computational phantoms.
Dentomaxillofac Radiol 2013; 42: 92555893.

Keywords: dental equipment; Monte Carlo method; cone beam CT; radiation dosimetry;
radiological phantoms

Introduction

Cone beam CT (CBCT) scanners are increasingly being ~ with conventional CT, they offer several advantages,
used in many dental specialties, such as orthodontics, especially a significant reduction in the imparted patient
implantology, trauma and dental surgery. Compared doses.'? These devices produce both two-dimensional
e . R— P —— and three-dimensional images that are adapted to the
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CBCT.** Most of these devices have a standard pro-
tocol available with acquisition parameters and voxel
sizes that are appropriate for the average patient. Ad-
ditionally, the user can select from a range of protocols
the most suitable to the clinical requirements and ana-
tomical characteristics of the patient. Because the ra-
diation dose received by the patient depends primarily
on the field of view (FOV) and the selected exposure
parameters, it is important to choose the protocol that
imparts the lowest patient dose while providing the re-
quired diagnostic information.’

The latest recommendations from the International
Commission on Radiological Protection (ICRP) have
modified the values of the weighting factors of several
organs for the calculation of the effective dose and have
added new organs or tissues to those previously in-
cluded in the 1990 recommendations.®’ The most s1g-
nificant change for dental radiological examinations is
the inclusion of salivary glands as an individually
weighted tissue and of the oral mucosa into the re-
mainder organs. Additionally, the weighting factor for
the remainder has increased from 0.05 to 0.12 so that
other organs in this category, which are usually in the
primary beam on CBCT scans (extrathoracic region and
lymphatic nodules), have also increased their contribu-
tion to the effective dose. A number of studies have
assessed the influence of these changes on the effective
dose of patients undergomg CBCT examinations of the
oral and maxillofacial region.®

To date, published dosimetric studies reflect a wide
patient dose range to reach similar diagnostic tasks;
however, the effective dose from CBCT examinations is
several to many times greater than conventional pano-
ramic imaging and lower by more than an order of
magnitude than reported doses for conventional CT.'*'*
Most of these values are derived from measurements using
thermoluminescence dosemeters (TLDs) that are placed
within anthrogpomorphlc phantoms to assess typlcal pa-
tient doses.*”!* For the phy51cal phantoms used in these
studies, the position and size of radiosensitive organs have
been estimated. This method, although providing organ
doses and effective dose values compatible with commonly
accepted uncertainties in the assessment of these quantities,
has a number of drawbacks. Several of these drawbacks
arise from the use of a limited number of TLDs for as-
sessing doses in large organs or tissues, unless an adequate
number of TLDs is used to minimize the variability of
organ dose calculations.'* Moreover, the TLD chip po-
sitioning can also be critical when a fraction of an organ
is irradiated during the scan or for organs in the neigh-
bourhood of the scanned region. All of these limitations
can be substantially reduced by using Monte Carlo (MC)
simulations combined with organ dose calculations within
anatomically realistic anthropomorphic phantoms.

In a previous study, an MC simulation program was
developed and validated to be apphed to a CBCT device
to calculate the radiation dose in voxel objects.'> ICRP
have published voxel-based phantoms for male (AM)
and female (AF) adults. These phantoms are reference
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computational models based on computed tomographic
data of real adult people and, hence, are digital three-
dimensional representations of human anatomy.'® To
our knowledge, there are few reports that have focused
on the radiation dose of CBCT usmg MC techniques.'’
Moreover, there are no reports using the ICRP AM/AF
phantoms for this task. The aim of this study was to
calculate organ doses and effective doses to a typical pa-
tient for a range of available protocols in a particular
CBCT scanner that is dedicated to dental radiology. For
this task, the ICRP AM/AF phantoms were implemented
in our MC simulation program. Additionally, a secondary
objective of the work was to derive conversion factors to
estimate the effective dose for the protocols analysed.

Materials and methods

Cone beam CT device
This work was performed using a next-generation i-
CAT dental CBCT scanner (Imaging Sciences In-
ternational, Hatfield, PA) that consisted of an X-ray
tube with a stationary anode and a 20 X 25cm? amor-
phous silicon flat panel detector with a Csl scintillator.
A bow-tie filter placed in the X-ray beam path pro-
vides size-adapted compensation for the variation of
head thickness from the centre to the periphery of the
field. The user can select up to nine possible default
radiation fields to fit to the anatomical characteristics of
the patient and the volume under study by collimation.
The pulsed X-ray emission is controlled by a high-
frequency generator. The X-ray tube operates at 120
kVp and 5 mA, which are both fixed; rotation time can
be selected between 8.9 s and 26.9 s for 360° (full rota-
tion) acquisitions or between 4.8 s and 14.7s for 180°
(half rotation). The images can be reconstructed in five
different voxel sizes: 0.4 mm, 0.3 mm, 0.25 mm, 0.2 mm
or 0.125 mm. The available options vary according to
the selected protocol.

ICRP AMIAF phantoms

The reference computational models for male (AM)
and female (AF) proposed by ICRP were used in the
study These phantoms were constructed from CT
images of real patients, and the mass, spatial distribution
and composition of each organ and tissue were adapted
to match the ICRP standards for adult men (AM) and
women (AF) without compromising their anatomical

Table 1 Primary International Commission on Radiological Protection
voxel phantom characteristics. The height and mass reference values are
in parentheses

Characteristic AM phantom AF phantom
Gender Male Female

Age 38y 43y

Height (reference) (cm) 176 (176) 167 (163)
Mass (reference) (kg) <70 (73) 59 (60)
Number of voxels per slab 254 X 127 299 X 137

Number of slabs 222 348
Voxel size (mm?) 2137 x2.137x8 1.775 X 1.775 X 4.84

AF, adult female; AM, adult male.




realism. A summary of the anatomical features and data
related to the phantoms is shown in Tablel.

The implementation of AM and AF phantoms in the
simulation program required localization of all organs
and tissues within them and an assignment of their
composition as provided in the ICRP report. Accord-
ingly, details concerning the 141 organs or tissues and
53 materials (i.e. chemical composition and density)
were included for each phantom. Both phantoms con-
tain an additional subsegmentation for the skeleton
which was also implemented in the MC program. This
subsegmentation is needed because bone spongiosa has
a microscopic structure that cannot be correctly rep-
resented in the volume of each voxel. Consequently, 44
categories of skeletal tissue composed of 20 different
materials according to their content of red bone marrow
(RBM), yellow bone marrow (YBM) and endosteum were
implemented for both phantoms. Each voxel is considered
homogeneously composed of 1 of these 20 materials with
a specific mass fraction of RBM, YBM and endosteum.
For the calculation of the effective dose, the required 27
organs/tissues were identified in each phantom.

To validate the correct implementation of all the re-
lated information in the MC program, the total mass of
every organ and material in the model were computed
and the results were compared with the original data.

Protocols

Nine different cylindrical scan volumes predefined
(diameter X height) by the device were selected: (a) 916 X
13 cm height; (b) F16 X 11 cm height; (c) F16 X 10 cm
height; (d) 916 X 8 cm height; (¢) 916 X 6 cm height
(maxilla); (f) 916 X 6 cm height (mandible); (g) D8 X
8 cm height; (h) 916 X 4 cm height; and (i) full head
023 X 17 cm height. All protocols were simulated for
a standard resolution (0.3-0.4 mm voxel) and both 360°
(18.54 mAs) and 180° (10.11 mAs) acquisition modes.
It is important to notice that during half-rotation
acquisitions, the X-ray tube rotates behind the patient’s
head, which can influence the dose distribution.

To test the dependence of dose with tube loading
settings, a high resolution (ie. @16 X 13 cm height)
protocol was also simulated for 360° (37.07 mAs) and
180° (20.27 mAs) acquisitions. The organ/tissue doses
were calculated separately for the AF and AM phan-
toms in each case.

Additionally, the effect of varying the isocentre along
the z-axis on the eye lens and thyroid doses was in-
vestigated using the standard protocol (916 X 13 cm)
on the AF phantom. To accomplish this, different FOV
positions within the dentomaxillofacial region were
simulated by shifting the isocentre along the z-axis at
constant intervals of either 2 mm, to calculate the dose
to the eye lens, or 10 mm for thyroid dose calculation.
Owing to its morphological characteristics, the ICRP
AF phantom is more sensitive to dose variations with
FOV position, and hence it was selected for this task.
The reason for this is that the thyroid in the ICRP AF
phantom is closer to the occlusal plane and its size along
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the z-axis is smaller, which makes it more likely to be
partially or fully inside the direct beam.

Monte Carlo simulation

The developed MC program simulates the radiation
transport through the voxelized space. A benchmarked
Electron Gamma Shower V4 (EGS4) package in combi-
nation with the low-energy photon-scattering expansion
(National Laboratory for High Energy Physics (KEK),
Tsukuba, Japan) are the basis for radiation transport. Cut-
off energies of 5 keV and 30 keV were used for photons
and electrons, respectively, in this study.'®!""

All of the parameters that influence doses were con-
sidered in the simulation. The spectral and geometric
characteristics of the X-ray beam (i.e. peak tube po-
tential, primary filtration, bow-tie filter attenuation,
and heel and penumbra effects caused by the focus and
collimator) were modelled. Additionally, the values of
other protocol-specific acquisition parameters, such as
starting and ending exposure angles for 360° or 180°
rotation, tube loading, overlapping beam angle, fre-
quency of radiation pulses and field size, were used as
inputs.'> The FOV of the investigated CBCT is a cylin-
drical volume generated by rotation of the beam cross-
section at the isocentre. The FOV height was imple-
mented as the sum of the distances from the upper and
lower cylinder surfaces to the occlusal plane. The FOV
diameter was implemented directly for all the protocols
under study, except for the full head @23 X 17cm
height. For full head height, as the centre of rotation
does not coincide with the centre of radiation, the FOV
diameter was taken as twice the distance from the cyl-
inder lateral surface to the rotational axis. Therefore, the
significant field asymmetry in many protocols, noticeable
in the full head @23 X 17 cm height, was modelled.

As an example of field implementation, Figure 1
shows the @16 X 13 cm FOV superimposed on the
middle sagittal plane of each ICRP phantom. It is
noteworthy that the positioning of the isocentre in the
two phantoms can be different from clinical situations.
In the adult female (left-hand image), the radiation field
should be collimated to avoid some organs, such as thy-
roid, eye lenses or salivary glands, being included in the
primary beam and lowering the dose imparted to them.

The whole anatomy of the ICRP AM phantom (i.e.
222 slabs of 8 mm thickness, Table 1) was used as an
EGS4 input file. By contrast, the ICRP AF phantom,
which consists of 348 slabs of 4 mm thickness (Table 1)
was truncated for the simulation. The slabs making
up the lower limbs of this phantom were excluded to
meet the EGS4 input file size requirements (252 slabs
maximum). This fact has no impact on the results be-
cause, on the one hand, the energy imparted to the legs
in a dental CBCT examination is negligible, and, on the
other hand, the total mass of the leg tissues was con-
sidered for organ dose calculation.

The MC simulations were performed in a cluster that
comprised 14 Bull Nova Scale R422E1 servers (Bull
SAS, Les Clayes-sous-Bois, France) with 28 nodes and
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Figure 1 A middle sagittal section of the International Commission on Radiological Protection adult female (left) and adult male (right)
phantoms. The overlaid rectangles represent the radiation field borders for a @16 X 13 cm height acquisition

56 Xeon 4 core processors (Intel, Santa Clara, CA)
running at 3.0 GHz with a total memory of 896 GB. The
dose calculations were carried out using 20 X 10° photon
histories in all cases. The computation times were on
average 18 min for simulations over each phantom.

Dose calculations

The MC code simulates the photon interactions with the
ICRP computational phantoms and the imparted en-
ergies from both primary and scattered components in
each voxel can be calculated. This information was used
to generate three-dimensional energy distributions and
compute the total absorbed energy in groups of voxels
making up each organ or tissue. The absorbed doses to an
organ/tissue were calculated as the ratio between the total
imparted energy to the voxels included in the organ and
the total mass of the organ. Although not required for the
effective dose calculation, the organ dose to the eye lens
was also considered for all of the imaging protocols.

To estimate the skeleton absorbed doses, the way in
which the information concerning RBM, YBM and
endosteum contents are coded in ICRP Report 110 was
tailored to our program.'® To calculate the energy absor-
bed by the RBM and endosteum in each voxel with
spongiosa, the corresponding mass—energy absorption
coefficients,” weighted with the fractional mass of RBM,
YRM and endosteum, were used.”?! Moreover, an en-
hancement factor was applied to the energy absorbed by
the RBM to account for the effect of secondary electrons
produced in cortical bone, which considered six categories
according to the trabecular or RBM content of the bone
represented in each voxel.”” The absorbed dose in RBM/
endosteum was then obtained as the quotient between the
energy absorbed in RBM/endosteum and the total mass of
RBM/endosteum in each phantom. In a previous work, to
validate our MC program, the relative uncertainties as-
sociated with dose calculations, including random and
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non-random components, were estimated to be in the
range 4-5%.'> The same approach was used to assess un-
certainties related to organ dose calculation in this work.

From the organ/tissue dose results for each phantom,
the sex-averaged effective dose (E) was computed for all
the simulated protocols according to ICRP Report 103
using the following equation:’

M F

E=Yw LT 1)
Where wr is the weighting factor for tissue T, and HyY
and Hy are the equivalent doses in the organ or tissue T
of AM and AF phantoms, respectively. In our study,
these values are numerically equal to those of the absorbed
dose in the organ/tissue because the radiation weighting
factor (wgr) for X-rays has the value of 1. The remainder
tissues of AM and AF phantoms were included in the
calculation. Additionally, sex-averaged normalized effec-
tive dose values to the tube loading settings (computed as
E per mAs) were also obtained for each protocol.

Dose measurements

The dose—area product (DAP) was measured for each of
the analysed protocols. DAP values are displayed in the
console of several current CBCT devices, and this
quantity has the potential to be used as a broad estimate
of effective dose using suitable conversion factors.”’
DAP was measured using a transmission chamber type
70157 connected to a Doseguard 100 model electrom-
eter (RTI Electronics, Molndal, Sweden), which was
placed at the X-ray exit window and calibrated with
a beam quality that was equivalent to that of the CBCT
device. The statistical variation in the sets of DAP
measurements was combined with other components,
coming from different sources, to assess an upper bound
for the uncertainties in the reported values.



For each protocol, a DAP to effective dose conver-
sion factor (E/DAP) was derived as the quotient be-
tween the simulated E values and measured DAP
values. The term Epap was utilized as a parameter be-
cause of its similarity to Eppp for converting dose-length
product values into E for CT use.

Results

The maximum percentage difference between the cal-
culated and the tabulated ICRP organ and tissue masses
was 1% corresponding to the eye lens. These differences
can be considered as negligible because they were ob-
served for small organs and related to computation
rounding effects.

Table 2 shows DAP values and the calculated sex-
averaged effective dose values E for the different scan
protocols, including full and half rotation. The Epap and
E values, normalized to the selected tube loading settings,
are also displayed. The relative uncertainties associated
with the reported DAP values were estimated to be in the
range 8-10%, and they were mainly due to DAP-meter
calibration, differences in beam quality and FOV size.

The organ dose values varied between the selected scan
volumes and substantially differed between the AM and
AF phantoms (Tables 3 and 4). Higher values were
obtained for the AF phantom in all organs/tissues ex-
cluding the brain. Similar trends were found for both
rotation modes: organ doses for 180° were approximately
40% lower (25-58% range) than those calculated for 360°
acquisitions (Figure 2). The relative ;uncertainties associ-
ated with organ doses were as large as 4%. The main
contribution to them was due to sources that are essentially
organ independent, such as X-ray spectrum and radiation
beam geometry, including total filtration and field size.

Regarding the average contribution of each organ to
the effective dose (wt X H/E), the highest value (31%;
27-36% range) corresponded to the remainder, followed
by the salivary glands (23%; 20-29% range), thyroid
(13%; 8-17% range), RBM (10%; 9-11% range) and
oesophagus (7%; 4-10% range).

The values of organ dose to the eye lens and thyroid
for different FOV positions in the AF phantom are
represented in the graphs in Figure 3. A dramatic in-
crease in dose can be observed in both cases, being more
significant in the thyroid (0.2-1.6 mGy) than in the eye
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lens (0.2-0.9 mGy). The other organs/tissues situated at
the edge of the radiation field showing positiondependent
dose values were the oesophagus (which might receive
doses up to sixfold higher depending on the fraction in-
cluded in the direct beam) and the brain.

Discussion

An MC-based method was used to estimate organ doses
in reference computational phantoms of both sexes by
taking the actual CBCT device exposure parameters as
inputs. The calculated organ doses in both phantoms
have been used: first, to identify for each examination
the organs with the highest risk and, second, to estimate
sex-averaged values of E.

As expected, E values showed a strong primary de-
pendence on the field size (from 25 pwSv for the smallest
FOYV and up to 66 uSv for the largest FOV in landscape
mode) because as the FOV decreased there were organs/
tissues either entirely or partially excluded from the
direct beam, and also the scattered radiation decreased.
Our findings are within the range of recently published
values for the same CBCT device and are slightly lower
than those published by other authors, excluding the full-
head scan, for which a signiﬁcantl?/ lower sex-averaged
E value (46 pSv) was found.>®!% 315 This is a special
acquisition, with the detector rotated into a portrait mode
and the centre of rotation offset to capture a larger FOV,
in which some of the organs (salivary glands, lymphatic
nodes) are exposed during only part of the acquisition.
In Figure 4, the FOV and the dose maps for the 16 X
13 cm height and the full-head (23 X 17 cm height)
protocols are depicted for the AF phantom. The borders
of both FOVs are clearly differentiated in the respective
coronal and sagittal images. In particular, the asym-
metry of the dose distribution for the full-head FOV is
noticeable, especially in the axial section.

The value of E for the 6 cm mandible scan was
somewhat higher than the value corresponding to the 6
cm maxilla scan. Such values were close to those mea-
sured within an adolescent hermaphrodite phantom.**
Similar values for the maxilla and markedly higher
values for the mandible in adult patients have been re-
ported by different authors.'™'! By contrast, E values
obtained by Loubele et al' from TLD measurements
within phantoms were higher for the acquisition of maxilla.

Table 2 Dose-area product (mGy cm?), sex-averaged effective dose E (wSv), Epap mSv mGy’1 cm 2 and normalized E (uSv mAs ™) for 360° and

180° acquisitions

Full rotation Half rotation
Protocol DAP E Epap ElmAs DAP E Epap ElmAs
@16 X 13 cm height 556 66 0.12 3.6 303 40 0.13 4.0
@16 X 11 cm height 476 58 0.12 3.2 260 36 0.14 3.6
16 X 10 cm height 415 53 0.13 2.8 226 32 0.14 32
@16 X 8 cm height 361 47 0.13 2.5 197 29 0.15 2.8
@16 X 6 cm height, maxilla 276 35 0.13 1.9 151 22 0.14 2.1
@16 X 6 cm height, mandible 270 39 0.14 2.1 147 24 0.16 2.3
16 X 4 cm height 181 25 0.14 1.4 98 16 0.16 1.5
I8 X 8 cm height 214 29 0.14 1.6 117 18 0.16 1.8
@23 X 17 cm height, full head 443 46 0.10 2.5 241 24 0.10 2.4
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Table 3 Dose to organs for adult male (AM) and adult female (AF) phantoms for large field of view 360° acquisitions

Scan volume

16 X 13 ¢m 16 X 11 cm 16 X 10 cm 923 X 17 cm full head

Dose (mGy)
Organltissue AMIAF AMIAF AMIAF AMIAF
Red bone marrow 0.05/0.07 0.04/0.05 0.03/0.05 0.04/0.05
Oesophagus 0.04/0.18 0.04/0.18 0.04/0.18 0.02/0.10
Thyroid 0.08/0.30 0.08/0.29 0.07/0.28 0.05/0.18
Skin 0.08/0.08 0.06/0.07 0.05/0.06 0.06/0.07
Bone surface 0.20/0.42 0.15/0.29 0.12/0.22 0.16/0.36
Brain 0.59/0.38 0.31/0.16 0.19/0.09 0.66/0.52
Salivary glands 1.27/1.67 1.23/1.59 1.15/1.39 0.85/1.05
Lymphatic nodes 0.07/0.12 0.07/0.11 0.07/0.11 0.04/0.08
Oral mucosa 0.76/1.12 0.72/1.08 0.70/1.04 0.54/0.77
Extrathoracic region 0.70/1.21 0.57/1.11 0.43/0.96 0.50/0.79
Eye lens 0.44/0.87 0.13/0.14 0.08/0.09 0.66/0.61

Such discrepancies might be explained by different mod-
elling of the salivary glands and RBM and by differences
in size and positioning of the thyroid within the compu-
tational or physical phantoms used.

The values of E for the 180° acquisitions were sys-
tematically greater than the corresponding halved E
values for full rotation and the same FOV (differences
in the range 38-48%). This effect has two main causes:
first, the exposure angle for a half rotation is approxi-
mately 55% of that for full rotation and, second, the
proportion in which several tissues/organs are exposed
is different for each mode, because the X-ray tube
rotates behind the patient’s head during 180° acquisi-
tion. The calculated effective doses for high-resolution
acquisitions, with twice the number of radiation pulses,
and thus double tube loading settings, gave dose values
twofold the corresponding doses for a standard resolu-
tion acquisition, as predicted.

As stated by the ICRP, E should not be used for
epidemiological studies. Moreover, for retrospective dose
and risk assessments in individual cases, parameters such
as sex, age and organ doses would require consideration.’
Therefore, it can be useful to analyse the differences in
the organ doses obtained separately for the male and
female models. It was found that the contribution to the

effective dose of each phantom was uneven because
organ/tissue doses in the phantom AF were higher than
the corresponding doses in the AM phantom for the vast
majority of the organs. Excluding breast, for which the
dose in AF was on average four times higher than in
AM, but with a negligible impact to E, the most relevant
differences in dose between the AF and AM phantoms
were found for the thyroid, bone surface, extrathoracic
region, oral mucosa and lungs (Tables 3 and 4). In con-
trast, although the relative differences between the phan-
toms are lower, the dose values to other organs/tissues,
such as lymphatic nodes or eye lenses, show strong var-
iations depending upon the field size used.

The relative difference in body mass between the AF
and AM phantoms (19%, Table 1) is 42% on average
when including only the organs that contribute most to
the effective dose. Additionally, the differences in body
and organ shape and organ location between both
computational models cause more AF phantom organs
(or larger portions of them) to be inside the primary
beam, whereas for the AM phantom, they are completely
or partially in the low-dose scatter region (Figure 1). This
effect clearly occurs for several organs/tissues, such as the
oesophagus, thyroid, bone surface, extrathoracic region
and, to some extent, eye lenses. When comparing our

Table 4 Dose to organs for adult male (AM) and adult female (AF) phantoms for small and medium field of view 360° acquisitions

Scan volume

916 X 8 cm 916 X 6 cm maxilla 916 X 6 cm mandible 916 X 4 cm 98 X 8 cm

Dose (mGy)
Organltissue AMIAF AMIAF AMIAF AMIAF AMIAF
Red bone marrow 0.03/0.04 0.02/0.03 0.03/0.04 0.02/0.02 0.02/0.03
Oesophagus 0.03/0.17 0.02/0.05 0.03/0.17 0.01/0.05 0.02/0.13
Thyroid 0.07/0.28 0.03/0.11 0.06/0.26 0.03/0.11 0.05/0.19
Skin 0.04/0.05 0.04/0.04 0.03/0.04 0.02/0.03 0.03/0.04
Bone surface 0.10/0.18 0.09/0.16 0.07/0.14 0.05/0.10 0.06/0.13
Brain 0.12/0.06 0.16/0.08 0.07/0.04 0.06/0.03 0.09/0.05
Salivary glands 1.07/1.11 0.87/1.19 0.87/0.76 0.68/0.67 0.58/0.59
Lymphatic nodes 0.07/0.09 0.04/0.07 0.06/0.07 0.04/0.05 0.04/0.06
Oral mucosa 0.67/0.99 0.56/0.93 0.61/0.78 0.52/0.71 0.36/0.52
Extrathoracic region 0.32/0.79 0.32/0.72 0.22/0.60 0.15/0.45 0.17/0.44
Eye lens 0.06/0.05 0.07/0.07 0.04/0.03 0.03/0.03 0.04/0.03
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Figure 2 Sex-averaged dose to organs for full- and half-rotation protocols. [ll, 16 X 13 cm full rotation; [, 16 X 13 cm half rotation; [, 16 X 6 cm
mandible full rotation; ¥, 16 X 6 cm mandible half rotation; B, 16 X 6 cm maxilla full rotation; B, 16 X 6 cm maxilla half rotation

results with those from the literature, large differences
were found for several organs/tissues, such as RBM and
bone surface, which may stem from the inherent difficulty
of measuring dose in these tissues.'* For other organs (i.e.
salivary glands, brain, thyroid and extrathoracic region),
our dose values for the AF phantom were close to those
measured by other authors.>'* This fact, which can be
explained by a better anatomical correspondence between
our female model and the phantoms utilized for the ex-
perimental measurements, highlights the need for age and
sex-specific models to accurately assess the risk asso-
ciated with diagnostic exposures.

The analysis of the influence of FOV shifting along
the z-axis showed differences of six- to eightfold in the
dose delivered to the eye lens or thyroid (Figure 3). In
the case of eye lenses, a large difference in dose can be
occasioned by FOV shifts of only 1.5 cm, whereas the
dose increase in the thyroid required a large shift (6cm)

due to its larger size and ease for remaining outside of
the field. The dose to the eye lens is well below the
deterministic dose thresholds and there is no cancer risk
involved, and only a large number of scans could po-
tentially result in a deterministic effect. Not-withstanding
this, to avoid the deleterious effects of radiation, several
authors proposed the use of leaded glasses to reduce the
radiation dose to the eye lens, especially in paediatric
patients.>> For the thyroid, the cancer risk increases with
dose, and even small doses have the potential of causing
radiation-induced cancer. For all these reasons, as rec-
ommended, when using imaging X-rays, it is essential for
patient protection to fit the radiation field to the mini-
mum size compatible with the clinical task. This para-
digm applies in general and for CBCT examinations.’

With the results obtained for the effective dose and
DAP for all protocols (excluding the full head), a linear
fit to obtain the best estimate of Epap was performed.

1 T T 1.8
| ]
0.9 - : | 1.6
g 0.8 + : : = 1.4 A
g 071 | I 2 12 4
o 0.6 ! ' -
v I 1 Q 1
S 05 - [ : 3
I el
2 04 - | | - 038 1
o | 1 S 06 -
g 0.3 - | 1 = .
= 02 - ) 04 4
0.1 1 | : 0.2
O T ]" T T Il T 0 T T T T T T T
25 -2 15 -1 05 0 05 1 i <P 46 5 ) <3 =% 4 3

Shift along the z-axis (cm) Shift along the z-axis {cm)
a b

Figure 3 Eye lens (a) and thyroid dose (b) when shifting the field of view along the cone beam CT rotational axis. The original position of the field
border corresponds to a “0” displacement. The positive and negative values correspond to upward and downward shifts. The grey area represents
the coverage of each organ along the axis. The lines between the points are connectors without meaning
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Figure 4 Field of view and dose maps for the @16 X 13 cm height (top) and the full-head (23 X 17 cm height) (bottom) protocols for coronal,
axial and sagittal sections of the International Commission on Radiological Protection adult female (AF) phantom

The full-head protocol was excluded because of its dif-
ferent geometry compared with landscape protocols
that produces an uneven exposure in several relevant
organs, such as salivary glands or lymphatic nodes. The
linear regression, with zero intercept, over the whole
sample of 180° and 360° acquisitions, shown in Figure 5,
yielded a slope of 0.130 (R*=0.994; 95% confidence

interval 0.124-0.135). Given that the uncertainties asso-
ciated with the reported values of £ and DAP can be as
large as 10% each,”®?’ it is considered that this Epap
value 0.130 = 0.006 pSvmGy ' cm™?) can be useful, to
an acceptable extent, for making broad estimations of the
effective dose from the DAP values obtained from either
direct measurement or the equipment console display.

80
y=0.130x
2 _ [ J
o R?=0.994
&
i 40 A
w
20 A
°
O T T T T T
0 100 200 300 400 500 600
DAP (mGycm?)

Figure 5 Effective dose (uSv) and dose—area product (mGy cm?) for both full and half rotation and all of the investigated fields of view, excluding

the full head, together with the linear fit
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The effective dose is a quantity that should be managed
with caution but can be useful for comparing the average
risk from examinations in the same or similar CBCT
devices. The derivation of similar values of Epap for
other CBCT devices is expected in the near future.

In conclusion, the MC method was applied to cal-
culate organ doses and effective dose from CBCT im-
aging in dental and maxillofacial radiology using
realistic male and female anthropomorphic computa-
tional phantoms for a wide range of protocols of a spe-
cific device. From these results, differences in the organ
doses between protocols and phantom sex were discussed.
Further, the potential for performing a comparison
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