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Abstract
Objectives To provide an indication-based and scanner-specific radiation dose and risk guide for paediatric patients undergoing
dental and maxillofacial cone beam computed tomography (CBCT) examinations.
Methods Five commercially available scanners were simulated in EGSnrc Monte Carlo (MC) code. Dedicated, in-house built, head
and neck voxel models, each consisting of 22 segmented organs, were used in the study. Organ doses and life attributable risk (LAR)
for cancer incidence were assessed for males and females, aged 5 to 14 years old, for every clinically available protocol: central
upper and lower incisors, upper and lower premolars, upper and lower jaws, cleft palate, temporal bone, sinus, dentomaxillofacial
complex, and face and skull imaging. Dose results were normalised to the x-ray tube load (mAs) and logarithmic curves were fit to
organ dose and risk versus age data.

Results Females demonstrated higher LAR values in all cases. A well-established dose decreasing pattern with increasing age-at-

exposure was observed. Central upper incisor protocols were those with the lowest risk, contrary to skull protocols which provided

the highest LAR values. Salivary glands and oral mucosa were the highest irradiated organs in all cases, followed by extrathoracic
tissue (ET) in protocols where the entire nasal cavity was inside the primary field. The dose to thyroid was considerably high for
younger patients.

Conclusions This work provides an extensive dose assessment guide for 5 dental CBCTs, enabling detailed dose assessment for

every paediatric patient.

Key Points

* Radiation dose concerns due to the growing use of paediatric dental and maxillofacial CBCT underline the need for justifi-
cation that should in part be based on radiation exposure in radiology.

* Patient-specific dose calculations based on Monte Carlo simulations and head-neck paediatric voxel models overcome the
limitations of conventional thermoluminescent dosimeter (TLD) dosimetry and provide proper guidance for justification of
CBCT exposures.

* Monte Carlo simulations with head-neck models reveal an organ dose and radiation risk decreasing pattern with increasing
age at exposure, and with decreasing size of the scanning volume of interest (field of view).
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Abbreviations

uGy Microgray

2D Two-dimensional

3D Three-dimensional
CBCT Cone beam computed tomography
CLI Central lower incisors
CUI Central upper incisors
(6\Y Coefficient of variance
ED Effective dose

ET Extrathoracic tissue
FOV Field of view

LAR Life attributable risk

LJ Lower jaw
mAs Milli ampere second product
MC Monte Carlo

MDCT Multi-detector computed tomography
PL Lower premolar

PU Upper premolar

RBM Red bone marrow

SAD Source to axis of rotation distance
SDD Source to detector distance

Sv Sievert

TCM Tube current modulation

TLD Thermoluminescent dosimeter
ULJ Upper and lower jaw
Introduction

The introduction of cone beam computed tomography
(CBCT) in early 2000 gave a new perspective in head
and neck 3D imaging due to the widespread range of
applications and high image quality, and also to low cost,
small size, and limited medico-legal requirements [1-4].
CBCT imaging gradually replaced dental MDCT and 2D
panoramic acquisitions without always presenting a
sound evidence for the added value in terms of the diag-
nostic outcome. Organisation bodies and scientific groups
have worked over the last years towards developing a
justification frame [5—10]. However, the growing concern
is not only related to increasing use of CBCTs but also to
the radiation dose of each CBCT, which is not
insignificant.

As published by the Health Protection Agency (UK),
the dose to a patient in a dental CBCT scan is generally
lower compared with that in dental MDCT exposures, but
it is still 2—45 times higher than 2D panoramic acquisi-
tions [8]. Besides, and based on the same reference, there
are overlapping values in CBCT and MDCT doses. Dose
reduction techniques in state-of-the-art MDCT scanners,
such as tube current modulation (TCM), iterative recon-
struction (IR), and adaptive collimation, have reduced
MDCT doses to CBCT levels, reaching effective dose
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(ED) values of 180 uSv for oral implant and maxillofacial
surgery planning and 280 uSv for temporal bone imaging
[11, 12]. A recent meta-analysis of published data showed
that adult ED in dental CBCT imaging ranges from 5 to
622 uSv for small FOVs (7-521 uSv for children), 9—
560 uSv for medium FOVs (13-769 uSv for children),
and 46—-1073 uSv for large FOVs (13-769 uSv for chil-
dren) [13]. The most remarkable feature is the reported
ranges among different machines. Pauwels et al have re-
ported a 19-fold dose range for 14 CBCT models, Ludlow
et al a 16-fold range for 7 CBCT scanners, and Rottke
et al a 23-fold range for 10 CBCT scanners [14-16].

Most CBCT dose studies in the literature have been
performed using thermoluminescent dosimeters (TLDs)
mounted into anthropomorphic phantoms. TLD dosime-
try, however, exhibits several limitations in CBCT imag-
ing. Most importantly, currently available anthropomor-
phic phantoms do not represent the realistic anatomy of
the head and neck region, since radiosensitive organs
like salivary glands, oral mucosa, extrathoracic tissue
(ET), oesophagus, and thyroid are not present. The de-
lineation of these tissues in a physical anthropomorphic
phantom depends on the experience of the user drawing
these organs in the model, and hence dose results be-
come very subjective. Furthermore, organ dose assess-
ment is performed in a rather limited region of each
organ. In conjunction with the fact that CBCTs present
steep dose gradient and axial inhomogeneity [17], the
partial irradiation of TLDs makes the results
questionable.

In children, dose assessment is even more challenging.
Organ doses depend on the fraction of the organ that is
directly exposed to the primary radiation field. While
adult organs do not vary in size and mass with age, this
is not the case for children, putting even more stress on
proper segmentation. In addition, children cannot be rep-
resented by a single anthropomorphic phantom and not
even by 2 phantoms, one mimicking 5-year-old and an-
other 10-year-old, as often performed in practice
[18-20].

This work aims to overcome the above-mentioned
limitations of conventional dosimetry and to provide an
indication-oriented and scanner-specific radiation dose
and risk guide for the entire age range in children.
Radiation risk was assessed via both ED, using the
ICRP publication 103 weighting factors [21], and life
attributable risk (LAR). ED represents a gender-neutral
and age-independent stochastic risk index, while LAR
is a more precise gender and age-at-exposure-specific
radiation risk metric. Even if ED has been criticised by
the scientific community and is not applicable for paedi-
atric population, it is still used by medical teams to eval-
uate the potential detriment of an exposure [22, 23].
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Materials and methods
Monte Carlo framework and simulated CBCT scanners

An EGSnrc-based Monte Carlo (MC) framework was previ-
ously developed, calibrated and validated in our group [12,
24-27]. It consists of three individual components: source
modelling, angular projection modelling, and dose tracking.
The x-ray source modelling is based on the equivalent source
model concept (ESM); this method has been introduced to
obviate the need for obtaining proprietary data from vendors,
required for the accurate simulation of the x-ray tube [28]. The
ESM is part of the scanner and protocol-specific input file to
the main source code which also incorporates the scanner
geometric specifications and detailed information about the
protocol that needs to be simulated: the SAD, the SDD, the
FOV dimension, the x-ray tube projection angular intervals,
the x-ray beam shape, the bowtie filter, the rotation angle, the
Beam-On and Beam-Off angles, and the features of the
(patient-specific) TCM curve. The dose tracking part is per-
formed with a history-by-history statistical estimator; each
simulated particle is tracked until it exits the geometry of
interest or reaches the predefined cut-off energies, set at
10 keV for photons and 520 keV for electrons (9 keV of
kinetic energy). Target simulation uncertainty on the dose is
set to 99.7% confidence intervals [29, 30].

Five commercially available dental CBCT scanners were
simulated in the study: Promax 3D Max (Planmeca),
Accuitomo 170 (Morita), CS 9300 (Carestream), NewTom
VGi evo, and NewTom 5G (QR srl). The technical specifica-
tions of each simulated scanner are listed in Table 1. The MC
framework has been calibrated and validated for every clini-
cally available protocol-FOV [25].

Paediatric voxel models

A paediatric head and neck voxel model database has been
previously developed in our group and has been made, on

request, available to the scientific community [31]. Each voxel
model consists of 22 organs. The skin has been segmented as a
one-voxel thick outline of the head and neck region. The si-
nuses, bone-skeletal mixture, mandible, and teeth were all
segmented in a semiautomatic way by thresholding the grey
values of these organs. The blood (arteries), brain, cartilage,
connective tissue, oesophagus, eyes, eye lenses, fat, muscle,
ET, spinal cord, tongue, trachea, thyroid, salivary glands, oral
mucosa, and residual tissue were all segmented manually by
delineating each organ on an image-by-image basis. The
spongiosa and the cortical bone were segmented as a uniform
bone-skeletal mixture. The resolution of most CT scanners
nowadays is not adequate to allow for the segmentation of
the medullary cavities where the red bone marrow (RBM)
resides. The dose to RBM along with the dose to the radio-
sensitive bone surface and to lymph nodes can be assessed in
an indirect way, applying mathematical formulas to the dose
received by substitute organs [15, 32, 33].

Each organ mass was specified by multiplying the
number of segmented voxels by the voxel volume and
the respective organ density obtained from ICRP publica-
tion 110 and was compared and adjusted to the respective
reference mass value published in ICRP publication 89
[34-36]. Twelve voxel models were used in the study
covering the age from 5 to 14 years old. Their
pseudonymised naming, age, gender, and their technical
specifications are illustrated in Table 2.

Clinical protocols

For each voxel model and scanner, organ doses were cal-
culated for the most common clinical indications: four
tooth imaging cases (central upper incisors (CUI), central
lower incisors (CLI), premolar upper (PU), and premolar
lower (PL)), upper and lower jaw imaging (ULJ), lower
jaw (LJ), and cleft palate imaging, sinus and
dentomaxillofacial complex imaging, and face and skull
imaging. For NewTom 5G, which is the only MDCT-like

Table 1 Technical specifications of dental CBCT scanners in the study

Scanner Operating voltage (kV) Bowtie filter Rotation angle (°) TCM Cu filter Offset acquisition
Promax 3D Max (Planmeca) 96 No 210/360 @ No Yes No ©
Accuitomo 170 (Morita) 90 ™ Yes 180/360 @ No No No

CS 9300 (Carestream) 70-90 @ Yes 200/360 @ No Yes No

NewTom 5G (QR S.R.L) 110 No 360 Yes No Yes

NewTom VGi-evo (QR S.R.L) 110 No 360 Yes No Yes

() The operating voltage can be altered by the user, yet the preset clinical protocols are carried out with the tube voltages indicated in the Table.
@ Depending on the FOV,, the operation mode, and the size of the patient, the voltage varies from 70 to 90 kV.  In Promax 3D Max, for every clinical
FOV apart from the largest one for skull imaging (23 x 16 cm” and 23 x 26 cm?), the scanner employs a partial rotation (210°); for skull protocols, the
rotation is 360°. In CS 9300, the rotation angle is 200° apart from the largest 17 x 13 cm® FOV. ® Accuitomo 170 provides half and full rotation options
for every FOV, yet only FOVs with 360° are applied in the clinic. ® For every clinical FOV, apart from the largest one for skull imaging (23 x 16 cm?

and 23 x 26 cm?), the in-plane radiation field is symmetrical

@ Springer



7012

Eur Radiol (2019) 29:7009-7018

Table 2 Specifications of the

voxel models Voxel Gender  Age In-plane z- x,ynumber Number  Head
model (years)  resolution resolution  of voxels of slices circumference
(mm) (mm) (cm)
Dejan Males 5 0.22 2.75 1024 60 50.5
Joris 6 0.49 1.95 512 108 52.1
Guozhi 7 0.21 3 1024 64 51.4
Peter 8 0.62 0.7 512 330 51.3
Benjamin 9 0.43 0.6 512 370 50.8
Andrew 10 0.49 0.6 512 342 53.7
Mike 12 0.49 2 512 126 52.3
Demi Females 5 0.41 0.6 512 355 49.2
Xoch 0.49 3 512 76 522
Louisa 10 0.45 0.7 512 305 50.2
Vivian 12 0.41 1 512 230 51.8
Georgia 14 0.49 2.05 512 113 55.8

scanner with patients in a supine position laying on a
table, organ doses were also calculated for monolateral
and bilateral temporal bone imaging. The choice of the
FOV for each clinical indication was based on the size
of the head voxel model and on morphometric character-
istics, in full accordance with the selection of the FOV in
clinical practice.

For tooth imaging protocols, the selected small FOV
was large enough to image a single tooth for the entire
paediatric age range. For ULJ imaging, the rational of
FOV selection was based on the clinical need that the scan-
ning volume should encompass both jaws, i.e. the FOV
diameter should be larger than the bigonial breadth, and
the height larger than the menton-subnasal length. For LJ

Fig. 1 Facial morphometrics for
FOV selection

and cleft protocols, the bigonial breadth and the half
menton-subnasal length (lower half for LJ and upper half
for cleft) were used to specify the most appropriate FOV.
For the maxillofacial complex and sinus protocols, the di-
ameter of the selected FOV should be larger than the
bizygomatic breadth, while the height of the FOV should
be larger than the menton-nasal root length (or at least from
gnathion to glabella) in the former protocols and such that
it covers the distance from the lower edge of the maxillary
sinus to the top of the frontal sinus for the latter protocols.
The facial FOVs were picked such that they cover most of
the facial anatomy whereas the skull protocols should fit
the entire head from menton to the crown of the head.
Figure 1 illustrates the facial morphometrics which guided
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the FOV selection and Table 3 depicts the selected FOVs at
each scanner for every protocol and voxel model.

Dose and risk calculations

While three of the simulated scanners allow the user to man-
ually select the voltage (kV) of each protocol (Promax 3D
Max, Accuitomo 170, CS 9300), only preset protocols by
vendors at the time of installation, operating at a fixed voltage,
are usually applied in daily routine (Table 1). Each protocol-
FOV is clinically available in several operation modes. Dose-
wise, the only difference between each operation mode is the
total mAs/rotation. Therefore, in present work, organ dose and
radiation risk values were normalised to mAs, to allow the
reader to obtain absolute dose values once the mAs/rotation
of'the operation mode of interest is known and multiplied with
the (normalised) dose conversion factor. ED and LAR inci-
dence were calculated, and dose values were plotted as a func-
tion of age to enable dosimetric interpolations for those ages
for which simulations were not performed.

The ultimate target of this work was to test whether
there is any scanner and protocol-specific correlation be-
tween organ dose and radiation risk values versus age. A
thorough analysis was carried out to investigate the cor-
relation of organ dose, ED, and LAR patterns with age.
To this end, individual organ doses were plotted against
age, for each scanner and protocol, and a mathematical
curve fit that provided a coefficient of determination
(R?) higher than 0.9 in all cases was selected. The
Pearson correlation coefficient was also calculated. For
those paediatric ages for which both males and females
were simulated, sex-averaged organ dose values were cal-
culated and included in the curve fitting analysis. The
same applies to the ED vs age analysis. For LAR inci-
dence, male and female dose values were analysed
separately.

Each case was simulated in 1° angular steps with ten mil-
lion histories per projection. The particle transport simulation
was carried out with spin effects, electron impact ionisation,
bound Compton scattering, radiative Compton corrections,
atomic relaxations, and Rayleigh scattering all turned on.
NRC Bremsstrahlung cross sections and the XCOM photon
cross sections were employed.

Results

The number of simulated histories resulted in an MC simula-
tion uncertainty, in terms of coefficient of variance (CV) of
less than 0.5% in all radiosensitive organ doses. At first, for
each individual organ, the average absorbed dose for a given
clinical protocol and voxel model was calculated among all
scanners. Data analysis revealed a poor correlation between

protocol-specific absorbed organ dose values (for all scanners)
with age (Pearson correlation coefficient range, —0.35 to
0.12), mainly due to different acquisition geometries and en-
ergy spectra among scanners resulting in different dose distri-
butions within the head. Subsequently, a scanner-specific
analysis was conducted. Analysing each clinical case sepa-
rately for each scanner, a very well-established organ dose
decrease pattern with age was observed. The best fit option
for organ doses, ED, and LAR incidence vs age was in all
cases a logarithmic curve, following Eq. 1:

y=axIn(x)+b (1)

where y is the normalised absorbed organ dose value (LGy/
mAs), the normalised ED (iSv/mAs), or the normalised LAR
incidence (cases/100,000/mAs) and x is the age of the patient
(in years). The values of @ and b for every organ, and scanner,
for the two most commonly applied clinical protocols, i.e.
CUI and ULJ, along with each coefficient of determination
(R?) and Pearson correlation coefficient (), are provided in
Tables 4 and 5. Respective data for the other protocols are
provided in Supplementary Tables 1-11.

Discussion

In this work, an extensive simulation study was set up to allow
detailed radiation organ dose and risk analyses for the most
common protocols in paediatric dental and maxillofacial
CBCT imaging. Organ dose, effective dose, and life attribut-
able cancer incidence risk were derived and tabulated. We
have chosen to normalise these factors to mAs, rather than
tabulating absolute values, since CBCT vendors use different
operation-mode names to specify resolution levels. Naming
has not been standardised among scanners. As an example,
in terms of image quality, an ‘ultra-low dose — normal recon-
struction” mode in one vendor is close to a ‘standard resolu-
tion’ mode in another. Besides, for most CBCT scanners in the
market, the only change is the x-ray tube loading (mAs),
among different resolution-operation modes of a particular-
FOV-protocol. Therefore, instead of tabulating absolute dose
values that may not correspond to similar image resolution
levels, this study presents normalised data, allowing the user
to get absolute organ dose and risk values for a specific age,
scanner, and protocol. This is obtained by calculating the nor-
malised dose/risk from the tabulated factors (Tables 4 and 5,
Supplementary Tables 1-11) and Eq. 1 and then multiplying
the mAs of a specific protocol-operation mode of interest with
the calculated normalised values. For instance, in a theoretical
scenario where the user wants to estimate the dose to salivary
glands and the ED for an 8-year-old that has undergone a
‘regular’ mode—upper and lower jaw protocol with
NewTom Vgi-evo (110 kV, 10 mAs)—the calculations are
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Table 3  The simulated clinical protocols

Protocol

Scanner

Voxel models

5—6 years old

7-11 years old

12—15 years old

Small FOVs (diameter x height, cm?)
Single tooth
(CUL CLL PL, PU)

Medium FOVs (diameter x height, cm?)

Lower jaw (LJ)

Cleft

Upper/lower jaw (ULJ)

Monolateral temporal (MT)

Bilateral temporal (BT)

Large FOVs (diameter x height, cm?)
Maxillofacial complex

Sinus

Face

Skull

Promax 3D Max
Accuitomo 170

CS 9300*

NewTom 5G**
NewTom VGi evo**

Promax 3D Max
Accuitomo 170

CS 9300*

NewTom 5G**
NewTom VGi evo**
Promax 3D Max
Accuitomo 170

CS 9300*

NewTom 5G**
NewTom VGi evo**
Promax 3D Max
Accuitomo 170

CS 9300*

NewTom 5G**
NewTom VGi evo**
Promax 3D Max
Accuitomo 170

CS 9300

NewTom 5G**
NewTom VGi evo**
Promax 3D Max
Accuitomo 170

CS 9300

NewTom 5G**
NewTom VGi evo**

Promax 3D Max
Accuitomo 170

CS 9300

NewTom 5G**
NewTom VGi evo**
Promax 3D Max
Accuitomo 170

CS 9300

NewTom 5G**
NewTom VGi evo**
Promax 3D Max
Accuitomo 170

CS 9300

NewTom 5G**
NewTom VGi evo**
Promax 3D Max
Accuitomo 170

CS 9300

NewTom 5G**
NewTom VGi evo**

10x9

10x 10
10x 10
12x38

10x 10
10x9

10 x 10
1010
12x8

10x 10
1313
14 x 10
17x11

15x12
15x12
23 x26
17 x12
17x13.5
18 x 16
24 %19

1013
10x 10
10x 10
12x8
10x 10
1013
10 x 10
10x 10
12x8
10x 10
13x13
14 %10
17x11
15x12
15x12
23 %26
17x12
17x13.5
18 x 16
24 %19

10x 13
10x 10
10x 10
12x8
10x 10
10x 13
10x 10
10x 10
12x8
10x 10
13x16
17x12
17x13.5
18x 16
16x 16
23 %26
17x12
17x13.5
18x 16
24x19

*CS 9300 operates at 80 kV for small FOV protocols and at 85 kV for medium and large FOV protocols

**Normal operation mode
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carried out as following; Table 5 shows that the a and b factors
for NewTom Vgi-evo are —113.3 and 389.35 for salivary
glands and —4.346 and 16.169 for ED. Based on Eq. 1, and
taking into account that x =8 (the age of the patient), the
normalised dose to salivary glands for this patient is
153.75 uGy/mAs and the ED is 7.13 uSv/mAs, and therefore
the absolute salivary gland dose and ED values for the specific
exposure (10 mAs) are 1537.5 uGy and 71.3 uSy, respective-
ly. Apart from carrying out inter-scanner comparisons, the
tabulated values in this study may also be applied to perform
intra-scanner comparisons, providing guidance for optimising
CBCT exposures in children.

In all cases, organ doses follow a decreasing pattern with
age, as expected. The older the patient, the larger the organ,
the lower the irradiated organ fraction for a given FOV, and
consequently, the lower the dose. The dose decreasing pattern
was verified with the Pearson correlation coefficient which in
all cases was ranging between — 0.9 and — 1.0. Logarithmic
and power fitting was attempted for organ doses, ED and LAR
vs age, since it provided a coefficient of determination higher
than 0.9 in all cases.

One trigger for this project was the large variability in the
reported dose values in dental CBCT imaging, especially in
children. A characteristic example is given in a data meta-
analysis review publication by Ludlow et al [13]. The manu-
script provided dose values calculated for several dental
CBCT protocols with TLDs using a 10-year-old anthropomor-
phic phantom (ATOM, CIRS). For a small FOV acquisition
(tooth imaging), there is a fivefold difference in the ED be-
tween Theodorakou et al and Ludlow et al [13, 18]. More
specifically, Theodorakou et al reported an ED of 28 uSv in
Accuitomo 170 for a 4 x4 cm? FOV (90 kV, 87.5 mAs)
whereas Ludlow et al reported 150 uSv for a 6 x 6 cm?
FOV under the same acquisition parameters. The FOV differ-
ence cannot explain by itself the fivefold increase in the ED
estimation. Furthermore, as ED dissolves any organ dose dif-
ferences, a fivefold difference in ED values implies much
larger differences in the estimated organ doses. For an ULJ
protocol (with a FOV of 14 x 10 cm?) in Accuitomo 170
(90 kV, 87.5 mAs), Theodorakou et al estimated an ED of
237 uSv whereas Ludlow et al estimated it equal to 355 uSv.

Our methodology provides an ED of 60 uSv for a CUI
protocol obtained with Accuitomo 170 at 90 kV and
87.5 mAs (based on Table 4 and Eq. 1). The calculated ED is
closer to Theodorakou et al rather than to Ludlow et al, given
that the central upper incisors’ FOV in our study is 6 x 6 cm?.

For the ULJ protocol, we used a 10 x 10 cm? FOV in full
accordance with the one used in clinical practice. The data in
Table 5 provides an ED of 150 uSv. This value is again closer
to Theodorakou et al given the difference in the size of the
applied FOVs. It is essential to point out that although MC
simulations provide a state-of-the-art, accurate way to calcu-
late organ doses, the uncertainty on effective dose and life

attributable risk is high due to the stochastic uncertainties on
the risk coefficients. In addition, ED is not applicable to pae-
diatric populations and does not account, without further cor-
rections, for the gender and the age at exposure. Although
LAR overcomes some of the ED limitations, LAR input risk
coefficients are not available for all the radiosensitive organs
in the head and neck region; these organs are included on the
category of ‘other cancers’ when it comes to risk estimation
[37]. However, both effective dose and life attributable risk
were calculated in the study as they are the most commonly
used and best-documented metrics for radiation-induced risk
estimation. The tables also report organ doses to allow more
detailed optimisation or justification studies.
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