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Objectives:

To determine the optimal kVp setting for a particular cone beam CT (CBCT)

device by maximizing technical image quality at a fixed radiation dose.

Methods:

The 3D Accuitomo 170 (J. Morita Mfg. Corp., Kyoto, Japan) CBCT was used.

The radiation dose as a function of kVp was measured in a cylindrical polymethyl
methacrylate (PMMA) phantom using a small-volume ion chamber. Contrast-to-noise ratio
(CNR) was measured using a PMMA phantom containing four materials (air, aluminium,
polytetrafluoroethylene and low-density polyethylene), which was scanned using 180
combinations of kVp/mA, ranging from 60/1 to 90/8. The CNR was measured for each
material using PMMA as background material. The pure effect of kVp and mAs on the CNR
values was analysed. Using a polynomial fit for CNR as a function of mA for each kVp value,
the optimal kVp was determined at five dose levels.

Results: Absorbed doses ranged between 0.034 mGymAs~ ' (14 X 10 cm, 60 kVp) and
0.108 mGy mAs ™' (14 X 10 cm, 90 kVp). The relation between kVp and dose was quasilinear
(R*>0.99). The effect of mA and kVp on CNR could be modelled using a second-degree
polynomial. At a fixed dose, there was a tendency for higher CNR values at increasing kVp
values, especially at low dose levels. A dose reduction through mA was more efficient than an
equivalent reduction through kVp in terms of image quality deterioration.

Conclusions: For the investigated CBCT model, the most optimal contrast at a fixed dose
was found at the highest available kVp setting. There is great potential for dose reduction
through mA with a minimal loss in image quality.
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Introduction

Cone beam CT (CBCT) has been applied in dentistry
for 15 years. It is commonly used for a variety of dental,
maxillofacial and other head and neck applications.! An
increasing number of CBCT models are available in the
market, exhibiting a wide range in exposure factors.”
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Most notably, field of view (FOV) sizes range from
a few cubic centimetres to a few thousand cubic centi-
metres and peak voltage (kVp) values vary between 60
and 120kV. In addition, tube current-time product
(mAs) values between 8 and 192 have been reported in
dosimetric literature on CBCT.>*

The effect of the FOV size on dose is well docu-
mented, and several studies have pointed out the need
for FOV limitation in clinical practice.” As for kVp and
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mAs, there have been several investigations on its ef-
fect on image quality in CBCT and CT.°!'! The re-
lationship between mAs and patient dose is
straightforward, as there is a 1:1 linear relation when
other exposure factors are kept constant. Regarding
image quality, a higher mAs decreases image noise by
increasing the signal at the detector. The effect of kVp on
dose and image quality is more intricate owing to a com-
bination of several energy-dependent X-ray interactions.
In addition, a higher kVp value increases not only the
mean energy of the photons in an X-ray beam, but the
amount of photons as well. For these reasons, it has al-
ways been a challenge to optimize kVp and mAs settings
in diagnostic radiology. The effect of changing one or
both exposure factors on image quality and dose is not
straightforward and should be properly balanced, ensur-
ing that an adequate image quality is achieved at the
lowest possible dose level. The analysis of technical image
quality (e.g. noise) provides an objective method to in-
vestigate this balance.

The objective of this study was to determine the op-
timal kVp setting for a particular CBCT device by
maximizing technical image quality at a fixed radia-
tion dose.

Methods and materials

Cone beam CT device

To quantify the isolated and combined effect of kVp
and mAs on image quality and radiation dose, the 3D
Accuitomo 170 (J. Morita Mfg. Corp., Kyoto, Japan)
was selected, as it allows for the selection of a wide
range of exposure parameters. Technical specifications
of the 3D Accuitomo 170 are listed in Table 1.

Radiation dosimetry

To evaluate the effect of kVp on the absorbed dose, the
SedentexCT DI phantom (Leeds Test Objects Ltd,
Boroughbridge, UK) was used. It is a phantom similar
to conventional CT dose index (CTDI) phantoms used
in multidetector CT (MDCT) imaging, as it is a 16-cm
polymethyl methacrylate (PMMA) cylinder with central
and peripheral holes allowing for the placement of an
ion chamber. However, the phantom is customized to-
wards recent evolutions in CBCT imaging. Holes at
different distances from the centre are available, en-
abling the measurement of dose gradients along the
diameter of the phantom or isocentre doses at various
off-centre positions of the FOV, which is a more suit-
able dosimetric approach for dental CBCT."?

Dose measurements were performed for three FOV
sizes (4 X 4, 8 X 8 and 14 X 10 cm). To mimic a dental
CBCT scan, FOVs were positioned more centrally for
larger FOVs and more peripherally for smaller FOVs,
ensuring that the isocentre corresponded to the centre of
one of the phantom’s holes (Figure 1). All dose meas-
urements were performed at mid-height at the isocentre
with a Farmer-type ion chamber calibrated in an X-ray

Dentomaxillofac Radiol, 43, 20140059

birpublications.org/dmfr

Table 1 Technical specifications of the 3D Accuitomo 170 (J. Morita
Mfg. Corp., Kyoto, Japan) cone beam CT

60-90 kVp

1-8 mA (high-dose mode)
1-10mA (low-dose mode)
9.0 s (high-speed mode)
17.5s (standard mode)
31.0's (high-dose mode)

Voltage
Tube current

Exposure time

Exposure type Continuous
Focal spot 0.5 mm
Filtration =3.1mm Al
Beam angle 5°

Anode material Tungsten

Half-value layer 60 kVp: 1.9 mmAl

70kVp: 2.1 mmAl

80 kVp: 2.9 mmAl

90 kVp: 3.2 mmAl
4X4,6x6,8x8,10x5,10X10,

14 X 5,14 X 10, 17 X 5 and 17 X 12cm
Source-to-isocentre distance 740-840 mm

Detector type Csl-aSi flat panel detector
Reconstruction algorithm  Feldkamp et al'?

Field of view size

Al, aluminium.

beam with a standard radiation quailty (RQRS5). A
customized PMMA insert was used to accommodate
the ion chamber, as its diameter was much smaller than
that of the phantom holes. Unused holes were filled up
with PMMA cylinders. For each FOV, the absorbed
dose was measured between 60 and 90 kVp with steps of
2 kV, fixing other exposure factors at 8 mA, 360° rota-
tion and 31.0s exposure time. Because of the linearity
between mA and the radiation dose, the absorbed dose
for all other mA values could be extrapolated.

Image quality evaluation

To measure the contrast-to-noise ratio (CNR), the
SedentexCT IQ phantom was used. This cylindrical
PMMA phantom is identical in size to the dosimetric
phantom but is customized for image quality evaluation
on CBCT through the use of various cylindrical inserts
(34.5mm diameter and 20 mm height), which can be
placed at the centre or periphery of the phantom.'*

The phantom was scanned using the 8 X §cm FOV,
using an exposure time of 31.0s and a voxel size of
0.16 mm. A total of 180 scans were obtained by varying
both kVp and mA. For 60, 70, 80 and 90 kVp, the full
available mA range (1-8 mA and step size 0.5 mA) was
used. For other kVp values, step sizes of 0.5 mA were
used between 1 and 3.5mA, and step sizes of 1.5 mA
between 3.5 and 8 mA. A few additional exposure set-
tings at exposure levels close to that of 70 kVp/5SmA
were included to verify whether this would improve the
accuracy of the CNR/dose analysis. For 19 exposure
settings with ranging radiation doses, scans were re-
peated to check for reproducibility.

Four materials of varying densities were used within
the phantom inserts: air, low-density polyethylene
(LDPE), polytetrafluoroethylene (PTFE) and aluminium
(Al) (Table 2). Two types of insert designs were used
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Figure 1 Schematic representation of SedentexCT DI phantom (top view). White circles correspond to holes available for ion chamber
placement. Field of view (FOV) positions for all three FOV sizes are shown as dark grey circles. “X” marks the isocentre of the FOV and the

position of the ion chamber. A, anterior; P, posterior.

(Figure 2). For air and Al, an individual insert was used,
containing a central cylindrical rod (10 mm diameter).
LDPE and PTFE were combined in a single insert,
consisting of slabs of 25mm diameter and 3.3 mm
height. Each scan contained all materials to avoid
histogram shifting, which could occur if inserts would
be scanned separately.'’

For each material, the mean grey value (MGV) and
standard deviation (SD) were measured using Imagel
(US National Institutes of Health, Bethesda, MD). For
the first type of insert, a region of interest (ROI) of 47 mm?
(1844 voxels) was used, and measurements were per-
formed over 20 consecutive slices at the middle of the
height of the rod. For the second type of insert, a larger
ROI (304 mm? and 11 869 voxels) was used, and meas-
urements were done over three consecutive slices. The
MGYV and SD of PMMA were measured using an ROI
within a homogeneous area between the inserts. PMMA
values were measured for each material separately within
the same axial slices, to take potential inhomogeneity of
grey values along the z-axis into account. For all scans
obtained in the same scanning session (i.e. without
repositioning or moving the phantom), the ROI was

determined on one scan and reproduced exactly for all
other scans using a custom macro written for ImagelJ.
This allowed for measurements to be performed in batch
and ensured consistency between ROI positions by
eliminating operator variability. The CNR for each ma-
terial / was calculated as:

IMGV; — MGVpmma |

\/SD? + SD3\ia

The absolute value was used for convenience in
plotting, as CNR values for air and LDPE would oth-
erwise be negative.

CNR; = )

Table 2 Materials used for contrast-to-noise ratio measurements

Material Density (10° kg m™3)
Air 0.00
Low-density polyethylene 0.92
Polytetrafluoroethylene 2.16
Aluminium 2.70
Polymethyl methacrylate? 1.19

“Used as background material.
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PTFE

LDPE

Figure 2 Four materials used for contrast-to-noise ratio measure-
ment. Top row, 10-mm cylinders; bottom row, 20-mm cylinders.
Images are not to scale. Al, aluminium; LDPE, low-density poly-
ethylene; PTFE, polytetrafluoroethylene.

The effect of exposure parameters on CNR and its ratio
to radiation dose was evaluated in three ways: (1) pure
effect of mA with fixed kVp, (2) pure effect of kVp with
fixed mA and (3) effect of kVp at fixed dose levels. For this
third evaluation, five dose levels were determined, ranging
from 3.28 to 16.38 mGy with steps of 3.28 mGy. These
dose levels correspond to the absorbed doses of 90 kVp,
1-5mA, which were linearly extrapolated from our ex-
perimentally determined dose value for 90 kVp, 8 mA and
8 X 8 cm. For each kVp value used in the dosimetry part
of the study (i.e. 60-90 with 2-kV steps), the theoretical
mA values required to reach each dose level were calcu-
lated. The theoretical mA values were not rounded to the
nearest 0.5-mA interval. The CNRs corresponding to
each theoretical mA value were estimated using the
mA-CNR curves obtained from the first evaluation.

To aid the interpretation of the experimental results, the
contribution of the different photon interactions (i.e.
photoabsorption, Compton scatter and Rayleigh scat-
ter) at diagnostic X-ray energies was calculated
using an online tool (http://web-docs.gsi.de/~stoe_exp/
web_programs/x_ray_absorption/index.php; G Weber,
GSI Helmholtzzentrum fiir Schwerionenforschung,
Darmstadt, Germany) based on X-ray interaction data
from the National Institute of Standards and Tech-
nology (Gaithersburg, MD).

Results

The relation between kVp and absorbed dose for the three
included FOVs is shown in Figure 3. The dose varied
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between 0.034mGymAs~' (14X 10cm and 60kVp)
and 0.108 mGymAs~' (14 X 10cm and 90kVp). Al-
though each FOV showed a slight tendency for an ex-
ponential relation between kVp and dose, the relation
was quasilinear for the kVp range used in this study, as
seen by the high coefficients of determination for a lin-
ear fit (R* = 0.994-0.996). Compared with 90 kVp, the
reduction in dose per mAs was 24.6% for 80 kVp, 47.6%
for 70 kVp and 66.1% for 60 kVp.

Figure 4 illustrates the effect of varying the mA and
kVp values on noise for the air insert. The relation be-
tween CNR, mA and kVp could be modelled accurately
(R*>0.99) using a second-degree polynomial (Figures 5
and 6). The shape of the curves somewhat resembles that
of a logarithmic curve and confirms visual findings from
Figure 4 showing a pronounced effect of kVp/mA on
CNR at low exposure levels and a subtle effect at high
exposure levels. The CNR for the default exposure set-
ting of 90 kVp/5 mA was 21.5 for Al, 6.0 for PTFE, 3.2 for
LDPE and 12.2 for air. The ratio between the highest and
lowest CNR values (i.e. 90 kVp/8 mA and 60 kVp/1 mA)
was 7.6 for Al, 7.9 for PTFE, 7.7 for LDPE and 9.8 for
air, whereas the ratio in absorbed dose between these
extreme exposure settings was 23.6.

Table 3 shows the dose-normalized mA for each kVp
value included in this study. The mA values corresponding
to the lowest of five dose levels (ie. 90 kVp/1 mA)
are shown; for the other dose levels, the normalized mA
values can be calculated by multiplying the values
in Table 3 by the mA of the reference levels (e.g.
dose level of 90 kVp/5SmA for 80kVp=5X1.33 =
6.65 mA).

Figure 7 shows the CNR for each kVp value at the
five pre-determined dose levels. CNRs at mA values
>8 mA were not calculated, as the polynomial curves
used for these estimations are only valid between 1 and
8 mA. As a result, for higher dose levels, CNR estima-
tions could not be made for low kVp values. The dose-
normalized CNR shows two-fold consistency. Firstly,
the CNR increases with the kVp with the highest value
corresponding with 90kVp, with a few exceptions in
which the CNR was relatively constant at higher kVp
values. Secondly, the increase in CNR as a function of
kVp is more pronounced at lower dose levels. For the
lowest dose level (90kVp/1mA), the CNR for
Al/PTFE/LDPE/air was 34%/39%/43%/57% higher at
90 kVp than at 60 kVp. For the highest dose level, only
air showed a clear increase in CNR at higher kVp values,
whereas Al showed a slight incremental increase up to
84 kVp, above which the values fluctuated by approxi-
mately 1%. PTFE and LDPE showed an almost con-
stant CNR at the highest dose level.

Figure 8 shows the effect of X-ray energy (30-120 keV)
on the probability of interaction for a photon traversing
14 cm of PMMA (i.e. a rough estimation of the average
distance of PMMA traversed for the phantom set-up
used in this study). The graph shows a large decrease
in photoabsorption probability at increasing X-ray en-
ergy (30 keV: 48.1%; 120 keV: 1.3%) and a corresponding
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Figure 3 Absorbed dose (nGy mAs™ ') as a function of kVp for three field of view sizes.

increase in the probability of Compton scattering
(30 keV: 38.3%; 120 keV: 86.3%). Rayleigh scattering (i.c.
Thompson or coherent scattering) shows a five-fold re-
duction within the displayed energy range (30keV:
13.5%; 120keV: 2.8%). Nearly all (99.9%) photons at
30keV are totally attenuated, whereas 90.5% of photons
are attenuated at 120 keV.

Discussion

In this study, the effect of kVp and mA on contrast,
noise and radiation dose was assessed. Two PMMA
phantoms, providing similar X-ray attenuation levels to
an adult human head, were used to investigate the effect
of kVp on radiation dose and the effect of kVp/mA on
CNR.

Dosimetric results were consistent between the three
investigated FOVs, with similar mGy mAs ™! values and
a quasilinear relation between kVp and dose. It is im-
portant to note that the linear fit does not intercept at
zero, limiting its applicability. A quadratic fit would
intercept close to zero and can be assumed to be more
realistic, especially at higher kVp values. In a Monte
Carlo simulation study by Zhang et al,'® the effective
dose was estimated for different human phantoms us-
ing the same CBCT model as in this study, showing
a quadratic relation between kVp and dose, similar to
Figure 3.

To evaluate the effect of kVp and mA on image
quality, CNR was used. The CNR is a widely used image
quality parameter and can be easily interpreted. In CT or
CBCT imaging, as grey values are relatively independent
of exposure factors, only the noise varies as a function of

birpublications.org/dmfr
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90 kV
3mA
CNR: 9.7

60kV
5mA
CNR: 5.3

70kV
5mA
CNR: 8.1

90kV
1mA
CNR: 5.2

90kV 90kV
5mA 8mA
CNR: 12.2 CNR: 14.7

80kV 90 kV
5mA 5mA
CNR:10.4 CNR:12.2

Figure 4 Axial slice of air insert at various mA (top) and kVp (bottom) settings. CNR, contrast-to-noise ratio.

kVp and mA. The CNR has been used in a few previous
studies on dental CBCT, some of which used similar
phantoms or materials."*'"° However, since the noise
is expressed as the SD of grey values, noise values are
considerably affected by the voxel size. Therefore, owing
to the wide range of voxel sizes used in dental CBCT, it is
not possible to compare CNR values from different
studies, even if the same phantoms or materials are used.
In this study, the voxel size was fixed, ensuring that
fluctuations in CNR are solely an effect of changes in
mA and kVp. The possibility of a correction factor for
noise based on the voxel size should be further in-
vestigated, as this would broaden the applicability of
CNR in dental CBCT.

The results provide valuable insights regarding the
relation between dose and image quality, with several
implications for dose optimization. First of all, for the
CBCT device included in this study, the highest kVp
value (i.e. 90 kVp) is preferred, as it results in the highest
CNR at a fixed radiation dose, especially at low dose
levels. This implies that low-dose protocols should
consist of an mA reduction rather than a kVp reduction,
as the increase in noise for a given dose reduction would
be smaller for the former.

Compared with the effect of mA, the effect of kVp on
radiation dose is slightly more intricate, especially in the
context of CT. Higher kVp values increase the mean
energy of the X-ray beam, which results in higher X-
ray penetration by decreasing the probability of X-ray
interactions (Figure 8). However, a higher kVp value
increases the amount of X-ray photons as well.

Dentomaxillofac Radiol, 43, 20140059
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Furthermore, X-ray photons with a higher energy have
more energy to deposit before their extinction. As the
latter effects are predominant, dose increases with kVp
when other parameters are constant, as shown in
Figure 3.

The primary effect of kVp on image quality can also
be explained by looking at the dominant X-ray inter-
actions at diagnostic energies. Higher kVp values in-
crease the signal at the X-ray detector owing to the
increased photon count and a decreased absorption ra-
tio. However, the difference in X-ray attenuation between
tissues of varying densities is decreased at higher kVp
values, which can lead to a decreased image contrast.
This multifold effect is further complicated by the nature
of CT imaging, in which contrast is determined by the
complementary information of projectional data from
many angles rather than the pure signal and contrast at
the detector alone. The paradigm of increasing contrast
at lower beam energies, while valid to some extent in two-
dimensional radiography, may therefore not be fully
applicable to CT. The “contrast” part of the CNR cal-
culation can be considered as relatively fixed in CT im-
aging since average grey values of a given material are
independent of exposure parameters, even in CBCT
where calibrated grey values (i.e. HU) are generally not
valid."” In this study, because of the use of a fixed
scanning set-up (i.e. phantom size, composition and po-
sition), grey values were consistent between exposure
protocols, and differences in CNR were primarily caused
by the “noise” part of the equation. A side effect of this is
that the nature of the CNR—kVp relationship, which was
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Figure 5 Contrast-to-noise ratio (CNR) as a function of mA. Al, aluminium; LDPE, low-density polyethylene; PTFE, polytetrafluoroethylene.

evaluated in this study using four materials and PMMA In CBCT imaging, the use of a cone- or pyramid-
as a background material, is also valid for high-contrast ~ shaped beam in conjunction with a two-dimensional
(i.e. air/Al) or low-contrast (e.g. ait/LDPE or PTFE/AI) detector array leads to much higher scatter-to-primary

interfaces.

ratios than in CT. This indicates that noise reduction by
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limiting the amount of scatter in CBCT can be more  relatively high kVp values as indicated by the current
important than achieving a high pure contrast at the  study. As shown in Figure 8, the probability of Compton
level of the detector, which would rationalize the use of  scattering increases considerably within the range of X-ray
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Table 3 Dose-normalized mA for each kVp value

kVp mA kVp mA
90 1.00 74 1.64
88 1.05 72 1.76
86 1.11 70 1.91
84 1.18 68 2.07
82 1.25 66 2.24
80 1.33 64 2.45
78 1.43 62 2.68
76 1.53 60 2.95

energies used in this study. However, following the
Klein—Nishina formula, there is a wide angular distri-
bution of scattered photons at these relatively low en-
ergies, with only a small fraction (5-10%) being directed
towards the detector. In addition, Figure 8 shows a
three-fold decrease in Rayleigh scattering between 30
and 90 keV. Between 40 and 50 keV (i.e. the approxi-
mate mean X-ray energies at 60 and 90kVp), the
probability of Rayleigh scatter decreases from 12.4% to
10.2%. Rayleigh scattering occurs mainly in the forward
direction with no loss of energy. Therefore, Rayleigh
scattered photons are much more likely to reach the de-
tector and contribute to image noise than Compton
scattered photons. From the results in this study, it can be
concluded that the decrease in Rayleigh scattering at
higher energies leads to lower scatter-to-primary ratios at
isodose levels, corresponding with a lower image noise.
This effect was mainly apparent at low dose levels (i.e.
high noise levels), as shown in Figure 7. At increasingly
higher beam energies up to 120 keV, the probability of
Compton scatter flattens, whereas Rayleigh scattering
keeps steadily decreasing (Figure 8), which could result in
an even higher scatter-to-primary ratio. However, the
Klein—Nishina formula states that an increasingly
larger fraction of Compton scatter will be directed
forward at higher beam energies, implying that the
increase in Compton scatter may overcompensate for
the decrease in Rayleigh scatter at some point.

It remains to be seen whether these findings are con-
sistent for other CBCT devices, and whether a true op-
timal kVp value can be found. It can be expected that, at
some point, the flattening of the CNR-kVp curve and the
exponential relation between kVp and dose would result
in a kVp value at which the CNR/dose relation peaks.
The results in this study and the interaction probabilities
in Figure 8 indicate that this optimal value could be
>90 kVp. This peak value and its consistency between
CBCT devices with varying hardware and software should
be investigated more deeply. However, researchers are
limited by the available options on existing CBCT devices,
many of which fix the kVp and allow only a few preset
mA options. Monte Carlo simulations provide a possi-
ble solution for this practical limitation.'® When using
Monte Carlo in this context, the entire imaging chain
would have to be modelled, including the image re-
construction. Only then would it be possible to in-
vestigate whether the balance between kVp, mAs,
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image quality and radiation dose is robust and whether
there is a “perfect” kVp value for dental CBCT im-
aging. Ideally, the beam filtration should be considered
together with the kVp value, as it determines the X-ray
energy spectrum.

Apart from determining the optimal kVp value for the
investigated CBCT equipment, the current results also
show the potential for mA reduction with minimal loss in
image quality. The shape of the mA curve implies that
the mA can be lowered up to a certain point with little
increase in noise. In this study, for a voltage of 90 kVp,
a reduction in mA from 5 to 4 (20% dose reduction)
resulted in an 8.6% decrease in CNR g, Whereas an mA
reduction from 3 to 2 (40% and 60% dose reduction
compared with 5mA) decreased the CNR o by 17.5%.
Although the CNR is a pure technical image quality
factor, these findings can have important implications for
clinical practice. Reference levels for CNR in CBCT are
difficult to determine because diagnostic image quality
does not only depend on contrast and noise but on
spatial resolution as well. In addition, CBCT is still
lacking objective criteria regarding the diagnostic ac-
ceptability of an image. Therefore, when analysing
phantom images from any given CBCT device, it is
not possible to distinguish between clinically accept-
able and unacceptable CNR values. However, specific
CNR-mA curves can be determined for each CBCT
by the manufacturer or during acceptance testing,
giving an indication to the clinician to which level the
mA could be lowered with minimal increase in noise.
Using this knowledge, the clinician can take informed
decisions about the application of low-dose protocols
for certain patient groups.

The effect of kVp and mA in CBCT for dental or
head and neck applications has been investigated by
different authors, with most studies focusing on the
effect of kVp and mAs reduction on image quality.
Varying results were reported, depending on a multi-
tude of factors such as the evaluated image quality
criteria, equipment, exposure factors, amount of dose
reduction etc. Several studies found that CBCT expo-
sures can be lowered considerably with diagnostic image
quality remaining adequate.®'' Combining these pre-
vious studies with the results of the current study, it
can be concluded that possible dose reduction using
exposure parameters below manufacturers’ default
setting should always be explored, particularly for
children. Siegel et al’' investigated various combina-
tions of exposure settings for paediatric CT, conclud-
ing that, for smaller phantoms or patients, the increase
in noise at low-dose settings is minimal. It can be
expected that this is true in CBCT as well, implying
that severe dose reductions for paediatric patients can
be achieved compared with standard adult clinical
settings. A technical evaluation using small-size phan-
toms could provide a valuable addition to the current
study, as it would indicate if (and by how much) the
CNR-mA and CNR-kVp curves shift to the left at in-
creasingly smaller phantom sizes.
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Figure 7 Contrast-to-noise ratio (CNR) as a function of kVp at a fixed radiation dose. The CNR for a dose-normalized mA value was calculated
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Figure 8 The effect of X-ray energy on the probability of interactions
for a photon traversing 14 cm of polymethyl methacrylate.

The potential of using automatic exposure control
in dental CBCT should also be further investigated.
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