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Future prospects for dental cone beam

Cone beam CT (CBCT) has been widely accepted as an imaging tool for a variety of dental and nondental
applications. Although dental CBCT has evolved considerably in the last decade, there is still a lot of room
for optimization of this modality at different levels. In this perspective, an overview is given of various
hardware and software innovations that could be implemented in CBCT imaging in the foreseeable future.
Some have already been applied to clinical practice but require further validation; others are being
commonly applied by other imaging modalities and could be adapted for use in dental CBCT. The overview
covers the x-ray tube, adaptive exposure techniques, beam and rotation geometry, detector technology
and reconstruction algorithms. Furthermore, the combination of CBCT with optical imaging is discussed,
the possibility of using these devices for nondental applications is evaluated, and the potential use of
phase-contrast tomography is discussed.
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Dental radiography has undergone a continual
evolution since the acquisition of the first dental
radiograph in 1896 by Friedrich Otto Walkhof,
only 14 days after the report on the discovery
by Roentgen [1]. For this inaugural radiograph,
an exposure time of 25 min was used, resulting
in exposures that were large enough to cause
mild deterministic effects, such as local hair
loss. Evidently, there have been a series of devel-
opments in x-ray imaging since that point and
radiography has become an indispensable part
of all diagnostic imaging fields, including dental
practice. Currently, a variety of intra- and extra-
oral dental radiographic techniques are applied
for diagnosis, treatment planning and follow-up
of dental patients [2]. Although 2D radiographs
are conventionally applied in dental practice,
they often fail to answer the clinical question
because of the superposition of tissues on the
lesion or anatomical structure of interest.
Similar to planar radiography, 3D imaging
has undergone a tremendous evolution through-
out the years. Different methods of combining
1D or 2D projections into a 3D representation of
the scanned objects have been applied over time,
originating from the use of two images obtained
at right angles. Film-based methods and basic
tomographic techniques have evolved into CT,
which is still undergoing continual innovation
itself. The introduction of 3D imaging tech-
niques in dental practice faces the practitioner
with the selection of the most appropriate imag-
ing modality for any given clinical indication.
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The currently existing range of available imaging
techniques necessitates the definition of proper
guidelines and clear selection criteria. This
need became accentuated when cone beam CT
(CBCT) was introduced into dental practice.
CBCT uses a cone- or pyramid-shaped x-ray
beam in conjunction with a 2D detector array
to obtain a large series of projections from the
scanned objects that are reconstructed into a 3D
image stack [3.4].

Cone beam CT

CBCT has been applied in medicine as early as
the 1980s, with its first application being primar-
ily in the field of angiography [5]. Currently, the
CBCT technique is commonly used in differ-
ent fields of diagnostic medicine, such as radio-
therapy planning and cardiology [6-8]. The first
commercial dental CBCT device was introduced
in 1998 [9,10]. Over a decade later, a large number
of manufacturers are distributing one or several
types of CBCT scanners. They are used for a
wide array of clinical indications, mainly in the
areas of implant surgery, endodontics, ortho-
dontics and maxillofacial surgery (11-13]. From
a radiological perspective, the main advantage
of CBCT is its ability to acquire 3D recon-
structions of the dentomaxillofacial region with
high levels of detail. As a result, reconstructed
data sets can be manipulated in a versatile way,
and visualized and reformatted for an optimal
evaluation. Improvements in patient treatment
when using CBCT instead of 2D radiography or
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medical CT have been demonstrated for differ-
ent clinical indications [12,13]. When compared
with multislice CT (MSCT), a few aspects have
supported the acceptance process of CBCT in
dental practice: the size of the scanner, the cost
and its ease of use make it accessible for both
private dental practices and radiology clinics, as
well as dental and general hospitals [11-13].

In recent years, a few advancements in hard-
ware and software technology have resulted in
a range of current and future opportunities for
the optimization of CBCT imaging in dentistry.
This perspective article provides an overview of
the state-of-the-art and future outlooks on opti-
mization of varying parts of the CBCT imaging
chain (Box 1).

W X-ray tube

A first parameter associated with the x-ray tube,
which may be improved in the near future, is the
focal spot, that is one of the key elements deter-
mining the resolution of an x-ray image [14-17].

X-ray tube
Reduction of focal spot size
Optimal kVp and filtration
Dual energy scanning
Adapted exposure
AEC based on scout image
Real-time dynamic AEC
Continuous beam collimation
Beam shape & rotation
Triangular FOV shape
Small FOV option
180° rotation option
Detector
Detector efficiency
Temporal resolution
Energy resolution
Reconstruction
Iterative reconstruction
Metal artifact reduction
Motion detection and correction
Gray value calibration
Morphometric and structural bone analysis
Optical imaging
Intra-oral scanning merged with CBCT
Facial scanning merged with CBCT
Nondental applications
Head and neck
Orthopedic
Extremities
Animal imaging
Phase-contrast tomography
Clinical application

AEC: Automatic exposure control; CBCT: Cone beam CT; FOV: Field of view, kVp: Peak voltage.
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Currently, the typical nominal focal spot size in
dental CBCT is 0.5 mm. This relatively small
focal spot enables high resolution imaging but
may result in overheating and damaging of the
tube anode. Overheating is currently avoided
because of the relatively low exposure used in
CBCT. Still, improvements in x-ray tube techno-
logy can result in even smaller focal spots. The
use of a rotating anode has enabled one CBCT
manufacturer to use a focal spot of 0.3 mm for
its latest device. Further evolutions, such as the
use of a floating focal spot and improved anode
cooling, could result in more common use of
smaller focal spots, with a potential improve-
ment in resolution as a result. However, this
improvement can only be achieved if other parts
of the imaging chain are optimized as well. As
seen below, the final spatial resolution can be
limited by the detector, reconstruction or patient
movement.

The main difference between current-gener-
ation CBCT devices regarding the x-ray tube
is found in the peak voltage (kVp), which var-
ies between 60 and 120 kVp for CBCT devices
currently available. In combination with the fil-
tration, the kVp value determines the spectrum
of x-ray energies, which is a key determinant
for both image quality and radiation dose [18].
Contrast between tissues differs for varying kVp
values, as x-ray attenuation is highly dependent
on x-ray energy. It can be expected that for each
type of tissue (e.g., cortical bone, muscle, fat and
lung tissue) there is an optimal beam energy
for which the ratio between image quality and
radiation dose is the highest. For dental CBCT
imaging, as it is focused on the hard tissues, bony
canals and air cavities in the oral region, this opti-
mal beam energy is still to be determined. It is
not possible to investigate the effect of the kVp on
image quality experimentally, as existing dental
CBCT scanners typically fix the kVp value. A few
devices allow for the selection of a kVp between
60 and 90 kV. However, this does not represent
the kVp range used by different CBCT devices.
Therefore, it is not possible to single out the effect
of the kVp while keeping all other exposure fac-
tors constant. Monte Carlo simulations may over-
come this experimental limitation and aid in the
determination of the optimal beam energy for
dental CBCT imaging, and could lead to a stan-
dardization of kVp and filtration values between
manufacturers. It is quite possible that this opti-
mal beam energy differs for varying patient sizes,
anatomical regions (e.g., maxilla and mandible)
and diagnostic applications (e.g., sinus pathology
vs implant planning).
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A recent evolution and hot topic in MSCT
imaging is the use of real-time dual energy
imaging, in which two sets of projections are
obtained at different energies, either by using
two x-ray tubes operated at a different tube
voltage, rapid tube voltage switching or succes-
sive acquisitions of low- and high-voltage scans
(19-21]. There are various applications for dual
energy imaging, as it allows for a broadening
of the contrast range. Most notably, it can be
applied in angiography for different purposes
and can be a valuable replacement for the non-
contrast image in a contrast-enhanced study
(22,23]. In dental imaging, at first sight, the clini-
cal application of dual energy imaging seems
questionable, as it mainly involves the visualiza-
tion of tissues with a high inherent contrast. A
potential application is sialography, for which
CBCT is currently applied using an injected
contrast agent [24,25]. For CBCT imaging of the
teeth, facial skeleton and air cavities, a single,
optimal kVp may suffice, and the added value
of dual-energy imaging may be limited to a few
rare applications where low-contrast resolution
is needed, although alternative nonionizing
imaging modalities may be preferred in those
cases [24-29]. Still, the added diagnostic value of
dual energy dental imaging and its balance with
radiation dose remains to be investigated.

B Adapted exposure

Although the CBCT user is always able to
select certain exposure parameters according to
the clinical indication and patient size, this is
a suboptimal and subjective approach towards
proper x-ray exposure. Both tube voltage and
tube load (mAs) should be adjusted to provide a
set detector signal.

A first possibility for objective adapted expo-
sure is the introduction of automatic exposure
control (AEC) [30,31]. There are two levels
of AEC. In its basic form, it implies that the
mAs (possibly in combination with the kVp)
is automatically determined based on the gray
level (‘density’) histogram of the scout image,
leading to an automatic reduction of exposure
levels for smaller (i.e., size and mass) patients
(Fieure 1). This technique has been implemented
by one CBCT manufacturer for many years,
but according to our knowledge, it has not been
adapted by others. Most CBCT devices are sim-
ply provided with either preset protocols for dif-
ferent patient sizes, or allow for manual selection
of the exposure within certain ranges.

In addition, dynamic AECs could be used
that adapt the exposure during the acquisition.
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Figure 1. Lateral and frontal scout images of the 3D Accuitomo 170
(J Morita, Kyoto, Japan), illustrating the potential of basic automatic

exposure control. (A) Male patient, 73 years old. (B) Female patient, 8 years old.
Automatic exposure control based on the density distribution of these scout images

would lead to considerable dose reduction for the bottom patient because of its

smaller size and mass.

As the primary beam encounters varying depths
and densities of attenuating tissues during the
rotation (Ficure 2), a dynamic adapted exposure
would ensure an adequate detector signal during
the entire acquisition, avoiding over- or under-
exposure of the detector for all projection angles.
For any type of AEC, the range of image qual-
ity criteria for different dental indications needs
to be taken into account, seeing that a single
reference level for AEC would not be suitable
for the range of diagnostic requirements found
within the various dental imaging applications.
Similar to the use of AEC in MSCT, the user
should still be able to select a task-specific refer-
ence dose level to ensure adequate image quality
is attained.

Another area of development in CBCT imag-
ing can be found in the beam collimation. As
of now, all CBCT devices allow for one or more
discrete options in terms of field of view (FOV)
size. Although certain devices allow for a vari-
ety of volume sizes, the user is always limited
by the available options. Even for those devices
with an array of FOV options, an additional dose
reduction could still be achieved if the FOV size
could be any value within an available range
(with an upper limit determined by the detector
size), allowing it to be varied depending on the
patients anatomy and the diagnostic indication.
Seeing that the operator can exactly determine
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Figure 2. Raw data of the 3D Accuitomo 170 (J Morita, Kyoto, Japan)
showing variability of detector flux during cone beam CT exposure. Gray
values are directly related to detector signal. (A) Lateral projection angle with high
detector signal. (B) Frontal projection angle with lower detector signal.
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the region of interest (ROI) size based on a fron-
tal and lateral scout image, the use of a dynamic
FOV size that is drawn by the operator on the
scout images warrants further investigation. It
should be noted that the radiation dose provided
by the scout image cannot be ignored and that
it should also be collimated as much as possible
based on prior information (i.e., the ROI, as
stated in the referral). Still, the ability of a scout
image to reduce overshooting of the actual scan
to a minimum and to avoid mispositioning of
the FOV greatly outweighs its radiation dose.
Unlike physical collimation of the beam,
reconstruction-based collimation of the FOV
should be avoided as much as possible. It is seen
that, prior to or after reconstruction, the edges of
the FOV are cut off by certain devices. Although
these regions can be susceptible to artifacts,
cropping the FOV implies that a small part of
the exposure was not used for actual imaging,
which does not fully comply with the principle
of dose optimization. The importance of FOV
reduction is further discussed in the next section.

B Beam & rotation geometry

Although the geometric shape of the beams
used in CBCT is always a symmetrical or non-
symmetrical cone or pyramid, there are a few
specific adaptations of the beam shape that
have important repercussions on imaging per-
formance. A first technique that was introduced
in CBCT imaging is off-axis scanning, where a
‘half cone’ is used with a small overlap in the iso-
center. It is used to increase the size of the FOV
beyond the limitation set by the detector size,
achieving FOVs with almost twice the diameter
compared with full cone scanning for a given
detector panel width. Although it also leads to
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dose reduction compared with a full-cone scan,
the added value of this technique compared
with a straightforward mAs reduction or a half
rotation can be questioned.

A special technique that was recently intro-
duced is the use of a Reuleaux triangle-shaped
FOV, which corresponds more to the dental arch
compared with a cylindrical or spherical FOV
(Ficure 3). Although this leads to dose reduc-
tion for scans of the dental region, it somewhat
focuses (but not limits) the application range
of the device on the dental arches. The topic
of specializing CBCT scanners for dentistry,
as opposed to broadening the range of clinical
applications, is further discussed below.

A further evolution that coud lead to consider-
able dose reduction is the inclusion of a small-
sized FOV option for each device. For different
reasons, it makes sense that every CBCT device
should be able to scan using a small FOV, but
not every device needs a medium or large FOV
size, depending on the application range. In cur-
rent practice, certain devices have a fixed large
FOV, whereas other are limited to one or a few
small- or medium-sized FOVs. Others allow for
a full FOV range between small-sized (e.g., 4 cm
diameter) and large (e.g., 15 cm or more) FOVs.
The issue with fixed large FOVs is that they may
lead to a large amount of unjustified exposure,
as they are often applied in cases where only a
small part of this FOV is required for diagnostic
purposes [32-34]. Although this overshooting may
result in incidental findings outside the ROI,
these rare findings may still not be justified by
the large amount of unnecessary radiation given
to the majority of patients where these findings
are absent [101]. More evidence is needed on the
frequency and the severity of incidental findings
in order to make a risk-benefit analysis at the
population level, balancing the added exposure
of consistently using large FOVs with the poten-
tial incidental detection of various pathologies.
However, this kind of analysis will always be
hampered by the large uncertainty associated
with the relation between radiation dose and
cancer risk at low exposure levels. When adher-
ing to the generally accepted linear nonthresh-
old model for radiation risk at low doses, it is
highly questionable that the consistent use of
large FOVs, in line with a screening approach,
will be acceptable in terms of radioprotection [34].
In addition, overscanning of a patient implies
that the dentist or oral radiologist should take
the time to read the entire scan, without purely
focusing on the referred indication. Also, FOVs
extending beyond the oral region may require the
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input of a general or a head and neck radiologist.
Therefore, it is not purely from a radioprotection
point of view that it should be recommended to
collimate the FOV to the ROI. As it has been
pointed out that, for the majority of patients, a
small FOV would suffice, the reduction in pop-
ulation dose is expected to outweigh the small
added benefit owing to incidental findings.

Regarding the rotation geometry, the use of a
half (i.e., 180°) rotation can be considered as a
useful technique for certain patient groups. At
the moment, some devices are using a rotation
arc between 180° and 220°. Others allow for
the choice between a 360° and 180° rotation.
In the latter case, a 180° rotation will have a
similar mA compared with a 360° rotation, with
a 50% reduction in mA or acquired projections
leading to similar effects on the image, primarily
expressed as an increase in noise. However, there
are two added benefits to a 180° rotation. First of
all, it cuts the scanning time in half, which is an
important issue for patient groups with high risk
of motion during scanning, such as young, old or
handicapped patients. Furthermore, a 180° rota-
tion may lead to dose reductions of more than
50% compared with 360° rotations, depending
on the size and position of the FOV and the
rotational direction of the tube. According to
general intuition, for dental CBCT acquisitions,
the tube moving at the anterior side would lead
to higher doses to radiosensitive organs com-
pared with the posterior side, as the radiosensi-
tive tissues in the head and neck are primarily
located on the anterior side (e.g., salivary glands
and thyroid gland). However, dosimetric results
have shown that this is not the case, mainly due
to the anatomical location of the salivary glands,
lymph nodes and extrathoracic airways, which
are mostly posterior to the isocenter of a FOV
positioned in the dental region. An effective dose
evaluation performed in the SEDENTEXCT
project on a CBCT scanner using various FOV
sizes in combination with full and half rotations,
and keeping all other exposure factors constant,
has pointed out that if the tube moves on the
anterior side during a 180° rotation, the reduc-
tion in dose is less than 40% (35]. This implies
that tube movement on the posterior side would
result in a dose reduction of 60% or more com-
pared with a full rotation. If these results are
confirmed, for example, by Monte Carlo simula-
tions, it could be useful for manufacturers using
half rotation to adapt their devices by making
the tube move anteriorly, assuming that this does
not significantly affect image quality compared
with posterior movement.
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W Detector

Recent innovations in digital x-ray detection
have resulted in increasingly higher detector effi-
ciencies. Current CBCT devices use flat panel
detectors (FPD); detectors containing image
intensifiers that are still in use, although these are
generally considered to result in inferior image
quality [36-38]. FPDs have a layered structure
consisting of a scintillator that converts x-rays
into light and a photodiode array that transfers
the light signal into an electrical signal, which
is in turn transferred for image formation and
processing. Recently, FPDs have evolved from
amorphous silicon panels into large-area com-
plementary metal oxide semiconductor detec-
tors. At each detection level of the FPD, future
developments may lead to marketable detectors
getting closer and closer to the ‘perfect detec-
tor’. Increased efficiency in x-ray detection and
transmission could lead to the use of increas-
ingly smaller detector pixel sizes. In addition,
an increased temporal resolution may lead to
shorter scan times, and the ability to discrimi-
nate incident x-ray photon energies could lead to
significant improvements in x-ray reconstruction.

B Reconstruction

Optimization of image reconstruction has always
been a hot topic in CT imaging. Along with the
ever-increasing computational power of modern
central and graphics processing units (CPU and
GPU), new and adapted reconstruction algo-
rithms are being introduced and evaluated on a
preclinical and clinical level.

Figure 3. Axial slice of a patient scan from
the Veraviewepocs® 3D R-100 (J Morita,
Kyoto, Japan), showing a Reuleaux
triangle-shaped field of view. A Reuleaux
triangle is based on an equilateral triangle. All
points on each of the three sides are the same
distance from the opposite vertex.
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Most CBCT reconstruction algorithms are
based on the Feldkamp algorithm, which is a
modified back projection technique applied to
2D projections [39]. Recently, there has been a
buzz about the algebraic reconstruction tech-
nique (ART); a class of iterative reconstruc-
tions algorithms. ART algorithms approach
the reconstruction problem by searching for the
optimal solution for a large number of algebraic
equations determined by the projection data.
Iterative reconstruction has been introduced
in clinical MSCT imaging, resulting in dose
reduction for various applications [40-42]. The
use of ART is now considered for CBCT as well,
seeing as the versatility of this technique may
solve many issues that the Feldkamp algorithm
cannot. One fundamental theoretical advantage
of ART over direct inversion back projection
techniques, such as the Feldkamp algorichm,
lies in the fact that ART requires approximately
only half of the number of projection images
for reconstruction [43]. Apart from the raw
data provided by the projections, it is possible
to incorporate additional information into an
ART algorithm to improve image quality by
removing or minimizing known issues in x-ray

tomographic reconstruction. As an example, the
polyenergetic nature of an x-ray beam could be
taken into account, and physical effects such as
beam hardening and scatter could be modeled.
If the detector was able to determine the energy
of incident photons, the algebraic equations
could be elaborated even further. As a result,
significant improvements in image quality could
be obtained. The potency of iterative algebraic
reconstruction is illustrated in Ficure 4, where the
fine detail of the information clearly exceeds that
of the Feldkamp-type reconstruction. Although
a basic ART algorithm has already been applied
in CBCT, more complicated algorithms have
still not been brought into clinical practice. An
optimization of the computational efficiency of
these algorithms in combination with an increas-
ing processing power of reconstruction hardware
should result in the clinical implementation of
iterative algorithms in the near future.

Two other potential improvements at the level
of reconstruction, which are gradually being intro-
duced into practice, are the use of metal artifact
reduction (MAR) algorithms and motion correc-
tion. The presence of high-density metals inside
the scanned area leads to a loss or alteration of

Figure 4. Algebraic reconstruction based on an identical number of projection images using
50 iterations versus original Feldkamp-based cone beam CT reconstruction obtained from
the cone beam CT manufacturer. As evident from the clipping area marked with the white
rectangles (enlarged below the original images) the algebraic reconstruction image clearly
demonstrates a gain in detail information, that is, an increased spatial resolution compared with the

Feldkamp-type image.

Imaging Med. (2012) 4(5)
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projection data compared with a normal anatomic
situation, which current reconstruction algo-
rithms cannot resolve. This leads to parts of the
reconstructed image, mostly in the vicinity of the
metal, being prone to excessive artifacts. MAR is
being applied by certain manufacturers but when
itis used in combination with backprojection, the
clinical improvement in image quality is limited,
as it typically involves an adjustment of the pro-
jection data and an interpolation or averaging to
reduce the artifacts [44-49]. Therefore, improve-
ments in the appearance of the metal artifacts
are often artificial (i.e., there is no actual gain of
information in the image) or balanced with a gen-
eral loss in image quality. Particularly for cases in
which there is a loss of projection data due to com-
plete absorption of the x-rays by a metal object,
the replacement of this information could lead to
an image that appears suitable but is in fact faulty,
which could mislead the clinician into an incor-
rect diagnosis. With or without the use of MAR,
it is always best to evaluate the vicinity of metal
objects with great care and to avoid any quantita-
tive use of gray values [s0]. However, MAR used in
combination with iterative reconstruction could
largely overcome these issues. To a large extent,
MAR can be easily incorporated into iterative
reconstruction, as it allows for the modeling of
the polychromatic beam spectrum, which would
take the large amount of scatter, absorption and
beam hardening by metal objects into account.
However, as mentioned above, the computational
power of current-generation reconstruction units
can be considered as a bottleneck for the clinical
use of advanced iterative reconstruction in den-
tal CBCT. Next to MAR, the effect of patient
motion on image quality is also being explored at
the moment for various applications of CT [51-53].
In dental CBCT, patient motion could gravely
affect image quality, as scan times are relatively
long (typically ~20 5). In addition, reconstructed
voxel sizes are small (0.08—0.4 mm) and even
the slightest motion will have some effect on
image sharpness. Ideally, motion detection and
correction should be done at the level of the raw
data, comparing consecutive projection images
or comparing the first and last projection, pro-
viding that they are taken from the same angle.
Although excessive movement can only be com-
pensated for by removing the projections in which
the movement has occurred, small movements or
tremor could be resolved through matching of the
projections, leading to increased image sharpness.

A final potential improvement in reconstruc-
tion that needs to be carefully considered by
manufacturers is the calibration of gray values
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for density estimations. The main clinical use
of quantitative gray values is the assessment of
trabecular bone (i.e., bone quality, although
this is not a consistent term) at implant sites
(54]. Although different studies have shown that
different factors (e.g., varying beam energy and
local tomography effect) affect the variabilicy
of absolute gray values in CBCT [55-59], future
improvement in reconstruction techniques (e.g.,
artifact reduction) may lead to acceptable gray
value accuracy, at least for bony tissues. Although
certain CBCT manufacturers claim to be using
Hounsfield units, there is still room for improve-
ment in terms of gray value calibration, ensuring
the stability of gray values within and between
images. The use of a reference object with known
density in the scanned volume during clinical
scanning could be explored, as it may provide
a partial solution to this problem (Ficure 5). The
use of antiscatter grids could be of value as well,
although this does not seem to be under consider-
ation in current CBCT practice, as its use would
require greater radiation exposure to the patient
due to the partial absorption of primary x-rays.
As it can be expected that the quantitative use
of gray values in CBCT will remain susceptible
to variability and error in the foreseeable future,
the main focus in research should be the inves-
tigation and validation of alternative methods
of assessing bone structure. When adapted for
CBCT imaging, morphometric and structural
analysis of trabecular bone may provide a more
suitable prediction and evaluation of treatment
outcome [60-62].

B Optical imaging

Apart from the optimization of the x-ray imaging
process itself, there are a few external imaging
techniques which, in combination with a CBCT
image, could lead to various possibilities in dif-
ferent dental areas. Recently, optical scanning has
been introduced in dental imaging for intra- and
extra-oral purposes. If these techniques are com-
bined with CBCT scanning, they could result
in new or improved patient treatment options.
Digital impressions made with an intra-oral scan-
ner could be merged with a CBCT image that is
acquired for treatment planning. Using the com-
plimentary information from both scans, optimal
patient treatment and comfort could be achieved
in prosthetic and implant dentistry [63).

An additional optical technique that is now
starting to be applied in combination with
CBCT imaging is facial scanning (Ficure 6) [64].
Currently, two CBCT devices allow for the
acquisition of a facial scan, simultaneous with
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Figure 5. Quantitative CT-Bone Mineral
Phantom (Image Analysis Inc., Columbia,
KY, USA) containing three materials of
known density. Similar, smaller density
phantoms could be applied in dental cone
beam CT for gray value calibration, although
uniformity of gray values throughout the field
of view remains an issue.

or apart from the CBCT exposure. The opti-
cal scan of the facial surface, when merged with
the CBCT image of the hard and soft tissues,
can be used to visualize the effect of ortho-
dontic treatment or maxillofacial surgery on
the facial features. It should be noted that the
CBCT scan itself is able to distinguish between
the soft tissue and the surrounding air. A vol-
ume rendering from a CBCT scan, preferably
with seated or standing patient positioning, can
provide a monochromatic representation of the
facial topography, and the added value of a 3D
photograph matched to this surface is still to be
validated.

B Nondental applications of CBCT

As mentioned above, the CBCT technique is
currently applied in various fields of diagnostic
medicine. Although dental CBCT devices are
mainly used for implant planning, impacted

Figure 6. 3D optical facial scan using the
Planmeca ProFace™ (Planmeca Oy,
Helsinki, Finland).

Imaging Med. (2012) 4(5)

teeth, endodontic evaluation and other dental
applications, there are various potential uses for
these devices, providing that they are designed in
a way which allows for this broader application
spectrum.

First of all, the use of CBCT for nondental
head and neck indications (e.g., sinus and ear
imaging) is being strongly considered. For sinus
imaging, CBCT is already commonly applied
(65-67]. Although CBCT is capable of providing
high quality images of the sinuses at a reasonable
radiation dose, it should be noted that modern
MSCTs are capable of achieving very low expo-
sure levels for sinus imaging. For imaging of the
middle ear and surrounding structures, CBCT
has a potential for significant patient dose reduc-
tion compared with MSCT, which typically
uses high exposure protocols for this application
(68-70]. Although the spatial resolution of CBCT
is considered to be superior to that of MSCT, it
should be noted that most devices are not able to
scan at high enough exposure levels for imaging
of the temporal bone, leading to a high degree
of noise. Other nondental applications that are
still located at the head and neck, and could
therefore be implemented for most devices with
a sufficiently large FOV size, are cervical spine
scanning for orthopedic purposes and upper air-
way evaluations for various purposes [71-73]. It
should be noted that these types of scans may not
always be possible due to physical obstruction of
the tube-detector gantry by the patient’s shoul-
ders. Still, there is a promising future for CBCT
being applied as a multipurpose scanner for den-
tal, and head and neck application in a hospital
environment or private radiological practices.

More recently, the use of dental CBCT for
musculoskeletal scanning of extremities has been
considered (Ficure7) (74.75]. Alchough most CBCT
scanners should be able to provide high-quality
images of the upper and lower extremities, it
may be impossible to properly install patients for
these types of scans using devices with standing
or seated patient positioning.

Finally, 3D imaging is starting to find its way
into veterinary practice for dental and nondental
applications IN a range of animals (Fiure 7)
(76,77). Again, veterinary applications of CBCT
are limited to those devices with supine patient
positioning.

It can be expected that certain CBCT manu-
facturers will keep their focus on the dental mar-
ket, while others will choose to design their device
for a broader spectrum of dental and nondental
applications. The triangular FOV shape of the

Veraviewepocs® 3D R-100 shown in Ficure 3 is an
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Figure 7. Nondental applications of cone beam CT using the NewTom 5G (Quantitative
Radiology, Verona, Italy). (A) Extremity imaging, showing a knee and (B) hand scan.
(C) Veterinary imaging, showing the scan of a turtle.

example of a development tailored for dental imag-
ing, whereas the use of supine patient positioning
for the NewIom 5G and other devices allows for
different applications that are not possible for
devices with seated or standing positioning.

B Phase-contrast tomography

Until today, medical radiographic imaging has
only utilized x-ray absorption in the object for
image formation. The phase nature of x-rays
had been neglected simply because no technical
method was available for using that information.
On the other hand, research applying synchro-
tron x-ray sources has been carried out over many
years to investigate x-ray phase-contrast. The
interest in this novel technique is driven by the
fact that in tissue with equal x-ray attenuation,
such as soft tissues, the phase-shift information
by far exceeds the attenuation (absorption) infor-
mation [78]. Recently, sophisticated techniques

future science group

have been developed that enable phase-contrast
detection using conventional x-ray tubes at typi-
cal energies for medical radiography [79]. It has
been demonstrated that this exciting technique
can also be applied for cone beam tomography
of nonliving objects [80]. The transfer to clinical
practice is still challenging. However, given the
current development speed it seems likely that
in 10 years time, such machines should be read-
ily available. 2D or 3D phase-contrast radiog-
raphy. with its outstanding soft-tissue contrast,
will mark another revolutionary step in the long
history of x-ray imaging.

Conclusion & future perspective

Although CBCT has become an indispensable
tool for various dental applications, there is a
lot of room for dose reduction of this modality
by following the optimization and justification
principles. Optimization refers to the fact that
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each image should be obtained at the lowest
possible exposure level. In this perspective, cur-
rent and future possibilities for optimization are
presented and discussed. It can be seen that a
few recent innovations are already implemented
in clinical practice by one or a few manufactur-
ers and may or may not become the standard
for the near future. Further optimization can
be possible by adapting recent developments
from other imaging modalities, particularly
MSCT. A few other potential optimizations
are more speculative, and their added value
and marketability remains to be investigated.
Finally, the combination of CBCT with optical
imaging and its use in nondental applications is
gradually being explored, and the use of phase-
contrast tomography has been demonstrated
experimentally and might be introduced into
clinical practice.

Apart from the optimization of the CBCT
technique itself, it is equally important to con-
tinue investigating the correct implementation
of the justification principle to dental CBCT.
The justification of CBCT exposure implies that
practitioners should be able to make educated,
individual decisions on the need for CBCT
scanning for a given patient. Although this is a
basic principle, stating that the expected benefit
for any exposure to radiation should outweigh
the estimated risk, it can be very complicated

to apply and is typically prone to the subjective
interpretation of the practitioner. Evidence-based
referral criteria, as found in the SEDENTEXCT
report published by the European Commission,
can provide a guide to the CBCT user and lead
to a degree of standardization concerning the
selection of patients eligible for CBCT scanning
(101]. It can be expected that the increasing evi-
dence on CBCT radiation dose levels, dose—risk
relationships at low radiation levels and patient
treatment outcome after CBCT scanning will
lead to a further refinement of referral criteria.
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Cone beam CT
Cone beam CT (CBCT) has become a common radiographic tool in dentistry.
[t can be expected that different aspects of the imaging chain of dental CBCT will be further optimized in the foreseeable future.
X-ray tube
Different improvements are possible at the level of the x-ray tube, including the use of a smaller focal spot, optimization of beam energy
and the use of dual energy scanning.
Adapted exposure
Different exposure control methods could become available to automatically or semi-automatically adjust the exposure level in function
of patient size and mass and clinical indication.
Beam & rotation geometry
The collimation of the beam, and the geometry of the beam and its rotation greatly affect the radiation dose given to the patient. Using
the smallest possible field of view for each patient and applying 180° scanning for certain patient groups can lead to considerable dose
reduction.
Detector
Advancements in detector technology may lead to higher detection efficiencies and new opportunities in terms of reconstruction.
Reconstruction
The implementation of sophisticated reconstruction algorithms can result in an improvement of general image quality, metal artifact
reduction and motion correction.
Optical imaging
The combination of CBCT with intra-oral and facial optical scanning leads to various new opportunities in clinical practice.
Nondental applicatons
Different nondental and even nonhuman applications are possible for dental CBCT devices.
Phase-contrast tomography
The use of x-ray phase detection, rather than absorption, may lead to an increased low-contrast resolution.
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