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IN BRIEF

® CBCT is a relatively new technology to
dentistry, used for the 3D imaging of the
teeth and jaws.

® Radiation dose to the patient is much
less than for conventional CT scanners,
but still higher than for conventional 2D
dental imaging.

® Training is crucial for all members of the
dental team involved in CBCT radiography
and radiology.

Cone Beam Computed Tomography is a relatively new three-dimensional imaging technology, which has been specifically
developed for imaging of the teeth and jaws. The aim of this paper is to acquaint the dental team with various forms of
this technology and its potential applications. An understanding of the underlying principles will allow the users of this
technology to tailor the imaging protocol to the patient's individual needs to achieve appropriate imaging at the lowest

radiation dose.

INTRODUCTION
Cone Beam Computed Tomography (CBCT)

is a relatively new technology to dentistry,
used for the three-dimensional imaging
of the teeth and jaws (Fig. 1). CBCT is a
result of dramatic advances in computer
and electronic technology and (along with
similar advances in scanning and manu-
facturing) is one of the key components
in the rapidly evolving field of digital
dentistry. It is becoming widely available
and has applications in implant dentistry,
endodontics and oral surgery.

This paper is intended to introduce
CBCT technology and highlight the dif-
ferences between CBCT and conventional
Computed Tomography (CT). It will exam-
ine how CBCT can be used to best effect,
or unintentionally abused when imaging
the dental patient.

BACKGROUND

Intra-oral and extra-oral radiographs cap-

tured on plain films and digital sensors
are two-dimensional shadowgraphs, which
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represent the absorption of the incident
X-ray beam as it penetrates the differ-
ent structures before exposing the image
receptor.! The amount of useful informa-
tion gained from these radiographic tech-
niques is limited as the complex anatomical
structures between the X-ray source and
image receptor are compressed into this
two-dimensional shadowgraph.*® In addi-
tion there is often a degree of geometric
distortion and magnification of the result-
ing image* (Fig. 2a). Furthermore, overlying
anatomical noise may result in difficulty
interpreting radiographs.>®

The interpretation of the radiograph is
dependent on the clinician’s appreciation
of the limitations of conventional radiog-
raphy as well as their knowledge and expe-
rience in assessing these two-dimensional
shadowgraphs.?

In conventional tomography a sectional
image may be obtained by moving the X-ray
source and film in opposing directions dur-
ing an exposure. Structures appear blurred if
not in the focal plane and relatively sharper
when in the focal plane, particularly if the
relative movement is complex, for exam-
ple spiral tomography. Dental Panoramic
Tomography relies on a relatively complex
interrelationship between the movement of
source, film and a rectangular collimator
to achieve a tomographic projection of the
curved arch of the jaws.

In these forms of tomography the com-
plex motion of X-ray source and receptor
means that the equipment is mechanically

Fig. 1 An Accuitomo F170 (Morita corp, Kyoto
Japan), a CBCT scanner with a variable FOV

sophisticated, though the image receptor
itself is relatively unsophisticated.

CT provides three-dimensional imag-
ing and has been used to overcome the
inherent problems with conventional two-
dimensional radiographic techniques (Figs
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Fig. 2 The benefits of three-dimensional
imaging. (a) An intraoral radiograph of an
asymptomatic central incisor fails to show
the true nature of the extensive lesion
compared with re-sliced CBCT images; (b)
coronal (c) sagittal and (d) axial

2a-d). In all forms of CT, the patient is
scanned and digital processing is used to
generate image data. This pioneering imag-
ing system was developed by Sir Godfrey
Hounsfield five decades ago. Hounsfield
used a single ‘point’ X-ray beam to slowly
acquire a ‘slice’ of data as the gantry sup-
porting the X-ray source and opposing
sensor rotated around the patient’s head.?
A sequence of slices was obtained as the
patient was slowly advanced through the
gantry. Early CT machines offered a very
low resolution, producing thick slices, each
with a matrix of only 80 x 80 pixels, com-
pared with the modern 512 x 512 pixel
matrix. Stacking these thick slices together
then produced a three-dimensional volume
of data composed of ‘voxels’, which may
be thought of as three-dimensional pix-
els. Hounsfield received a Nobel Prize for
his achievement and also gave his name
to the measure of radiodensity commonly
applied in CT.

For this embryonic technology, scan
times were slow (four minutes for a ‘brain
scan’) and took around seven minutes to

reconstruct using a ‘mini’ computer. It is
interesting to note that as imaging technol-
ogy has evolved the emphasis has shifted
from complex to simple mechanisms and

from simple film-based image acquisition
to sophisticated electronic data acquisition
and computer processing.

CT has continued to evolve; contem-
porary multi-slice technology allows the
acquisition of large volumes of data, cap-
turing a large section with each revolu-
tion of the gantry in less than a second.
Although offering spectacularly high
speed imaging of both hard and soft tis-
sues, X-ray dose is high, the equipment
exceptionally expensive and generally
only found in hospital settings.

Cone Beam Computed Tomography

CBCT is a low dose scanning system, which
has been specifically designed to produce
three-dimensional images of the maxil-
lofacial skeleton.>'® CBCT scanners use
back-projection reconstructed tomogra-
phy to acquire data of the area of interest
through a single or partial rotation of the

conical X-ray beam and reciprocal image
receptor. Remarkably, in most systems
scan times of less than 20 seconds may be
achieved using commonly available per-
sonal computers to process the data. Thus a
principle difference between CT and CBCT
is the method by which data are gathered
— while CT acquires image data using rows
of detectors, CBCT exposes the whole sec-
tion of the patient over one detector (Fig.
3); these data are then used to generate
individual slice images.

As the patient is stationary and the
motion of the gantry is a simple rota-
tion, the main complexity of the CBCT
system lies in the detector and the data
processing technology.

The acquired images are called two-
dimensional projections. Reconstruction
algorithms are used to convert them into
a three-dimensional data set.

The CBCT volumetric data set is usually
reconstructed in orthogonal orientations to
allow viewing of the images in the axial,
sagittal and coronal planes. Visualisation
software allows the brightness and contrast
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X-ray source

Field of view
detector

Fig. 3 Source and opposing flat panel detector rotating around the patient's jaw, capturing

image data in one sweep

of the greyscale images to be adjusted.
When viewing both CT and CBCT data it
is common to speak in terms of window
and level; the ‘window’ describes the range
of greyscale values that will be visualised,
while the ‘level’ specifies the mid-value at
which the window will lie. Post-processing
software may also be used to ‘render’ the
volume thus allowing the three-dimensional
visualisation of the structures, such as the
bone surface and teeth (Fig. 4).

CBCT scanners use comparably less
sophisticated hardware and software than CT
scanners, resulting in simpler, more compact
and less expensive machines, but produce
comparable, or better images of the hard tis-
sue structures of the jaws and skull."'? These
advantages make CBCT technology particu-
larly well suited to hard tissue imaging and
dentistry. As the X-ray dose is so much
lower than for conventional CT scanners, it
is difficult to justify the use of conventional
CT for elective dental and maxillofacial pro-
cedures when CBCT is available.

However, as outlined below, a disad-
vantage of CBCT is that numerous fac-
tors may combine to affect the linearity
of the exposure on the flat panel sensor,"
making it difficult to directly apply the
Hounsfield scale across the full expanse of
the scanned volume (Figs 5a-b). It should
also be stressed that soft tissue detail is not
displayed as with conventional CT. Thus
CBCT would not be particularly suitable
for examining lesions involving both soft

tissues and bone, unless only the bony
element is being investigated.

DENTAL CBCT

CBCT technology is becoming more widely
available and less costly; CBCT scanners are

available from most dental X-ray equip-
ment manufacturers in a wide variety of
formats with various different attributes.

For the most part the patient is exam-
ined standing or seated, and the machines
have the footprint (though not necessarily
the capability) of a panoramic unit.

The captured volume of data is called the
‘field of view’ (FOV). Scanners are avail-
able to image volumes ranging from the
whole skull to just a small volume incor-
porating a few teeth. Not surprisingly, as
larger volumes are exposed, or resolution
is increased, X-ray dose will increase.

Similarly the size of the digital files,
which is large anyway, will increase when
using higher image resolution and larger
FOV. Large digital scans are cumbersome
to process and view and eventually require
more storage space. Security of data stor-
age should also be considered, as a matter
of clinical governance.

Field of view

Ideally the FOV should be adjustable in
height and width to limit radiation expo-
sure to the area of interest only, there-

fore reducing the radiation exposure
to the patient.'*!

Fig. 4 Rendering allows visualisation of the
three-dimensional structures within the field
of view, such as the bone surfaces and teeth

Fig. 5a-b These rendered 3D images show
how different calibration parameters will

affect the way that the same structure is

visualised in 3D

The capacity to control the FOV is
exceptionally important in terms of limit-
ing X-ray dose. When selecting a CBCT
scanner it is important to choose equip-
ment that has a FOV appropriate to the
intended usage. Some early scanners did
not have the option to alter the FOV, mak-
ing their use inappropriate in certain situ-
ations. For example, it is inappropriate to
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scan the entire maxillofacial region to aid
diagnosis and plan treatment for single
unit implant placement or endodontic
treatment. Furthermore, exposure of a
wide FOV places additional responsibili-
ties on the dental practitioner - these scans
may cover areas of the spine, maxillofacial
skeleton and skull base, which the prac-
titioner will have a duty to evaluate and
report on (Fig. 6), but may lack the neces-
sary experience to do so.

Using a smaller FOV also reduces the
amount of data produced, as fewer voxels
are recorded. This has a positive impact
on the need for data storage capacity
and the speed of data processing and on-
screen data manipulation. It is therefore
recommended to use high-resolution on
small FOV only.

Resolution

The resolving power of an imaging
medium is its ability to display detail and
is commonly defined by the ability to dis-
tinguish line pairs per mm in a specially
designed test tool of alternating lead and
plastic slats.

In CBCT the resolution of the image is
dependent on several factors. These include
the quality and resolution of the flat-panel
detector (or photomultiplier tube, as found
on earlier machines), and the number and
rotational spacing of the individual basis
images from which the three-dimensional
volume of data is generated. Other fac-
tors affecting the resolution include the
sophistication of the reconstruction algo-
rithm in the software, the power of the
X-ray source, the refinement of the projec-
tion geometry and resolution of the view-
ing monitor. Increased resolution usually
comes at the expense of an increased
radiation dose to the patient, as a result
of longer exposure times to acquire more
2D projections to contribute to a more
detailed reconstruction.

While a higher dose, higher resolu-
tion scan may improve the aesthetics of
the resulting data, it may be possible to
fully achieve the objectives of the exami-
nation using a lower resolution setting
or by reducing exposure parameters'* to
achieve a lower dose to the patient. Thus
to limit the patient’s radiation exposure it
is essential to tailor the resolution to meet
the demands of each unique case being
managed (Table 1).

Table 1 Suggested imaging protocols for CBCT examinations

endodontics, localised
periodontal problems,
short span implant
related applications,
complex extractions

Small, eg 4 x 4

Medium, eg 8 x 5 multiple implants or
impactions associated
with vital anatomical
structures, generalised

periodontal problems

Medium eg 10 x 5 -10
x 10

3-D modelling, single or
dual full arch implant
assessment/bilateral TMJ
assessment

0.08 -0.125
0.125 - 0.25
>0.3
>0.3

Large, eg >10 x 10 cm 3-D modelling, cephalo-
metric and craniofacial
applications, bilateral TMJ

assessment

Fig. 6 Can a dentist identify the right middle ear and mastoid infections diagnosed as a
coincidental finding in a large FOV examination of the maxilla?

Dose considerations

Occupational exposure from CBCT should
not be an issue when such equipment is cor-
rectly installed. The CBCT supplier and the
Radiation Protection Advisor (RPA) should
collaborate to design the facility in which
the CBCT scanner is to be housed with
appropriate shielding to protect staff dur-
ing exposure, as is already required by the
Ionising Radiations Regulation (1999).'%"7
CBCT units are capable of greater power
and X-ray scatter than conventional dental
X-ray units and would normally require
a dedicated room where the operator may
stand outside or behind a suitable screen of
brick or lead. During a conventional dental
intra-oral X-ray exposure, many practi-
tioners do not use shielding but stand a safe
distance of over 1.5 m behind or to the side
of the machine. Applying this principle, an
operator would need to stand at least 8 m
from a CBCT machine.

The average exposure to a patient during
a CT examination is commonly estimated
and presented as the computed tomography
dose index (CTDI ). All modern CT equip-
ment must display this figure, allowing

for the estimation of the effect of differ-
ent scan protocols on dose. However, this
method of dose estimation is not available
with all CBCT apparatus. An alternative
approach for CBCT is to use the ‘dose area
product’ (DAP), which estimates the expo-
sure to the patient by directly measuring
the incident X-ray beam.

It is important to note that while the
output of an X-ray source is measured in
Gray, the biological effect of the beam var-
ies with the age and gender of the patient
and the radio-sensitivity of the exposed
tissue. This ‘biological’ effect is measured
by the ‘effective dose’ in Sieverts. A recent
‘effective dose’ survey showed CBCT units
delivered a broad range of doses (depend-
ent on machine, field size, resolution, etc)
of between 13 pSv (minimum dose, small
volume) and 82 pSv (maximum dose, large
volume) which compared favourably with
radiation dose inflicted by multi-slice CT
(MSCT) of between 474 pSv and 1,160 pSv
for mandibular and full head scans respec-
tively. To put these measurements into per-
spective, panoramic doses have recently
been found to range between 3-24 pSv.'8"
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As already discussed, patient radiation
dose may be minimised by matching the
FOV and resolution to the intended usage,
keeping the FOV as small as possible and
minimising exposure of radiosensitive tis-
sues. Adolescents and children are much
more sensitive to radiation exposure and
so prescription of CBCT examinations for
these individuals needs to be highly focused
towards the need of the individual.

The salivary and thyroid glands are
radiosensitive organs that may be unnec-
essarily exposed by direct radiation, or
indirectly from radiation scatter from an
unnecessarily large FOV, or excessively
detailed (ie high resolution) scan.'

It is possible to generate a ‘true’ dental
panoramic tomograph (DPT) by using a
specifically designed ‘dual-purpose’ CBCT
scanner, if it is fitted with the appropriate
hardware. CBCT data can be reconstructed
to produce DPT-like images. However, this
examination gives the patient a higher
radiation dose and cannot be justified as
an alternative approach to obtain a con-
ventional DPT.

Data presentation and viewing

The appearance of scan data is much
affected by the overall exposure param-
eters, the efficiency of the detector and
the reconstruction. Reconstructing thicker
slices will give a lower contrast but a less
noisy appearance, while thinner slices will
appear to have more contrast and detail,
but are noisier. Lower dose exposures
will typically be noisier than higher dose
exposures. Slower scan times may allow
for higher resolutions but will be more sus-
ceptible to movement artefact. For three-
dimensional modelling, there is typically a
need for a slice thickness <0.5 mm.

Although individual reconstructed CBCT
images may be printed on film or paper,
most viewing software allows for a pleth-
ora of changes to the reconstruction, each
of which may have a significant effect on
the viewed image. This means that viewing
data on-screen is important and cannot be
replaced by a print-out.

Computer processing is essential for
CBCT so software for the reconstruction
and display of images may be considered
as an integral part of the apparatus. The
software will have a pronounced effect
on the appearance of the scan - there-
fore in many respects the software that

works with the scanner is as important as
the hardware.

Typically software allows reconstruction
of the scan data in three orthogonal planes
and frequently along a curved plane as a
‘panoramic’ reconstruction. Changes to the
window and level will change the empha-
sis of what is visualised. When choosing a
particular scanner it is important to ensure
that its viewing software is appropriate to
the needs of the practice; this includes the
ability to view data on different worksta-
tions and in more than one location.

The software will typically also export
data to third party software for implant,
maxillofacial or orthodontic treatment
planning. Along with the increase in the
availability of CBCT scanners, develop-
ment in software and rapid prototyping
technology continues apace, particularly
in the field of implant dentistry and surgi-
cal planning, leading to many new treat-
ment protocols for surgery (Figs 7-8).

The electronic display used will also
have a significant effect on the perceived
image. Perception will be improved by
using a high quality monitor viewed in
muted lighting conditions.

Reporting

The current UK IRMER 2000 legislation
(IRMER) !¢ places a duty on all practition-
ers to ensure that radiographic images
are fully evaluated, with abnormal or
pathological findings recorded into the
patient’s notes. The law lays this duty
on the ‘Operator’ and ‘Legal Person’ (the
owner of the X-ray installation), to ensure
that a radiographic report is made. If an
adequate clinical evaluation of the image
is unlikely to be made, that the exposure
would not be justified and the radiograph
should not go ahead.

CBCT images of the immediate dento-alve-
olar area will provide dentists with images
of a region that they are well qualified to

Fig. 7 Maxillofacial and implant planning software allows the surgeon to interact with scan
data to visualise planned surgery on a rendered virtual 3D model of the jaw. The precise
position of a dental implant in the ridge may be modelled. Combining the visualisation of a
virtual model of the jaw, with computer aided design software it is possible to plan implant
placement and make constraining drill-guides using 3D manufacturing techniques. When
fitted to the jaw, the guides precisely constrain implant site preparation, allowing implants to
be placed using a minimally invasive approach directly into pre-planned positions. The precise
position of a dental implant in the ridge may be modelled. Combining the visualisation of a
virtual model of the jaw, with computer aided design software it is possible to plan implant
placement and make constraining drill-guides using 3D manufacturing techniques. When
fitted to the jaw, the guides precisely constrain implant site preparation, allowing implants

to be placed using a minimally invasive approach directly into pre-planned positions. Implant
planning in a virtual environment (a), a drill guide in place (b), and a robust temporary resin
bridge which was prefabricated on the basis of the computer plan, still in function three years
post operatively (c)

Fig. 8 Reconstructive surgery in a virtual environment: the left mandibular fragment has
been mirrored and repositioned prior to reconstruction in order to simulate the contour of
the mandible (a and b). Conventional modelling techniques have been used to approximate a
shape for the missing anterior segment and pre-bend a suitable titanium fixation plate on a
rapid prototype model prior to implant surgery (c)
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report on. Wider FOVs do, however, capture
the skull base, sinuses and cervical spine,
which are not normally within a dentist’s
area of expertise and this would require
reporting by a dento-maxillofacial or head
and neck radiologist. Restricting the extent
of the FOV to the particular region of inter-
est has the benefit of reducing the need for
the practitioner to seek assistance to report
regions that are beyond their competence.
Figure 6 shows a right middle ear and mas-
toid process infection; an abnormality in
an area not normally seen on dental films,
but which now comes into the CBCT field
of view and requires a report.

Training for work with CBCT

The law also requires anyone using X-ray
equipment to be ‘adequately trained’ for
the role they play. In the case of radio-
graphic exposures the law recognises
different roles; the ‘referrer’, the ‘IRMER
practitioner’ and the ‘operator’ Each has a

specific role and needs to be prepared by
suitable training to fulfil that role. Rather
uniquely, a dentist may find he or she ful-
fils all these roles.

The ‘referrer’ initiates the process; this
is the dentist or doctor who prescribes or
requests a radiograph. Their responsibility
is to provide sufficient clinical informa-
tion for the next person in the chain - the
‘IRMER practitioner’ - to be able to jus-
tify the radiograph. Training should help
these clinicians select appropriate cases
for CBCT examination, understanding
the risks they seek to expose the patient
to, the likely yield from the examination.
These dentists should also know how to
manipulate and interpret the resulting
imaging dataset to extract the required
diagnostic information.

The ‘IRMER practitioner’ is the key per-
son in the chain and they take responsibil-
ity in law for the radiographic exposure.
This is normally a radiologist within a
hospital setting but it may be a dentist in
a dental practice. Their role is to justify
the exposure, weighing the risks against
the benefits and considering the necessity
of CBCT and its imaging alternatives. Here

training in CBCT capabilities and risks is
essential to allow a balanced decision.

The ‘operator’ is anyone playing any
practical role in the radiographic expo-
sure or reporting on the images and must
be ‘adequately trained’ for the role they
undertake. The central person here is the
person taking the radiograph - this may
be a radiographer, dentist, dental nurse
or other DCP with a Certificate in Dental
Radiography. Training should enable them
to carry out the required CBCT examina-
tion safely, accurately and with maxi-
mum dose optimisation for the intended
diagnostic role (see above). The ‘ALARA’
principle applies here as much as in con-
ventional dental radiography.

The referring dentist also must have a
responsibility to ensure that they are mak-
ing the best possible use of the resulting
data and that they are correctly trained
and properly supported to do so.

Training is therefore crucial for the whole
dental team. It should comprise of training
from the manufacturer’s CBCT applica-
tions specialist on how to use the particular
machine, an update on radiation hazards
and imaging pitfalls relevant to CBCT, selec-
tion criteria for CBCT imaging and how to
approach interpretation of cross-sectional
and three-dimensional images.

CONCLUSION

CBCT technology is increasingly accessi-
ble in dental practice. It hugely expands

diagnostic and treatment possibilities for
patients. However, CBCT should only be
used after careful consideration, where con-
ventional two-dimensional imaging tech-
niques are not sufficient or where access to
the technological processes such as guided
surgery will improve patient management.

When selecting the best CBCT examina-
tion for an individual, it is important to
minimise X-ray dose while striving for an
image that enables appropriate diagnosis
and management. This requires an under-
standing of the concepts behind CBCT and
related technologies, making appropriate
training essential for every member of the
dental team.
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