CBCT Use in Daily Practice

William C. Scarfe and Christos Angelopoulos

Contents

5.1 CBCT Operation...............ccceeeeverenrereenne

5.1.1
5.1.1.1
5.1.1.2

Scan Protocol.........
Exposure Factors.

52 Generic Steps to Optimize Volumetric

Data Display........ccccoceeveevevieviecininenennenne. .

5.2.1 Reorient the Data.....

Acquisition Parameters.............cccccevvuvuenenns

522 Correct the Data.......

5221
5222
5223
5224
523

524

5241
5242

Adjust Contrast and Brightness...

Explore the Data......
Reformat the Data.............

5.3 Image Analysis........ccccevevvevenrenienerienennenn
Dimensional Accuracy.........c.cocevevceceereeucacns
Contrast Accuracy in CBCT...........c.c.c.......
Feature Identification Aids.......ccccecerveruennen

5.3.1
532
533
5.3.3.1
5332
5333

Inferior Alveolar Canal Tracing..

Virtual Reality.......

Interpolation..........ccceeeeeeeecccccccecnne .

Sharpen the EAges.......cccccevvrrrereeeeeccnns
Reduce NOISe.......ovveveenrenieeeererienreeeene .

The Radiographic ToolboX............ccceeuenee.
Task Specific Image Display.........ccccceuvene

Volume Measurement............cceeeveeveereerenne

W.C. Scarfe, B.D.S., ER.A.C.D.S., M.S. (IX)
Division of Radiology and Imaging Science,
Department of Surgical/Hospital Dentistry,
University of Louisville School of Dentistry,
Louisville, KY, USA

e-mail: william.scarfe @louisville.edu

C. Angelopoulos, D.D.S., M.S.
Aristotle University of Thessaloniki,
Thessaloniki, Greece

Columbia University, College of Dental Medicine,
New York City, NY, USA
e-mail: angelopoulosc @ gmail.com

© Springer International Publishing AG 2018

54 Documentation...............coeeveveeeeeeeeeeenns 178
54.1 Interpretation Reports.........coeceeveeeveenuencne 180
5.5 Practical Dose Reduction Strategies

for Maxillofacial CBCT............................ 182
5.5.1 Establish Clinical Necessity............ e 182
552 Use Patient and Personnel Protection......... 183
553 Adjust Device Settings Appropriately........ 184
5.5.3.1 Adjust Exposure Settings........cccccceuevvuence. 184
5.5.3.2 Adjust Scanning Parameters. 184
5.54  Institute a Quality Assurance Program...... 185
References... .. 186
5.1 CBCT Operation

The operation and ease of use of maxillofacial
CBCT equipment is technically simple and simi-
lar, in many respects, to dental panoramic radiog-
raphy (DPR). In fact, since 2007, many DPR
platforms are configured to provide additional
CBCT functionality, sharing the same mechanical
assembly and X-ray generator. This has led to
some regulatory ambiguities regarding the catego-
rization of dental and maxillofacial CBCT units as
either dental or medical devices, and credentialing
issues for facilities and personnel who operate this
equipment. Operator requirements differ markedly
between countries. For example, in many jurisdic-
tions in the United States, maxillofacial CBCT
devices are operated by dental auxiliaries with
nominal radiographic qualifications, whereas in
some European countries they can only be oper-
ated by dentists with special training.

115

W.C. Scarfe, C. Angelopoulos (eds.), Maxillofacial Cone Beam Computed Tomography,

https://doi.org/10.1007/978-3-319-62061-9_5


https://doi.org/10.1007/978-3-319-62061-9_5
mailto:william.scarfe@louisville.edu
mailto:angelopoulosc@gmail.com

116

W.C. Scarfe and C. Angelopoulos

Fig. 5.1 Schematic diagram
showing the relationship of the
two aspects of CBCT operation
and elements to be considered
within each technical
competency

While there are similarities between DPR and
CBCT, a number of differences in acquisition and
technique exist which distinguish the latter as a
maxillofacial imaging modality that demands a
higher level of technical competency and expertise.
The operation of CBCT devices should be consid-
ered in two sequential and distinct phases (Fig. 5.1):

e Scanning Protocol. The choice of specific
technical parameters to optimize image qual-
ity and minimize exposure for a specific imag-
ing task is called the imaging acquisition or
scan protocol. Perhaps the greatest distinction
between DPR and CBCT imaging lies in the
fact that CBCT provides the operator with the
choice of many more technique variables
(Table 5.1). Practitioners and operators using
CBCT must have a thorough understanding of
the available operational exposure and acqui-
sition parameters and the effects of these
parameters on image quality and radiation
safety (Carter et al. 2008).

e Image Protocol. Once acquired, it is neces-
sary to interact with volumetric CBCT data to
optimize image display on the monitor. The
principle components of this are to reorient the
data, enhance the data, and then to reformat the
data so that the clinician can explore, analyze,
and interpret the volume (See Sect. 5.2).

5.1.1 Scan Protocol

5.1.1.1 Exposure Factors

Four exposure parameters determine the quality
and quantity of the X-ray beam. Two of the fac-
tors, focal spot size and beam frequency, are
equipment dependent and fixed whereas the other
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two, milliamperes (mA) and kilovoltage (kV),
may be variable and are operator controlled.

Equipment Dependent

The following factors should be considered when
purchasing a CBCT unit and while are not spe-
cifically adjusted clinically, do introduce poten-
tial limitations on image quality and patient
radiation dose optimization:

* Focal spot size. Focal spot size is one param-
eter that determines the penumbra or geomet-
ric unsharpness of CBCT image formation.
CBCT units with smaller focal spot sizes theo-
retically produce less penumbra and conse-
quently sharper images. Most CBCT units
have a nominal focal spot of 0.5 mm; however,
some are lower at 0.3 mm with the lowest at
0.15 mm. Lower focal spot size has two
disadvantages.

— The maximum field of view (FOV) of the
CBCT unit may be limited because of
increased projection divergence at the
peripheral of the X-ray beam.

— Low mAs must be used or otherwise a lon-
ger duty cycle is necessary, especially with
greater numbers of basis images, so as to
not overheat the generator.

¢ X-ray Generator Frequency. In most CBCT
units, X-ray generation is pulsed to coincide
with the detector activation. Pulsed X-ray
beam generation is preferable to continuous
exposure as it markedly reduces total exposure
scan time with less radiation dose to the
patient. In addition, there is diminished heat
production at the anode and reduces the
impact of detector afterglow. However, the
relatively low power used in this type of X-ray
generator provides some limitations in image
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Table 5.1 Comparison of the similarities and differences between the operation and techniques of DPR and maxillo-

facial CBCT devices

Technique
stage Similarities
Set * Made before exposure; kVp and mA
technique settings determine image quality and patient
factors radiation dose
» Exposure factors are adjusted according
to head size
Prepare « Patient standing or seated, head stabilized,
patient position critical to resultant image
* Anterior bite block always used to
stabilize and localize head position
Protect * Lead torso shield used
patient
Expose * Patient informed to keep still during

exposure

View image * Basic image processing possible (if using
digital panoramic radiography), e.g.,
contrast, brightness, zoom, filtering

Differences

CBCT offers additional choices influencing image
quality and patient radiation dose including FOV, arc
trajectory, resolution and, number of projection
images

Scan factors for CBCT should be adjusted to be
diagnostic task as well as size specific

Patient may also be standing, seated or, in some
units, supine

Instead of bite block, head position may be stabilized
by chin rest, head restraint or occlusal bite plane
Panoramic head position critical to minimizing image
projection errors

Additional thyroid shield is desirable for CBCT only,
especially for maxillary scans if possible.

Motion artifacts affecting the entire image are more
likely to occur with longer scan times.

Sensor image calibration may be required
periodically

Image must be reconstructed before viewing

(30s—10 min), unlike panoramic images that are
viewed immediately after scan

Secondary orthogonal images must be reformatted;
Data is interactive (contrast, brightness, image
mode);

Resultant data can be reoriented to compensate for
head position.

CBCT data allows for advanced reformatting (e.g.,
curvilinear) and 3D visualization (e.g., maximum
intensity projection, volume rendering) (see Chap. 3)

FOV field of view, CBCT cone beam computed tomography, s seconds, min minutes

quality. Continuous exposure units produce
X-ray spectra with a higher peak kV and capa-
ble of faster acquisition of a greater number of
basis frames with theoretically less image
noise.

Operator Controlled
CBCT manufacturers approach setting exposure
factors in one of three ways.

e Fixed. Operators are offered a selection of
predetermined or “fixed” exposure setting
combinations (e.g., PreXion, PreXion Co.,
Ltd, Tokyo, Japan; GALILEOS, Sirona AG,
Bensheim, Germany; Newtom5g/VGi, QR,
Inc. (a Cefla Company), Milano, Italy).

e Variable. Operators can manually adjust kV
and/or mA settings. Operators who use CBCT

units with operator adjustable exposure set-
tings should be aware that these parameters
affect both image quality (See Chap. 2) and
have patient radiation dose consequences.
Careful selection is required to fulfill the
ALARA (As Low As Reasonably Achievable)
principle. Manufactures may incorporate
“preset” exposure settings for different sized
individuals (Fig. 5.2) or specific imaging scan
protocols (Fig. 5.3).

Automatic Exposure Control. Automatic
exposure control (AEC) is a dose reduction
strategy used in most MDCT devices to opti-
mize patient doses. AEC attempts to adjust
and customize (i.e., modulate) tube current
(mA) specifically for each patient according
to the radiation intensity detected by using a
short pre-examination (scout) exposure
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Fig. 5.2 Screen shot of exposure panel for a CBCT
device (RayScan Alpha, LED Medical Diagnostics Inc.,
Vancouver, British Columbia, Canada) that adjusts expo-
sure settings for different sized individuals. Exposure set-

a F——
Scan Time 17. Ssec MODE
CTDhw 6. Gimdy

SunTl'ne 17. Ssec
4. Gmoy
()]

90 50m
Tube Tube
Voltage | Current _Factor | \!‘r' i u‘oltnqe

Fig. 5.3 Screen shot of exposure panel for a CBCT
device (Accuitomo 170, J. Morita, Kyoto, Japan) that has
default exposure settings based on number of basis pro-
jection images. Manufacturer default exposure settings
for a 360° standard (Std), 80 mm x 80 mm scan (HD) (a)

Current

(NewTom-FP; Quantitative Radiology s.r.l.,
Cefla Group, Verona, Italy) or using a expo-
sure modulation during the rotation
(SafeBeam™ technology, NewTom VGI evo/
NewTom GiANO, Quantitative Radiology
s.r.l., Cefla Group, Verona, Italy) (Pauwels
et al. 2014a, b; Pauwels et al. 2015a, b, ¢). It is
expected that widespread implementation of
AEC in CBCT will avoid the need for manual
adaptation of exposure parameters based on
patient size (Pauwels et al. 2012).

Effects of Exposure Setting Adjustments

Manufacturer recommended default exposure set-
tings should be adjusted with caution as each
parameter has effects on the image quality and
patient radiation exposure (Goulston et al. 2016).
Any exposure setting adjustment should be
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Technique | Param.

tings for a high definition scan (HD) of the dentition,
(highlighted occluding teeth icon) for an “average” sized
individual (a) (90 kVp and 11 mA) is higher than that for
a child (b) (85 kVp and 10 mA)
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(90 kVp and 5 mA), is identical to that of a 360° standard
(Std) with a smaller FOV (40 mm x 80 mm) (b). Exposure
settings for a 360° 80 mm x 80 mm scan with a greater
number of basis projection images (HiFi) (¢) requires an
increased mA setting (7 mA)

directed towards reducing exposures to levels as
low as diagnostically acceptable (ALADA prin-
ciple), particularly for children (White et al.
2014).

* mA. The range of mA settings in available
CBCT devices is extensive with most operat-
ing at less than 12 mA while some operate as
high as 20 mA. mA may be adjustable on
some units with higher levels producing
darker images with less noisy image. However,
patient effective dose increases proportion-
ately, almost in a 1:1 ratio.

e kV. Most CBCT units operate in the range less
than 90 kV, whereas a few can operate at
higher kV, up to 120 kV. The effect of kVp on
dose and image quality is more intricate owing
to a combination of several energy-dependent
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X-ray interactions (See Chap. 2). Higher kV
units theoretically produce images with a
higher contrast-to-noise ratio, particularly at
lower exposures because of increased photon
count and a decreased absorption ratio
(Pauwels et al. 2014a, b). Adjustment of kV
has an even greater effect on dose than does
mA, with each decrease in 10 kV approxi-
mately halving dose if all other parameters
remain the same (Pauwels et al. 2014a, b). In
general, low kV units operate at higher mA.

The effect of changing one or both exposure
factors on image quality and dose is not straight-
forward and should be balanced, ensuring that an
adequate image quality is achieved at the lowest
possible dose level. Currently (2017) there is still
a low level of evidence on the effect of adjusting
exposure settings (Goulston et al. 2016).
Exposure setting adjustments may be considered
in the following situations:

» Patient size. In clinical practice, mA changes
are preferable to kVp changes to compensate
for differences in patient size as the increase in
noise for a given dose reduction is smaller for
mA adjustments. Smaller patients (e.g., chil-
dren) can be exposed using a lower (20-30%
less) mA and produce images of acceptable
diagnostic quality as for larger patients
(Pauwels et al. 2015c¢, 2017).

» Diagnostic task. For specific diagnostic tasks
requiring reduced image quality, mA can be
reduced without reducing diagnostic efficacy
(Pauwels et al. 2015¢). Significant dose reduc-
tions can be achieved by reducing tube current
by up to 50% without substantial loss of diag-
nostic quality for relatively low-resolution
tasks such as assessment of the paranasal
sinuses (Giildner et al. 2013), presurgical
implant planning (Sur et al. 2010; Dawood
et al. 2012; Panmekiate et al. 2012; Bohner
et al. 2017), or orthodontic diagnosis (Kwong
et al. 2008). However, for diagnostic tasks
requiring images with optimal image quality,
mA can be increased. For example, dental
periapical diagnosis involving visualizing the
periodontal ligament space and subtle changes
in bone trabeculation may benefit from mod-

erate increases in mA producing images with
reduced noise.

e Similarly, a higher kVp may be considered in
patients with high-density objects, such as teeth
with root canal fillings (Chindasombatjareon
et al. 2011; Vasconcelos et al. 2015;
Helvacioglu-Yigit et al. 2016) or dental
implants (Panjnoush et al. 2016; Vasconcelos
et al. 2017), as beam hardening artifacts from
these materials may be reduced. Conversely,
lower kVp settings may also be considered for
low discriminating diagnostic tasks such as
orthodontics (Kwong et al. 2008).

5.1.1.2 Acquisition Parameters

Scan Time
The number of images comprising the projection
data throughout the scan is determined by the
frame rate (number of images acquired per sec-
ond), the completeness of the trajectory arc, and the
speed of the rotation. CBCT units may be config-
ured to have a fixed or variable number of projec-
tion basis images comprising a single scan. This is
usually referred to as scan time. Within the cost
limitations of solid-state detectors used in CBCT
construction and the need for short scanning time
in a clinical setting, the number of images available
for construction ranges from 150 to over 1000.
Increasing scan time provides more informa-
tion to reconstruct the image and has multiple
beneficial effects on the image including greater
contrast resolution, improved signal-to-noise
ratio producing ‘“‘smoother” images, and
reduces metallic artifacts (Fig. 5.4). This is usu-
ally associated with a longer duty cycle between
patients to allow for cooling of the generator
tube and a longer primary reconstruction time.
For a given CBCT unit, a greater number of
projections increases the amount of radiation a
patient receives linearly—a scan comprising
1000 basis images delivers 2x the radiation
dose to the patient than a scan reconstructed
from 500 basis images. In accordance with the
ALARA principle, the number of basis images
should be optimized to produce an image of
diagnostic quality considering the diagnostic
task. Increasing scan time may be considered
for patients with high-density objects within
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Fig. 5.4 Schematic plot of the effect of reduction in the
field of view (FOV) and increasing the number of basis
projection images (BPI) on improving the quality (noise
and contrast resolution) of a representative axial image of
the maxilla at the level of the nasopalatine canal. Four
scans were performed on a Alderson-Rando® phantom

the FOV, such as dental implants (Nardi et al.
2015), as artifacts from these materials may be
reduced. However, this improvement in image
quality may be negated by the possibility of
motion artifacts (Nardi et al. 2015) and the
introduction of inconsistencies in gray density
measurements (Parsa et al. 2013).

Relationship Between Scan, Exposure,

and Reconstruction Time

Most CBCT units acquire all projection images
in a single rotation. The actual period in which
the gantry revolves around the patient’s head, or
scan time, ranges from ~5 s to, at most, 40 s
(Nemtoi et al. 2013). The total time that the X-ray
generator is producing x-radiation for pulsed
CBCT units, exposure time, is less than the actual
scan time. This ranges from 2 s to approximately
12 s, with a maximum of up to 34 s.

Ideally, scan time should be comparable to
panoramic radiography so that artifacts associ-
ated with subject movement are minimized.
However, motion artifacts are common, report-
edly ranging from 21 to 42% of CBCT examina-
tions (Spin-Neto et al. 2015; Nardi et al. 2015).
Correction algorithms to adjust for small patient

(The Phantom Laboratory, Salem, NY) providing four
volumes: limited FOV, Low number of BPI (lower left);
limited FOV, high number of BPI (lower right); full FOV,
low number of BPI, (upper left); and full FOV, high num-
ber of BPI. Optimal image quality is provided by reducing
FOV and increasing the number of BPI (lower right)

movements and reduce the effects of motion arti-
facts have been proposed (Schulze et al. 2015)
and advertised (Planmeca CALM™; Planmeca
QY, Helsinki Finland) but as of 2017, not yet
implemented. Different types of movements
induce different artifacts, in different parts of the
anatomy (Nardi et al. 2016). Artifacts can be
described as smearing, double contour (Fig. 5.5),
cancellous bone fading resulting from loss of tra-
beculae visibility and general unsharpness
(Fig. 5.6). In general, movement of short duration
may lead to double contours (bilateral or mono-
lateral depending upon the angle of the scan at
which they occur), whereas gradual movements
result in blurring. The plane in which the artifact
is most pronounced corresponds with the direc-
tion in which the movement occurs.
Reconstruction time is the time taken by the
workstation computer for dataset reconstruction
and varies depending on FOV, the number of
basis images acquired, resolution and reconstruc-
tion algorithm and ranges from less than 30 s to
over 5 min. The application of secondary recon-
struction methods, such as iterative reconstruc-
tion for streak artifact reduction, can run
considerably more than 5 min (Dong et al. 2013).
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Fig. 5.5 Axial (a), coronal (b), and sagittal (¢) CBCT
images showing double contours indicating patient
motion during the scan. Clearly discernible double con-

tours like this are indicative of an artifact resulting from
sudden patient moment during the scan (Images courtesy,
Predrag Sukovic)

Fig. 5.6 Reformatted panoramic (a), coronal (b), and sagittal (¢) CBCT images showing generalized unsharpness
indicating continuous patient motion during the scan

Rotation Angle

Most reconstruction algorithms (e.g., FDK algo-
rithm) require that projection data is acquired
from a complete circular trajectory of 360°. This
rotational angle is also called the scan arc or
orbital angle. However, it is possible to reduce
the rotation angle of the CBCT gantry and still

reconstruct a volumetric dataset. This approach
potentially reduces the scan time and allows the
robotic arm of a panoramic platform to provide
the gantry motion for CBCT imaging. Images
produced by this method may have greater noise
and suffer from reconstruction interpolation arti-
facts (Fig. 5.7). CBCT systems may therefore



122

W.C. Scarfe and C. Angelopoulos

Fig. 5.7 Coronal (a), sagittal (b), and axial (c) images of
a patient with a large nasopalatine canal cyst associated
with the maxillary incisors. The scan was performed with
a half-arch rotational angle scan (180°) and clearly dem-

have three rotational angle configurations: (1)
Fixed full (360°) trajectory, (2) Full but variable,
usually with two trajectory settings, or (3) Fixed
partial (Table 5.2).

For most diagnostic tasks, CBCT should be
performed using the greatest scan arc available.
In those units that provide reduction of rotation
angle, degradation in image quality (Al-Okshi
et al. 2017) may be offset by considerations of a
proportionate reduction in patient radiation dose
(Pauwels et al. 2014b). Reduction of trajectory
arc is not recommended for the assessment of
periodontal structures (Al-Okshi et al. 2017) and
introduces inconsistency in grayscale density
values (Parsa et al. 2013) however, may be con-
sidered for periapical diagnosis and implant plan-
ning (Lofthag-Hansen et al. 2011).

Field-of-View (FOV)
The volume of tissue of the patient’s head irradi-
ated during exposure is referred to as the FOV or
scan volume. The dimension of the FOV is pri-
marily dependent on the detector size and shape,
beam projection geometry, and beam collima-
tion. The shape of the scan volume is determined
by the sensor technology and acquisition method.
Spherical FOVs are characteristic of image
intensifier detectors. Most flat panel detector
(FPD) systems produce a cylindrical FOV with a
height and circular diameter. A few devices limit
the FOV to the jaw shape, restricting the region of
interest (ROI) to the dental structures. The CS
9000 3D (Carestream, Atlanta, Georgia, USA)
stitches three cylindrical FOVs from consecutive

onstrates interpolation artifacts resulting in loss of detail
of the extent and presence or degree of cortication of the
buccal bony expansion

exposures in the horizontal axis enough to cover a
single jaw. An alternate method to cover the shape
of the jaws is provided by the Accuitomo R100
(J. Morita Corporation, Kyoto, Japan) (Fig. 5.8).
This maxillofacial CBCT device is the only unit
which produces a convex triangular shape from a
complex motion of the gantry during exposure,
referred to as 3D Reuleaux Full Arch (patent
pending; J. Morita Corporation, Kyoto, Japan).

Collimation of the primary X-ray beam limits
x-radiation exposure only to the region of interest
(ROI). Effective dose ranges for field of views
(FOVs) with height < 5 cm between 9.7 and
197.0 pSv, for FOVs of heights 5.1-10.0 cm
between 3.9 and 674.0 uSv, and for FOVs >10 cm
between 8.8 and 1073.0pSv (Al-Okshi et al.
2015). An optimal FOV should be selected for
each patient based on diagnostic task and the
region of interest (ROI).

Reduction in the FOV usually can be accom-
plished mechanically or, in some instances, elec-
tronically. Mechanical reduction in the
dimensions of the X-ray beam can be achieved by
either pre-irradiation (reducing primary radiation
dimensions) or post-irradiation (reducing the
dimensions of the transmitted radiation, before it
is detected) collimation. Currently most CBCT
units use adjustable metallic shields as primary
collimation at the radiation source. Electronic
collimation involves elimination of data recorded
on the detector peripheral to the area of interest.
In this case there is no physical reduction in
irradiation of the ROI by physical means.
Both techniques reduce the amount of data for
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Table 5.2 Rotational arcs of various CBCT Units (Based on data from Nemtoi et al. (2013) and current manufacturer
websites)

Rotation arc Manufacturer Model Rotational angle
Fixed full Acteon Group? WhiteFox, X-Mind Trium 360
Takara Belmont Corporation® Bel-Cat 360
Carestream Dental® CS 9500, CS 9300, CS 9300 Select 360
Gendex USA/Imaging Sciences Gendex GXCB-500, i-CAT NG (3D eXam) 360
International?
Genoray*© Papaya 3D plus/Volux 21C (China), Papaya 360
3D/Volux 21 (China)
PaloDex Group/KaVo Dental Orthoceph OC200 D VT, Scanora 3D, 360
Corp.¢ Cranex 3D
PointNix Co., Ltd.” Point 3D Combi 500 360
Quantitative Radiology s.r.1.,! NewTom 5G, NewTom Vgi, NewTom 360
Vgi., NewTom GiANO, NewTom Go
Vatech! PaX-Duo3D, PaX-Reve3D, PaX-Zenith3D 360
Yoshida Dental Mfg. Co. Ltd. PreXion 3D Excelsior Pro 360
Full variable Asahi Roentgen Ind. Co. Ltd.! AUGE ZIO CM, AUGE X ZIO CM, AUGE 360/180
ZIO maxim, AUGE X ZIO maxim, Alioth
CM
J. Morita Mfg. Corporation' 3D Accuitomo 170, 3D Accuitomo 80 360/180
Imaging Sciences International’/  i-CAT FLX, i-CAT FLX V series/KaVo 3D  360/180
KaVoe eXam + V series/KaVo
ORTHOPANTOMOGRAPH OP 3D Vision
i-CAT CLassic 360/72
MyRay™ SkyView 360/190
Planmeca Oy" Promax 3D Mid, Promax 3D Plus 360/200
Promax 3D Max 360/210
Vatech! Pax-Flex3D 360/240
PaX-Uni3D (EU)/Suni 3D (USA) 360/220
Yoshida Dental Mfg. Co. Ltd.* PreXion 3D Elite 360/217
Fixed partial J. Morita Mfg. Corporation' Veraviewepocs 3De 180
Carestream Dental® CS 9000 3D 180
Owandy® I-Max Touch 3D 200
Planmeca Oy" Promax 3Ds, Promax 3D Classic 200
Dentsply Sirona Imaging? Orthophos SL 3D, Orthophos XG 3D 200
GALILEOS Compact, GALILEOS 204
Comfort

EU European Union, USA United States of America, NG next generation, LFOV limited field of view, SFOV standard
field of view

*Milan Italy

"Somerset, New Jersey USA
¢Atlanta, Georgia, USA

4 Hatfield, Pennsylvania, USA
*Gyeonggi-do, Korea
fTuusula Finland

2Biberach, Germany

"Seoul, Korea

iCefla Group, Verona, Italy
JGiheung-gu, Korea

*Tokyo, Japan

Kyoto, Japan

"Imola, Italy

"Helsinki, Finland
°Croissy-Beaubourg, France
PBensheim, Germany
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Fig.5.8 Axial CBCT image showing the lower jaw with
a cylindrical (dashed line) and 3D Reuleaux Full Arch
(patent pending; J. Morita Corp., Kyoto, Japan) (solid
line) FOV shapes superimposed (a) showing the differ-

computational purposes and reduce reconstruc-
tion time; however, only pre-irradiation physical
collimation results in reduced patient radiation
exposure.

Effects of FOV size on image quality can be
seen in some circumstances (Fig. 5.4). Larger
FOVs increase the amount of scatter per detector
area, reducing image quality (Lofthag-Hansen
et al. 2011). In addition, larger FOVs coincide
with a higher beam divergence at the edge of the
FOV, which results in image quality deterioration.
On the other hand, a FOV with a larger diameter
reduces the “local tomography” effect of tissue
outside the FOV (which is only partially exposed)
on gray value uniformity. While an FOV height of
4-6 cm may be adequate for a mandibular scan,
an FOV height of 8 cm or even up to 10 cm may
be advisable for the maxilla if sinus augmentation
procedures are anticipated to adequately demon-
strate the ostiomeatal complex.

Resolution

e Contrast Resolution. The contrast resolution
(ability to detect subtle differences in attenua-
tion by differences in gray-level intensity) is
device dependent and is influenced by several
interacting acquisition variables (see Chap. 2).
Maxillofacial CBCT images lack adequate
grayscale sensitivity to discern subtle differ-
ences between soft tissues, such as between
fluids and solid tumors, though are excellent
for demonstrating air to soft tissue boundaries.

ence in coverage and therefore reduction in dose achieved
by conforming the FOV to the shape of the dental arch.
Actual axial image shape and resultant volumetric acqui-
sition achieved (b)

Grayscale intensity values from CBCT images
do not directly represent Hounsfield units
(HU), the relative density of body tissues
according to a calibrated gray-level scale,
based on normalized-HU values for air (—1000
HU), water (0 HU), and dense bone (+1000
HU) (Bryant et al. 2008; Nackaerts et al. 2011,
Molteni 2013). Several techniques and devices
are currently being investigated to compensate
for the deficiencies of CBCT acquisition such
that derive gray density levels more accurately
correlate with HU (Lagravere et al. 2006,
2008; Mah et al. 2010; Molteni 2013).

e Spatial Resolution. The spatial resolution of
maxillofacial CBCT systems is primarily a
function of detector nominal pixel size and fill
factor; however, many interrelated factors
contribute to the final maximum achievable
resolution (see Chap. 2). Most manufacturers
provide options for varying resolution of
CBCT data. However, the number of pixels
within the area matrix of a sensor that capture
x-rays is fixed. For a given projection geome-
try and FOV, the acquired dataset is always
acquired at the highest, default resolution. In
some CBCT units, resolution can be increased
by altering projection geometry, reducing the
object to focal spot distance. More often, elec-
tronic pixel binning is used to provide recon-
structed images with voxel resolution less
than that acquired. Pixel binning is the process
of combining charge from adjacent electronic
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“wells” from the detector during readout. The
two primary benefits of binning are improved
contrast due to an improved signal-to-noise
ratio and the ability to increase frame rate,
albeit at the expense of reduced spatial
resolution.

e Higher resolution may be considered desir-
able for many tasks in dentistry demanding
accuracy to the level of the detail of approxi-
mately the periodontal ligament space (i.e.,
approximately 0.2 mm or less) (Fig. 5.9).
Images taken at high resolution often have
reduced brightness and contrast, increased
noise (when displayed in thin slice thickness),
and require increased reconstruction time.
While increased image resolution in some
maxillofacial CBCT units does not affect
changes in exposure parameters, some manu-
facturers incorporate reduced-dose exposure
protocols for low-resolution settings.

As CBCT data is inherently volumetric, it is pos-

sible to resample the dataset to provide images

with higher resolutions than originally recon-
structed. This is known as reconstructed resolu-
tion. Previous iCAT models (Classic and

Next-Generation (17/19), Imaging Sciences

International, Hatfield, PA, USA) and the current

3D Accuitomo 170 (J. Morita Corp., Kyoto,

Japan) allow for reconstructed resolution. The 3D

Accuitomo 170 “zoom reconstruction” feature is

unique in that for large FOV acquisitions, often

displayed at low resolutions to reduce reconstruc-
tion time and file size, a small region of interest

within the original scan can be identified and a

small FOV with an 80 pm voxel resolution can be

reconstructed from the original data (Fig. 5.10).

As with other forms of digital radiography,

acquired nominal resolution based on specified

physical pixel or voxel values should be distin-
guished from the actual acquired resolution
achieved due to the various constraints within the
total imaging chain and reconstructed resolution.

Calibration

Maxillofacial CBCT acquisition and image
reconstruction result from a balance and coordi-
nation of an invariant and reproducible rotational
geometric relationship between the X-ray gener-

ator and image sensor and the fidelity of the
image sensor (Wischmann et al. 2002). Any dis-
ruption or disturbance in this geometric relation-
ship, degradation of the image sensor, or
variabilities in the preprocessing reconstruction
algorithm will produce any number of scanner-
related artifacts (See Chap. 2) (Schulze et al.
2011; Pauwels et al. 2015a).

Optimal image quality should incorporate a
quality assurance (QA) plan including periodic
calibration of both geometric and electronic com-
ponents (see Chap. 7) (Vassileva and Stoyanov
2010; Health Protection Agency 2010). Tube- or
detector-related geometric mismatch (Fig. 5.11)
or preprocessing algorithmic incongruities
(Fig. 5.12) may produce variations in signal
intensities resulting in obvious or subtle disrup-
tions in anatomic structures. Geometric artifacts
are of particular importance in CBCT systems
that use X-ray beam projection and sensor offset
or data stitching techniques to increase the region
of interest with a smaller sensor (See Chap. 2).
Local artifacts in the digital sensor induce (usu-
ally circular) artifacts in the reconstructed slices
(Fig. 5.13). The geometric accuracy of the CBCT
unit should be regularly checked by use of a spe-
cific QA device. Calibration requires the absence
of any object between the X-ray source and sen-
sor, otherwise “ghost shadows” of the object will
be present in subsequent images (Fig. 5.14).

5.2  Generic Steps to Optimize

Volumetric Data Display

Most dental imaging software programs present
CBCT data on the monitor with a default display.
This is commonly as a series of three panes dem-
onstrating secondary planar reconstructed images
in one of each of three orthogonal planes (axial,
sagittal, and coronal) at a defaulted thickness
with a fourth pane demonstrating a volumetric
image (Fig. 5.15). Each panel of the display soft-
ware presents one of a series of contiguous
images in that plane. Each image is interrela-
tional such that the location of the image in the
sequence within the volume can be identified in
each of the other two planes.
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https://doi.org/10.1007/978-3-319-62061-9_7
https://doi.org/10.1007/978-3-319-62061-9_2

126

W.C. Scarfe and C. Angelopoulos

Section Volume Render | ArehSection | Implant | Restoration |

Fig. 5.9 Default display of a dental imaging software
(InVivo, Anatomage, San Jose, California USA) showing
orthogonal projections and volumetric rendering of two
CBCT examinations—one performed at 0.4 mm (a) and a
second at 0.08 mm voxel resolution (b)—for an individual

CBCT data should be considered as a volume
to be explored from which selective images are
extracted. Consequently volumetric data is refor-
matted depending on the diagnostic task for
which the acquisition was performed. As a rule of

Section Volume Render | ArchSection | Implant | Restoration| TMJ | Super Pano | Super Geph | Superimposition | Gallery | Model

M) | Super Pano | Super Ceph | Superimposition | Galery | Model

with bilateral impacted and unerupted maxillary canines.
Orthogonal images at the higher resolution (b) more
clearly show the periodontal ligament space and subtle
root resorption associated with the adjacent lateral
incisors

thumb for formatting, thin images provide struc-
ture detail whereas thick images provide struc-
tural relationships.

Technically four generic steps provide
an efficient and consistent systematic and
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Fig. 5.10 Cross-sectional, axial, and parasagittal maxil-
lofacial CBCT orthogonal images (3D Accuitomo 170,
J. Morita Corp., Kyoto, Japan) (a) of a mandibular left
root canal filled second molar for a patient who presents
with local pain and suspicion of a fractured tooth. A
cropped, magnified sagittal image at the standard resolu-
tion (0.25 mm voxel size) (b) shows an apical hypodensity
and associated furcation bone loss. Reconstructed resolu-

tion or “zoom reconstruction” was applied to a limited
spherical region within the FOV of the original volumetric
dataset (yellow circle—a). Comparable sagittal image of
the reconstructed volume (c) at a higher 0.08 mm voxel
resolution demonstrates a root fracture through the cervi-
cal portion of the mesial root extending into the furcation
(arrows) accounting for the failure of the root canal
treatment
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Fig.5.11 Coronal CBCT image before (a) and after (b)
geometric calibration showing subtle but noticeable

regional cortical unsharpness in the supero-lateral wall of

the maxillary sinus. This could be mistakenly be consid-
ered as a discontinuity in the wall with subsequent diag-
nostic implications (Images courtesy, Predrag Sukovic)

Fig. 5.12 Axial (a) and coronal (b) CBCT images dem-
onstrating a semicircular and circular hypodense ring arti-
fact. This artifact is indicative of bad linear gain in the

methodological approach to optimize CBCT
image display prior to image interpretation.
This approach is not equally applicable to all
dental software, but serves as a guide to improve
the visibility of anatomic structures.

5.2.1 Reorient the Data

The first step in optimizing display of the volu-
metric dataset is to ensure that the orthogonal

preprocessing of the sensor primary data. Calibration of
the sensor will remove this diagnostically unacceptable
artifact (Images courtesy, Predrag Sukovic)

projections provide an adequate representation
of the imaged object. This requires that the
orthogonal planes are perpendicular to the area
of interest. This geometric transformation is
important in various clinical scenarios includ-
ing minimizing parallax error in the measure-
ment of alveolar bone height (Fig. 5.16),
detection of the inferior alveolar canal and its
relationship to the roots of the third molar
(Fig. 5.17), and assessment of craniofacial
anomalies (Fig. 5.18).
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Fig. 5.13 Axial (a) CBCT image demonstrating radial ~— images show the localized horizontal linearity of the arti-
hypo- and hyperdense artifacts with the epicenter being fact indicative of a bad detector row (Images courtesy,
the center of rotation. Coronal (b), and midsagittal (¢)  Predrag Sukovic)

Fig. 5.14 Coronal (a) and axial (b) CBCT images dem-  with the lateral plastic head restraint with circular head
onstrating a semicircular and circular hyperdense ring  supports in position resulting in “ghosting” of this struc-
artifact. Prior calibration of the CBCT unit was performed  ture in subsequent images



Fig. 5.15 Representative screen shots of the default dis-
play of three dental software programs using the same
volumetric dataset: iCATVision (Imaging Science
International, Hatfield, Pennsylvania, USA) (a); In Vivo

Fig. 5.16 Series (from fop to bottom) of midsagittal,
reconstructed panoramic and cross-sectional image of the
maxillary left first molar region showing original display

(a) and after spatial geometric transformation (tilting) of
the volumetric dataset in the sagittal plane (b) to provide

W.C. Scarfe and C. Angelopoulos

(Anatomage, San Jose, California, USA) (b); and Dolphin
Imaging (Dolphin Imaging and Management Solutions,
Chatsworth, California, USA (c¢)

alignment of the palatal plane with the axial plane (approx.
15°). Measured values in comparative trans-axial cross
sections of geometrically transformed dataset (lower
images) are greater by approximately 0.8 mm or 10%
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Fig. 5.17 Conventional cropped panoramic image (a)
and parasagittal (b), cross-sectional (¢, d) limited FOV
CBCT images show reorientation of volumetric dataset to
provide orthogonal images perpendicular to the inferior
alveolar canal (IAC). The panoramic image shows the
mesio-angular complete bony impaction of the right third
molar and superimposition of the IAC over the apices of
the roots of this tooth. The angle of the IAC to either the
occlusal and mandibular plane is approx. 80° therefore
standard trans-axial cross-sectional imaging will not pro-

Soction Vewme Render | ArchSection | implant | Restoration | TMY | Super Pano | Super Ceph | Superimpositior * | *

Fig. 5.18 Default window comprising four panes (axial,
sagittal, coronal, and volumetric) of a child with a severe
craniofacial deformity showing original display (a) and
after spatial geometric transformation of the volumetric
dataset (b) to provide alignment of the Frankfurt

Before proceeding in correcting, exploring,
and reformatting volumetric data, it is important
to apply a spatial geometric transformation to
align the orthogonal planes to a standard orienta-
tion. As CBCT volumetric datasets are isotropic,
dental imaging software may provide one of two
methods to achieve this:

e Reorient the volume. The entire volume can
be reorientated such that the patient’s ana-

vide accurate representation of the relationship of the IAC
to the roots of this molar because of projection parallax.
Optimal image display is achieved by rotating the volume
such that the sagittal plane (b) is parallel to the long axis
of the mandible and the axial plane is parallel to the occlu-
sal plane of the impacted molar. This spatial geometric
transformation ensures that resultant trans-axial images
(¢, d) clearly demonstrate the route of the IAC between
both buccal and lingual roots and curvature of the roots
around the IAC

Soction Vhsme Render | ArchSection | mplant | Restoration | TMJ | Super Pano | Super Ceph | Superimpositior © | *
e

Horizontal (sagittal), midsagittal plane (coronal), and
intercondylar plane (axial). In the software shown, the
colored circles superimposed in the orthogonal images
assist to rotate the planes

tomic features are realigned to specific orthog-
onal reference planes (e.g., InVivo,
Anatomage, San Jose, California USA; NNT
6.0, QR Verona, Verona, Italy and: Dolphin
Imaging, Dolphin Imaging and Management
Solutions, Chatsworth, California, USA)
(Figs. 5.19 and 5.20).

* Reorient the orthogonal planes. Alternately,
the volumetric dataset remains visually
invariant and the orthogonal planes are
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Fig. 5.19 Example of default dental software display
(InVivo, Anatomage, San Jose, California, USA) before
(a) and after (b) adjustment of axial, sagittal, and coronal
planes. In this software the orientation of the volume, as

Fig. 5.20 Example of default dental software display
(Galaxis, Dentsply Sirona Imaging, Bensheim, Germany)
before (a) and after (b) adjustment of parasagittal (called
tangential) and coronal (called cross-sectional) planes. In
this software the orientation of the volume, as shown by

adjusted (e.g., Galaxis/Sidexis 4, Dentsply
Sirona Imaging, Bensheim, Germany;
OnDemand3D, CyberMed, Seoul, Korea;
NNT 6.0, QR Verona, Verona, Italy; and
Kodak Dental Imaging Software 3D module
[KDIS], Carestream, Atlanta, Georgia, USA)
(Figs. 5.20, 5.21, 5.22 and 5.23).

shown by the volumetric rendering (lower right) is reori-
ented using arrows (open red) associated with the respec-
tive panes to more accurately represent the entire
maxillofacial region

the volumetric rendering (upper right), remains the same
and the coronal (cross-sectional) and parasagittal (tangen-
tial) planes are adjusted using sliders to adjust the respec-
tive panes to more accurately represent the available
edentulous area in the right mandibular molar region

Many planes on interrelational orthogonal dis-
plays may be used for reference.

e Sagittal Planes. The following planes can be
used to adjust the vertical (y—z) axis:

— Inferior alveolar canal (IACP) plane.

Parasagittal plane transecting the length of
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Fig. 5.21 Example of default dental software display and the orthogonal planes are adjusted using the superim-
(OnDemand3D, CyberMed, Seoul, Korea) before (a) and posed multipurpose cross-hairs (blue lines) associated
after (b) adjustment of axial, sagittal, and coronal planes. ~ with the respective panes to symmetrically reorient the
In this software the orientation of the volume, as shown by  planes to the entire maxillofacial region

the volumetric rendering (lower right), remains the same

the TAC in the region of the mandibular spine, crista galli, and the middle of the
third molar. Used in third molar assess- occipital basilar bone. Used in orthodontic
ments (Fig. 5.24) assessments (Fig. 5.25).

— Midsagittal plane (MSP). Plane transecting — Long axis of the tooth (LATs). Parasagittal

the middle of the hard palate, anterior nasal plane transecting the long axis of the tooth



134

W.C. Scarfe and C. Angelopoulos

Fig.5.22 Example of
default software display
(NNT 6.0, QR Verona,
Verona, Italy) showing
(a) the axis reorientation
screen enabling the user
to rotate the imaging
volume with respect to
the three orthogonal
planes. An alternate

screen (b) shows a
different function of the
NNT software that
permits the
reconstruction of
multiple oblique
non-orthogonal planes
based on the diagnostic
need. In this example, an
oblique section of the '
maxillary right posterior - R
region is identified by
orienting the green line
on the upper left pane
and a parasagittal image
reconstructed (lower
right pane)

LT

(middle of the occlusal surface/incisal edge
and apical terminus of the root of the tooth)
(Fig. 5.26).

¢ Axial Planes. The following planes can be
used to adjust the horizontal (x—z) axis:
— Frankfort Horizontal (FH). The imaginary

plane transecting the most superior extent
of the external auditory meatus and the
most inferior portion of the orbital rim
bilaterally. Used in orthodontic assess-
ments (Fig. 5.27).

— Intercondylar plane (ICPa). Imaginary

axial plane transecting the medial or lateral
poles of the mandibular condyles and par-

allel to FH. Used in TMJ assessment
(Fig. 5.28).

Occlusal plane (OP). Imaginary plane
transecting and parallel to the occlusal sur-
faces of the crowns of the teeth equally
bilaterally (Fig. 5.29).

Palatal plane (PP). Imaginary plane tran-
secting and parallel to the hard palatal
(Fig. 5.30).

Long axis of the tooth (LATa). Axial plane
transecting the long axis of the tooth (mid-
dle of the occlusal surface/incisal edge and
apical terminus of the root of the tooth)
(Fig. 5.25).
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Fig. 5.23 Example of default dental software display
(KDIS 3D module, Carestream, Atlanta, Georgia, USA)
before (a) and after (b) adjustment of axial (orange), sagit-
tal (turquoise), and coronal (purple) planes. In this software
the orientation of the volume, as shown by the volumetric

M o vy imaging Stvaane 10 mockie € 74 - B =

rendering (upper right), remains the same visually and the
orthogonal planes are adjusted using the superimposed
cross-hairs (orange, purple, and green lines) associated
with the respective orthogonal images to symmetrically
reorient the planes to the entire maxillofacial region

Fig. 5.24 Example of default dental software display
(KDIS 3D module, Carestream, Atlanta Georgia, USA)
showing the adjustment of the sagittal, coronal, and axial

e Coronal Planes. The following planes can be
used to adjust the vertical (y—x) axis:

— Interorbital plane (IOP). An imaginary coro-
nal plane transecting the mostanterior-inferior
portion of the orbital rim bilaterally and per-
pendicular to FH (Fig. 5.31).

— Infraorbital foraminae plane (IOFP). The
imaginary plane transecting the infraorbital

planes relative to the inferior alveolar canal plane (IACP,
orange) and resultant orthogonal images

foramina bilaterally and perpendicular to
FH (Fig. 5.32).

— Intercondylar plane (ICPc). Imaginary
coronal plane transecting the medial or
lateral poles of the mandibular condyles.
Used in TMJ assessment (Fig. 5.28).

— Inter-porionic axis (IPAc). Imaginary coro-
nal plane transecting the most superior
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Fig. 5.25 Example of default dental software display planes relative to the midsagittal plane (MSP, turquoise)
(KDIS 3D module, Carestream, Atlanta Georgia, USA) and resultant orthogonal images
showing the adjustment of the sagittal, coronal, and axial

Fig. 5.26 Example of default dental software display (orange) planes relative to the long axis of the tooth
(KDIS 3D module, Carestream, Atlanta Georgia, USA)  (LATSs, turquoise; LATc, purple; LATa, orange) and resul-
showing the adjustment of the sagittal, coronal, and axial  tant orthogonal images
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Fig. 5.27 Example of default dental software display (orange) planes relative to Frankfort Horizontal (FH,
(KDIS 3D module, Carestream, Atlanta Georgia, USA)  orange) and resultant orthogonal images
showing the adjustment of the sagittal, coronal, and axial

Fig. 5.28 Example of default dental software display (orange) planes relative to the axial and coronal intercon-
(KDIS 3D module, Carestream, Atlanta Georgia, USA)  dylar plane (ICPa, orange; ICPc, purple) and resultant
showing the adjustment of the sagittal, coronal, and axial — orthogonal images
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Fig. 5.29 Example of default dental software display (orange) planes relative to the occlusal plane (OP, orange)
(KDIS 3D module, Carestream, Atlanta Georgia, USA) and resultant orthogonal images
showing the adjustment of the sagittal, coronal, and axial

Fig. 5.30 Example of default dental software display (orange) planes relative to the palatal plane (PP, orange)
(KDIS 3D module, Carestream, Atlanta Georgia, USA) and resultant orthogonal images
showing the adjustment of the sagittal, coronal, and axial
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Fig. 5.31 Example of default dental software display planes relative to the interorbital plane (IOP, purple) and
(KDIS 3D module, Carestream, Atlanta, Georgia, USA)  resultant orthogonal images
showing the adjustment of the sagittal, coronal, and axial

Fig. 5.32 Example of default dental software display planes relative to the infraorbital foraminae plane (IOFP,
(KDIS 3D module, Carestream, Atlanta, Georgia, USA)  purple) and resultant orthogonal images
showing the adjustment of the sagittal, coronal, and axial
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aspect of the external auditory meati (EAM)
bilaterally and perpendicular to FH
(Fig. 5.33).

— Long axis of the tooth (LATc). Paracoronal
plane transecting the long axis of the tooth
(middle of the occlusal surface/incisal edge
and apical terminus of the root of the tooth)
(Fig. 5.26).

For full volume scans, reorientation usually
conforms to cephalometric reference planes
(Table 5.3) (Figs. 5.34 and 5.35) whereas for lim-
ited volume scans and certain MPR reformations,

the specific region of interest should be reori-
ented to regional reference planes (Tables 5.4,
5.5,5.6,5.7,5.8 and 5.9) (Figs. 5.36, 5.37, 5.38,
5.39,5.40,5.41 and 5.42).

5.2.2 Correct the Data

While there is substantial preprocessing of CBCT
data, the default display of images on the monitor
immediately after acquisition may not be opti-
mized for the visualization of important struc-
tures. Displayed images often need to be manually

Fig. 5.33 Example of default dental software display
(KDIS 3D module, Carestream, Atlanta, Georgia, USA)
showing the adjustment of the sagittal, coronal, and axial

(orange) planes relative to the Inter-porionic axis (IPA,

purple) and resultant orthogonal images

Table 5.3 Reference planes used to reorient full FOV CBCT volumetric datasets (craniofacial deformities, cephalo-

metric analysis, and asymmetry) (Figs. 5.34 and 5.35)

Reference planes
Axial
Coincide with FH

Rationale

To minimize asymmetry by
establishing a standard
cephalometric position and
enable comparison of skeletal
elements

Sagittal Coronal

Coincide with the MSP  Coincide with IIOFP and
IOP anteriorly and IPAc
posteriorly

CBCT cone beam computed tomography, FOV field of view, FFH Frankfort Horizontal, MSP midsagittal plane, /OP
interorbital plane, /IOFP inter infraorbital foraminae plane, /PAc inter-porionic axis in the coronal plane
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Fig. 5.34 Comparison of orthogonal and volumetric ren-
dering panes at default acquisition (a) and after reorienta-
tion for a patient presenting with mandibular asymmetry
(d). Reorientation of the volumetric dataset was achieved
such that the axial plane was parallel to FH, sagittal plane
coincided with the midsagittal plane and the coronal plane
with the inter external auditory meati plane. This was

corrected by the use of various postprocessing
enhancement techniques to make diagnostic fea-
tures easier to interpret (See Chap. 3). The aims of
image enhancement in the clinical setting form
the sequential image protocol for the application
of these processes (Table 5.10) (Figs. 5.43, 5.44,
5.45,5.46,5.47,5.48,5.49,5.50, 5.51,5.52, 5.53,
5.54, and 5.55).

5.2.2.1 Interpolation

Interpolation is a geometric transformation pro-
cess that compensates for the mismatch between
the size of the voxels acquired and inherent cor-
responding pixel magnification of the 2-D image
representation on the display monitor (See Chap.
2). Interpolation mitigates against the visual

achieved by translating the coronal (b) and axial planes to
coincide with the external auditory meati bilaterally, rotat-
ing the axial and coronal planes to achieve symmetry (c)
and then rotating the sagittal plane around the pivot
through the external auditory meati such that the axial
plane also bisected the infraorbital rim bilaterally (d)

effect of “block”™ artifact effects, particularly evi-
dent along curved surfaces, and represent the
native pixelation derived from voxel acquisition.
This process may be applied either within a pre-
processing “preference” file or available as an
option image enhancement feature.

5.2.2.2 Adjust Contrast and Brightness

Contrast and brightness are the principal meth-
ods for improving overall CBCT image visibil-
ity. Contrast, also referred to as the window
width (W), is adjusted to displaying only part of
the available full gray value range. For a 12-bit
image, the available gray value range is 4096.
However, for optimal display of bone and adja-
cent soft tissue on CBCT images, display of all
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Fig.5.35 Comparison of reformatted panoramic (upper) as in Fig. 5.34 (b). Notice that the images in (b) more
and right lateral volumetric images (lower) at default clearly identify a minor left ramal and severe left condylar
acquisition (a) and after reorientation for the same patient  hypoplasia as the origin of the asymmetry

Table 5.4 Reference planes used to reorient limited FOV CBCT volumetric datasets of both the maxilla and mandible
(Fig. 5.36)

Reference planes

Rationale Axial Sagittal Coronal
To minimize asymmetry and ~ Coincide with either OP Coincide with MSP Perpendicular to the OP
enable comparison of or PP

interarch relationships (e.g.,
occlusion, interincisal angle,
alveolar ridge)

CBCT cone beam computed tomography, FOV field of view, OP occlusal plane, PP palatal plane, MSP midsagittal
plane

Table 5.5 Reference planes used to reorient limited FOV CBCT volumetric datasets of the TMJ (Fig. 5.37)

Reference planes

Rationale Axial Sagittal Coronal

To minimize asymmetry and Coincide with ICPa or Coincide with MSP and Coincide with ICPc or IPAc
enable comparison of FH perpendicular to ICPc or FH  or perpendicular to FH or
condylar morphology. To ICPa

allow establishment of
condylar axis using linear
MPR

CBCT cone beam computed tomography, FOV field of view, FH Frankfort horizontal, MSP midsagittal plane, /PAc
inter-porionic axis in the coronal plane, /CPc intercondylar plane in the coronal axis, /CPa intercondylar plane in the
axial axis
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Table 5.6 Reference planes used to reorient limited FOV CBCT volumetric datasets of the maxilla (maxillary sinus)
(Fig. 5.38)

Reference planes
Axial

Coincide with PP

Rationale

To minimize asymmetry
and allow comparison of
maxillary sinus morphology

Sagittal Coronal

Perpendicular to PP Perpendicular to PP

CBCT cone beam computed tomography, FOV field of view, PP palatal plane

Table 5.7 Reference planes used to reorient limited FOV CBCT volumetric datasets of the maxillary alveolus
(implants) (Fig. 5.39)

Reference planes

Axial

Coincide with OP of
dentition on radiographic
template, alveolar crest
(partially dentate) or
alveolar ridge (edentulous)

Rationale Sagittal Coronal
Coincide with MSP and

perpendicular to OP

To minimize asymmetry
and allow assessment of
the alveolar ridge via
trans-axial XS

Perpendicular to OP

CBCT cone beam computed tomography, FOV field of view, OP occlusal plane, MSP midsagittal plane

Table 5.8 Reference planes used to reorient limited FOV CBCT volumetric datasets of the mandibular alveolus
(implants) (Fig. 5.40)

Reference planes

Rationale Axial Sagittal Coronal
To minimize asymmetry  Coincide with OP of Coincide with MSP and Coincide with IOP or IIOFP
and allow assessment of  dentition on radiographic ~ perpendicular to OP or perpendicular to OP

the alveolar ridge via
trans-axial XS

template, alveolar crest
(partially dentate) or
alveolar ridge (edentulous)

FOV field of view, IOP interorbital line, /IOFP inter infraorbital foraminae line, OP occlusal plane, MSP midsagittal
plane

Table 5.9 Reference planes used to reorient limited FOV CBCT volumetric datasets of the impacted teeth (including
maxillary canines and mandibular third molars) (Figs. 5.16, 5.41, and 5.42)

Reference planes

Axial

Coincide with vital
structure (e.g., IAC) for
third molars; coincide
with LATa for other
impacted teeth

Rationale Sagittal Coronal

Coincide with vital
structure (e.g., IAC) for
third molars and LATc
other impacted teeth

Coincide with vital
structure (e.g., [AC) for
third molars and LATs for
other impacted teeth

To reorient the volumetric
dataset such that orthogonal
planes are perpendicular to the
tooth or adjacent vital structure

CBCT cone beam computed tomography, FOV field of view, IAC inferior alveolar canal, LATa long axis of tooth in the
axial plane, LATc long axis of tooth in the coronal plane, LATs long axis of the tooth in the sagittal plane

4096 gray values is not necessary and actually
produces a washed out or overall light image.
Adjustment of W to 1000 indicates that 1000
gray values are considered for display, with the
lowest gray value (and all values below it)
being displayed as black and the highest (and
all above it) as white. Brightness, also referred

to as the window level (L), determines the cen-
tral gray value within the window width. For
example, a W/L of 1000/0 implies that gray val-
ues between —500 and +500 are considered for
display, with all other values showing as black
(=500) or white (+500) (Fig. 5.43) (Pauwels
et al. 2015a).
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Fig. 5.36 Comparison of right lateral and frontal maxi-
mum intensity projections and orthogonal images (from
left to right, axial, coronal and sagittal) at default acquisi-
tion (a, b) and corresponding projections after reorienta-

tion (c, d). Notice that the reoriented images (c, d) more
clearly identify relationships between the dentition
including inter-digitation, posterior cross-bite (right) and
interincisal edge-to-edge occlusion

Fig. 5.37 Comparison of frontal and right lateral maxi-
mum intensity projections and orthogonal images (from
left to right, axial, parasagittal, and coronal) at default
acquisition (a, b) and corresponding projections after
reorientation (¢, d). The orthogonal images were reori-
ented such that the axial plane was parallel to FH, the sag-

Dental imaging software often provide sliding
bars with brightness and contrast options or allow
direct alteration on the image using the mouse
cursor where brightness and contrast adjustments
are the vertical and horizontal motions on the dis-
play. Often preset levels are available, some of
which designate color to particular grayscale
intensities. Because CBCT provides excellent
spatial resolution of high contrast material, initial
display, at least of orthogonal slices at native res-
olution, should be adjusted to provide high con-

ittal plane parallel to the MSP and the coronal plane
parallel to the IPA. Notice that the reoriented images (c, d)
more clearly characterize the similarity in morphology
between the left and right sides and concentricity of the
mandibular condyle within the fossa

trast between bone and soft tissue. Unlike
conventional CT imaging, where Hounsfield
Units correlate well with attenuation and the
optimal window width/level settings for bone,
called the bone window, is approximately
300/2000, the absolute values for pixel intensity
for CBCT is highly equipment dependent.
Therefore, it is necessary to develop a bone dis-
play protocol specific for each CBCT equipment
used. This should be based on manufacturers’
preset intensity value recommendations and a
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Fig. 5.38 Comparison of right lateral maximum inten-
sity projection and 5 mm thick orthogonal images (from
left to right, axial, sagittal, and coronal) at default acquisi-
tion (a, b) and corresponding projections after reorienta-
tion (c, d). The orthogonal images were reoriented such

consistent, clinically efficient methodology to
adjust the brightness and contrast to reliably opti-
mize image display.

e Qualitative. Adjustment of brightness and
contrast can be performed empirically based
on the visual appearance on the image and
image thickness.

* Increasing image sectional thickness increases
the relative proportion of the voxels that are
low or minimally attenuating (Fig. 5.44).
Therefore, in principle, as section thickness
increases, the window level for optimal dis-
play should also be reduced. In addition,
because there is less signal variation in highly
attenuating structures such as bone, the win-
dow width should also be reduced with
increasing section thickness.

e The purpose of window and leveling for thin
section thicknesses (less than 5 mm) is to pro-
vide local detail of fine structures such as thin
cortical bone and trabeculae and maximize
intensity differences between dental structures
such as enamel and dentin and minimize beam
hardening artifacts. Adjustment of both bright-
ness and contrast is performed using tissues
within the image as an internal calibration

that the axial plane was parallel to PP, the sagittal plane
parallel to the MSP and the coronal plane parallel to the
IPA. Notice that the reoriented images (¢, d) more clearly
characterize the differences in size and shape between the
left and right maxillary sinuses and depth of the palate

according to the

(Fig. 5.45).

— There should be a clear distinction at the
dento-enamel-junction (DEJ).

— There should be clear identification of the
soft tissue within the maxillary sinus.

— Thin cortical bone should show little or no
“bleed” of either highly attenuating (bone)
or poorly attenuating (air) structures.

The best section to view while performing these
adjustments is therefore a cross section of the max-
illary or mandibular bone demonstrating trabecu-
lae. Too high a level setting results in loss of thin
structures while too low a level setting results in
apparent fusion of structures (e.g., root and cortical
bone). The window width should be adjusted to
provide contrast between the attenuating structures
of interest; this is usually the dentition and the
bone, or the bone and soft tissue (e.g., maxillary
sinus). Too high a width setting results in loss of
contrast between thin cortical bone and surround-
ing soft tissues appearing as a “washed out appear-
ance” while too low a window setting results in
accentuation of beam hardening artifacts (e.g.,
extension of metallic artifacts from restorations).
e The purpose of window and leveling for
greater thicknesses (more than 5 mm) is to

following guidelines
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Fig.5.39 Comparison of orthogonal and volumetric ren-
dering panes at default acquisition (a) and after reorienta-
tion for a partially dentate patient presenting with a
missing left maxillary incisor and subsequent labial mini-
implant retained bone graft (b). Reorientation of the volu-

demonstrate the relationship between maxil-
lofacial structures such as the dentition and
the supporting bone. Specific adjustments of
images should be made according to the rel-

Feckon Vs Bundie pechiection beplant Reskoration TIA) Supes fane Super Geph Supermpastion Galery Madel

Section Vohrme Render Archiechon lmpled Restaraton T Super Pwss Saper Geph Superiepodiion Gy Madel

metric dataset was achieved such that the axial plane
(orange) was parallel to OP and incorporating the outline
of the missing tooth on the radiographic template, the sag-
ittal plane (turquoise) coincided with the MSP and the
coronal plane (purple) perpendicular to the OP

ative amount of tissue present. Usually both
the window level and the width will be
reduced compared with thin section images.
For the most common medium section
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Fig.5.40 Comparison of orthogonal and volumetric ren-  the OP as determined by the position of the teeth on the
dering panes at default acquisition (a) and after (b) reori- mandibular radiographic template, the sagittal plane (fur-
entation for the mandible for a completely edentulous quoise) coincided with the MSP and the coronal plane
patient. Reorientation of the volumetric dataset was (purple) perpendicular to the OP

achieved such that the axial plane (orange) was parallel to

thickness image, the curved oblique simu- and ethmoid sinuses without burning these
lated panoramic image, the level should be structures out whereas the width should then
adjusted to enable visualization of the fine be adjusted to a value that optimizes distinc-

structures of the lower border of the orbit tion between the most highly attenuating
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Fig. 5.41 Example of default dental software display
(KDIS 3D module, Carestream, Atlanta, Georgia, USA)
showing the adjustment of the sagittal, coronal, and axial

structures in the maxillofacial region (enamel
and dentin). For thicker ray sum sections,
such as simulated cephalometric projections,
brightness and contrast adjustments must be
adjusted accordingly (Fig. 5.46).

* Semiquantitative. Some dental software pro-
grams allow adjustment of brightness and
contrast by providing interactive LUT and his-
togram controls. Adjustment of these controls
considering the histogram of the available
voxels of the image according to specific pro-
tocols is the most reliable and consistent
method of optimizing the display of CBCT
data. However, semiquantitative adjustment
requires a fundamental understanding of the
effects of LUT operations in relation to the
available range of gray intensity values
(histogram).

— Linear LUT operations. The brightness
of the image is adjusted by changing the

(orange) planes relative to the long axis of the maxillary
canine (LATs, turquoise; LATc, purple; LATa, orange)
and resultant orthogonal images

position of the linear relationship whereas
the contrast is adjusted by changing the
angle of the slope. Changing the slope of
the LUT may also change the number of
gray levels displayed and effectively pro-
duces a threshold at either end of the gray-
scale histogram. Optimal contrast and
brightness on any image is obtained by
adjusting the linear LUT to correspond to
the available histogram (Figs. 5.47, 5.48,
and 5.49). Appropriate selection of the
level should be approximately midway
between the lowest and highest available
pixel intensities whereas the width should
be reduced to include the range of values
available. The areas beyond the range are
therefore masked from display and in the
case of high pixel intensities, may prevent
bright light from adversely effecting visual
adaptation (Fig. 5.49).
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Fig. 5.42 Example of the importance of adjusting all ~Reorientation of the volume such that the orthogonal
orthogonal planes to the long axis of the tooth. Dental images coincide with the long axis of the tooth (b) clearly
imaging software display (InVivo, Anatomage, San Jose, demonstrates both external resorption (yellow arrow) and
California, USA) showing reconstructed panoramic, ref-  bony ankyloses (red arrow) not observable on the pan-
erence axial and cross-sectional images of an unerupted  oramic cross sections because of parallax projection error
and labially positioned maxillary right central incisor (a).
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— Nonlinear Operations. Typically, high
contrast images are visually more appeal-
ing than low contrast. However, a draw-
back of linear contrast enhancement is that

Table 5.10 Summary of systematic image enhancement
protocol and rationale for CBCT Data

Image enhancement stage  Rationale
Apply interpolation Reduces block
transformations “pixelation” artifacts

Adjust brightness levels
and contrast range

Display and maximize
differences in important
pixel intensities
Accentuate the differences
between structural groups
of pixels

Eliminate unwanted pixels

Sharpen edges

Reduce noise

it leads to saturation at both the low and
high end of the intensity range. This is
avoided by employing nonlinear contrast
adjustments. The most standard approach
is gamma correction, where the LUT takes
the form of a sigmoid (Fig. 5.50) and there
is no saturation at the low or high end.
Gamma correction is widely used because
it yields reasonable results. One disadvan-
tage is that gray values are mapped asym-
metrically with respect to midlevel gray.
This could be of concern if there is an
uneven representation within the image of
either high or low level pixel values. Other
nonlinear applications include logarithmic
and exponential mapping techniques.
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Fig. 5.43 Schematic matrix demonstrating the visual
effect of brightness (window level or L) and contrast (win-
dow width or W) on a representative thin section 12-bit
CBCT axial image. Over 4096 gray values are potentially
captured and available for display. Displaying them all
with a wide window width (bottom row) or only showing
a limited window width (fop row) produces images that

400 600 800

are washed out or overall too dark, respectively, lacking
distinction between structures. Setting the window level
(columns) too low (0) or too high (800) compared to the
window width produces images that are too bright or too
dark overall. Optimal visual display requires a balance
between W/L
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Fig. 5.44 This diagram demonstrates the effect of
increasing sectional thickness on the pixel spectrum. As
the midsagittal orthogonal layer is increased from the
native 0.4 mm display (upper right), to a medium sec-
tional thickness (75 mm) to a full section thickness
(150 mm) there is a noticeable shift in the spectrum of

Mid-sagittal
Thin section
(0.4 mm)

Mid-sagittal
Medium section
(75 mm)

Mid-sagittal
Thick section
(150 mm)

component voxel intensities to darker values—the resul-
tant image becomes appreciably darker overall. Therefore,
to optimize the display of the images created in the
medium and full thickness sections, it would be necessary
to reduce the window level to coincide with the available
pixel intensities
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Fig. 5.45 Unenhanced orthogonal 1 mm thick images
with corresponding contrast and brightness slider adjust-
ments showing corresponding histogram and LUT graphs
(a). Enhanced images after empirical adjustment of con-
trast and brightness using the slider controls (b). The cor-

5000/1500

Fig. 5.46 Schematic matrix demonstrating the visual
effect of brightness (window level or L) and contrast (win-
dow width or W) on a representative thin section 12-bit
axial image (left column), 30 mm thick reformatted pan-
oramic image (middle column) and 160 mm full thickness

responding LUT indicates that the slope of the linear
transfer function is now much steeper and while the origin
is the same, the upper limit corresponds more to the upper
limit of the gray shades available observed on the
histogram

lateral cephalometric projection. The optimal settings for
the axial image are 3500/350, 1500/200 for the reformat-
ted panoramic image and, 1000/—200 for the lateral ceph-
alometric. As a general trend for thicker images, both W
and L should be reduced
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Fig.5.47 Schematic demonstrating the visual effect on a
thin section coronal image (top row) of a brightness LUT
adjustment superimposed over a histogram of the same
image. The histogram of the original image has a predom-
inance of dark gray intensity values. A complete linear
representation of all available pixels (b) provides an over-

all dark image (top center). Shifting the linear transfer
function to the left (a) increases the overall brightness of
the displayed gray (top left), whereas shifting the transfer
function to the right (c) decreases the overall brightness of
the image (upper right)

Fig.5.48 Schematic demonstrating the visual effect on a
thin section coronal image (fop row) of a contrast LUT
adjustment superimposed over a histogram of the same
image. The histogram of the original image has a predom-
inance of dark gray intensity values. A complete linear
representation of all available pixels (b) provides an over-

all dark image (fop center). Increasing the slope of the
linear transfer function to the left (a) increases the overall
contrast of the displayed gray intensity values (fop left),
whereas decreasing the slope (c¢) decreases the overall
contrast of the image (upper right)
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Fig.5.49 Schematic demonstrating the visual effect on a
thin section axial image (top row) of a LUT adjustment
superimposed over a histogram of the same image. The
histogram of the original image is shifted to the left with a
predominance of dark gray intensity values. A complete
and linear representation of all available pixels provides
an unreadable image (top left). Reducing the range (win-

Fig. 5.50 Effect of nonlinear 1.33 (b) and 2.0 (c)
“gamma” contrast and brightness enhancements on an
unenhanced image (a). The nonlinear gamma transfer
function (blue) shows high contrast and at the low pixel

# of Pixels

Pixel Intensity Value

dow) of displayed gray intensities to correspond with the
range of available gray intensities by moving the top of
the linear graph to the left increases the slope of the LUT
(W) and changes the position of the slope increasing both
contrast and brightness, respectively, and provides a diag-
nostically acceptable image

values and low contrast at high pixel values. In this exam-
ple because the pixel intensity distribution has predomi-
nantly dark pixel values (the histogram is shifted to the
left) the effect of gamma is less effective
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Fig. 5.51 MIP full thickness frontal original image (fop
left) and corresponding histogram (upper right) shows a
bimodal distribution of gray intensity values with few pix-
els in the white region (right side of the histogram).

e Histogram Equalization. Ideally, for a bell-
shaped distribution of gray intensity values in
an image histogram, optimal presentation
should be such that most of the pixels should
be represented at the mid-gray (128) level with
the low and high pixel values falling on either
side. It is possible that an image can be trans-
formed so that the distribution of intensity val-
ues is equally represented in the image. This
process is called histogram equalization. It has
an effect similar to contrast adjustment but dis-
tributes the available pixel intensities (or bins)
equally over the displayed range (Fig. 5.51).

e Full image equalization resulting into a truly
flat histogram—where every bin is associated

255 (MSB)

0 (LsB)

HISTOGRAM OF ORIGINAL IMAGE
NEGATIVE (reverse photometric interpretation)

v

255 (MSB)

0 (LsB)

HISTOGRAM OF (MODERATELY)
EQUALIZED IMAGE

Modified image (lower left) after the available gray inten-
sities are stretched more evenly over the grayscale range.
Contrast is improved, but some information is lost at the
extremes of the range

to the exact same number of pixels—most
usually results into harshly contrasted and
noisy images of little appeal and diagnostic
value. Therefore, partial image equalization is
commonly used with radiographic images,
whereas the histogram resulting after the
application of this transformation is interme-
diate between the original (unprocessed) his-
togram and a fully equalized histogram.

e Histogram equalization, whether full or par-
tial, also implies the stretching of the original
histogram, where the first and the last useful
bins of the original histogram correspond to
the first and the last level of the grayscale,
respectively.
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Fig.5.52 Schematic chart of the effects of various image
enhancements (rows) and 0.4 mm thick axial (first col-
umn), 1 mm thick cross-sectional (second column),
30 mm thick MPR ray sum panoramic (third column) and
160 mm thick lateral cephalometric ray sum projection.

5.2.2.3 Sharpen the Edges

To improve the differentiation of, and detail
related to, bony structures it is necessary to
sharpen of the definition of edges. This can be
achieved by applying edge detection enhance-
ment algorithms (See Chap. 3). The selection of
an appropriate edge enhancement algorithm
depends on the nature of the image itself (CBCT
system) and the thickness of the image section
thickness (Fig. 5.52). Combining histogram
enhancement and sharpening filters in succes-
sion is the most efficient method of improving
image quality for most clinical scenarios
(Fig. 5.53).

As a general trend, (1) more robust image enhancements
are necessary with greater sectional thickness to improve
image readability, and (2) robust image enhancements
applied to thin sections degrade image readability by
introducing excessive noise

5.2.2.4 Reduce Noise

With CBCT imaging (like with any other radio-
graphic technique) there are two apparently com-
peting priorities to improve image quality:
sharpening edges while limiting noise. The effect
of noise on the image can be reduced by applying
a smoothing enhancement algorithm (See Chap.
3). However, this will compete with edge enhance-
ment algorithms. Therefore a method is required
that will reduce noise and maintain sharpness.
Increasing image section thickness from the sub-
millimeter to millimeter range minimizes the
effect of noise on the resulting image and still pro-
duces diagnostically acceptable images (Fig. 5.54).


https://doi.org/10.1007/978-3-319-62061-9_3
https://doi.org/10.1007/978-3-319-62061-9_3
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Fig. 5.53 Volumetric rendering (a) showing bilateral
impacted and unerupted maxillary canines and axial images
at default (b), after histogram adjustment (¢) and after histo-

2 mm

Fig. 5.54 This graphic pictorially demonstrates the
effect of increasing section thickness and mild sharpening
on the noise of an axial slice. The original axial image at
the default resolution (0.4 mm) has had a mild sharpening
filter applied. Increasing the section thickness to 2 mm
alone provides a comparable image with substantially
reduced noise. Adding a mild sharpened filter to this

+ Sharpen

gram adjustment and mild sharpening algorithm (d). Image
contrast and detail (e.g., midline suture, surface resorption
of adjacent roots of teeth) is discernably improved

4 mm

+ Sharpen

2 mm thick image provides the optimal image. Increasing
the axial image thickness to 4 mm reduces noise but is
associated with the loss of edge contrast, particular in
those areas that have pronounced curvature (e.g., anterior
palatal cortical bone). The addition of a mild sharpening
algorithm at this thickness does not improve image
quality
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Fig. 5.55 High intensity grayscale artifacts, created due
to scatter radiation or the cone beam effect can present as
noise on MIP images. In this instance, the original full
thickness MIP image (a) demonstrates unwanted noise at

In addition, the maximum intesnsity projection
(MIP) algorithm can be applied. MIP algorithms
determine the threshold for inclusion by consider-
ing the full range of intensities in the imaging vol-
ume, including quality signal and (interfering)
noise. As all information is rendered at the same
level of intensity, residual noise can become as
conspicuous as anatomy. Some MIP programs
provide options to optimize the performance of
MIP rendering directed towards identifying non-
contributing voxels and selectively eliminating
them from the rendering process (Fig. 5.55).

5.2.3 Explore the Data

All maxillofacial CBCT software is screen based,
providing a graphic-user-interface within a sepa-
rate screen or window for navigation and display
of image data. Each window may be subdivided
into two or a series of separate compartments
referred to as frames, panels, or panes (consistent
with the windows analogy). The default window
may allow selection or customization of the lay-
out of the panes of that window.

All CBCT software, be it either proprietary
acquisition and display original equipment man-
ufacturer (OEM) or commercial third party dis-
play programs are capable of multiple functions.

the level of the amalgam restorations and at the upper edge
whereas image (b) has had a stray pixel correction applied.
Note that while this reduces the effects mentioned, the
resultant image is somewhat darker and grainier

These functions can be accessed either by a series
of labels or tabs identifiable within the application
window or as options under specific menus on
the menu bar.

The most common default presentation mode
of most CBCT software and comprises three or
sometimes four separate panels allowing viewing
of the X-Y, Z-Y, and Z-X sections orthogonal
sections (i.e., axial, coronal, and sagittal) and
custom sections or a 3D to be viewed either
simultaneously or individually.

Navigation refers to the process of reviewing
each orthogonal series dynamically by scrolling
through the consecutive image “stack” in a “cine”
or “paging” mode. This can be performed either
with mouse controls or by using a separate slider
bar. Scrolling should be performed cranio-caudally
(i.e., from ‘“head-to-toe”) and then in reverse,
slowing down in areas of greater complexity (e.g.,
temporomandibular joint articulations, ostiome-
atal complex). This scrolling process should be
performed in at least two planes (e.g., coronal and
axial). Viewing orthogonal projections at this stage
is recommended as an overall survey for disease
and to establish any presence of asymmetry.

The total number of times one should scroll
through the data in each orthogonal plane is deter-
mined by a systems approach to interpretation.
The maxillofacial skeleton can be considered as
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two interlacing components: the gnathic and the
extragnathic. As one scrolls through the volume,
particular attention should be paid towards the
anatomy, anomalies, and pathology that presents
within each structural element within that compo-
nent (Table 5.11) (Figs. 5.56, 5.57, 5.58, 5.59,
5.60, 5.61, 5.62, and 5.63). Hence, with a large
volume, exploring the volume may consist of
multiple scrolling navigations in at least two
orthogonal planes. The purpose of this is to iden-
tify incidental conditions that may influence diag-
nosis, treatment or have medical significance.

5.2.4 Reformatthe Data

5.2.4.1 The Radiographic Toolbox
Table 5.12 summarizes various options available
in the “radiographic toolbox” to reformat CBCT

data providing optimal visualization and specific
clinical applications for each tool (for details, see
Chap. 5).

5.2.4.2 Task Specific Image Display

CBCT image display is specific to the diagnostic
task as not all data reformats are necessary to ade-
quately illustrate each clinical scenario. The set of
image tools used for each diagnostic scenario is
known as an image display protocol. Recognizing
that facilities have different CBCT units and dental
imaging software available, Tables 5.13, 5.14, 5.15,
5.16, and 5.17 provide the rationale for and guid-
ance on image display protocols we have found
useful for some clinical indications based on our
experience since 2004. Detail on additional image
display protocols are provided in specific chapters.
For whatever diagnostic task, imaging display pro-
tocols should be based on specific rationale.

Table 5.11 Navigation checklist of elements within the two components of the maxillofacial skeleton

Components  Structural element Region
Gnathic Maxilla Dentition/Alveolus
Mandible Dentition/Alveolus
™J
Soft tissues Facial
Intraoral
Extragnathic ~ Airway Nasal cavity
Maxillary sinus
Upper airway
Orbit

Cervical spine
Cranial Pituitary fossa
Base of skull
Vault

Neck soft tissues

Specific features

Supernumerary teeth, intramedullary calcifications,
retained root fragments

As above

Intra-articular calcifications (Fig. 5.56), condylar and
glenoid fossa morphology

Dermal calcifications (Fig. 5.57), localized soft tissue
swellings

Ductal or parenchymal salivary gland calcifications
Nasal septal deviation, conchae bullosa, meatal
obstructions, evidence of surgical intervention (Fig. 5.58)
Developmental anomalies (Fig. 5.59), partial or full
opacification, ostiomeatal obstruction, intraluminal
calcifications

Soft tissue-based airway narrowing (e.g., adenoids,
tonsils) (Fig. 5.60), calcifications

Physiologic calcifications, evidence of previous trauma
(e.g., uncorrected orbital floor or ethmoidal blow-out
fracture)

C1 and C2 anomalies, degenerative joint disease,
secondary airway narrowing (Fig. 5.61)
Cardiovascular calcifications (calcified internal carotid
artery atheroma) (Fig. 5.62)

Cardiovascular calcifications (calcified basilar artery
atheroma)

Physiologic (e.g., pineal, choroid plexus) and
asymmetric pathologic calcifications (e.g., meningioma)
Calcified external carotid artery atheroma, physiologic
calcifications (e.g., thyroid and trititeous cartilages)
(Fig. 5.63)


https://doi.org/10.1007/978-3-319-62061-9_5
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Fig. 5.56 Original reformatted panoramic image (a) for
a patient presenting for implant site assessment in the
maxillary right central incisor. Extension of the panoramic
reconstruction spline to include both TMJ articulations
(b) and subsequent para-sagittal multisectional images of
the right (right) and left (leff) mandibular condyle and

glenoid fossa (c) reveal multiple intra-articular “joint
mice” in the left TMJ suggestive of synovial chondroma-
tosis. This incidental finding has substantial ramifications
regarding the left joint position and therefore occlusal sta-
bility as well as the possibility of surgery

Fig. 5.57 Original reformatted panoramic image (a) for
a patient presenting for implant site assessment in the
maxillary right central incisor. Subsequent exploration of
the entire volume including axial images (b) reveals mul-
tiple subdermal soft tissue globular calcifications in the

checks bilaterally. This incidental finding was confirmed
using a SMV maximum intensity volumetric rendering (c)
and is consistent with facial aesthetic dermal filler, most
likely calcium hydroxide. This finding has no conse-
quence to the proposed treatment
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Fig. 5.58 Axial (a) and coronal (b)
CBCT images demonstrating a large
defect in the right superior lateral wall
of the nasal cavity. Follow-up
questioning revealed a patient history of
chronic nasal discharge, maxillary sinus
pain and recent fiber optic endoscopic
sinus surgery (FESS)

Fig. 5.59 Frontal volumetric rendering (a) and coronal
image (b) showing maxillary transverse deficiency and
bilateral posterior cross-bite with lack of development of
the right maxillary sinus with compensatory growth of the
alveolus and lateral extension of the wall of the nasal cav-

ity. These findings are indicative of right maxillary hypo-
plasia and have potential significance if orthognathic
surgery is anticipated because of the excessive thickness
of the maxilla
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Fig. 5.60 Lateral volumetric rendering (a) of a patient
with a skeletal Class III malocclusion and bilaterally
impacted maxillary canines. Subsequent exploration of
the axial (b) and coronal (c) orthogonal images reveals
marked narrowing of the oropharyngeal airway space in
the retropalatal region. While it was anticipated that

orthognathic surgery involving a Le Forte I osteotomy
would alleviate this relative obstruction, the imaging find-
ings prompted a more thorough intraoral investigation that
found enlarged tonsils contributing to the airway
narrowing

Fig. 5.61 Reformatted panoramic (a) and lateral volu-
metric rendering (b) of a patient with a skeletal Class II
malocclusion and a history of moderate obstructive sleep
apnea referred for imaging prior to orthognathic surgery.
Subsequent exploration of the axial (¢) and sagittal (d)

orthogonal images reveal significant upper airway nar-
rowing in the retropalatal region. Further examination of
the images indicates that there is substantial osteophyte
formation in the prevertebral space contributing to the air-
way obstruction (Image courtesy, Jack Fisher)



5 (CBCT Use in Daily Practice

163

Fig.5.62 Axial (a), reformatted panoramic (b), and cor-
onal (c) images of a symptomatic patient referred for
assessment of the periapical status of the maxillary poste-
rior teeth. Subsequent exploration of the axial (a) and
coronal (c) orthogonal images at the level of the pituitary

fossa reveals bilateral hyperdense tubular calcified struc-
tures immediately laterally indicative of calcified internal
carotid artery atheroma. In the absence of a patient his-
tory, this is a risk factor for cardiovascular disease

Fig. 5.63 Reformatted panoramic (a) demonstrating an
impacted and unerupted mandibular right third molar with
a pericoronal unilocular well defined hypodensity.
Subsequent exploration of the axial (b) and coronal (c)
images reveals a left curvilinear globular calcification

(white arrow) anterior to the lateral tubercle of C3 and
lateral to both the triticeous cartilage (red arrow) and
greater horn of the right hyoid (yellow arrow) consistent
with calcified internal carotid artery atheroma
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Table 5.12 Summary of the radiographic reformatting options for CBCT data and their most useful clinical

applications

Technique Category Type
2-D Orthogonal
MPR Curved
planar
Linear
oblique

Serial
transplanar

Volumetric IVR SSD

DVR Ray sum
MIP

Full volume
texture
mapping
Iso-surface
rendering

Example
Most common Others
Pathology, airway Benign cysts and tumors, airway assessment

Panoramic of the jaws TMLI, the orbits, cervical vertebrae, hyoid bone
or maxillary sinuses

™J The inferior alveolar canal in relation to
impacted third molars middle and internal ear
within the temporal bone

Cross-sectional images ~ IAC in relation to impacted mandibular molars

of the jaws TMIJ condylar surface and shape evaluation of
pathology

“Solid” representation of Trauma, TMJ, dental anomalies,

orthodontic skeletal dentomaxillofacial deformities, postoperative

malocclusion evaluation, soft tissue calcifications, pathology

Simulated panoramic Simulated cephalometric image

image

High contrast surface Soft tissue calcifications, impacted teeth, TMJ,

cephalometric image fractures, surgical follow-up

Simultaneous Trauma, TMJ, dental anomalies,

representation of hard dentomaxillofacial deformities, postoperative

and soft tissue evaluation, soft tissue calcifications, pathology

Hollow modeling for As above

airway assessment

2-D two dimensional, 3-D three dimensional, MPR multiplanar reformatting, JAC inferior alveolar canal, /VR indirect
volume rendering, DVR direct volume rendering, SSD shaded surface display, MIP maximum intensity projection, TMJ

temporomandibular joint

Table 5.13 Rationale and suggested CBCT image display protocols for a specific diagnostic task (impacted teeth)

(Fig. 5.64)

Rationale Orthogonal MPR Volumetric Other
Determine tooth anatomy/ Pan TMR Cine
position XS

Identify adjacent dental effects  Orthogonal projections

(e.g., resorption, ankylosis) corrected to LAT

Highlight surgical anatomic MIP IAC tracing
considerations SSD

MPR multiplanar reformatting, SSD shaded surface display, MIP maximum intensity projection, Cine dynamic volume
rendering (a.k.a. movie), TMR texture mapped volumetric rendering, LAT long axis of the tooth, Pano reformatted
“simulated: panoramic, XS cross-sectional images, JAC inferior alveolar canal

Table 5.14 Rationale and suggested CBCT image display protocols for a specific diagnostic task (Temporomandibular

Joint) (Figs. 5.65, 5.66, and 5.67)

Rational Orthogonal MPR Volumetric Other

Determine TMJ morphology Axial

Identify dental and craniofacial
relationships

Assess condylar position with
jaw motion

Pan TMR

Paracoronal and parasagittal
linear oblique—closed

XS MIP Cine
SSD

Paracoronal and parasagittal Superimposition
linear oblique—open

MPR multiplanar reformatting, SSD shaded surface display, MIP maximum intensity projection, Cine dynamic volume
rendering (a.k.a. movie), TMR texture mapped volumetric rendering, Pano reformatted “simulated” panoramic, XS

cross-sectional images
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Table 5.15 Rationale and suggested CBCT image display protocol for a specific diagnostic task (asymmetry)
(Figs. 5.68, 5.69, 5.70, and 5.71)

Rational Orthogonal MPR Volumetric Other
Craniofacial MIP Cine
relationships RS
TMR

Intra-arch dental status ~ Axial and coronal Pan SSD

XS RS
Interarch dental Axial and coronal Pan MIP
relationship
TMI protocol As in Table 5.3
Follow-up Superimposition

MPR multiplanar reformatting, SSD shaded surface display, MIP maximum intensity projection, Cine dynamic volume
rendering (a.k.a. movie), RS ray-sum, TMR texture mapped volumetric rendering, Pano reformatted “simulated: pan-
oramic, XS cross-sectional images

Table 5.16 Rationale and suggested CBCT image display protocol for a specific diagnostic task (upper airway) (Figs.
5.72,5.73,5.74, and 5.75)

Rationale Orthogonal MPR Volumetric Other
Airway morphology Axial, midsagittal ISR Cine
and coronal TMR
Airway analysis Axial, midsagittal ISR
and coronal
Relationship to MIP TMR
craniofacial structures RS
(e.g., hyoid, palate,
mandible)
Predictive or treatment Superimposition
effects

MPR multiplanar reformatting, ISR iso-surface rendering, SSD shaded surface display, MIP maximum intensity projec-
tion, Cine dynamic volume rendering (a.k.a. movie), RS ray-sum, TMR texture mapped volumetric rendering, Pano
reformatted “simulated: panoramic, XS cross-sectional images

Table 5.17 Rationale and suggested CBCT image display protocol for specific diagnostic task (pathology) (Figs. 5.76,
5.77, and 5.78)

Rationale Orthogonal MPR Volumetric Other

Lesion features (e.g., Axial, sagittal and Pano TMR Cine

location, margins, size, coronal XS

shape, borders, internal

structure)

Effect and relationship to As above MIP

adjacent structures TMR

Surgical considerations As above TMR IAC tracing
RS

MPR multiplanar reformatting, /SR iso-surface rendering, SSD shaded surface display, MIP maximum intensity projec-
tion, Cine dynamic volume rendering (a.k.a. movie), RS ray-sum, TMR texture mapped volumetric rendering, Pano
reformatted “simulated: panoramic, XS cross-sectional images, JAC inferior alveolar canal
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Fig. 5.64 Representative task specific display for an
impacted tooth (maxillary canine) consisting of recon-
structed simulated panoramic (a), cross-sectional images
(XS) (b), texture mapped rendering (c), shaded surface
display (SSD) (d) and orthogonal (axial, coronal, and sag-
ittal) projections corrected to the long axis of the impacted
tooth. Note that the only image that clearly identifies an

apical dilaceration (yellow arrow) potentially inhibiting
orthodontic retraction of this impacted maxillary canine is
the sagittal image aligned to the long axis of the tooth (e).
In addition, while the SSD shows that the crown of the
tooth perforates the buccal cortical plate, the XS and
orthogonal projections clearly demonstrate an intact labial
cortical bone

Fig. 5.65 Representative task specific display for the TMJ consisting of reconstructed simulated panoramic (upper)
and left and right parasagittal cross-sectional images (lower) in both closed (a, b) and open (¢, d) jaw position

5.3 Image Analysis

The purpose of image analysis is to provide quan-
titative evaluation of morphologic features and
interrelationships of various objects and struc-

tures within the volumetric dataset. The most
common metrics are linear, area and volumetric
measurements and grayscale intensity values
together with numerous image feature identifica-
tion aides.
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Fig. 5.66 Comparison of full texture volumetric render-  rior open bite. Subtle flattening of the lateral pole of both
ing (a) and shaded surface display (SSD) (lateral, b and ¢;  condyles (more severe on the left—yellow arrow) is visu-
frontal inferior oblique, d and e) for a young adult with  ally demonstrated by the SSD renderings

high mandibular plane angle, shortened ramus and ante-

Fig.5.67 Left oblique, frontal and right oblique full tex-  parasagittal images (¢) demonstrate a relatively hypoplas-
ture volumetric rendering (TVR) (a) and serial parasagit-  tic mandibular condyle and substantial osteophyte forma-
tal images of the right (b) and left (¢) TMJ articulations  tion; however, the maxillary transverse discrepancy (more
for a young man with a skeletal and dental Class IIl mal-  severe on the left) is only demonstrated by the TVR
occlusion with anterior and posterior cross-bites. The left — images
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Fig. 5.68 Sequential maximum intensity projection
(MIP) frontal (a), right lateral oblique (b), left half lateral
(¢), and submentovertex (d) key frames in a cine format

(i.e., movie) demonstrating maxillary asymmetry due to
right maxillary alveolar dental hypoplasia (yellow arrow)
and effects on craniofacial relationships

Fig. 5.69 Frontal (a), submentovertex (b) (SMV) and
right lateral (c) texture mapped volumetric rendering and
corresponding shaded surface display SMV (d) pictorially
shows craniofacial relationships including a maxillary
unilateral cross-bite due to left maxillary hypoplasia and

5.3.1 Dimensional Accuracy

In CBCT, volumetric reconstructions are usually
performed such that voxels are isotropic—dimen-
sionally the same in all directions resulting in a
cubic voxel. Ideally, the dimension of the recon-
structed voxel side may correspond to the dimen-
sion of the pixel side in the image detector. This

concomitant anterior open bite with bi-maxillary protru-
sion. The right lateral ray sum image (e) is used to provide
a cephalometric analysis whereas the coronal orthogonal
image (f) shows interarch dental relationships including
asymmetry of the palatal plane and occlusal cant

condition results into optimization of the relation
between information content (i.e., maximum spa-
tial resolution) and size of the volumetric dataset.
However, it is not unusual that the reconstructed
voxel side is larger than the original pixel side in
the detector, and sometime that the longitudinal
dimension of the voxel (= the “slice thickness™)
is different (and usually larger) than the voxel
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Fig. 5.70 TMJ imaging protocol of the same individual
in Fig. 5.69 consisting of right (a) and left (¢) paracoronal,
reference axial (b) and right (d) and left (e) parasagittal
images demonstrating concomitant left mandibular con-

Fig. 5.71 Shaded surface display frontal (a), right lateral
(b) and SMV (c¢) superimposition of the same individual in
Figs. 5.69 and 5.70 showing a 6-month discrepancy (blue)

dimensions on the axial “slices.” This is because:
(1) the dataset at full spatial resolution often
results in image rendition being noisier than
desirable, and (2) to provide a method (slice
thickness) of adjusting resolution—and conse-

dylar hyperplasia. Task specific imaging protocols includ-
ing the TMJ display form an integral component in the
assessment of asymmetry

after fixed orthodontic appliance therapy. Little change is
noted except in the position of the crowns of the right den-
tition and right mandibular condyle (yellow arrows)

quently controlling noise—familiar to the user of
conventional CT systems. Note that volumetric
reconstruction may produce voxels with sides
smaller than the pixels in the image detector
(“oversampling”). However, this results in very
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Fig. 5.72 Axial (a), midsagittal (b), and coronal (c)
orthogonal images and a right lateral textured mapped
volumetric rendering (d) of an individual demonstrating a

large and noisy volumetric datasets without bet-
ter actual resolution or information content.

No matter what the voxel dimensions are or
whether they are isometric or not, the rendition of
a CBCT reconstructed volumetric dataset can
theoretically be achieved with near-perfect geo-
metrical accuracy. This is because the software
locates the geometrical characterization of the
voxel within the dataset. However, numerous
acquisition parameters may influence dimen-
sional accuracy of the volumetric dataset.
Inadequate calibration of the geometrical param-
eters in reconstruction program may lead to
inaccuracies.

Of particular note, image intensifier detectors,
unlike flat panel detectors, inherently suffer from
minor geometric distortions. Therefore, image
intensifier-based CBCT systems need to prepro-
cess the raw images prior to volumetric primary
reconstruction in order to eliminate or reduce
such geometric distortions. This is accomplished
by acquiring raw datasets of a calibration test
phantom of precisely known geometrical charac-

Section | Volume Render | ArchSection | Implant| TMJ | Super Pano | Super Ceph | Superimposition | Gallery | Model | 3DAnalysis | MD Studio | Stitching |

Class III skeletal and dental malocclusion and concomi-
tant marked reduction in the retropalatal airway

terization; a software algorithm automatically
computes the geometrical transformations that—
frame by frame—must be applied to the acquired
raw images in order to display the test phantom
undistorted; such transformation is then automat-
ically applied to all subsequently acquired datas-
ets. However, geometric distortions in image
intensifiers are affected by the local magnetic
field (including, to some extent, the Earth’s mag-
netic field) and may change over the time.
Geometrical calibration may need to be repeated
frequently, and there is no absolute guarantee that
the geometrical distortions have been completely
compensated at a given time. This could affect
the resolution, or image sharpness. However, spa-
tial measurement accuracy of the reconstructed
volumetric datasets is not significantly affected.

Numerous authors reporting measurements
obtained from axial, MPR, or 3D reconstructed
images of CBCT images for various clinical
applications indicate a sub-millimeter accuracy
consistent within +2x the voxel resolution of the
system investigated.
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Fig. 5.73 Screen capture of airway analysis module of
dental imaging software (Dolphin Imaging, Dolphin
Imaging and Management Solutions, Chatsworth,
California, USA) of the same patient in Fig. 5.72 with ref-
erence midsagittal orthogonal plane (upper left) showing
the upper and lower boundaries for the analysis. The axial

5.3.2 Contrast Accuracy in CBCT

Multi-detector CT has been used for the assess-
ment of intramedullary bone quality using
region of interest Hounsfield units (HUs) as an
index of bone density. For the jaws, Misch char-
acterizes quality into four levels based on HU
range (D1 bone, >1250 HU; D2 bone, 750-1250
HU; D3 bone, 375-750 HU; D4 bone, <375
HU) (Misch 2008). However, there are differ-
ences between cone beam and conventional CT

| 990908000 %%H

Airway Volume = 5556 9 mm
Minimum Axial Area = 49.6 mm‘ p

image (upper right) shows the level of the airway with the
minimal cross-sectional area (49.6 mm?) and the iso-
surface rendering of the airway and the face (lower right)
shows a volumetric solid rendering based on a limited
range of values

imaging that make the conversion of gray inten-
sity values recorded in CBCT to HU problem-
atic (Molteni 2013; Pauwels et al. 2015b). These
include differences in acquisition geometry pro-
ducing substantial scatter, imaging detector
inefficiencies, the presence of inherent artifacts
(e.g., projection data discontinuity-related
(Katsumata et al. 2007)) and introduced high-
density (e.g., metallic) artifact effects, as well as
the limitations of current reconstruction algo-
rithms software.
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Fig. 5.74 Right lateral ray sum (a) with superimposed
cephalometric analysis and corresponding composite tex-
ture mapped and iso-surface volumetric rendering (b)

Fig. 5.75 Right lateral oblique projection of a texture
mapped volumetric rendering superimposition before and
after (turquoise) insertion of a mandibular advancement
device (a) to assess the possible therapeutic change in air-
way. Superimposition of the axial images at the level of

demonstrate the relationship of the airway to the craniofa-
cial structures

the minimal cross-sectional area before and after (fur-
quoise) insertion of a mandibular advancement device (b)
clearly demonstrates an almost 200% increase in airway
surface area
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Fig. 5.76 Frontal (a) and right lateral oblique (b) volu-
metric and shaded surface renderings and a reformatted
panoramic image (c¢) showing lesional features and the

The resultant interaction of these effects
means that identical tissues may present appar-
ently different grayscale intensity values depend-
ing upon their position and relation with other
tissues in the irradiated field (Fig. 5.79)
(Katsumata et al. 2007; Pauwels et al. 2015b).
While some authors have reported a level of inter
equipment reliability (Aranyarachkul et al. 2005;
Lagravere et al. 2006; Kim et al. 2014), currently
the Hounsfield scale index from CBCT machines
should be recognized as being subject to signifi-
cant variability and avoided. In fact, some com-
mercially available CBCT systems do not provide
readouts in HU. Continuing research into density
corrections via calibration using software
compensation are necessary before the clinical
significance of quantitative bone density mea-
surements from these devices can be established.
In addition, recent investigators have shifted bone
quality assessment from a density-based analysis
to a structural evaluation of the bone.

effect and relationship of a left mandibular multilocular
hypodensity  (histologically ~ confirmed as an
ameloblastoma)

5.3.3 Feature Identification Aids

Various graphic user interface (GUI) choices are
available to accentuate, highlight, or identify spe-
cific anatomic features or relationships on CBCT
images, some of which are proprietary or
patented.

5.3.3.1 Inferior Alveolar Canal Tracing

Tracing the path of the inferior alveolar canal
(IAC) for the purpose of better recognizing its
spatial relationship to the roots of teeth or course
within the intramedullary mandibular bone is one
of the most popular and common feature identifi-
cation aids available in the majority of commer-
cial software for dental imaging. The method
always consists of identifying the position—in
three dimensions—of a sufficient number of
nodal points within the inferior alveolar canal,
from its origin at the mandibular foramen, to the
mental foramen and, in some cases, the terminal
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Fig. 5.77 Serial cross-sectional (a) and reference refor-
matted panoramic image (b) of the same individual as in
Fig. 5.76 showing the extent of the lesion in the region of

intramedullary branch, the incisive canal. Nodal
points are connected automatically by a line in
bright and contrasting color to highlight the path
of the IAC. The thickness of the line is adjustable
by the operator. The line is visible in all 2D
images and volumetric renderings (Fig. 5.80).
Nodal points may be identified and marked by
the operator on a thin section MPR panoramic
image projection. Alternately, the position of the
IAC may be identified and marked from (thin)
transversal slices of the mandible.

5.3.3.2 Volume Measurement

The representation of luminal space represented
on CBCT by volumetric segmentation techniques
currently has applications in two areas within
dentistry.

the left mandibular condyle. Because of the extension of
the lesion and involvement of the condyle, the surgical
resection included this structure

e Upper Airway Assessment. The evaluation of
the characteristics of the upper airway
involves segmentation of the airway space.
Segmentation is achieved either manually or
semiautomatically. The manual approach
requires that segmentation is performed slice
by slice by an operator and then all slices
combined to form a 3D volume.
Semiautomatic segmentation of the airway is
more commonly available in dental software.
It requires (1) identification of the upper and
lower limits of the segmentation (boundar-
ies) and (2) identification of the airway space
by cursor driven placement of a “seed” point.
The seed point identifies the gray value inten-
sity threshold interval or range of values to
be used for segmentation. Current dental
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Fig.5.78 Serial axial (a) and coronal (b) images of the same individual as in Fig. 5.76 establishing the anterior extent
of the left mandibular lesion and demonstrating lesional borders, expansion and internal structures

software is reliable in calculating volume
with interactive thresholding software
(Fig. 5.81) having less than 2% error and
fixed threshold software (Fig. 5.82) having
6.4-11.7% error (Weissheimer et al. 2012).

Once an airway has been segmented into a
volume, other dimensions such as volume
and minimal cross-sectional area and mini-
mal transverse and AP distances can be
measured.
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Fig.5.79 MANDIBULAR TEETH
Representative axial CORTICAL Mean 1316
image providing BONE

standard area mean, Mean 1269 Max = 1638
minimum (Min) and Min = 1004

maximum (Max) gray Max = 1383

intensity values for
multiple regions of
interest (white and black
circles). While many
areas should provide
similar intensity values
(e.g., lateral soft tissue
(ST) = medial ST; axial
cortical

bone = mandibular
cortical bone), the
measured values vary
greatly

Lateral ST
Mean = -33
Min = -92
Max = 47

RESTORATIONS
Mean = 6117
Min = 5025
Max = 6471

MEDIAL ST

Mean = -161
Min = -262
Max =-63

Max =1032

-
HU data range: -900 to 7290

Fig.5.80 Right mandibular cropped panoramic MPR (a)
with corresponding 1 mm thick cross-sectional images (b)
through the apical third of the root. Identical panoramic
(¢) and cross-sectional images (d) with the inferior alveo-

lar canal (IAC) traced and highlighted (red). Volumetric
facial (e) and lingual (f) renderings with the IAC
identified
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Airway Area = 599.7 mm?

Airway Volume = 15103.7 mm*

3

{

Fig. 5.81 Example of interactive thresholding software
demonstrating midsagittal CBCT image (upper) with
variably defined boundaries (green lines) with corre-
sponding hollow model (lower) volumetric images.
Significant differences in calculation of total airway vol-

e Maxillary Sinus Graft Volume Assessment.
The required graft volume for maxillary sinus
floor augmentation can be calculated using a
similar technique to upper airway segmenta-
tion or specific additive, free-form simula-
tions. Calculation of the augmentation size
may be helpful in determining the surgical
approach or to quantitatively monitor postop-
erative volumetric bone changes.

5.3.3.3 Virtual Reality

In addition to static volume rendering, dynamic
volume rendering functions are able to develop
interactive images using various techniques.

*  Movie. Using pre-defined or customized scripts
identifying specific projection perspectives, a

Airway Area = 810.3 mm?

Airway Volume = 26042.3 mm*

-

ume and minimal airway cross-sectional dimension occur
based on adjust of the sensitivity of seed point (yellow
dashed circle) from a default value (a—25) to a value
manually adjusted to include the entire airway periphery
(b—50)

pre-scripted movie can be captured providing a
specific sequence of renderings (Fig. 5.83).

e Perspective volume rendering (immersive ren-
dering). This type of volumetric representa-
tion assumes a viewpoint at a finite distance,
usually from within a lumen, and simulates a
“fly through.” This technique can be applied to
any space or lumen, with the most common
being evaluation of the pharyngeal airway and
osteomeatal complex (Fig. 5.84). Perspective
volume rendering may be of benefit in plan-
ning sinus endoscopic procedures in that they
demonstrate relationships between anatomic
structures.

e Cine Imaging (4D). Real-time acquisition of
the maxillofacial dynamic actions (e.g., swal-
lowing, mandibular movement) is currently
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Fig.5.82 Example of
fixed threshold software
showing midsagittal
CBCT image with
multiple airway seed
points and linear
boundaries (a) for upper
airway assessment with
a software using fixed
threshold segmentation
providing total volume
and minimal cross-
sectional area (b).
Minimal airway
cross-sectional
dimensions are
color-coded with red
and black indicating
values less than an
arbitrary 150 mm?

Min Area: 30.4mm2 §

Q

an anatomically precise yet real-dynamic ren-

limited. Two approaches are possible. One
approach requires multiple low dose acquisi-
tion of the same object at specific phases
motion and generation of intermediate images
to create a movie of a particular action. A sec-
ond method uses the fluoroscopic potential of
the flat panel display for continuous acquisi-
tion (Fig. 5.85).

* Anatomic real-time image fusion. A promising

alternate to cine imaging is a software-based
approach merging CBCT data with dynamic
inputs such as electronic jaw motion tracking
(Terajima et al. 2008; Hanssen et al. 2015) or
ultrasound data from TMJ imaging to provide

dering of jaw movement. This technique
requires only one CBCT exposure with other
positions (e.g., maximum opening, excur-
sions, centric relation, centric occlusion)
derived via correlation with electronic
measurements.

5.4 Documentation

Cone beam imaging comprises the technical
component of patient exposure (radiographic
component) and a professional duty of a practi-
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Fig. 5.83 Cropped screen shot of typical movie capture
function in dental imaging software (InVivo 5.3,
Anatomage, San Jose California, USA). In this example,
activation of the movie capture icon launches a panel (fop
left) requesting location of previous script or allows cre-

tioner who operates a CBCT unit or requests a
specific CBCT study to provide information on
the imaging findings based on examination of the
entire image dataset (radiologic component). In
some jurisdictions, this is also legally mandatory
either for reimbursement of the costs of the
procedure from a third party health insurance
payer or to maintain professional medical liabil-
ity protection. An opinion expressed by some
individuals has been that the user is not respon-
sible for the radiologic findings beyond those
needed for a specific task (e.g., implant treatment

ation of a new script by sequential capture of specific pro-
jections. A “video capture command” then launches a
second panel (lower left) that provides the operator with
choices relating to type of movie format to be generated,
particular CODEC to be used and frames per second

planning). Professional bodies in both the United
States (Carter et al. 2008) and Europe (Horner
et al. 2009) vigorously oppose this position.
Documentation of a CBCT procedure by the
inclusion of an interpretive report is an essential
element of CBCT imaging and should form part
of a patient’s record (Carter et al. 2008). Patient
diagnosis may often be complex and manage-
ment may involve numerous practitioners. An
interpretation report serves as the optimal method
of communication of interpretation findings for
CBCT. The mechanics of reporting include the
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Fig. 5.84 Example of immersive rendering creating a
“fly though” virtual naso-pharyngoscopy of the upper air-
way space (OnDemand3D, CyberMed Inc., Seoul, Korea).
Midsagittal screen capture (a) shows placement of nodes
and pathway along the naso-pharyngeal airway space to

Fig. 5.85 Closed (a), partially open (b), and fully open
(c) fluoroscopic images of a patient as part of a cinematic
sequence. Note the relationship of the mandibular con-

development of a series of images formatted to
display the condition/region appropriately (image
report) and a cognitive interpretation of the sig-
nificance of the imaging findings (interpretation
report).

5.4.1 Interpretation Reports

It is imperative that all images within the volu-
metric dataset be reviewed systematically not
only for the purpose for which the scan was
ordered and performed but also to rule out syn-
chronous disease. Competency in interpretation

be used as specific viewpoints. Individual shaded surface
hollow rendered images at each viewpoint (b) along the
pathway are combined to generate a movie from the per-
spective of being in the airway cavities

dyles,
NewTom VGi evo, Quantitative Radiology s.r.l.,
Group, Verona, Italy)

airway changes and tongue position (CineX,
Cefla

of both anatomic and pathologic findings on
CBCT images varies depending principally on
practitioner experience and the FOV of the scan.
Qualified specialist oral and maxillofacial radi-
ologists may be able to assist diagnostically when
practitioners are unwilling to accept the responsi-
bility to review the entire exposed tissue
volume.

Currently, there is no consensus among profes-
sional dental organizations on the specific require-
ments for CBCT reporting. However, maxillofacial
CBCT credentialing authorities in the United
States (Intersocietal Accreditation Commission
2012) and professional medical radiology organi-
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Table 5.18 Essential components of a CBCT interpretation report

Heading
Patient ID
Prescriber details

Patient Information

Study indication
Scan information Scan ID

Procedure details

Details
Patient name, unique identifier code, date of birth or age

Referring practitioner’s name and contact details, rationale for the
procedure,

Rationale for the study, patient clinical presentation, working
(preliminary) diagnosis.

Succession number, date of procedure, date the report was
generated, the location of the facility, the equipment used,

Scan protocol parameters used and images provided.

Problems encountered during the procedure (e.g., patient motion)

Findings

Impression

Authorization

Patient exposure

Scan protocol specific patient radiation exposure details, such as

DAP or CITI, may be reported

General

Reference to the gnathic (dental status including specific missing

teeth, restorative status, root canal filled teeth, periapical lesions,
general marginal alveolar bone status and status of edentulous
regions) and extragnathic (TMJ, paranasal sinuses, naso-pharyngeal
airway, soft tissue of the neck, intracranial calcifications) structures.

Specific

Specific findings should provide observations addressing the

rationale for the procedure

Incidental

Definitive or a
differential diagnosis

Correlation
issues

Comparison
Recommendations

Significant incidental findings should be described.

Related to the rationale for the imaging examination or for
serendipitous findings.

Correlation to patient presentation addressing pertinent clinical

To previous imaging studies, if available
Suggestions for follow-up or additional diagnostic or clinical

studies, as appropriate, to clarify, confirm or exclude the diagnosis.

Signature

ID identification

zations (American College of Radiology 2005;
European Society of Radiology 2011) provide
guidelines for the reporting of CBCT and MSCT
images, respectively. Within these frameworks,
the essential components of a CBCT radiologic
report can be outlined (Table 5.18).

Patient Information. This section should
include pertinent information to identify the
patient and provide possible relevant demo-
graphic data.

Scan Information. This section provides the
when, where, why, and how for the CBCT
procedure. This would include succession
number, date the scan was performed, date the
report was generated, the location of the facil-
ity, the equipment used, scan parameters, the
referring practitioner’s name, rationale for the

Separate region for manual/electronic signature and date

procedure, and images provided. In addition
information should be provided on any prob-
lems encountered during the procedure (e.g.,
patient motion)

Radiographic Findings. This section should
be subdivided into general imaging findings,
specific findings pertinent to the imaging
rationale and incidental findings. General
imaging findings should include reference to
the dentoalveolar status whereas specific find-
ings should use precise anatomic, pathologic,
and radiologic terminology to accurately
describe features regarding the region of inter-
est. In the maxilla, the paranasal sinuses
should be examined with particular reference
to the characteristics of any opacification, if
present. Incidental findings should comment
on significant conditions observed in non-
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gnathic structures including the cranial cavity
(e.g., physiologic and pathologic calcifica-
tions), the base of the skull including the audi-
tory apparatus, the naso- and oropharyngeal
airway spaces, the cervical spine, and the soft
tissues of the neck.

e Radiologic Impression. Either a definitive or
a differential diagnosis should be provided,
whichever is appropriate. In this section, the
radiologic findings should be correlated to
patient presentation and address or answer any
pertinent clinical issues raised in the request
for the imaging examination. If available, find-
ings should be compared to previous examina-
tions or reports. Finally, recommendations for
follow-up or additional diagnostic or clinical
studies should be suggested, as appropriate, to
clarify, confirm, or exclude the diagnosis.

Practical Dose Reduction
Strategies for Maxillofacial
CBCT

5.5

Chapter 7 deals with the issues of the measure-
ment of radiation dose and risk assessment. The
use of any radiographic technique demands that
each patient exposure be justified clinically (jus-
tification) and that principles and procedures are
applied that minimize patient radiation exposure
while optimizing maximal diagnostic benefit
(optimization). The extension of this principle,
referred to as the “as low as reasonably achiev-
able” (ALARA), to CBCT imaging is supported
by the American Dental Association (American
Dental Association Council on Scientific Affairs
2012) and the countries of the European Union
(European Commission 2012).

The radiation dose in maxillofacial CBCT has
been extensively reported in the literature using a
variety of models, dose quantities, and measure-
ment methodologies. Reported adult effective
doses for protocols ranged from 46 to 1073 pSv
for extended fields of view (FOVs), 9-548 uSv for
large FOVs, 4421 pSv for medium FOVs, and
5-297 pSv for small FOVs (Ludlow et al. 2015).
The results from these studies indicate that there is
a wide range in patient dose for maxillofacial
CBCT. This reflects the range of available maxil-
lofacial CBCT device configurations (beam filtra-

tion, receptor technology, resolution) and
parameters used in clinical practice such as FOV,
exposure (kVp and ma), and acquisition (e.g., rota-
tional arc, number of basis images) settings. As a
comparison, and in order of decreasing magnitude,
doses for digital panoramic radiography range
from 14 to 38 pSv, for cephalometric radiography
are 5.1-5.6 uSv, and for a four image bitewing
radiographic series are approximately 5 upSv
(Ludlow and Ivanovic 2008; Ludlow et al. 2015).
Therefore, while CBCT doses are higher than
those of intraoral and cephalometric radiography,
the low end of the CBCT dose range overlaps with
the range found in panoramic radiography, while
the high end of the range overlaps that of CT.

A wide dose range implies a great potential for
optimization. The following specific “best prac-
tice” recommendations are provided, grouped
according to clinical workflow.

5.5.1 Establish Clinical Necessity
General (Carter et al. 2008; American Dental
Association Council on Scientific Affairs 2012;
Haute Autorité de Santé. 2009; Horner et al. 2009;
Advies van de Hoge Gezondheidsraad nr. 8705.
2011. Noftke et al. 2011. European Commission
2012. Arbeitsgemeinschaft der Wissenschaftlichen
Medizinischen = Fachgesellschaften = (AWMEF)
2013) and discipline specific (Tyndall et al. 2012;
American Academy of Oral and Maxillofacial
Radiology 2013; Special Committee to Revise the
Joint AAE/AAOMR Position Statement on use of
CBCT in Endodontics 2015; Isaacson et al. 2008;
Academy of Osseointegration 2010; Diangelis
et al. 2012; Harris et al. 2012; Husain et al. 2012;
Walter et al. 2011; American Association of
Endodontists 2013; Counihan et al. 2013; Faculty
of General Dental Practice (UK) 2013; Ngiam
et al. 2013; Horner et al. 2015) guidelines have
been published providing dental practitioners with
best practices for the most appropriate use of max-
illofacial CBCT in dentistry. These guidelines are
detailed in specific chapters in this book. CBCT
imaging is currrently considered a supplemental
radiographic modality to conventional intraoral
and extraoral radiographic imaging in dentistry.
The significant clinical efficacy of CBCT in
specific diagnostic, simulation, and treatment sce-
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narios is now well established by numerous
authorities (above) and illustrated through this
textbook. As an imaging modality, CBCT pos-
sesses high image detail, ease of use, data interac-
tivity including multiplanar imaging capabilities
surpasses multi-detector computed tomography
(MDCT) in many clinical applications.

Undoubtedly, diagnostic applications are the
mainstay for CBCT use in which it provides a greater
diagnostic efficacy for many tasks compared to other
imaging modalities in dentistry (Angelopoulos et al.
2008; Suomalainen et al. 2010). Shweel et al. (2013)
found the diagnostic accuracy of CBCT to be com-
parable to MDCT for the assessment of odontogenic
tumors and cysts and more accurate in linear mea-
surements and feature detection (e.g., tooth displace-
ment and cortical plate osseous defects) than
MDCT. They concluded that CBCT is

. an optimal radiological modality for pre-
operative radiological assessment of odontogenic
tumors and cysts”.

On the other hand, poor soft tissue contrast
limits the diagnostic utility of CBCT in assessing
pathological entities that tend to show spread, like
malignancies of the jaws. Though CBCT is ade-
quate in characterizing hard tissue details such as
the destruction osseous boundaries and patterns
that may raise suspicion for an aggressive entity
(erosion, permeative borders, ‘“‘moth’-eaten
appearance, etc.), it is inadequate at demonstrat-
ing spread into the surrounding soft tissues or
lymph nodal involvement. This may also be true
for some benign but locally aggressive tumors
such as ameloblastoma and odontogenic myxoma
which may show local soft tissue spread. In such
cases, MDCT with contrast enhancement or mag-
netic resonance imaging (MRI) or a combination
of both is the recommended imaging strategy
(McDonald 2011; Meyer et al. 2011).

Similarly, CBCT is not indicated for the
assessment of soft tissue pathologies of the max-
illofacial region. CBCT soft tissue contrast is
poor and, as a result, a soft tissue mass may not
be identified unless:

e It is large enough to cause displacement and
distortion of anatomical contours of the
surrounding tissues (e.g., a parapharyngeal soft
tissue mass altering the shape of the airway).

e It is aggressive enough to invade and erode
adjacent osseous boundaries.

e It is associated with central or peripheral
necrosis that produces calcified material (like
a sialolith or a vascular calcification due to
atheromatosis).

In such cases, magnetic resonance imaging
(MRI), MDCT with contrast enhancement or
diagnostic ultrasound (if the region under investi-
gation is accessible) or combinations thereof are
the most appropriate imaging modalities.

Given these considerations, CBCT is not indi-
cated for the primary assessment of malignancy
in the jaws, for staging of malignant tumors of
the maxillofacial region or to distinguish soft tis-
sue pathology, apart from determining presence
or absence of soft tissue in the paranasal sinuses.
In this situation, MRI and MDCT with contrast
enhancement are the imaging methods of choice.
In fact, MRI has been reported more accurate for
the assessment of bony invasion of oral and oro-
pharyngeal cancer (van den Brekel et al. 1998;
Bolzoni et al. 2004).

5.5.2 Use Patient and Personnel
Protection

For operators of CBCT devices, additional shield-
ing and personnel radiation dosimetry (radiation
dose monitor badges) are desirable, but not con-
sidered necessary by all authorities. Isodose curves
at I m from CBCT units are reported to range from
2 to 40 pGy per scan (Holroyd and Walker 2010)
compared with intraoral and panoramic radiogra-
phy scatter doses of less than 1 pGy per exposure
at 1 m (Sutton and Williams 2000).

Recent authors have reported that the use of a
lead torso apron does not reduce patient absorbed
doses or effective dose in panoramic (Rottke
et al. 2013) or CBCT (Rottke et al. 2016) proce-
dures. However, the use of a thyroid collar
reduces total effective dose ranging from 9.8 to
22.7% for panoramic radiography (Han et al.
2013) and from 18 to 40.1% for CBCT imaging
(Qu et al. 2012a, b). The use of thyroid collar in
panoramic imaging is not advisable as it inter-
feres with the projection geometry and introduces
substantial artifacts.
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5.5.3 Adjust Device Settings
Appropriately

Device specific exposure settings and scan
parameter image acquisition protocols should be
developed for specific diagnostic tasks using the
following guidelines:

5.5.3.1 Adjust Exposure Settings

e Adjust exposure settings for children. For the
same exposure settings, children absorb more
dose than adults and are thus at greater radia-
tion risk (Brenner et al. 2001; Theodorakou
et al. 2012). Therefore, it is highly recom-
mended that exposure settings are reduced for
a child or smaller patient to minimize radia-
tion exposure.

* Reduce mA. Lowering exposure mA in CBCT
devices results in a proportional decrease in
patient dose. Although noise increases, clini-
cal image quality may often remain accept-
able for moderate or even large reductions in
mA compared to the manufacturer’s recom-
mended setting (Pauwels et al. 2015a). The
level of mA reduction achievable with appre-
ciable reduction in image quality is equipment
specific (Goulston et al. 2016). Pauwels et al.
(2017) proposes a possible reduction in mAs
(using a fixed 90 kVp exposure), ranging from
7 to 50%, based on exponential relation
between head size and mAs. Reductions in
mAs are more dose-efficient than kVp
reductions.

e Increase kVp. Increasing the tube voltage may
result in a decrease in skin and effective dose
but an increase in scatter due to a proportion-
ally higher percentage of Compton interac-
tions. This is undesirable as may reduce image
quality associated with image noise. However
higher tube voltage may be clinically desir-
able, particularly in the assessment of bone
associated with dental implants, as it reduces
the beam hardening effect (Ludlow 2011).

5.5.3.2 Adjust Scanning Parameters
* Reduce the number of projection images. For a
specific CBCT device, selection of a lower

scan time results in less acquisition projection
images and a proportional decrease in patient
radiation exposure (Ludlow and Walker 2013).
However, images reformatted from volumet-
ric datasets reconstructed with reduced
projection images generally have lower spatial
resolution, reduced contrast and increased
noise.

e Consider Reducing Scan Trajectory Arc. Some
CBCT devices allow partial trajectory arc per-
form rotations (180°) instead of a full rotation
(360°). This modality offers a 50% dose reduc-
tions to the patient and may be suitable for less
demanding diagnostic tasks.

e Collimate the FOV of the X-ray beam to the
region of interest (ROI). Patient dose is mark-
edly reduced with collimation of the
FOV. While the range of doses for various
CBCT devices for specific FOVs is wide,
median effective doses for FOV in the range of
5.1-10.0 cm are reduced 38% compared to
>10 cm and for FOV < 5 cm are reduced 59%
compared to FOVs with a height range of 5.1—
10.0 cm (Al-Okshi et al. 2015). Similar FOVs
including the lower jaw result in higher effec-
tive dose than those of the upper jaw because
the salivary gland and thyroid tissues receive
greater exposure (Lofthag-Hansen et al. 2011).

While reducing CBCT exposure and device
parameters may result in dose reduction to the
patient, there is often a concomitant decrease in
image quality. Exposure parameters should be
adjusted according to a specific clinical diagnos-
tic task.

Diagnostic tasks requiring high spatial and
contrast detail and reduced noise (e.g., periapical
diagnosis, assessment of possible ankyloses of
impacted teeth, external and internal root resorp-
tion, assessment of peri-implant bone loss, hori-
zontaland verticalrootfractures) (Lofthag-Hansen
et al. 2011; Pinheiro et al. 2015; Salineiro et al.
2015) usually require higher exposures, the high-
est number of acquisition frames, a complete arc
trajectory, the smallest voxel size, and a reduced
FOV. Settings for less demanding clinical diag-
nostic tasks (e.g., bone volume assessment asso-
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ciated with dental implant planning, follow-up or
progress orthodontic imaging, open mouth TMJ
imaging) should be adjusted to minimize patient
dose (Lofthag-Hansen et al. 2011). CBCT imag-
ing of regions with higher density, such as the
mandible, may require higher exposure parame-
ters compared to the maxilla (Lofthag-Hansen
et al. 2011). Optimization of CBCT exposure
parameters to provide acceptable diagnostic
images can result in a dose savings of up to 50%
(Hidalgo Rivas et al. 2015; Pauwels et al. 2017).

5.5.4 Institute a Quality Assurance

Program

Chapter 8 provides extensive information on the
principles, techniques, and clinical protocols
associated with quality assurance (QA) to ensure
consistency in acceptable diagnostic image qual-
ity while reducing radiation exposure to the
patient as low as reasonably achievable.

Most procedures and tests are performed by a
radiation physicist at various times throughout
the lifespan of the device. The regulations gov-
erning the necessity, periodicity, and extent of
radiation physicist involvement vary greatly
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depending on country and even regional jurisdic-
tion. Radiation physicists use dosimeters and
image quality test devices to determine the physi-
cal requirements of the facility where the CBCT
unit is located, test equipment performance when
the equipment is first installed (acceptance and
commissioning tests) and then periodically (rou-
tine tests) and establish radiation dose and image
quality baseline information.

On a day-to-day basis, the operator of the unit
is responsible for QA monitoring and should be
able to identify and act on situations where image
quality is obviously affected. CBCT images must
be deemed qualitatively diagnostically clinically
acceptable and this is usually done by compari-
son with high quality standard reference images.
Recalibration of the sensor may be necessary and
operators should be comfortable in performing
this procedure.

An often overlooked but vital component of
the clinical workflow is the display. Image qual-
ity is only as good as the monitor on which it is
displayed. A suitable test pattern, such as an
AAPM TGI8 or SMPTE image, should be dis-
played routinely to examine monitor spatial and
contrast resolution. Some dental software pro-
vides access to this test pattern (Fig. 5.86).

Fig. 5.86 Interface of Galaxis viewer software (Galaxis/Sidexis 4, Dentsply Sirona Imaging, Bensheim, Germany,)
showing selection (a) and subsequent display (b) of SMPTE test pattern
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